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Abstract 

It has previously been suggested that the measurement of retinal blood vessel 

parameters could provide an increased understanding of chronic systemic diseases 

with a vascular component. This easy, non-invasive imaging modality provides an 

indication of microvascular health that may reflect ongoing changes elsewhere in the 

body. The current published literature provides conflicting evidence on the 

associations between chronic disease and retinal microvascular parameters and this 

thesis provides additional support for the potential of these measures in the assessment 

of chronic disease outcomes. The primary aims of this thesis were to perform cross-

sectional analyses of the baseline data from the Northern Ireland Cohort for the 

Longitudinal Study of Ageing (NICOLA), to investigate associations between 

variation in retinal microvascular parameters and several chronic disease outcomes 

including chronic kidney disease, mild cognitive impairment, depression and diabetes. 

In addition, the potential systemic effects of vascular endothelial growth factor 

inhibition therapy, a primary intervention for the treatment of diabetic macular oedema 

and neovascular age-related macular degeneration, on long-term renal outcomes was 

evaluated in a cohort with diabetic macular oedema.  

There was no evidence detected to suggest that regular long-term intravitreal vascular 

endothelial growth factor inhibition significantly effects renal function following 

treatment for diabetic macular oedema.  Evidence of associations between chronic 

kidney disease and increased retinal venular tortuosity (Chapter 4), and between 

depression and reduced arteriolar tortuosity (Chapter 6) were identified, showing the 

potential clinical utility for identification of those at increased disease risk and possible 

intervention targets. No evidence of association between retinal microvascular 

parameters and mild cognitive impairment (Chapter 5) or diabetes (Chapter 7) were 

detected. 

Overall, this thesis highlights the potential benefits that retinal imaging may offer in 

improving the understanding of chronic disease with a vascular component. The non-

invasive, ease of use, low cost and opportunistic basis for retinal image capture may 

offer future clinical utility for the assessment and stratification of chronic disease risk. 
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1.1 History of the ophthalmoscope and retinal fundus photography 

Fundus imaging is a process where the reflection of light is used to acquire a two-

dimensional representation of the three dimensional, semi-transparent, retinal tissues 

projected on to the imaging plane. Therefore, by definition, any procedure producing 

a two dimensional image of the retinal fundus with intensities representative of the 

quantity of reflected light, is commonly referred to as fundus imaging (1). 

Jean Mery, a French physician, was one of the first to attempt to image the retina by 

immersing a live cat in water, showing external visibility of the retinal vessels. This 

approach was highly impractical for humans and subsequently lead to the development 

of the ophthalmoscope by the Czech scientist Jan Evangelista Purkinje in 1823. 

Charles Babbage, then reinvented the ophthalmoscope in 1845. Furthermore, 

associations between computation and retinal imaging is not an entirely new idea as 

Babbage also, created the original concept behind a programmable computer (2-5). In 

1851, the German physician-scientist Herman von Helmholtz reinvented the 

ophthalmoscope again. He originally called the instrument an ‘Augenspiegel’ (eye 

mirror), the name 'ophthalmoscope' (eye-observer) did not come into common use 

until three years later, in 1854 (6). His discovery was made while attempting to 

understand why under certain conditions the pupil appeared black, yet under other 

settings it emitted a bright red light. Making an effort to address this problem 

Helmholtz found that a fundus image could be produced using lenses which were 

arranged in a specific way. He discovered that the light released from the pupil follows 

the same course as that entering the pupil and that the released light is also reflected 

back to its source. Helmholtz had an understanding about how the emission and 

reflection of the light had the potential to form optical images and therefore he was 

able to construct a tool which enabled optical imaging of the fundus (7). His re-

invention of the ophthalmoscope generated a cascade of other innovative inventions 

and data analysis tools, which in turn have led to patients with retinal disease receiving 

progressively more accurate assessment, diagnosis and management. Thus, 

examination and evaluation of the retina came to be routine for ophthalmologists. In 

1853, van Tright, a Dutch ophthalmologist, was the first to publish images of the retina 

(8). However, the first beneficial detailed images of the retina (Figure 1.1), displaying 

the retinal microvasculature, were not obtained until 1891 by the German 

ophthalmologist Gerloff (9). The fundus camera was first established by Gullstrand in 
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1910, who later received the Nobel Prize for inventing this tool, which given its safety 

and cost effectiveness, has remained a primary image capture tool for retinal fundus 

images (Figure 1.2; 1, 10). Currently, there are multiple options available to 

ophthalmologists to image the fundus, including the slit-lamp, fundus cameras, fundus 

fluorescein angiography, indocyanine green angiography, fundus auto fluorescence, 

optical coherence tomography and ultra-wide field imaging. Furthermore, these 

readily accessible, non-invasive or minimally invasive technologies are being 

superseded with the latest state-of-the-art (section1.6; 11). 
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Figure 1.1 The first ever image of a living human retina 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 shows the first ever image of the living human retina as drawn by van Tright in 1853 (left), and the first useful image of the 

retina by Gerloff in 1891 (right). 
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Figure 1.2 A retinal fundus image 

 

 

Figure 1.2 shows a retina (inner surface of the eye), as seen through a fundus camera. The macula is centrally located and is responsible 

for central vision. The optic disc is the raised disc at the point of entry of the optic nerve. The fovea is located at the centre of the macula 

and is responsible for the area of sharpest vison. Retinal venules can be seen as darker more solid vessels than arterioles. This retinal 

image was taken as part of the Northern Ireland Cohort for the longitudinal study of Ageing (NICOLA).
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1.2 Retinal vessel calibre measurement 

Current digital imaging systems have consolidated the advancements in 19th century 

ophthalmoscopy and now enable the in vivo, non-invasive evaluation of the retina and 

the retinal microcirculation. Consequently, several associations have been identified 

between variations in retinal vessels and systemic diseases which influence the 

vasculature (12, 13).  In 1974, Parr and Spears established a method for evaluating 

generalised arteriolar narrowing, through measurement of the diameters of all the 

retinal arterioles present in a specified zone located between half and one disc diameter 

from the boundary of the optic disc (14, 15). The zone was specifically selected for 

measurement as the vessels within the zone are arterioles or venules, rather than 

arteries and veins, with a low overlap between vessels resulting in increased reliability 

of the measurements obtained (16). Using a specific mathematical formula arteriolar 

calibre measurements were transformed into a single value that represented a summary 

of the retinal calibre along the entire arteriole within the specified region referred to as 

the central retinal arteriolar equivalent (CRAE) (13-16). In 1999, Hubbard et al took 

Parr’s methodology and added the extension of summary measures for the retinal 

venules, termed the central retinal venular equivalent (CRVE), leading to the 

development of a semi-automated system used to achieve a more reliable and accurate 

evaluation of retinal vessel calibre from digital retinal fundus images (16). 

Additionally, the formulae generated by Hubbard and colleagues not only provided 

summary measures for CRAE and CRVE but the accumulation of both these summary 

measures, enabled the calculation of a dimensionless measure of arteriolar-to-venular 

ratio (AVR) (16).  Further revisions to the original formulae (CRAE and CRVE) were 

made in 2003 by Knudtson et al who made additional modifications based on the six 

largest arterioles and venules, which in turn were used for the computation of retinal 

vessel calibre summary measures (17). Retinal vessel calibre measures have been used 

in a large number of population based studies to evaluate associations between retinal 

vessel parameters and vascular outcomes elsewhere in the body (18-22), highlighting 

their potential to stratify individuals on the basis of risk for chronic disease (refer to 

section 1.5), independent of established risk factors. 
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1.3 Retinal geometrical parameter measurement 

The retina offers unique and opportunistic direct in vivo visualisation of the 

microvasculature. A healthy retinal microvasculature is optimally designed for 

efficient vascular flow with vascular branching deviations assessed as measures of 

fractal dimension (FD) and tortuosity. (23, 24). Tortuosity of the retinal 

microvasculature is well-defined as the integral of the curvature square along the 

vessel path, standardised by the total length of the path (25). Retinal vessel tortuosity 

is an important measurement in the description of the retinal vascular geometric 

complexity, and has been associated with ophthalmic perfusion and as an indicator of 

retinal microvascular health (23). Decreased retinal tortuosity has been associated with 

vascular and non-vascular outcomes including ischaemic heart disease, hypertension, 

body mass index (BMI), and smoking, while increased retinal vessel tortuosity has 

been associated with conditions such as diabetes and anaemia (26-29). However, 

variation in the standardised definitions and algorithms for the estimation of tortuosity 

present some challenges for comparisons between different software types (25).  

FD provides an estimate of the optimal branching pattern and vessel density with 

higher values reflecting increased microvascular complexity characterised by the 

density of the space-filled arrangement of the vascular tree (30, 31). Retinal FD is a 

relatively novel parameter, introduced in 1983 by Mandelbrot and Wheeler (32).  The 

retinal microvasculature was described as a fractal by Mainster in 1990, and 

represented novel insight into the complexity of the retinal vascular network (33). The 

retinal vasculature represents a transportation system, that delivers oxygen and 

nutrients to retinal tissues as well as removing waste products, which are constrained 

by an optimal design and minimal energy consumption, in agreement with Murray's 

Law of Minimal Work (31). This law states that the radius of the parent vessel cubed 

is equal to the sum of the cubes of the daughter vessel radii. Thus, the arrangement of 

vessels within the circulatory system influences the functionality of the connection 

between vessel radius and volumetric flow, velocity of flow and vessel wall shear 

stress (34). Variation in retinal FD have been previously reported in association with 

conditions such as elevated blood pressure and diabetic retinopathy (23, 35-39). The 

following introductory section provides an overview of retinal image measurement 

and analysis and its application in the evaluation and monitoring of specific chronic 

diseases. 
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1.4 Retinal parameters and chronic disease 

Evidence suggests that retinal variation may manifest prior to or as a consequence of 

multiple chronic diseases (40, 41). The potential effectiveness of retinal variation as a 

tool for stratifying chronic disease risk, particularly at an early stage, has been 

previously investigated (42). Variation in retinal microvascular parameters (RMPs) 

have been reported in association with multiple potential confounding factors such as 

age, sex, lifestyle choices, genetics and medications (Table 1.1) in addition to a variety 

of chronic diseases including, cardiovascular disease, kidney disease, cerebrovascular 

disease, ocular disease, cognitive dysfunction, hypertension and diabetes. 

Retinal microvascular calibre may be predictive of coronary heart disease (CHD) risk 

(43). Wong et al used data from The Atherosclerosis Risk in Communities Study 

(ARIC), to investigate associations between narrower retinal arterioles and incident 

CHD in healthy middle-aged participants of both sexes (19). Associations were 

reported between reduced AVR and an increased risk of incident CHD and acute 

myocardial infarction in women only (19). In the Cardiovascular Health Study (CHS), 

a population-based prospective cohort study of people aged ≥65 years, increased 

retinal venular calibre was reported in association with a greater risk of cardiovascular 

disease in older persons independent of known cardiovascular risk factors (18). 

Furthermore, a meta-analysis of six studies that included data from 22,159 individuals 

(44) concluded that wider retinal venules and narrower arterioles were associated with 

an increased risk for CHD in women only (independent of cardiovascular risk factors). 

These findings may represent associations between retinal vascular calibre and early 

subclinical myocardial abnormalities (44). Additionally, Zhu and colleagues evaluated 

associations between CRAE and retinal FD with cardiovascular risk factors, reporting 

stronger associations between FD with blood pressure than CRAE and blood pressure, 

indicating its potential as a biomarker for cardiovascular risk (45). 

Investigations have also examined associations between RMPs and ocular diseases 

such as diabetic retinopathy (46, 47), diabetic macular oedema (DMO; 48-50) and age-

related macular degeneration (AMD) but findings have been inconsistent (51-55). 

Jeganathan et al investigated associations between retinal vessel calibre and AMD in 

3,280 participants aged 40 to 80 years (yrs), from the Singapore Malay Eye Study. One 
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hundred and sixty participants with early AMD were reported, with a mean age of 66 

yrs. and wider retinal venules were independently associated with early AMD, but no 

associations between AMD and retinal arteriolar calibre changes were found (52).  The 

Handan Eye Study reported wider retinal arterioles but not venules in association with 

early AMD (53). In contrast, the Beaver Dam Eye Study (BDES) identified no 

associations between retinal vessel calibre and AMD, further supported in additional 

analyses within the BDES, the Rotterdam Study (RS), and the Irish Nun Eye Study 

and incident AMD (51, 52, 53). 

Several studies have reported associations between cognitive impairment and retinal 

microvascular variation, although the findings have also not always been consistent. 

A study by Ding et al assessed associations between cognitive function and CRAE, 

CRVE and AVR. They evaluated 954 individuals with type 2 diabetes and concluded 

that increased CRAE was independently associated with poorer memory (56). In 

contrast, Gatto et al evaluated RMPs and cognitive function in 809 Latino participants 

of advanced age and demonstrated significant associations between narrower retinal 

arterioles and impaired cognition (57). Other studies have failed to identify any 

significant associations. Patton et al evaluated 321 community-dwelling participants 

from the Lothian Birth Cohort (LBC) 1921 for associations between RMPs and 

cognition and found no significance between measures of retinal vessel calibre and 

cognitive function, although deviation from the median retinal branching coefficient 

was significantly associated with general cognitive ability (58). Furthermore, McGrory 

et al evaluated 683 participants from LBC 1936, for associations between RMPs and 

cognitive ability but identified little evidence of association between RMPs and non-

pathological cognitive ageing (59).  

Depression is a condition that affects a significant number of older people, many with 

underlying chronic illness or cognitive impairment, which leads to disruption of daily 

life and increased levels of morbidity and mortality. Alexopoulos and colleagues 

proposed a ‘vascular depression’ hypothesis which implicated cerebrovascular disease 

in the predisposition, precipitation, and perpetuation of geriatric depressive syndromes 

(60), proving a rationale for the investigation of associations between RMPs and 

vascular disease and depression (61).  The literature investigating associations between 

RMPs and depression is scarce and studies have reported inconsistent findings (62-

66). Furthermore, these studies were largely limited to the assessment of retinal vessel 



10 
 

calibre and failed to consider other RMPs such as fractal dimension or tortuosity, as 

indicators of microvascular health.  

Yip et al assessed associations between retinal vascular calibre and chronic kidney 

disease (CKD) in an Asian population and found associations between CKD incidence 

and decreased measures of CRAE and increased measures of CRVE, concluding that 

abnormalities of the retinal microvasculature may be reflective of subclinical renal 

microvascular irregularities involved in the progression of CKD (67). In contrast, 

many studies failed to find any associations. McGowan et al reported associations 

between CRAE and hypertension in their study but failed to detect any associations 

between retinal calibre and CKD in an elderly population of Irish nuns (68). 

Microvascular pathology is commonly found in eye and kidney diseases with several 

studies reporting associations between impaired renal function and variation in the 

retinal microvasculature, however the overall evidence in the literature is, at best, 

conflicting. 

Variation in RMPs may reflect characteristic aetiological mechanisms of diabetes 

pathogenesis such as oxidative stress, endothelial dysfunction, inflammation and 

hypertension (20, 87, 69-71). A recent systematic review and meta-analysis of several 

population-based cross-sectional studies reported that increased CRVE, but not 

narrower retinal arterioles, were significantly associated with greater diabetes risk 

(72). Additionally, Sasongko et al reported significant associations between increased 

retinal arteriolar and venular tortuosity in participants with diabetes, in the absence of 

diabetic retinopathy, concluding that individuals with diabetes had more tortuous 

retinal vessels than non-diabetic controls (90). Nevertheless, reported associations 

have not always been consistent.  

Additionally, subsequent chapters (4, 5, 6 and 7) of this thesis will explore the 

associations between RMPs and kidney disease, cognitive dysfunction, depression and 

diabetes and the rationale behind the studies carried out as part of this thesis in more 

detail.
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Table 1.1 Potential confounders of retinal microvascular morphology 

 

Factor Recognised effect on retinal microvascular morphology  

Age Consistently found to be associated with vessel calibre. From infancy to childhood to adulthood, the size of retinal vessels increase. After the age of 45, both 

retinal arteriolar and venular calibre begin to slowly decrease by around 1.8-4.8 μm per decade. Therefore, by the age of 80 yrs, retinal vessel diameter is 10-12 

μm smaller than at 55-60 yrs. (73-77). 

Sex The CHS and MESA studies, both reported increased levels of retinal arteriolar calibre and AVR in women in comparison to men, therefore, retinal vessel 

analysis requires control for sex as it is a potential confounding factor due to biological variances by sex (20, 78). 

Hypertension Secondary to chronic exposure to higher blood pressure, narrower retinal arterioles have been reported as an early biomarker of hypertension (79). The BDES, 

ARIC, BMES, and RS studies all reported narrowing of retinal arteriolar diameter and lower values of AVR in participants who later developed hypertension 

compared to individuals with normal blood pressure, thus, making CRAE and AVR a potential pre-clinical indicator of hypertension (80, 81). Further studies 

have also reported associations between retinal fractal dimension and blood pressure/hypertension (45, 82). 

Genetics Previous studies have reported associations between retinal vessel calibres in related compared to unrelated individuals as a consequence of shared genes (83). 

A genome-wide association study made up of 15,358 unrelated Caucasians from four population-based cohorts was carried out (84). This study found four novel 

loci associated with retinal venular diameter. Additionally, one of these four loci, was also associated with hypertension and CHD (84). Veluchamy and 

colleagues also reported associations between genetic determinants of retinal vessel tortuosity and cardiovascular health (85).  

Alcohol & 

Smoking 

Previous studies have demonstrated associations between reduced AVR and cigarette smoking. Additionally, greater values of CRAE and CRVE have previously 

been associated with smoking (86, 87). The ARIC study reported associations between reduced AVR for those who consume alcohol and the MESA study 

reported narrower arteriolar calibre in association with alcohol consumption (20).  

Dyslipidaemia Previous studies have reported associations between increased retinal venular calibre and dyslipidaemia defined as raised levels of plasma triglycerides, raised 

low-density lipoprotein and lowered high-density lipoprotein cholesterol (87, 88). 
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Hyperglycaemia Hyperglycaemia has been previously associated with increased CRVE (89). A recent study also suggested that individuals with diabetes had more tortuous 

retinal vessels than those without diabetes (90). 

Medication Associations have been reported between topical beta blockers and narrower retinal arterioles and venules, and reduced AVR has been reported in association 

with hormone replacement therapy (91, 92). More recently, the BDES study demonstrated significant associations between calcium channel blockers (therapeutic 

agents with vasodilatory properties) and increased CRAE. Additionally, beta blockers and oral corticosteroids were marginally associated with variations in 

CRVE (93, 94). 

Body mass 

index 

Increased CRVE has previously been associated with indicators of obesity such as higher BMI and waist-hip ratio. Additionally, findings from the BMES study 

suggested that increased retinal calibre could be predictive of five-year obesity incidence, indicating the potential involvement of a dysfunctional microcirculation 

in the pathogenesis of obesity (95).  

Atherosclerosis, 

Inflammation & 

Endothelial 

dysfunction 

 The ARIC Study reported reduced AVR in association with carotid artery plaques but no associations were found with intima-media thickness (86). In contrast, 

the RS reported associations between reduced AVR and carotid artery intima-media thickness (87). Reduced AVR has also been previously reported in 

association with increased carotid artery stiffness, an early indicator of atherosclerosis (87). In the BDES study, indicators of endothelial dysfunction and markers 

of inflammation were significantly associated with increased CRVE (96). These data implicate atherosclerosis, inflammation, and endothelial dysfunction with 

increased retinal venular diameter and systemic CVD. 

Abbreviations:   CHD, coronary heart disease; ARIC, the Atherosclerosis Risk in Communities study;  CHS, Cardiovascular Health study; CVD, cardiovascular 

disease; BDES, the Beaver Dam Eye study; RS, the Rotterdam study; BMES, the Blue Mountains eye study; MESA, The Multi-Ethnic Study of Atherosclerosis
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1.5 Software programmes for retinal measurement  

Variation in retinal vessel pathophysiology associated with chronic disease has been 

of increasing interest facilitated by collaborative efforts between the ophthalmology 

and computer science communities and multinational research teams for a variety of 

disease outcomes (1). Population-based studies require automated or semi-automated 

systems for analysing large volumes of data to quantify retinal vessel morphology such 

as vessel calibre and geometric markers for the investigation of associations with 

chronic diseases and stratification of those at a higher risk (97). 

 Multiple software systems have been developed for retinal image analysis and some 

examples of these include Retinal Vessel Analyser (RVA), the Singapore ‘I’ Vessel 

Assessment program (SIVA), Interactive Vessel Analysis Network (IVAN), Retinal 

Analysis (RA) and Vascular Assessment and Measurement Platform for Images of the 

Retina (VAMPIRE). Since development these software programmes have been 

utilised in an array of studies. The RA software was a forerunner in the area of 

computer-assisted retinal vessel analysis programmes and has been previously utilised 

for retinal vessel analysis in studies such as the ARIC (98), CHS (99), RS (100), BDES 

(75), BMES (101), Wisconsin Epidemiologic Study of Diabetic Retinopathy (47), and 

the Handan Eye Study (53). The RVA software has been used in various hospitals for 

the evaluation of retinal vessel calibre in the African Prospective study on the Early 

Detection and Identification of Cardiovascular Disease and Hypertension (African-

PREDICT) study (102). IVAN has been used for retinal vessel calibre analysis in 

studies such as the BDES (103) and the Wisconsin Epidemiologic Study of Diabetic 

Retinopathy study (104). VAMPIRE and SIVA provide a broader representation of the 

overall retinal vascular network with additional measures such as fractal dimension 

and tortuosity. VAMPIRE has been used in analyses based on data from studies such 

as the Lothian Birth Cohort 1936 (105), the UK Biobank (106) and the Genetics of 

Diabetes Audit and Research in Tayside Scotland (GoDARTS) study (107). Finally, 

the SIVA software has been applied in studies such as the Montrachet (108) and the 

Singapore Malay Eye study (41). These software systems provide sensitive and 

specific measures of retinal features such as the optic disc and zones of the retina. They 

quantify parameters such as vessel calibre, fractal dimension and tortuosity (Table 1.2, 

109), and have been facilitated by advances in digital retinal photography and the 

improved accessibility of imaging technologies in public and private health sectors.



14 
 

 

Table 1.2 Retinal vessel image analysis software programmes  

 

Research group 

 

Software Measurements 

 

Recent publications 

The Singapore Advanced Imaging Laboratory 

for Ocular Research (SAILOR). 

Main contacts,  

Prof Tien Yin Wong and Dr Carol Cheung 

SIVA  

(Singapore ‘’I’’ Vessel 

Assessment) 

CRAE, CRVE, AVR 

Branching angles 

Fractal dimension 

Tortuosity 

Sasongko et al. 2015 

Williams et al. 2015 

McGowan et al. 2015 

Arnold et al. 2018 

Velayutham et al. 2018 

Ocular epidemiology research group, 

Wisconsin, USA. 

Main contacts,  

Prof Ronald Klein (deceased) and Prof Barbara 

Klein 

IVAN 

(Interactive Vessel 

Analysis Network) 

CRAE, CRVE, AVR 

 

Chacko et al.   2015 

Cheung et al. 2015 

McGowan et al. 2015 

Drobnjak et al. 2016 

 

VAMPIRE, Edinburgh. 

Main contacts,  

VAMPIRE CRAE, CRVE, AVR 

Branching angles 

McKay et al. 2018 

McGrory et al. 2018  
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Prof Manuel Trucco and Dr Tom MacGillivray (Vascular Assessment and 

Measurement Platform 

for Images of the Retina) 

Fractal dimension 

Tortuosity 

Ballerinini et al. 2019 

Cirla et al. 2019 

 

VesselMap, Jena, Germany 

Main contacts, 

Dr Walthard Vilser  

RVA  

(Retinal Vessel Analyser) 

SVA  

(Static Vessel Analyser) 

DVA  

(Dynamic Vessel 

Analyser) 

CRAE, CRVE, AVR Smith et al. 2020 

Albanna et al. 2018 

Conzen et al. 2018 

Albanna et al. 2016 

Department of Ophthalmology and Visual 

Science, University of Wisconsin-Madison, 

Madison, WI 

Main contacts, 

Department of Ophthalmology and Visual 

Science, University of Wisconsin-Madison 

RA 

(RetinalAnalysis) 

CRAE, CRVE, AVR Yip et al. 2016 

Wang et al. 2012 

Roy et al. 2012 
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1.6 Potential limitations of retinal vessel measurements  

There are several limitations to the measurement of retinal vessels that should be 

considered. Retinal imaging captures a snapshot of the retinal vasculature at a specific 

moment in time that does not adequately capture the transient change in vessel calibre 

associated with the cardiac cycle which varies at different stages of the pulse cycle 

leading to unaccounted variation. Knudston and colleagues reported changes between 

6% and 17% for CRAE and 2% and 11% for CRVE, across all retinal images captured 

at the same point in the pulse period (110). Despite the availability of significant RMP 

data resources from several population-based studies, knowledge about normative data 

for these measurements is lacking. Determination of normal and abnormal RMPs is 

important for developing a clinically useful tool but the classification of normality can 

be challenging given potential confounding factors such as hypertension, diabetes, 

smoking etc. Investigating RMPs in healthy children and young adults may offer a 

better understanding of reference data, as they are less likely to be constrained by these 

confounding factors (13). Lastly, image quality and interpretation of measures may be 

influenced by image capture, the ability of the retinal photographer and the 

photographic capture device. Additionally, a significant level of competence for 

training and expertise is required for any of the retinal vessel analysis software. A 

standard operating procedure is important to minimise human error and other factors 

caused by fatigue or time constraints that lead to deviations from accurate 

measurement and deficiencies in repeatability and reproducibility of measurements. 

Quality control tests are crucial to provide robust indicators of measurement accuracy 

which is detailed further in Chapter 2 section 2.1.9. 

Despite these limitations, associations between RMPs and physiological or 

pathological outcomes highlight the potential benefits that investigation of RMPs 

offers. Evaluation of the retina provides an opportunistic assessment of novel non-

invasive biomarkers associated with chronic diseases. In recent years, advancements 

in retinal imaging techniques have improved the accurate and reliable measurement of 

RMPs. Multiple population-based studies have used RMPs to evaluate associations 

with chronic disease outcomes. Nevertheless, analysis algorithms, image capture 

techniques and automated processing continue to be advanced, leading to improved 
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sensitivity and specificity of these approaches and the utility of non-invasive 

biomarkers for chronic disease risk stratification.  

It is also important to acknowledge how recent advances in the integration of machine 

learning approaches are reaching out to enhance rapid, non-invasive, point-of-care 

diagnoses, which may improve screening service provision and compliance (111). A 

recent study by Sabanayagam et al detailed the development and validation of deep 

learning algorithms for the prediction of CKD from retinal images in comparison with 

two deep learning algorithm models, with findings showing good performance levels 

of these models for CKD estimation (112). Islam et al performed a systematic review 

of 31 studies with a meta-analysis of 23 studies, quantifying how deep learning 

algorithms perform in retinal vessel segmentation. They found high levels of 

sensitivity and specificity of deep learning algorithms for the publicly available Digital 

Retinal Images for Vessel Extraction (DRIVE), Structured Analysis of the Retina 

Dataset (STARE), CHASE_DB1 and High-Resolution Fundus (HFR) databases, used 

in the segmentation of retinal vessels from digital fundus images (113). The future 

roles of these algorithms in retinal vessel segmentation and retinal abnormalities 

analysis is promising, with benefits of using these technologies including their ability 

to automatically learn the most informative features identified through well-

characterised training datasets, reducing the time-consuming and at times problematic 

processes that underpin manual retinal analysis methods (111-113). 

In summary, variation in RMPs may help identify mechanistic pathways of 

microvascular complications early in the disease process in individuals at increased 

risk of multiple chronic complex conditions.  Identification of such individuals may 

offer clinical utility for the stratification of those that would benefit most from more 

frequent surveillance and earlier therapeutic intervention to limit the extent of disease 

progression.  

Subsequent chapters of this thesis will explore the potential of RMPs further. 

 

1.7 VEGF inhibition therapy and its effects on the microvasculature  

In addition to associations between RMPs and chronic disease explored within this 

thesis, Chapter 3 details a study evaluating the effects of long-term anti-vascular 

endothelial growth factor (anti-VEGF) therapy on renal function.  Initially following 
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development of diabetes, abnormal blood flow and greater levels of vascular 

permeability appear to be direct consequences of hyperglycaemia. Normal vascular 

homeostasis is disturbed by hyperglycaemia with reduced levels of the vasodilator 

nitric oxide, increased levels of vasoconstrictors such as angiotensin II and endothelin-

1 and increased levels of permeability factors such as vascular endothelial growth 

factor (VEGF;114). Diabetic macular oedema (DMO) occurs in approximately one in 

fifteen people with diabetes (115). It is predicted that increased risk of diabetic 

microvascular complications including diabetic retinopathy and nephropathy will 

mirror the rapid increase in diabetes prevalence (116), highlighting the need for 

stringent safety evaluation of intravitreal anti-VEGF therapies. VEGF is a major driver 

in the pathophysiology of DMO as it stimulates retinal angiogenesis and capillary 

hyper-permeability that can disrupt the internal blood retinal barrier, resulting in 

leakage of fluid into the retinal tissue (117). VEGF also plays a crucial role in 

sustaining normal renal function and there is strong connection between the 

progression of retinal and renal microvascular problems as a consequence of long-term 

hyperglycaemia (118). Due to the significant role VEGF plays in the pathogenesis of 

DMO, intravitreal anti-VEGF agents are an important treatment option (117). 

However, it has been suggested that when systemically administered at high dosage, 

VEGF inhibitors may adversely affect renal function (119-122). VEGF is known to 

induce dilatation of vessels, increasing ocular blood flow (123-126). Previous studies 

have reported associations between anti-VEGF agents and variations in retinal vessel 

calibre. Park et al reported a significant decrease in retinal venular diameter but no 

associations with retinal arteriolar diameter, when evaluating the effects of different 

doses of intravitreal bevacizumab (123). In contrast, Soliman et al evaluated the effect 

of intravitreal bevacizumab on DMO and retinal vessel calibre and found that although 

there was a trend in the direction of vasoconstriction, the changes in retinal vessel 

diameters did not reach statistical significance (124).  This thesis sought to investigate 

associations between RMPs and renal function and in addition, determine whether 

commonly used ophthalmic therapeutic interventions with vasodilatory properties 

(that may influence retinal vessel calibre) were also associated with renal outcomes. 
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1.8 Aims of thesis 

The primary aim of this thesis was to perform cross-sectional analysis of the NICOLA 

data to investigate associations between variation in retinal microvascular parameters 

with chronic diseases, including CKD, mild cognitive impairment (MCI), depression 

and diabetes. In addition, the potential systemic effects of VEGF inhibition therapy on 

renal function in those with and without diabetic kidney disease (DKD) was evaluated. 

Each chapter within this thesis provides detailed background information on the 

different outcomes and appropriate rationale for the research question under 

consideration within the context of the currently published literature. 

 

1.8.1 Thesis outline 

1.8.1.1 Chapter 1 

Chapter 1 provides an introduction to the subject area and offers an overview of the 

current literature to offer a rationale for the underlying hypothesis of the approaches 

undertaken. This chapter introduces the published literature describing the origins of 

retinal imaging techniques, image capture process and the development of software 

tools for the measurement of retinal images and subsequent analysis. Previous findings 

investigating retinal microvascular parameters for associations with several chronic 

diseases is summarised and the application of retinal imaging, measurement, analysis 

and potential limitations proposed. 

 

1.8.1.2 Chapter 2  

Chapter 2 of this thesis provides a detailed account of the methodologies used in the 

cross-sectional analysis of the Northern Ireland Cohort for the longitudinal study of 

Ageing (NICOLA). It describes the study population and data collection process. 

Firstly, the NICOLA data was used to evaluate associations between RMPs and CKD, 

MCI, depression and diabetes status. These analyses were based on measurements 

derived using the VAMPIRE semi-automated retinal software package. The study 

outcomes are presented within Chapters 4, 5, 6 and 7. 

In addition, a study description of a retrospective, cohort, observational study using 

electronic healthcare records to access information on patients with diabetic macular 
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oedema receiving intravitreal anti-VEGF treatment in the Belfast Health and Social 

Care Trust, was used to investigate the effects of long-term anti-VEGF injections on 

renal function in patients with and without DKD , to investigate whether frequently 

used ophthalmic therapeutic interventions with vasodilatory properties (that may 

impact retinal vessel calibre) were also associated with measures of renal function. 

This study’s findings are reported in Chapter 3. 

 

1.8.1.3 Chapter 3  

Chapter 3 investigates associations between long-term anti-VEGF treatment and renal 

function in patients with DMO including rate of change of estimated glomerular 

filtration rate (eGFR) and albumin-to-creatinine ratio (ACR). Administering anti-

VEGF by intraocular injection has been shown to have a safe systemic profile. 

Nevertheless, incidents of acute kidney injury following anti-VEGF injection have 

been reported. A retrospective review of patients receiving DMO treatment was 

undertaken. Serum creatinine, ACR, number of intravitreal anti-VEGF injections and 

clinical characteristics were collected from electronic healthcare records (EHR). A co-

efficient of eGFR and ACR change with time was calculated over a mean duration of 

2.6 years. Regression modelling was used to assess variation in the number of anti-

VEGF injections and change in eGFR and ACR. On average, 26.8 intravitreal anti-

VEGF injections were given per patient over a mean duration of 31 months. No 

association between increasing number of anti-VEGF injections and rate of eGFR 

decline was detected, following adjustment for hypertension, cerebrovascular disease, 

type 2 diabetes mellitus (T2DM), and medications taken.  The data suggests regular 

long-term intravitreal VEGF inhibition does not significantly alter the rate of change 

in eGFR and/or ACR with increasing number of treatment injections.  

These findings were published in BMC Nephrology. 

O’Neill RA, Gallagher P, Douglas T, Little JA, Maxwell AP, Silvestri G, McKay 

GJ. Evaluation of long-term intravitreal anti-vascular endothelial growth factor 

injections on renal function in patients with and without diabetic kidney disease. BMC 

Nephrol. 2019; 20:478.  
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1.8.1.4 Chapter 4  

Chapter 4 evaluates the associations between RMPs and CKD in cross-sectional data 

from the NICOLA study, using the VAMPIRE retinal measurement software. Previous 

studies have identified retinal microvascular features associated with renal 

dysfunction. Biopsies are necessary to confirm kidney microvascular damage and 

retinal imaging enables evaluation of microangiopathic characteristics reflecting renal 

changes associated with CKD. Associations were assessed with multivariable 

regression analyses between RMPs and eGFR defined by serum creatinine (eGFRSCr) 

and cystatin C (eGFRCysC) and also CKD status characterised by eGFR < 60 

mL/min/1.73m2. Data were included for 1,860 participants that had measures of renal 

function and retinal fundus images of sufficient quality for analysis. Multivariable 

regression analyses showed that increased venular tortuosity was associated with CKD 

stages 3-5 characterised by eGFRSCr < 60 mL/min/1.73 m2. No additional 

associations between CKD status characterised by eGFRSCr or with eGFRCysC, were 

detected. Multivariable regression failed to detect associations between RMPs and 

eGFRSCr or eGFRCysC. This study concluded that increased retinal venular tortuosity 

is associated with CKD stages 3-5 defined by eGFRSCr < 60 mL/min/1.73 m2, a group 

of renal impaired patients that represent those with the worst kidney function in an 

older population, independent of potential confounding factors.  

These findings were published in BMC Nephrology. 

O’Neill RA, Maxwell AP, Kee F, Young I, McGuinness B, Hogg RE, McKay GJ. 

Association of venular tortuosity with impaired renal function in the Northern Ireland 

Cohort for the Longitudinal Study of Ageing. BMC Nephrol. 2020; 21:382.  

Additionally, the following abstract was presented at the American Society of 

Nephrology annual meeting. 

O'Neill, R, Maxwell AP, Kee F, Young I, McGuinness B, Hogg RE, McKay GJ. 

Association between venular tortuosity and impaired renal function in an ageing 

population. 2019. American Society of Nephrology Annual Meeting, Washington 

D.C, USA, November 6th-10th.  
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1.8.1.5 Chapter 5 

Chapter 5 details a cross-sectional analysis, investigating associations between RMPs 

and MCI in the NICOLA study, using the VAMPIRE analysis software. The retinal 

and cerebral microvasculature share similar embryological origins and physiological 

characteristics. Improved imaging technologies provide opportunistic non-invasive 

assessment of RMPs against cognitive outcomes. Associations between RMPs and 

MCI were assessed by multivariable logistic regression with adjustment for potential 

confounders. In total, 1,431 out of 2,129 (67%) NICOLA participants with a retinal 

image of sufficient quality for measurement who also successfully completed the 

Montreal Cognitive Assessment (MoCA) test, did not report any difficulties with 

activities of daily living (ADL) tasks, and did not have depression (Centre for 

Epidemiological Studies questionnaire [CES-D] ≥ 16)  were included in the study, of 

which 156 (10.9%) were classified with MCI. No significant associations between 

RMPs and MCI were detected in unadjusted, minimally adjusted or fully adjusted 

regression models or subsequent sensitivity analyses. Previous studies have reported 

both increased retinal venular calibre and reduced fractal dimension in association with 

mild cognitive impairment. This study failed to detect any associations between RMPs 

and those individuals at an early stage of cognitive loss in an older community-based 

cohort. 

These findings were published in BMC Neurology. 

 O’Neill RA, Maxwell AP, Paterson EN, Kee F, Young I, Hogg RE, Cruise S, Murphy 

S, McGuinness B, McKay GJ. Retinal microvascular parameters are not significantly 

associated with mild cognitive impairment in the Northern Ireland Cohort for the 

Longitudinal Study of Ageing. BMC Neurol. 2021; 21:112.  

 

1.8.1.6 Chapter 6  

Chapter 6 investigates the associations between RMPs and depression, within the 

NICOLA study, using the VAMPIRE analysis software. Depression is a serious mental 

disposition that requires appropriate clinical management and is increasingly prevalent 

in older people.  The retina shares similar anatomical and physiological features with 

the brain and subtle variations in RMPs may reflect similar vascular variation in the 
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brain. Depression was characterised by the CES-D questionnaire in the absence of mild 

cognitive impairment or use of anti-depressive medications. Associations between 

depression and RMPs were assessed by regression analyses with adjustment for 

potential confounders. In total, 1,376 out of the 2,129 (64.6%) NICOLA participants 

with a retinal image of sufficient quality for measurement and who also met the 

inclusion criteria for the study, including successful completion of the CES-D 

questionnaire, and an absence of MCI, were included in the study, of which 113 (8.2%) 

and 1,263 (91.8%) participants were classified with and without depression. Lower 

values of arteriolar tortuosity were significantly associated with depression, before and 

after adjustment for potential confounders. No other associations were detected, 

concluding that decreased retinal arteriolar tortuosity was associated with depression 

in older adults independent of potential confounding factors. Retinal measures may 

offer opportunistic assessment of microvascular health associated with outcomes of 

depression. 

These findings were published in BMC Geriatrics. 

 O’Neill RA, Maxwell AP, Kee F, Young I, Hogg RE, Cruise S, McGuinness B, 

McKay GJ. Increased retinal arteriolar tortuosity is associated with a reduced risk 

depression in the Northern Ireland Cohort for the Longitudinal Study of Ageing. BMC 

Geriatr. 2021; 21:62.  

 

1.8.1.7 Chapter 7  

Chapter 7 investigates associations between RMPs and diabetic status in the NICOLA 

study, using the VAMPIRE analysis software. Diabetes is placing an increasing global 

burden on public healthcare systems and those aged 50 years and older are at higher 

than average risk. Examining the retinal microvasculature offers a unique non-invasive 

opportunity to evaluate systemic microvascular abnormalities. Advances in retinal 

imaging and analysis software have enabled more accurate quantification of 

microangiopathic variation in the eye. Previous studies have reported associations 

between RMPs and diabetes. Associations were assessed using binary logistic 

regression between RMPs assessed as standardised Z-scores and diabetes status. In 

total, 1,762 out of 2,129 (83%) NICOLA participants with a retinal image of sufficient 

quality for measurement who also had HbA1c measurements, self-reported data on 
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diabetes status and data on diabetic medications available for analysis,  were included 

in the study, of which, 216 were classified with diabetes. In unadjusted and minimally 

adjusted regression, arteriolar and venular tortuosity were both significantly associated 

with diabetes, although both failed to retain significance following adjustment for 

potential confounders. No additional associations between other RMPs and diabetes 

were detected, concluding that despite previously reported associations between 

diabetes and RMPs, this study failed to corroborate these associations in an older 

community-based cohort. 

 These findings are currently under review at the Irish Journal of Medical Science. 

O’Neill RA, Maxwell AP, Kee F, Young I, McGuinness B, Hogg RE, Cruise S, 

McKay GJ. Retinal microvascular parameters are not associated with diabetes in the 

Northern Ireland Cohort for the Longitudinal Study of Ageing.  

 

1.8.1.8 Chapter 8 

Chapter 8 is the final chapter and summarises the findings and conclusions from each 

chapter and the approaches employed within this thesis as a whole. It details the overall 

implications of the work, undertaken, its strengths and limitations and considers future 

research opportunities in relation to the work conducted.  
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2.1 The Northern Ireland Cohort for the Longitudinal Study of Ageing 

2.1.1 Introduction to the study 

The ≥ 50 years age group is the most rapidly expanding demographic within the 

Northern Ireland (NI) population. More information regarding population ageing and 

its impact on society is needed, to ensure appropriate future healthcare provision and 

economic planning. The Northern Ireland Cohort for the Longitudinal Study of Ageing 

(NICOLA) is a prospective cohort study of 8,468 community-dwelling men and 

women aged 50 years and over, resident in NI (1). This study is the first large scale 

longitudinal study of ageing in Northern Ireland. The study was designed to enable 

comparisons with other well-established international longitudinal studies such as the 

Health and Retirement Survey (HRS) in the United States, The English Longitudinal 

Study of Ageing (ELSA), and The Irish Longitudinal Study on Ageing (TILDA). The 

study consisted of three main components: a computer aided personal interview 

(CAPI), a self-completion questionnaire and a health assessment (1). The main study 

objectives were to primarily improve understanding of the factors that affect social and 

health outcomes in the older NI population and to observe how health, lifestyle and 

personal finances may change over the course of the study period. The goal was to 

help inform policy makers for NI’s Health and Social Care provision regarding the 

increasingly older NI population (1). 

 

2.1.2 Study population 

NICOLA wave 1 recruitment criteria targeted individuals resident in private 

households. The addresses of potentially eligible study participants were identified 

using the Health and Social Care Business Service Organisation database. The 

information for this source was acquired from the National Health Applications and 

Infrastructure Services general practitioner list for NI (1). Initially there were over 

400,000 households identified that contained potentially eligible participants. From 

the initial 400,000 addresses, a reduced random sample of over 14,000 were chosen to 

provide an overall representation of the NI population.  Eligibility for study inclusion 

required participants to be born on or before September 30th, 1962, ensuring that each 

individual was fifty years or older (1). During the baseline wave of NICOLA, 

exclusion criteria included those living in nursing or residential homes where capacity 
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to provide informed consent may have been of concern. Potential participants received 

an introductory letter, followed by contact from a fieldworker employed by  the market 

research company Ipsos MORI contracted by Queen’s University, Belfast to 

administer the home interview data collection and study consent. Overall, 8,504 

respondents completed the CAPI between December 2013 and March 2016 (1). Figure 

2.1 details a flow chart of participant inclusion and exclusion criteria for each chapter 

within this thesis. Written informed consent was obtained prior to participation 

following ethical approval from the School of Medicine, Dentistry and Biomedical 

Sciences Ethics Committee, Queen’s University Belfast (SREC 12/23) and in 

accordance with the Helsinki Declaration. 
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Figure 2.1 A flow chart of participant inclusion and exclusion criteria. 
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2.1.2.1 The Computer-Assisted Personal Interview  

NICOLA participants completed a CAPI conducted within their own homes. The 

interview lasted on average approximately 90 minutes per participant. Each household 

also completed a short household questionnaire to determine the number of residents 

and collect basic information about them and the household. Each selected individual 

participant also completed an individual questionnaire, covering a range of issues 

including physical and mental health, economic circumstances, and a short self-

completion section. The CAPI also included assessment of demographic, social and 

health-related factors as outlined in Table 2.1.  
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Table 2.1 Overview of the NICOLA Wave 1 CAPI content 

 Type of information collected 

Cover Screen  Name, age and gender of partner and all those within the household. 

Demographics  Participant sex, age, ethnicity, national identity, country of birth, marital status 

 Highest educational level 

 Area participant is currently living in 

 Childhood and family background. 

Transfers to Children  Number of living children 

 If participant is providing children with non-financial help. 

Physical & Cognitive 

Health 

 Self-reported general and mental health 

 Limiting long-term illness 

 Cognition 

 History of cardiovascular disease (CVD) and non-CVD disease, including treatment for any conditions 

 History of falls/ unsteadiness and fractures, including treatment  

ADL/IADL & Helpers  Difficulties with basic activities of daily living (ADL) 

 Use of equipment/aids/other people to help with ADL difficulties 

 Difficulties with instrumental activities of daily living (iADL) 

 If participant receives assistance from another person to help with iADL difficulties and the details of this 

arrangement. 

Healthcare Utilisation  GP or emergency department attendance in the last 12 months 
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 If participant has been an outpatient or has had a hospital admission in the last 12 months 

 How many times , how many nights were spent in hospital 

 Was the hospital admission public or private 

Medications  A record was made (by the fieldworker) of all medications that the participant reported taking on a regular 

basis. 

Health Behaviours  Smoking 

 Physical activity 

 Alcohol 

 Sleeping patterns, including medication use to aid sleep. 

Social Connectedness  Number of living children (including step, foster, adopted)  

 Extent of contact participant has with any of their children/other relatives 

 Number of close friends participant has and extent of participant’s contact with close friends. 

Social 

Participation/Capital 

 Area and accommodation participant lives in 

 How long participant has lived in the area; 

 Whether the neighbourhood is supportive, inclusive and safe 

 Extent to which participant talks to relatives, friends and neighbours 

 How many people participant could turn to for comfort/support in a serious personal crisis? 

 Participant’s involvement in groups, clubs, and organisations 

Work and 

Pensions/Employment 

Situation 

 Past and current work activity status; main job; unemployment, and reasons for not seeking work 

 Retirement-related benefits and pensions 
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 Involvement in and extent of unpaid voluntary/charity work 

Income and Assets  Income received from various sources over the last year (wages, state pensions, private pensions, other annuity 

income and state benefits) 

 Amount of financial and non-financial assets held. 

Expectations  Self-reported financial situation 
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2.1.2.2 The Health Assessment 

Following completion of each participant’s CAPI home interview, they were invited 

to attend a health assessment. The NICOLA study health assessment took place at the 

Wellcome Trust Wolfson Northern Ireland Clinical Research Facility (NICRF) based 

in the Belfast City Hospital. Measures of cardiovascular, physical, cognitive and visual 

function, including retinal fundus photography were determined and a biobank of 

biological samples collected. The assessment was designed to assist medical 

professionals and other health and social care professionals understand the processes 

of ageing and its consequence on bodily systems. Table 2.2 summarises the 

information collected in the Wave 1 health assessment from the 3,741 participants who 

attended. 
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Table 2.2 Overview of some of the NICOLA Wave 1 health assessment content 

 Type of information collected 

Mental well being  Warwick Edinburgh Mental well-being scale questionnaire 

Hearing  Does the participant use any appliances to help with hearing? 

 Can they follow a conversation without hearing help? 

 Various noises and how they affect the individual 

Vision  Visual acuitytests 

 Does the participant wear glasses or contact lenses? 

 Information on any eye diseases 

 Retinal fundus and Optical Coherence Tomography (OCT) images 

Anthropometric  Height, weight, body mass index 

Cardiovascular  Systolic and diastolic blood pressure measurements 

Gait and Balance  Which side is dominant left or right? 

 Step test 

 Timed ‘’Up and Go’’ test 

Grip strength   Which hand is dominant? 

 Non-dominant and dominant hand grip tests 

Cognitive   Mini Mental State Examination (MMSE) test score 

 Colour trials test score 

 Montreal Cognitive Assessment (MoCA) test score 
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Depression  Centre for Epidemiologic Studies Depression Scale (CES-D) questionnaire  

Biological   Glucose  

 High and low density lipoproteins  

 Triglycerides 

 Glycated haemoglobin % 

 Cystatin C 

 Serum creatinine  
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2.1.2.3 The self-completion questionnaire 

Participants in the health assessment were also asked to undertake a self-completion 

questionnaire. The series of topics included additional information from the 

participants, that could either be done in their own time (due to the high volume of 

information requested during the CAPI) or was considered not appropriate for face-to-

face collection during the home CAPI interview, including topics such as information 

and communications technology (ICT) use, physical activity, the NI ’Troubles’, 

religion, loneliness, general health and work. In addition, food frequency 

questionnaires were also requested. The self-completion questionnaire was completed 

in the participant’s own time and returned either to the NICOLA team during their 

health assessment appointment or to the NICOLA office in a pre-paid envelope. 

 

2.1.2.4 Future waves 

Future rounds of NICOLA data are planned dependent on the funding available. In 

future waves, participants will be invited to complete a CAPI home interview and self-

completion questionnaire every two years and a health assessment every four years, 

subject to funding. Ipsos MORI commenced Wave 2 fieldwork in June 2017, with 

completion in February 2019. The Wave 2 assessments share common features with 

Wave 1, with the inclusion of further data requested by researchers and stakeholders. 

 

2.1.3 Measurement of renal function and classification of chronic kidney disease  

Measurements for serum creatinine (SCr, mg/dL) and cystatin C (CysC, mg/l) were 

taken as part of the NICOLA health assessment and used to estimate glomerular 

filtration rate. Serum creatinine (SCr, mg/dL), standardised to isotope dilution mass 

spectrometry (IDMS) calibrated techniques, and cystatin C (CysC, mg/L) were 

assayed on an Abbott ARCHITECT c8000 system using kinetic alkaline picrate and 

turbidimetric/ immunoturbidimetric methods, respectively (2).  The coefficients of 

variation for creatinine and cystatin C were <4.68% and <1.80% respectively. 

Estimated glomerular filtration rates (eGFRSCr, eGFRCysC and eGFRCom 

[combination SCr/CysC]) were based on a single serum sample using the Chronic 

Kidney Disease Epidemiology Collaboration equation (CKD-EPI 2009 equation for 
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SCr and 2012 equation for CysC and Com) (3, 4). The CKD-EPI 2009 equation uses 

SCr, age, gender and ethnicity for each participant to obtain an eGFR measurement. 

The CKD-EPI 2012 equation is similar to that of 2009, it uses each participants CysC, 

age and gender for calculation of overall eGFR. Chronic Kidney Disease (CKD) stages 

3-5 were defined as impaired renal function with eGFR < 60 mL/min/1.73 m2 and 

CKD stages 1-2 as eGFR ≥ 60 mL/min/1.73m2. Participants were excluded if SCr or 

CysC measurements were missing or retinal images were of insufficient quality for 

image analysis (Fig 2.1). 

 

2.1.4 Measurement of cognitive function and classification of Mild Cognitive 

Impairment  

Participants attending the health assessment underwent the Montreal Cognitive 

Assessment (MoCA), a 30 point test lasting approximately ten minutes to assess 

cognitive function. To obtain a score between 0-30 (1 point added if <12 years of 

education) each participant, without prompting or help, undertook a short‐term 

memory recall task (5 points) which involved two learning trials of five nouns and 

delayed recall after approximately 5 minutes. Visuospatial abilities were assessed 

using a clock‐drawing task (3 points) and a three‐dimensional cube copy (1 point). 

Multiple aspects of executive functions were assessed using an alternation task adapted 

from the Trail Making B task (1 point), a phonemic fluency task (1 point), and a two‐

item verbal abstraction task (2 points). Attention, concentration, and working memory 

were evaluated using a sustained attention task (target detection using tapping; 1 

point), a serial subtraction task (3 points), and digits forward and backward (1 point 

each). Language was assessed using a three‐item confrontation naming task with low‐

familiarity animals (lion, camel, rhinoceros; 3 points), repetition of two syntactically 

complex sentences (2 points), and the aforementioned fluency task. Finally, orientation 

to time and place was evaluated (6 points) (5-7). An extra point was added to the 

MoCA test score for participants with less than twelve years of formal education. 

Participants were investigated for subjective cognitive decline (SCD) and a series of 

questions based on difficulties associated with basic activities of daily living (ADL), 

such as dressing, walking, bathing or showering, eating, getting in or out of bed, and 

using the toilet. SCD was characterised qualitatively at CAPI by the participant 

through a five point rating of their day-to-day memory with fair to poor characterised 
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as SCD. Participants also completed the Centre for Epidemiologic Studies Depression 

Scale questionnaire (CES-D; refer to section 2.16). Individuals who failed to complete 

the MoCA, reported difficulties with ADL activities, had depression or retinal images 

or insufficient quality, were excluded from the analysis (Fig 2.1). Mild cognitive 

impairment (MCI) was defined as a combination of MoCA test score < 26 with SCD, 

in the absence of DEPR or problems with ADL activities. In a sensitivity analysis, a 

stricter MCI definition used a MoCA score ≤ 23 with SCD and the absence of 

depression or problems with ADL activities. The inclusion/exclusion criteria, MoCA 

thresholds and definitions of MCI were based on the recommendation of a consultant 

geriatrician at Belfast Health ad Social Care Trust and previous study 

recommendations (5-7). 

 

2.1.5 Measurement and classification of diabetic status  

Participant glycated haemoglobin (HbA1c) levels were measured as part of the 

NICOLA study health assessment. Individual diabetic status was categorised as a 

combination of self-reported diabetes at CAPI, use of diabetic medications and HbA1c 

levels (diabetic ≥48mmol/mol), taken at the health assessment. For self-reported 

diabetes each participant was asked to answer either yes or no to the question “Has a 

doctor ever told you that you have Diabetes or high blood sugar?’’ Use of medications 

was based on if the participant self-reported taking of any oral medications or insulin 

injections for diabetes and/or if any drugs used for the treatment of diabetes were 

identified in their medication data (Anatomical Therapeutic Chemical [ATC] 

classification A10). Participants were excluded from the analysis if HbA1c or retinal 

images were missing, or if retinal images were of inadequate quality for image analysis 

(Fig 2.1).  

 

2.1.6 Measurement and classification of depression  

To obtain a score for depression, each participant undertook the CES-D questionnaire. 

The questionnaire consisted of 20 questions which measured self-reported depressive 

symptoms. For each question the participant selected the answer most relevant to their 

personal situation as either  “ Rarely or none of the time, less than 1 day’’ (Score of 

0),   “ Some or a little of the time, 1-2 days’’ (Score of 1),   “ Occasionally or a moderate 
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amount of the time, 3-4 days’’ (Score of 2), or   “ Most or all of the time, 5-7 days ’’ 

(Score of 3). The overall score gained ranged from 0 to 60, with a score ≥ 16 considered 

as the cut-off in order to identify those individuals at increased risk of clinical 

depression (8). Use of anti-depressive medications was defined as use of psycholeptic 

drugs (Anatomical Therapeutic Chemical [ATC] classification N05) and/or 

psychoanaleptic drugs (ATC classification N06). For this study individuals who failed 

to complete the CES-D questionnaire, were classified as having mild cognitive 

impairment (MCI; defined as MoCA test score < 26 and SCD, in the absence of 

depression or problems with ADL activities [refer to section 2.1.4]), were taking anti-

depressive medications or had retinal images or insufficient quality, were excluded 

from the analysis (Fig 2.1). Depression was defined as a combination of CES-D test 

score ≥16 and the absence of MCI and/or anti-depressive medication use. 

 

2.1.7 Categorisation of co-variates 

Categorisation of covariates were based on measurements taken at health assessment 

and responses to the CAPI and self-completion questionnaire. Systolic blood pressure 

(SBP) was calculated as the average of two individual measurements. Mean arterial 

blood pressure (MABP) was calculated as the average of two individual SBP and 

diastolic blood pressure (DBP) measurements (2/3 DBP + 1/3 SBP). Smoking status 

was categorised as current smokers versus non-smokers. Cardiovascular disease 

(CVD) was categorised as yes or no using self-reported data collected on whether the 

participants had any history of angina, heart attack, congestive heart failure or stroke.  

Educational attainment was dichotomised: primary and lower or secondary level and 

above (including university education). Participant alcohol consumption was grouped 

into four categories; non-drinker, light drinker (0-7 units per week), moderate drinker 

(7-14 units per week) and heavy drinker (>14 units per week). Physical activity (PA) 

levels were categorised as low, moderate or high in accordance with the Global 

Physical Activity Questionnaire (GPAQ), scored by calculating the average time per 

day spent in each activity domain (work, transport and leisure) and the intensity of that 

time spent (9, 10). Participant height was measured to the nearest centimetre using a 

Seca 240 wall mounted measuring rod and weight was measured in kilograms using 

SECA electronic floor scales. These height and weight measurements provides the 

necessary details to calculate the body mass index (BMI kg/m2) of participants in the 
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study. High and low-density lipoprotein (HDL and LDL) was measured from 

individual participant blood samples. Hypertension was categorised as yes or no using 

a combination of self-reported hypertension (‘Yes or No, Has a doctor ever told you 

that you have high blood pressure or hypertension?’) and use of antihypertensive 

medications (‘Yes or No, Are you currently taking ay tablets or pills for high blood 

pressure?’). 

 

2.1.8 Retinal fundus photography 

Retinal images for the study were obtained from consenting participants, using a 

digital color fundus camera. Images centered both on the macula and optic disc were 

taken for each participant by trained members of the NICOLA study team. Retinal 

photography was performed through the dilated pupil using a Canon CX-1 Digital 

Fundus Camera (Canon USA, Melville, NY, USA), following dilation from a single 

drop of 1% tropicamide in all participants. Pupil dilation was preferred; however, those 

individuals who opted out of having their pupils dilated still had images taken.  

 

2.1.9 Retinal vessel measurements 

2.1.9.1 Retinal microvascular parameter measurement using Vessel Assessment 

and Measurement Platform for Images of the REtina (VAMPIRE) software 

Advances in fundus imaging and optical coherence tomography (OCT) have facilitated 

fast, easy, non-invasive capture of the internal structure and function of the human 

retina (11).  Manual measurement is slow and tedious but when carried out using semi-

automated software the speed and accuracy of image analysis and parameter 

measurement is greatly improved (12). For the studies within this thesis, retinal 

microvascular parameters (RMPs) (central retinal arteriolar / venular equivalents 

[CRAE/CRVE], arteriolar to venular ratio [AVR], fractal dimension and tortuosity) 

were measured from optic disc centred fundus images and analysed using the semi-

automated software Vessel Assessment and Measurement Platform for Images of the 

REtina (VAMPIRE; Universities of Edinburgh and Dundee, Scotland, Version 3.1, 

[13-16]; Fig 2.2).  
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The VAMPIRE software suite involved processing individual retinal fundus images 

through several steps. Once each step was completed, the software provided an overall 

Excel spreadsheet containing the biomarkers measured for each image. Step 1 involved 

uploading the retinal fundus images in sets of 20, ready for measurement. During step 

2 VAMPIRE automatically identified the optic disc (OD) and fovea on the retina, 

however, each image was manually checked to ensure the automated process had 

correctly identified these areas on the image. Identification of the OD could be 

problematic if VAMPIRE over-estimated the circumference, especially as a 

consequence of pathology or lighting issues affecting the OD. The fovea is usually 

recognised as a dark region of the macula, but occasionally this may have been 

incorrectly identified by the software due to poor image quality. Where these regions 

were incorrectly identified, manual intervention was required. Images of insufficient 

quality, including those that were too bright/dark, highly obscured/un-clear or with 

vessels unable to be measured due to significant pathology, no further assessment was 

undertaken. During step 3 VAMPIRE performed automated segmentation and 

classification of the vasculature in each of the retinal images. Similar to OD and fovea 

correction, manual correction of vessels was applied to images if arterioles or venules 

were misidentified. VAMPIRE divides the image into different zones (OD, A, B, C 

and Periphery).  CRAE and CRVE are summary measures of the six biggest retinal 

arteriolar and venular vessel diameters, and AVR represents a simplistic ratio of both 

in relation to each other. In VAMPIRE, CRAE, CRVE, and AVR were calculated from 

measurements captured in zones B (1.0 to 1.5 optic disc diameters from the centre of 

the optic disc; fig 2.2). Fractal dimension is used to quantify the geometric complexity 

of the retinal vasculature, with larger values indicating branching patterns of a higher 

complexity (17). Finally, retinal tortuosity is a measurement of how many times a 

vessel twists and turns, complementary to the AVR (18). Fractal dimension and 

tortuosity were calculated from measurements captured in zone C (1.0 to 2.5 optic disc 

diameters from the centre of the optic disc; Fig 2.2). Creation and correction of vessel 

trees was carried out during steps 4 & 5 of the VAMPIRE process. These steps enabled 

the creation, manual correction and measurement of arterial and venular tree structures 

such as tortuosity. The final steps 6 and 7, included RMP computation and the creation 

of the biomarker spreadsheet. Once steps 1-5 were completed the image set was 

uploaded for measurement extraction. This was an automated process with no need for 

manual intervention that was executed overnight. Once extraction was complete, the 
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RMP for each individual image were combined into a single Microsoft Excel 

spreadsheet and MATLAB data file. It took approximately 1-1.5 hours to complete 

steps 1-3 (inclusive) on each set of 20 retinal images. Steps 4 and 5 combined took 

around 20-40 minutes for each set of 20 images. Finally, steps 6 and 7 were carried 

out on sets of 250 images and took anywhere between 12-24 hours to complete.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



54 
 

Figure 2.2 Retinal fundus image assessed using the VAMPIRE software 

 

 

 

Figure 2.2 Optic disc centred retinal fundus image assessed using the Vessel 

Assessment and Measurement Platform for Images of the REtina (VAMPIRE) 

software. Arterioles (red), venules (blue) and deleted segments (white) are indicated. 

The retinal microvascular parameters for arteriolar and venular calibre (CRAE, CRVE, 

and AVR), are calculated from measurements captured in zones B (1.0 to 1.5 optic 

disc diameters from the centre of the optic disc). Fractal dimension and tortuosity are 

calculated from measurements captured in zones C (1.0 to 2.5 optic disc diameters 

from the centre of the optic disc). 
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All retinal image measures were completed by a single trained grader Rachael O’Neill 

(RON), blinded to all participant data. Reproducibility of RMPs was high with intra-

grader consistency assessed in 100 randomly selected retinal images. The intra-class 

correlation co-efficient was calculated for CRAE, CRVE and AVR between RON and 

two other VAMPIRE users Euan Paterson (EP) and Leanne McKelvey (LMK) and are 

presented in Table 2.3. Additionally, a high correlation between right and left eyes 

had been reported previously (19-21). Due to time constraints analysis was only 

undertaken on images from the left eye except when unavailable or of insufficient 

quality, in which case a right eye image was used. A sub-sample of 75 NICOLA 

participants with good quality bilateral retinal images were compared using paired 

samples T Tests and showed no evidence of significant differences in RMPs between 

left and right eyes for CRAE (P= 0.08) and CRVE (P= 0.89). P <0.05 was considered 

statistically significant.  

 

Table 2.3 Intraclass correlation coefficients between RON and other VAMPIRE users 

ICC comparison between RON and CRAE CRVE AVR 

EP1 0.88 0.91 0.96 

EP2 0.80 0.88 0.87 

EP3 0.94 0.93 0.92 

EP4 0.97 0.98 0.94 

LMK 0.88 0.96 0.93 

Table 2.3 Shows Intraclass correlation coefficients between RON and other 

VAMPIRE users. Abbreviations: ICC, intraclass correlation coefficient; CRAE, 

central retinal arteriolar equivalents; CRVE, central retinal venular equivalents; AVR, 

arteriolar to venular ratio. Grader initials: EP, LMK, RON.
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2.1.10 Statistical analysis 

Analyses were performed using Statistical Package for Social Sciences (IBM SPSS, 

Version 24.0. Armonk, NY: IBM Corp). Before inclusion in regression models, all 

RMPs were transformed into standardised Z-scores (a standard deviation [SD] 

increase or decrease from the mean). Population characteristics were described using 

frequencies and percentages for categorical variables or mean and standard deviation 

(SD) for continuous variables. RMPs were converted into standardised Z-scores, 

before inclusion in regression models. A paired samples t-test was used to compare a 

sub-sample of left and right eye measures. Independent samples t-test or chi-squared 

tests were used to compare the distribution of demographic factors and clinical 

variables between participants with and without CKD, MCI, depression and diabetes. 

P <0.05 was considered statistically significant. 

 

2.1.10.1 Renal function analysis 

Linear and logistic regression were used to evaluate associations between RMPs and 

renal function (eGFRSCr, eGFRCysC and eGFRCom) and the binary trait of CKD 

status. Minimally adjusted models included age and sex, with fully adjusted models 

also including diabetes and smoking status, educational attainment, body mass index 

(BMI), antihypertensive medication, SBP, triglycerides, CVD, high and low-density 

lipoprotein (HDL and LDL) levels. P <0.05 was considered statistically significant.  

 

2.1.10.2 Mild cognitive impairment analysis 

Logistic regression was used to evaluate associations between RMPs and MCI status 

as a binary trait. Minimally adjusted models included age and sex, while fully adjusted 

models also included alcohol consumption, smoking status, educational attainment, 

PA, CVD, hypertension, MABP, triglycerides, diabetes, BMI, and HDL levels. P 

<0.05 was considered statistically significant.  
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2.1.10.3 Diabetes analysis 

Binary logistic regression models were used to evaluate associations between RMPs 

and the multivariable trait of diabetic status. Fully adjusted regression models included 

age, sex, smoking status, alcohol consumption, MABP, PA, BMI, triglycerides, HDL 

and LDL levels. P <0.05 was considered statistically significant. 

 

2.1.10.4 Depression score analysis 

Logistic regression models were used to evaluate associations between RMPs and 

depression status as a binary trait. Minimally adjusted models included age and sex; 

fully adjusted models also included educational attainment, alcohol consumption, 

smoking status, CVD, MABP, triglycerides, diabetes, BMI, HDL and LDL levels. P 

<0.05 was considered statistically significant. 

 

2.2 A study of long-term effects of anti-VEGF treatment on renal function. 

It has been predicted that rapid increases in diabetes prevalence will result in a parallel 

increase in diabetic microvascular complications including diabetic retinopathy and 

nephropathy, emphasising the necessity for stringent safety evaluation of intravitreal 

anti-VEGF therapies (22). The objectives of this study were to evaluate the potential 

effects of anti-VEGF exposure, following repeated intra-ocular injections, on 

estimated glomerular filtration rate (eGFR) and urine albumin-to-creatinine ratio 

(ACR) in patients with and without diabetic macular oedema (DMO), and to 

investigate any variation in renal function associated with long-term intraocular anti-

VEGF injection treatments. 

 

2.2.1 Study population 

This was a retrospective, cohort, observational study using electronic healthcare 

records to access information on 90 patients with DMO receiving intravitreal anti-

VEGF treatment in the Belfast Health and Social Care Trust. The patients were 

administered their first to last recorded anti-VEGF injections between 25th April 2012 

and 22nd January 2018. For inclusion, each patient was required to have had renal 

function measurements prior to their first anti-VEGF injection and after their last 
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injection was administered. Patients were excluded on the basis of insufficient number 

of renal function measurements or if they experienced an acute decline in eGFR or 

rapid increase in ACR. The participants received aflibercept, ranibizumab or both 

throughout the course of their treatment. The number of aflibercept, ranibizumab and 

total intravitreal anti-VEGF injections was recorded for each participant. This study 

received approval by the Office for Research Ethics Committee Northern Ireland 

(MREC Reference: 14/NI/1132).  

 

2.2.2 Renal function measurement 

Serum creatinine measurements (µmol/L) and ACR (mg/mmol) were collected from 

the Northern Ireland Electronic Care Record (ECR) system. Each eGFR was calculated 

using the Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI; 

3). Changes in eGFR and ACR over time were calculated using multiple eGFR and 

ACR measurements. These included a measure of renal function before the start of 

anti-VEGF therapy and after the defined injection period. Data were collected on 

demographic factors, glycaemic parameters and clinical variables including co-

morbidities and medications.  

 

2.2.3 Classification of diabetic kidney disease 

Patients with diabetic kidney disease (DKD) were classified depending on their level 

of kidney function (eGFR) and the amount of protein present in the urine (ACR). In 

the ECR, ACR was occasionally recorded as “<3 mg/mol” when it was normal, instead 

of an absolute value. In order to carry out statistical analysis an absolute value was 

estimated to enable the determination of the slope/ change in renal function over time. 

A previous study demonstrated that the median ACR value for patients with an ACR 

< 3mg/mmol was 1.06 mg/mmol and we used this as an arbitrary value for ACR values 

categorised as < 3mg/mmol on the ECR (23). While absolute values would have been 

preferred, this highlights a limitation with using real healthcare data.  Individuals were 

classified as 'No DKD' if they had an ACR < 3 mg/mmol and an eGFR > 60 

mL/min/1.73 m2.  Study participants with an ACR > 3 mg/mmol or an eGFR < 60 

mL/min/1.73 m2 were classified as DKD. 
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2.2.4 Statistical analysis 

Independent samples t-tests, chi squared or Fisher’s exact tests were used to compare 

the distribution of demographic factors, glycaemic parameters and clinical variables 

between patients with DKD and those without DKD. Covariates significantly 

associated with a diagnosis of DKD were adjusted for in subsequent linear regression 

modelling. Simple and multiple linear regression models were used to generate beta 

estimates (β) and 95 % confidence intervals (CI) for the total number of intravitreal 

anti-VEGF injections against the change in eGFR and ACR over time. P <0.05 was 

considered statistically significant.  

 

2.3 References 

1. Burns F, Carney GM, Cruise S, et al. Early Key Findings 24 from a Study of 

Older People in Northern Ireland the NICOLA Study. 2017: 

https://www.qub.ac.uk/sites/NICOLA/FileStore/Filetoupload,783215,en.pdf1. 

Accessed 10th July 2020. 

1. Paterson EN, Maxwell AP, Kee F, Cruise S, Young IS, McGuinness B, McKay 

GJ. Association of renal impairment with cognitive dysfunction in the Northern 

Ireland Cohort for the Longitudinal Study of Ageing (NICOLA). Nephrol Dial 

Transplant. 2021 May 26:gfab182. doi: 10.1093/ndt/gfab182. Epub ahead of 

print. PMID: 34038557. 

2. Levey AS, Stevens LA, Schmid CH, et al. A New Equation to Estimate 

Glomerular Filtration Rate. Ann Intern Med. 2009; 150(9):604-612. 

3. Inker LA, Schmid CH, Tighiouart H, et al. Estimating Glomerular Filtration 

Rate from Serum Creatinine and Cystatin C. N Engl J Med. 2012; 367(1):20–

9.   

4. Nasreddine ZS, Phillips NA, Bedirian V, et al. The Montreal Cognitive 

Assessment, MoCA: A Brief Screening Tool for Mild Cognitive Impairment. 

J Am Geriatr Soc. 2005; 53(4):695-699. 

5. Milani SA, Marsiske M, Cottler LB, et al. Optimal Cutoffs for the Montreal 

Cognitive Assessment vary by Race and Ethnicity. Alzheimers Dement 

(Amst). 2018; 10:773-781. 



60 
 

 

6. Dautzenberg G, Lijmer J, Beekman A. Diagnostic Accuracy of the Montreal 

Cognitive Assessment (MoCA) for Cognitive Screening in Old Age 

Psychiatry: Determining Cutoff Scores in Clinical Practice. Avoiding 

Spectrum Bias caused by Healthy Controls. Int J Geriatr Psychiatry. 2019; 

35(3):261-269. 

7. Radloff LS. The CES-D Scale: A Self-report Depression Scale for Research in 

the General Population. Appl Psychol Meast. 1977; 1(3):385-401. 

8. Metcalf KM, Baquero BI, Coronado Garcia ML, et al. Calibration of the Global 

Physical Activity Questionnaire to Accelermetry Measured Physical Activity 

and Sedentary Behaviour. BMC Public Health. 2018; 18:412. 

9. Mumu SJ, Ali L, Barnett A, et al. Validity of the Global Physical Activity 

Questionnaire (GPAQ) in Bangladesh. BMC Public Health. 2017; 17:650. 

10. Gramatikov BI. Modern Technologies for Retinal Scanning and Imaging: An 

Introduction for the Biomedical Engineer. Biomed Eng. 2014; 13:52. 

11. McGrory S, Taylor AM, Kirin M, et al. Retinal Microvascular Network 

Geometry and Cognitive Abilities in Community-dwelling Older People: The 

Lothian Birth Cohort 1936 Study. Brit J Ophthalmol. 2017; 101:993-998. 

12. Fetit AE, Doney AS, Hogg S, et al. A Multimodal Approach to Cardiovascular 

Risk Stratification in Patients with Type 2 Diabetes Incorporating Retinal, 

Genomic and Clinical Features. Sci Rep. 2019; 9(1):3591. 

13. McKay GJ, Paterson EN, Maxwell AP, et al. Retinal Microvascular Parameters 

are not associated with Reduced Renal Function in a Study of Individuals with 

Type 2 Diabetes. Sci Rep. 2018; 8(1):3931. 

14. McGrory S, Ballerini L, Okely JA, et al. Retinal Microvascular Features and 

Cognitive Change in the Lothian‐Birth Cohort 1936. Alzheimer's Dement. 

2019; 11:500-509.  

15. Trucco E, Ballerini L, Relan D, et al. Novel VAMPIRE Algorithms for 

Quantitative Analysis of the Retinal Vasculature. Proc Biosignas Biorobotics 

Conf. 2013; 1-4. 

16. Fan W, Nittala MG, Fleming A, et al. Relationship between Retinal Fractal 

Dimension and Non-perfusion in Diabetic Retinopathy on Ultrawide-field 

Fluorescein Angiography. Am J Ophthalmol. 2020; 209:99-106. 



61 
 

 

17. Ramos L, Novo J, Rouco J, et al. Retinal Vascular Tortuosity Assessment: 

Inter-intra Expert Analysis and Correlation with Computational 

Measurements. BMC Med Res Methodol. 2018; 18:144. 

18. Wong TY, Knudtson MD, Klein BE, et al. Computer-assisted Measurement of 

Retinal Vessel Diameters in the Beaver Dam Eye Study: Methodology, 

Correlation between Eyes, and Effect of Refractive Errors. Ophthalmol. 2004; 

111(6):1183-1190. 

19. Cheung N, Tikellis G, Saw SM, et al. Relationship of Axial Length and Retinal 

Vascular Caliber in Children. Am J Ophthalmol. 2007; 144(5):658-662. 

20. Leung H, Wang JJ, Rochtchina E, et al. Computer-assisted Retinal Vessel 

Measurement in an Older Population: Correlation between Right and Left 

Eyes. Clin Exp Ophthalmol. 2003; 31(4):326-330. 

21. Rowley W, Bezold C, Arikan Y, et al. Diabetes 2030: Insights from Yesterday, 

Today, and Future Trends. Popul Health Manag. 2017; 20(1):6-12. 

22. Nah EH, Cho S, Kim S, et al.  Comparison of Urine Albumin-to-Creatinine 

Ratio (ACR) Between ACR Strip Test and Quantitative Test in Prediabetes and 

Diabetes. Ann Lab Med. 2017; 37(1):28–33 

  



62 
 

 

 

 

Chapter 3 

Evaluation of the long-term effects of 
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3.1 Introduction 

Vascular endothelial growth factor (VEGF), also referred to as VEGF-A is a 40–45 

kDa dimeric glycoprotein containing a cysteine knot motif (1). In addition to VEGF-

A, this superfamily of hormones and growth factors also consists of VEGF-B, VEGF-

C, VEGF-D, and placental growth factor (PLGF) (2). With a coding region covering 

approximately 14 kilobases, containing eight exons and seven introns, the 

human Vegfa gene is located on chromosome 6p21.1 (3). Alternative splicing of this 

pre-mRNA creates distinctive VEGF-A isoforms through the selective removal of 

intron regions and the precise piecing together of combinations of exons (2). The 

VEGF isoforms vary in length and are designated VEGFxxx, where xxx is 

representative of the sum of amino acids found in the concluding protein sequence. So 

far, sixteen individual VEGF-A isoforms have been identified, including VEGF111, 

VEGF121, VEGF145, VEGF165, VEGF189, and VEGF206 (4-8). Several cell types are 

recognised to secret VEGF-A including endothelial cells, fibroblasts, smooth muscle 

cells, platelets, neutrophils, macrophages and tumour cells (2), and VEGF is a known 

to be a critical mediator of the physiological and pathological processes that 

encompass angiogenesis (9, 10). In addition, VEGF also plays an important role in 

normal physiological functions including bone formation, haematopoiesis, wound 

healing and development (11). Inhibition of VEGF has transformed the therapeutic 

management of several retinal ophthalmic conditions by improving visual acuity, 

surpassing the previous gold standard of laser photocoagulation to limit visual 

deterioration (12). VEGF inhibition is now extensively used in the treatment of 

diabetic macular oedema (DMO), neovascular age-related macular degeneration and 

retinal vein occlusion.  The original application of VEGF inhibition was as an 

intravenous chemotherapeutic adjunct, in the form of bevacizumab, for the treatment 

of solid tumours, including breast, colorectal and lung cancer (13,14). The three most 

commonly prescribed anti-VEGF therapy options available in clinical practice are 

aflibercept, bevacizumab, and ranibizumab (15). 

 

3.1.1 Diabetic macular oedema 

Diabetes mellitus (DM) is a growing global challenge and a major public health 

concern, particularly given its associated microvascular and macrovascular 
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complications that lead to increased morbidity and mortality (16-18). Sustained 

hyperglycaemia secondary to DM has been shown to activate abnormal metabolic 

pathways that trigger a complex cascade of inflammatory and vasogenic responses in 

the eye (12). One in fifteen people with DM suffer from DMO with increased 

incidence of diabetes leading to higher DMO prevalence, with significant implications 

on healthcare demand and costs (e.g. in 2010, the estimated healthcare cost for DMO 

in England was £92 million) (19, 20).  DMO, one of the leading causes of vision loss 

in adults (21), is a common complication of diabetic retinopathy and is characterised 

by exudative fluid accumulation in the macula primarily caused by the breakdown of 

the inner blood-retinal barrier (22). The inner blood-retinal barrier is composed of tight 

junctions between retinal vascular endothelial cells and retinal glial cells (Figure 3.1), 

creating a barrier normally impervious to proteins but upon breakdown, leads to 

extravasation of proteins and solutes from capillaries into the extracellular space 

resulting in the build-up of fluid and development of DMO (23). VEGF is a major 

driver in the pathophysiology of DMO as it promotes retinal angiogenesis and capillary 

hyper-permeability that can disrupt the internal blood retinal barrier, resulting in 

leakage of fluid into the retinal tissue. Given the key role VEGF plays in the 

pathogenesis of DMO, intravitreal VEGF inhibitors have become integral for the 

treatment of this condition (24).  
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Figure 3.1 The inner blood-retinal barrier  

 

 

 

Figure 3.1 shows a diagram depicting the structure of the inner blood-retinal barrier 

within the human eye. 

 

3.1.2 Anti-vascular endothelial growth factor therapy in ophthalmology 

Extensive investigation of the angiogenic processes has allowed development of anti-

VEGF intraocular interventions which have revolutionised the treatment of common 

diseases that can frequently lead to blindness. The increased administration of these 

agents to patients within ophthalmology has enabled preservation or restoration of 

useful vision (25). Use of VEGF inhibition therapy, as an ophthalmic therapeutic, 

involves local administration into the vitreous humour by intra-ocular injection with 

dosages typically several hundred times lower than used in oncology (26, 27). Three 
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agents in particular account for the vast majority of anti-VEGF injections 

administered, these are ranibizumab, bevacizumab and aflibercept.  Of this trio, 

aflibercept and ranibizumab, two more recent anti-VEGF agents with different 

structures and pharmacokinetic profiles, were developed specifically for intravitreal 

use (28). Intravitreal ranibizumab (IVR) exists as a human monoclonal antigen-

binding (Fab) antibody with a molecular weight of 48 kDa and binds to all isoforms 

of VEGF-A (Section 3.1, 29). Intravitreal aflibercept (IVA) is a human recombinant 

fusion protein with a molecular weight of 115 kDa, which binds to all isoforms of 

VEGFA, VEGFB and placental growth factor (25). Such adaptations have improved 

the systemic safety profile of intravitreal anti-VEGF in the general population, 

although further safety evaluation is ongoing.  

Previous studies have shown, that although the pharmacokinetic profiles of 

ranibizumab and aflibercept are notably different, both traverse the blood retinal 

barrier and enter the systemic circulation, reducing circulating levels of VEGF (15, 

27-30).  Avery et al evaluated serum pharmacokinetics and plasma free VEGF in 56 

participants with neovascular age-related macular degeneration (AMD), receiving 

intravitreal injections of aflibercept, bevacizumab or ranibizumab. They noted 

variations in systemic pharmacokinetics and pharmacodynamics among the anti-

VEGF agents and concluded that all three drugs moved quickly into the bloodstream, 

but ranibizumab appeared to clear rapidly, whereas bevacizumab and aflibercept 

revealed better systemic exposure and provided a noticeable reduction in plasma free 

VEGF (28).  Avery and colleagues performed a further study evaluating 151 patients 

with AMD, DMO or retinal vein occlusion (RVO) (15). Participants were administered 

3 monthly intravitreal injections of aflibercept 2.0 mg, bevacizumab 1.25 mg, or 

ranibizumab (0.5 mg for AMD/RVO, 0.3 mg for DMO). They concluded that systemic 

exposure to each drug was at its highest with bevacizumab (half-life (t1⁄2) 6.7 days) 

(30), and lowest with ranibizumab (t1⁄2 9 days) (30). Similar to their previous findings 

(12), ranibizumab was shown to be more rapidly cleared from the bloodstream than 

the other two drugs. 

 Overall, they noted an association between reduction of plasma free-VEGF levels and 

elevated levels of circulating anti-VEGF agents, with the reduction at its greatest with 

administration of aflibercept and at its least with administration of ranibizumab (15). 
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There have been case reports of unilateral IVR and IVA injection having a significant 

therapeutic effect on the contralateral eye (32-36). An example of this is a case study 

by Calvo and colleagues who reported on a 59 year old woman with bilateral 

deteriorating DMO who received an intravitreal aflibercept injection in the left eye. At 

one month follow-up, bilateral enhancement of visual acuity was noted and DMO 

reduced, reflecting bilateral improvements despite unilateral administration of 

aflibercept supporting the finding of a systemic response to intravitreal anti-VEGF 

injection (35). 

 

3.1.3 Vascular endothelial growth factor and renal function  

In addition to its role in angiogenic processes, VEGF plays a crucial role in 

maintaining normal renal function. VEGF is released from podocytes and interacts 

with VEGF receptor 2 on the glomerular capillaries promoting the integrity of 

endothelial fenestrations and improving glomerular barrier function (37). The 

glomerular microvasculature is at an increased risk of injury in thrombotic 

microangiopathy, but the mechanisms by which this occurs are not fully understood.   

A study of six patients who had received treatment with the anti-VEGF agent 

bevacizumab were reported to develop glomerular disease characteristic of thrombotic 

microangiopathy (37). Eremina and colleagues also noted a loss of podocyte-

dependent VEGF expression in a gene-knockout mouse model that resulted in 

proteinuria, hypertension and renal thrombotic microangiopathy, suggesting 

glomerular injury may result as a consequence of the administration of anti-VEGF 

agents such as bevacizumab, through direct targeting of VEGF (38). A systematic 

review and meta-analysis of 1,850 patients across seven clinical trials revealed a 

significant dose-dependent increased risk of hypertension and proteinuria in those 

receiving intravenous bevacizumab (39). From 2005 to 2012, there were more than 50 

reported cases of renal thrombotic microangiopathy, increased proteinuria and 

antibody-mediated kidney transplantation rejection following intravenous 

administration of VEGF inhibitors (14, 25, 40). Furthermore, there have been several 

cases of acute kidney injury (AKI) reported in patients with chronic kidney disease 

(CKD) and renal allograft dysfunction with increased hypertension and proteinuria, 

following intravitreal anti-VEGF injection (36,40-44). Cheungpasitporn et al reported 

on two male renal transplant recipients with significant allograft dysfunction and 
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increased levels of proteinuria following intravitreal anti-VEGF treatment (40). These 

findings suggest that, when administered systemically at high dosage, VEGF inhibitors 

may lead to serious adverse effects on renal function and lead to the development of 

proteinuria and modulate antibody-mediated phenomena. Despite evidence of AKI 

following anti-VEGF therapies, investigations of their impact on long-term kidney 

function have been limited. 

 

3.1.4 Summary and aim of present study 

A pooled analysis of 751 population-based studies reported a global increase in the 

number of adults with DM from 108 million in 1980 to 422 million in 2014 (45). It is 

estimated that as of 2019, the number of individuals diagnosed as having diabetes 

globally is around 415 million and is expected to rise to 642 million by 2040 (46). It 

is predicted that rapid increase in DM prevalence will result in a parallel increase in 

diabetic microvascular complications including diabetic retinopathy and nephropathy 

(47), reinforcing the need for stringent safety evaluation of intravitreal anti-VEGF 

therapies. This retrospective observational audit evaluated the effects of cumulative 

anti-VEGF exposure, following repeated intra-ocular injections, on estimated 

glomerular filtration rate (eGFR) and urine albumin-to-creatinine ratio (ACR) in 

patients with DMO, to evaluate variation in renal function associated with long-term 

intraocular anti-VEGF injections (48).  

 

3.2 Material and methods 

(Refer to chapter 2, section 2.2) 

3.2.1 Study population 

This was a retrospective, observational, cohort study using electronic healthcare 

records to access data on 90 DMO patients receiving intravitreal anti-VEGF treatment 

in the Belfast Health and Social Care Trust. For inclusion, each patient was required 

to have had renal function measurements prior to and after receipt of their first and last 

anti-VEGF injection. Participants received aflibercept, ranibizumab or both 

throughout the course of their treatment. The number of aflibercept, ranibizumab and 

total intravitreal anti-VEGF injections was recorded for each participant. This study 
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received approval by the Office for Research Ethics Committee Northern Ireland 

(MREC Reference: 14/NI/1132).  

 

3.2.2 Renal function measurements 

Serum creatinine measurements (µmol/L) and ACR (mg/mmol) were collated from 

the Northern Ireland Electronic Care Record (ECR) system. eGFR was calculated 

using the Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI) 

(49). Changes in eGFR and ACR over time were calculated using multiple eGFR and 

ACR measurements prior to and following the completion of anti-VEGF therapy for 

the defined injection period. Data was collected on demographic factors, glycaemia 

levels and clinical variables including co-morbidities and medications.  

 

3.2.3 Diabetic kidney disease classification 

Patients with diabetic kidney disease (DKD) can be classified depending on their level 

of kidney function (eGFR) and the amount of protein present in the urine (ACR). This 

information forms the basis of DKD staging which is useful for planning follow up 

and management. Individuals were classified as 'No DKD' if they had an ACR < 3 

mg/mmol and an eGFR > 60 mL/min/1.73 m2.  Study participants with an ACR > 3 

mg/mmol or an eGFR < 60 mL/min/1.73 m2 were classified as DKD. 

 

3.2.4 Statistical analysis 

Independent samples T-tests, chi squared or Fisher’s exact tests were used to compare 

the distribution of demographic factors, glycaemic parameters and clinical variables 

between patients with DKD and those without DKD. Covariates significantly 

associated with a diagnosis of DKD were adjusted for in subsequent linear regression 

modelling. Simple and multiple linear regression models were used to generate beta 

estimates (β) and 95% confidence intervals (CI) for the total number of intravitreal 

anti-VEGF injections against the change in eGFR and ACR over time. P < 0.05 was 

considered statistically significant.  
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3.3 Results 

3.3.1 Participant characteristics 

Data were collected on 90 patients undergoing regular intravitreal anti-VEGF 

treatment for DMO in the Belfast Health and Social Care Trust. Although, episodes of 

AKI following anti-VEGF injection have been previously reported, in order to evaluate 

the long-term effect of intravitreal anti-VEGF treatment on renal function and limit 

potential confounding from co-morbidities, five patients were excluded on the basis of 

a co-morbidity likely to have led to an acute decline in renal function. A total of 42 

participants were classified as ‘No DKD’ controls and 43 as ‘DKD cases’.  Table 3.1 

summarises the cohort study characteristics, co-morbidities and glycaemic parameters. 

The mean HbA1c was 67.3 mmol/mol, standard deviation (SD) = 16.1 mmol/mol and 

mean duration of DM was 16.5 years, SD = 11.4 years. Additionally, 84% and 77% of 

participants had hypertension and hyperlipidaemia, respectively.  

 

3.3.2 Long-term anti-VEGF injection therapy and renal function  

The eGFR data met the assumptions of linear regression including normal distribution, 

homoscedasticity and absence of multicollinearity. However, ACR data was skewed 

lacking normal distribution and homoscedasticity. Importantly, absence of 

multicollinearity remained. Log transformation of ACR data did not improve the 

distribution curve and as a result, no log transformation was performed.  Participants 

demonstrated a decline in eGFR from a mean baseline of 75 mL/min/1.73 m2 to a mean 

follow-up eGFR of 65.9 mL/min/1.73 m2 with a mean rate of decline of 2.6 

mL/min/1.73 m2/year (Table 3.2).  

On average, participants received 26.8 ± 13.2 intravitreal anti-VEGF injections, which 

included 16.6 ± 10.0 ranibizumab and 10.1 ± 6.0 aflibercept, over a mean duration of 

31 months (2.6 years). In an unadjusted linear regression analysis, the rate of change 

of eGFR over time showed no evidence of being in associationwith the number of 

intravitreal anti-VEGF injections (β = 0.04, CI: -0.02, 0.09; P = 0.21) and remained 

non-significant following adjustment for T2DM, cerebrovascular disease (CD), 

hypertension and treatment with beta blockers and proton pump inhibitors (β = 0.04, 

CI: -0.02, 0.09; P = 0.22). Study participants had an increased ACR from a mean 
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baseline value of 17.9 ± 62.1 mg/mmol to a mean follow-up ACR of 18.8 ± 48.5 

mg/mmol with a rate of increase of 0.7 ± 12.3 mg/mmol/year. In an unadjusted 

analysis, the rate of change of ACR was not significantly associated with the number 

of intravitreal anti-VEGF injections (β = 0.01, CI: -0.19, 0.22; P = 0.91) and remained 

non-significant following adjustment for T2DM, CD, and treatment with beta blockers 

and proton pump inhibitors (β = 0.02, CI: -0.19, 0.23; P = 0.86).  

 

3.3.3 Long-term anti-VEGF injection therapy and renal function in patients with 

and without DKD 

As expected, participants with DKD had a significantly lower mean baseline eGFR of 

66.5 ± 24.4 mL/min/1.73 m2 compared to 83.8 ± 13.3 mL/min/1.73 m2/year in patients 

without DKD (P < 0.01). Additionally, patients with DKD also had significantly lower 

follow-up eGFR at 57.1 ± 24.6 mL/min/1.73 m2 compared to 75.7 ± 15.9 mL/min/1.73 

m2 (P < 0.01). Patients with DKD did not have a greater rate of eGFR decline (-2.5 ± 

3.6 mL/min/1.73 m2/year) compared to individuals without DKD (-2.7 ± 3.4 

mL/min/1.73 m2/year).As expected, participants with DKD had significantly higher 

mean baseline ACR of 34.4 ± 84.6 mg/mmol compared to 1.0 ± 0.67 mg/mmol in 

patients without DKD (P < 0.01). Additionally, participants with DKD had 

significantly higher ACR at follow-up 35.4 ± 64.3 mg/mmol compared to 1.8 ± 2.6 

mg/mmol (P < 0.01).  

Across all participants, the mean number of ranibizumab injections received by those 

with DKD was 16.0 ± 9.7 injections compared to 17.2 ± 10.5 for the ‘No DKD’ group  

which were not significantly different (P = 0.59). The mean number of aflibercept 

injections was also not significantly different between DKD (9.0 ± 7.0 injections) and 

‘No DKD’ (11.2 ± 4.5 injections; P = 0.09, Table 3.2).
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Table 3.1 Participant summary characteristics 

Characteristic All  (n=85) No DKD (n=42) DKD (n=43) P-Value 

Mean baseline eGFR (ml/min/1.73m2, SD) 75.0 ± 21.4 83.8 ± 13.3 66.5 ± 24.4 <0.01 

Mean baseline ACR (mg/mmol, SD) 17.9 ± 62.1 1.0± 0.67 34.4 ± 84.6 0.01 

Male, n (%) 50 (58.8) 24 (57.1) 26 (60.5) 0.76 

Age at 1st injection (years, SD) 64.4 ± 9.4 62.9 ± 7.7 65.8 ± 10.6 0.16 

Type 2 diabetes mellitus, n (%) 66 (77.6) 30 (71.4) 36 (83.7) 0.17 

Mean duration of diabetes (years, SD) 16.5 ± 11.4 16.2 ± 12.4 16.7 ± 10.6 0.85 

Mean HbA1c (mmol/mol, SD) 67.3± 16.1 65.7 ± 13.1 68.9 ± 18.5 0.36 

Hypertension, n (%) 71 (83.5) 30 (71.4) 41 (95.3) <0.01 

Hyperlipidaemia, n (%) 65 (76.5) 31 (73.8) 34 (79.1) 0.57 

Coronary heart disease or heart failure, n (%) 31 (36.5) 11 (26.2) 20 (46.5) 0.05 

Cerebrovascular disease, n (%) 12 (14.1) 2 (4.8) 10 (23.3) 0.03 

Never smoked, n (%) 53 (62.4) 28 (66.6) 25 (58.1) 0.04 

Angiotensin converting enzyme inhibitor, n (%) 41 (48.2) 19 (45.2) 22 (51.2) 0.59 
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Angiotensin receptor antagonist, n (%) 14 (16.5) 6 (14.3) 8 (18.6) 0.59 

Calcium channel blocker, n (%) 34 (40.0) 12 (28.6) 22 (51.2) 0.03 

Thiazide diuretic, n (%) 7 (8.2) 2 (4.8) 5 (11.6) 0.43 

Spironolactone, n (%) 3 (3.5) 0 (0.0) 3 (7.0) 0.24 

Loop diuretic, n (%) 13 (15.3) 1 (2.4) 12 (27.9) <0.01 

Beta blocker, n (%) 26 (30.6) 8 (19.0) 18 (41.9) 0.02 

Statin, n (%) 68 (80.0) 32 (76.2) 36 (83.7) 0.39 

Metformin, n (%) 53 (62.4) 24 (57.1) 29 (67.4) 0.33 

Aspirin, n (%) 39 (45.9) 20 (47.6) 19 (44.2) 0.75 

Alpha blockers, n (%) 11 (12.9) 4 (9.5) 7 (16.3) 0.52 

Clopidogrel, n (%) 

Proton pump inhibitor, n (%) 

12 (14.1) 

24 (28.2) 

7 (16.6) 

10 (23.9) 

5 (11.6) 

14 (32.6) 

0.51 

0.37 

    

Values provided are n (%) for categorical variables and mean ± SD for continuous variables. Abbreviations: DKD, diabetic kidney disease; eGFR, estimated 

glomerular filtration rate; ACR, albumin-to-creatinine ratio; HbA1c, glycated haemoglobin; SD, standard deviation.
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Table 3.2 Intravitreal anti-VEGF injections and renal function  

Clinical Variable All (n=85) No DKD (n=42) DKD (n=43) P-Value 

Mean No. anti-VEGF injections (SD) 26.8 ± 13.2 28.6 ± 12.5 25.0 ± 13.8 0.22 

Mean No. ranibizumab injections (SD) 16.6 ± 10.0 17.2 ± 10.4 16.0± 9.7 0.59 

Mean No. aflibercept injections (SD) 10.1 ± 6.0 11.2 ± 4.5 9.0 ± 7.0 0.09 

Mean baseline eGFR (mL/min/1.73 m2, SD) 75.0 ± 21.4 83.8 ± 13.3 66.5 ± 24.4 <0.01 

Mean follow-up eGFR (mL/min/1.73 m2, SD) 65.9 ± 22.9 75.7 ± 15.9 57.1 ± 24.6 <0.01 

Mean change in eGFR (mL/min/1.73 m2, %) -8.7 (12.1) -8.0 (9.5) -9.4 (14.1) 0.56 

Mean eGFR slope (mL/min/1.73 m2, SD) -2.6 ± 3.5 -2.7 ± 3.4 - 2.5 ± 3.6 0.84 

Mean baseline ACR (mg/mmol, SD) 17.9 ± 62.1 1.0± 0.67 34.4 ± 84.6 0.01 

Mean follow-up ACR (mg/mmol, SD) 18.8 ± 48.5 1.8 ± 2.6 35.4± 64.3 <0.01 

Mean change in ACR (mg/mmol, %) +0.94 (5.0) +0.86 (80) 1.0 (2.9) 0.99 

Mean ACR slope (mg/mmol, SD) 0.7 ± 12.3 0.2 ± 0.7 1.3± 17.4 0.69 

Abbreviations: DKD, diabetic kidney disease; eGFR, estimated glomerular filtration rate; ACR, albumin-to-creatinine ratio; SD, standard deviation
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3.4 Discussion 

3.4.1 Long-term anti-VEGF injection therapy and renal function  

There is a strong correlation between the progression of retinal and renal microvascular 

complications as a consequence of long-term hyperglycaemia (50). This highlights the 

importance of evaluating the long-term efficacy and renal safety of intravitreal anti-

VEGF agents. This study provides no evidence to support concerns regarding the 

effects long-term use of intravitreal ranibizumab and aflibercept injections for the 

treatment of DMO on renal function with no significant rate of change in eGFR or 

ACR over time noted, adding support to the safety profile of intravitreal anti-VEGF 

treatment options. Anti-VEGF agents have been reported in association with increased 

contraindications including hypertension and proteinuria (37, 39, 43, 44, 51). 

 Morales and colleagues reported an acute deterioration of renal function and 

worsening of proteinuria in a 56 year old male after an intravitreal ranibizumab 

injection for treatment of diabetic retinopathy, and questioned if the administration of 

the anti-VEGF agent initiated this adverse event (52). In contrast, Kameda and 

colleagues carried out a retrospective study of renal safety following acute anti-VEGF 

exposure which showed no significant change in mean eGFR and no episodes of acute 

kidney injury, following a single intravitreal anti-VEGF injection of ranibizumab, 

aflibercept or bevacizumab, in a cohort of 69 patients with DM and CKD (53). 

However, their study was based on a single injection and failed to consider the 

cumulative effects of intravitreal anti-VEGF exposure on renal function.  

In estimating the change in eGFR and ACR prior to, throughout and after the anti-

VEGF treatment period, our study was able to evaluate the long term effect of VEGF 

inhibition on renal outcomes. A study of a 54 year old female in receipt of 10 

bevacizumab injections within a 13 month period reported worsening proteinuria and 

a quicker rate of renal decline in the year following the first injection (54), in contrast 

to these study findings based on 90 patients over an average duration of 31 months.  

The Diabetic Retinopathy Clinical Research Network measured baseline and 52-week 

follow-up urinary ACR in 654 patients receiving ranibizumab, aflibercept or 

bevacizumab. On average, each patient had 9-10 injections during the treatment 

period. Across all three treatment groups, over 77% of patients maintained their 

baseline urinary ACR, while 10-16% of patients experienced a worsening of ACR by 

the 52-week follow up period, with more than 7% of patients experiencing an 

improvement in ACR. In the absence of a control group no definitive assessment could 
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be made on the influence of anti-VEGF treatment (54). Similar to these study findings, 

long-term intravitreal anti-VEGF treatment did not appear to attenuate the risk of 

proteinuria. 

 

3.4.2 Systemic safety of intravitreal anti-VEGF injections 

Previously a comprehensive review (4,203 patients from 10 studies) and a meta-

analysis of randomised controlled trials (10,300 patients from 22 studies) investigated 

the systemic safety profile of IVA and IVR respectively, in DMO, AMD and retinal 

vein occlusion, by pooling data from existing randomised controlled trials and found 

no difference in the incidence of adverse systemic events between either intravitreal 

anti-VEGF treatment and placebo (55, 56). These results consolidate the findings from 

individual randomised trials demonstrating a consistent safety profile, including no 

significant impact on renal function. However, it is important to highlight that the 

clinical trials investigating IVR and IVA in DMO were not designed or powered to 

evaluate differences in low frequency systemic events, mainly as a consequence of 

their small sample sizes. Therefore, a firm conclusion on the systemic safety profile of 

intravitreal anti-VEGF is limited. Larger prospective studies with a longer follow up 

period and sufficient power to assess low frequency systemic adverse effects are 

required.  

A greater focus on the systemic safety of intravitreal anti-VEGF in high-risk groups is 

also needed. A population based, nested case-control study including 91,000 

participants assessed post-marketing data on intravitreal anti-VEGF injections and 

found no significant increased risk of stroke, myocardial infarction, venous 

thromboembolism or congestive heart failure (57). While the study did not consider 

risk of AKI or CKD, a similar post-marketing population based study would be of 

value in assessing long-term renal safety. Additionally, existing clinical trial data rely 

on detection of AKI events rather than more subtle changes in markers of renal 

function associated with CKD. Identification of drugs that accelerate the decline in 

kidney function without registering as AKI or CKD are important given the increased 

risk of micro-vasculopathy in diabetic patients and often parallel pathophysiological 

changes in retinal and renal vasculature. Overall, larger prospective and post-

marketing trials, using renal markers including eGFR, ACR and Cystatin C, as well as 

evaluating incidence of AKI and CKD, are required to fully evaluate the renal efficacy 

of intravitreal anti-VEGF treatment modalities. 
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3.4.3 Renal function and diabetic status  

Sixty six patients with DMO had T2DM and 19 patients had type 1 DM (T1DM). The 

mean baseline eGFR for patients with T2DM was lower at 74.1 mL/min/1.73 m2 

compared to an eGFR of 78.1 mL/min/1.73 m2 for patients with T1DM. The mean 

follow-up eGFR was also lower for T2DM patients with an eGFR of 64.9 mL/min/1.73 

m2 compared to T1DM with an eGFR of 71.3 mL/min/1.73 m2. The mean rate of eGFR 

decline was 2.9 mL/min/1.73 m2 /year compared to 1.6 mL/min/1.73 m2 /year for 

T2DM and T1DM respectively (P > 0.05).  Similar to the current study, Dart et al 

compared renal function in participants with T2DM, T1DM and non-diabetic controls, 

and found a higher risk of adverse renal outcomes in those with T2DM (58).  Eighty-

four percent of patients in our study with T2DM had a diagnosis of CKD compared to 

16% of patients with T1DM. These study findings reflect those of a large US study 

which showed a significantly higher prevalence of CKD in T2DM compared to T1DM 

patients (44% vs. 32% respectively, P <0.001) (59). They also reported that the 

proportion of participants classified as high or very high risk for CKD was also 

elevated among those with T2DM (17.8% vs 12.0%, P <.001) (59).  

The current study findings show that 54%, 34% and 12% of patients had a baseline 

ACR < 3, 3-30 and >30 mg/mmol, respectively, with no significant change detected 

over the 2.6 year treatment period. In comparison, the percentage of participants with 

an eGFR < 60 mL/min/1.73 m2 increased from 26% at baseline to 39% at follow up, 

following an average duration of 2.6 years of anti-VEGF treatment. Babazono and 

colleagues investigated associations between elevated albuminuria and eGFR decline 

in patients with diabetes. Their findings suggested that higher ACR at baseline was 

predictive of faster eGFR decline in a group of individuals with diabetes (60). The 

difference observed in this study for both renal markers may reflect variation in the 

sensitivity of their measurement and the importance of monitoring both in diabetic 

populations.  

 

3.4.4 Study strengths and limitations 

3.4.4.1 Limitations 

There are several limitations with this study. The limited sample size of 85 patients 

may have been insufficient to detect associations between the number of anti-VEGF 

injections and change in renal function over the study period. This was a retrospective 
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observational study, which prevented a priori power calculation from being performed.   

Another limitation was the inability to perform a sensitivity analysis to assess the 

relative contributions of IVR and IVA on change in renal function over time. However, 

a secondary analyses of a randomised comparative effectiveness trial, known as 

Protocol T, carried out by the Diabetic Retinopathy Clinical Research Network, 

showed no significant difference in renal function as assessed by urinary ACR over a 

52 week follow-up period between patients who received either intravitreal 

ranibizumab, aflibercept or bevacizumab for the treatment of DMO (54). In addition, 

Ruao et al found that cases of adverse events such as intraocular inflammation were 

lower in participants receiving bilateral anti-VEGF injections than those receiving 

unilateral injections (61). Other investigations have also suggested bilateral anti-

VEGF injections are not associated with an increase in any adverse events (62, 63). 

These findings highlight the limitation that we were unable to differentiate between 

patients in receipt of unilateral or bilateral injections which may influence the rate of 

adverse events observed (61-63). Moreover, given the current study did not provide a 

direct comparison between participants with DMO receiving VEGF inhibition therapy 

and those with DMO not undergoing VEGF inhibition therapy, it was not possible to 

determine whether the rate of renal decline over time differed between those in receipt 

of treatment and those who were not. Furthermore, due to the high prevalence of co-

morbidities in diabetic populations, analysis of individuals with neovascular age-

related macular degeneration may provide a more opportunistic comparison and a 

reduced risk of residual confounding. 

 

3.4.4.2 Strengths 

Despite these limitations, this study had several strengths. Collecting prospective 

eGFR/ACR data provided the ability to assess long-term changes in renal function that 

would not have been reported as an adverse event. The use of the CKD-EPI equation 

rather than the Modification of Diet in Renal Disease equation to calculate estimated 

glomerular filtration rates which is generally considered to be a better predictor of 

renal function, particularly at higher eGFR values (64). Matsushita and colleagues 

concluded that the CKD-EPI equation provided a more accurate representation of 

CKD classification and risk categorises for mortality and end stage renal disease across 

an extensive range of populations, when compared to the Modification of Diet in Renal 

Disease equation (65). Therefore, use of the CKD-EPI equation added strength to the 
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study results. Additionally, collection of data on a wide range of co-morbidities and 

glycaemic parameters was available, which allowed for appropriate adjustment of 

potential confounding factors within the study. 

 

3.4.5 Overall Conclusion 

This study provided no evidence for an association between intravitreal anti-VEGF 

and decline of renal function and supports the efficacious renal safety profile of 

intravitreal anti-VEGF in patients with DMO.  Regular long-term intravitreal VEGF 

inhibition does not appear to significantly alter the rate of change in eGFR and/or ACR 

with increasing number of treatment injections.  The long-term assessment of renal 

function provided evaluation and detection of subtle changes in eGFR and ACR that 

may not present clinically as adverse events. Larger prospective and post-marketing 

trials, using renal markers including eGFR, ACR and Cystatin C, as well as assessing 

incidence of AKI and CKD, are required to strengthen the renal safety profile of 

intravitreal anti-VEGF treatment modalities. A greater focus on at-risk groups such as 

those with CKD would be helpful.  
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4.1 Introduction 

4.1.1 Chronic kidney disease and the ageing population  

Increases in global mean age have been widely reported and those >50 years (yrs) 

represent the most rapidly expanding demographic in the Northern Ireland population 

(1). Benito et al stated that within the European Union (EU) the number of adults 60 

yrs old and above is estimated to rise from 21% to 33% of the population by 2050, and 

the United Nations predict that the population of those aged 65 and over will increase 

three-fold from 0.5 billion to 1.5 billion by 2050 (2-4). The proportional increase of 

older people is associated with global social-economic developments and heath care 

improvements resulting in overall increased life expectancy within the population 

impacting upon societal health care systems, policies and demands (5). As such, there 

is an unmet need to screen and identify individuals at increased risk of chronic kidney 

disease (CKD) and other age-related conditions (5).  

CKD is a major global health concern with estimates suggesting between 3% and 18% 

of the population are affected, leading to substantial economic burden (2, 4) and 

diminished quality of life (6). CKD incidence and prevalence is greatest among the 

elderly (2) and is expected to increase further over the coming decades as populations 

age (7). CKD is characterised by irreversible reductions in the excretory and 

homeostatic functions of the kidneys (8) leading to a higher risk of adverse outcomes 

including cardiovascular mortality (9), and is predicted to become the fifth most 

common cause of death worldwide by 2040 (10). CKD in the ageing population has 

significant public health and clinical implications. Personal and social barriers (e.g. 

restrictions in regards to employment, performing simple daily activities and issues 

with self-esteem) may affect those with CKD, having significant impact on society in 

terms of health care systems, policies and increased health care demands. A National 

Health Service (NHS) Kidney Care report concluded that healthcare costs, in England, 

associated with CKD are more than the combined cost of breast, colon, lung and skin 

cancer treatment and management (11). Kerr and colleagues also provided evidence 

for high healthcare costs attributed to CKD as they concluded that within the NHS, the 

estimated cost of CKD (2009-2010), was 1.45 billion pounds, accounting for 

approximately 1.3% of annual NHS expenditure (4). A significant proportion of this 

funding is spent on Renal Replacement Therapy (RRT) for end-stage renal disease 

(ESRD) and includes costs associated with kidney dialysis and/or renal 
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transplantation. This highlights the financial implications associated with increased 

CKD prevalence (1, 4). Globally, there are approximately 2 million people receiving 

RRT for ESRD, however this number may only represent a fraction of individuals who 

require or need treatment (12). Approximately 80% of those receiving RRT for ESRD 

are in countries where there is an increased elderly population (12). Improved non-

invasive, early-stage kidney disease detection would offer clinical utility for the 

identification of individuals at increased risk of CKD for targeted intervention to limit 

the extent and rate of kidney function loss (5). Although several indicators of renal 

function and damage, such as serum creatinine, cystatin C, and proteinuria are 

commonly used in the diagnosis of CKD, the ability to identify those at greatest risk 

of future decline is limited (1). Several circulating and genetic biomarkers have 

improved CKD detection and risk prediction (12) and tissue-derived markers have 

identified accumulated damage to the renal vasculature (13-17), although these 

indicators tend to be less amenable to non-invasive assessment (18). 

 

4.1.2 Similarities between the renal and retinal microvasculature 

Anatomically the microvasculature can be defined as a system of blood vessels made 

up from vessels such as arterioles, capillaries and venules all with a diameter of 

approximately <150 µm (19). Functionally these small blood vessels are involved in 

nutrient distribution and waste collection from tissues. In addition, the 

microvasculature has been shown to be the major controller of vascular resistance and 

plays a role in regulating blood pressure (20). The kidney and eye share distinct 

physiological and pathogenic pathways (Figure 4.1). The extensive vascular systems 

of both the glomerulus and choroid share similarities in their structure, and the inner 

retina and glomerular filtration barrier contain resembling developmental pathways. 

Additionally, the renin–angiotensin–aldosterone hormonal cascade can affect both the 

eye and the kidney (21). Furthermore, the eye and kidney are indistinguishably 

associated in many common and rare diseases, and patients with renal disease may 

require specific ophthalmic management, for example both ophthalmologists and 

nephrologists are frequently needed to provide clinical input in the care of patients 

with diabetes who could potentially develop both nephropathy and retinopathy (22). 

Microalbuminuria, defined as a moderately increasing levels of urinary albumin, has 

been associated with greater risk of proliferative retinopathy and blindness (23, 24). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/glomerulus
https://www.sciencedirect.com/topics/medicine-and-dentistry/choroid
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Chen et al suggested microalbuminuria was more impactful on the prediction of 

diabetic retinopathy development and progression in comparison to moderate 

deterioration in glomerular filtration rate among patients with type 2 diabetes (25). 

Similarly, Wong et al noted how strong associations between hypertension and renal 

and retinal dysfunction are also well recognised within the literature. Furthermore, 

similarities in the cellular physiological characteristics that characterise the renal and 

retinal microcirculation, including retinal pericytes and renal mesangial cells, 

implicate similar pathological pathways leading to end organ damage (26). 

 

Figure 4.1 Pathogenetic mechanisms underlying renal and retinal diseases 

 

 

4.1.3 Current understanding of the relationship between retinal microvascular 

parameters and renal function  

Microvascular pathology is commonly found in eye and kidney diseases with several 

studies reporting associations between renal impairment and retinal microvascular 

variation although the findings have not always been consistent (13-17).  Recent 

reports have suggested various retinal parameters may be associated with increased 

risk of CKD (17, 27, 28) and retinal microvascular variation has been reported in 
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association with the onset and progression of CKD (29-31).  The retinal vasculature 

can be studied repeatedly by non-invasive methods whereas evaluation of the renal 

microvasculature is challenging in vivo. Baumann et al reported an association 

between lower arteriolar-venular ratio (AVR) and CKD, as a consequence of increased 

retinal arteriolar narrowing in 34 non-diabetic patients with CKD, compared to 

matched controls, potentially indicative of renal function (32). An epidemiological 

study also reported associations between renal decline and lower AVR (26). Other 

epidemiological cohort studies have supported these findings, suggesting declining 

renal function in an elderly population, may be associated with microvascular 

abnormalities (33, 34). A recent study by Yip et al evaluated associations between 

retinal measures and CKD in an Asian population and reported significant associations 

between CKD incidence and smaller retinal arteriolar diameter (CRAE) and wider 

retinal venular diameter (CRVE) (17). They concluded that retinal microvascular 

abnormalities may reflect subclinical renal microvascular irregularities involved in 

CKD progression (17). Lim et al carried out a population-based investigation and 

found that retinal arteriolar narrowing and smaller fractal dimension were significantly 

associated with eGFR decline and an increased likelihood of CKD in a study of Asian 

adults (15). Grunwald and colleagues assessed retinal microvascular abnormalities in 

CKD and found strong associations between retinopathy severity and kidney function 

which suggested significant associations between retinal vascular pathology and CKD 

development/progression, however, they failed to detect any direct associations 

between reduced eGFR and vessel calibre (CRVE and CRAE) (35). Sabanayagam and 

colleagues investigated associations with eGFR <60 mL/min/1.73m2 reporting 

significant associations between retinal arteriolar narrowing (reduction of CRAE) and 

eGFR of <60 mL/minute/1.73 m2, but no associations with CRVE were detected (16), 

which may indicate systemic vascular effects and renovascular damage (26). While 

several cross-sectional studies have previously reported associations between RMPs 

and renal dysfunction, others have failed to detect any significant associations (Section 

4.4.2). McGowan et al reported significant associations between retinal parameters 

(CRAE) and hypertension but failed to detect any associations with CKD in an elderly 

population of Irish nuns (36). When investigating associations with CKD it is 

important to adjust for hypertension/blood pressure as a potential confounding 

variable, as many CKD patients are hypertensive and this condition contributes to the 

progression of kidney disease (36). A study by Edwards and colleagues hypothesised 
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that abnormalities in the retinal microvasculature were associated with renal 

dysfunction in an elderly population. However, despite reported associations between 

retinopathy and renal function, no associations between retinal arteriolar or venular 

calibre and renal function were detected (34). Overall the evidence in the literature is, 

at best, conflicting. 

 

4.1.4 Summary and aim of present study 

Advances in retinal imaging modalities and analysis applications readily identify 

microangiopathic variation in the eye. These innovations provide novel opportunities 

to assess whether specific retinal anatomical features can be correlated with measures 

of kidney function (18, 37, 38). There is a significant body of literature that has 

considered associations between retinal measures and renal function. However, the 

findings reported have not always been consistent regarding the direction of 

association between retinal measurements and CKD, which in part, may be due to a 

lack of power in some studies. As such, the aim of this study was to assess retinal 

microvascular parameters (RMPs) in association with baseline measures of renal 

function in a cross-sectional analysis of older persons from the Northern Ireland 

Cohort for the Longitudinal Study of Ageing (NICOLA).  

 

4.2 Materials and Methods: 

(Refer to Chapter 2, section 2.1[specifically sections 2.1.1-2.1.3 and 2.1.7-2.1.10.1 

inclusive]) 

4.2.1 Study population 

NICOLA is a longitudinal cohort study of 8,468 community dwelling men and women 

aged 50 years and over, resident in Northern Ireland (individuals in care homes or 

other residential institutions were excluded at baseline) (39). The study, established in 

2012, has three main components: a computer aided personal interview (CAPI), a self-

completion questionnaire and health assessment. The CAPI was extensive in scope 

and included assessment of demographic, social and health-related factors. Measures 

of cardiovascular, physical, cognitive and visual function were determined and a 

biobank of biological samples collected simultaneously which included visual health 
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that included retinal fundus photography. Written informed consent was obtained from 

participants prior to participation under ethical approval from the School of Medicine, 

Dentistry and Biomedical Sciences Ethics Committee, Queen’s University Belfast 

(SREC 12/23) and in accordance with the Helsinki Declaration. 

 

4.2.2 Measurement of renal function and classification of chronic kidney disease 

Measurements for serum creatinine (SCr, mg/dL) and cystatin C (CysC, mg/L) and a 

combination of both were used to estimate glomerular filtration rate (eGFRSCr, 

eGFRCysC and eGFRCom, respectively) using the Chronic Kidney Disease 

Epidemiology Collaboration equation (CKD-EPI 2009 equation for SCr and 2012 

equation for CysC and combination SCr CysC ) (40, 41). Participants were excluded 

if SCr or CysC were missing or retinal images were of insufficient quality for image 

analysis. CKD stages 3-5 were defined as eGFR < 60 mL/min/1.73m2 and CKD stages 

1-2 as eGFR ≥ 60 mL/min/1.73m2. 

 

4.2.3 Retinal image acquisition and measurement  

RMPs (CRAE, CRVE, AVR, fractal dimension and tortuosity) were measured from 

optic disc centred fundus images and analysed using the semi-automated software 

Vessel Assessment and Measurement Platform for Images of the Retina (VAMPIRE; 

Universities of Edinburgh and Dundee, Scotland, Version 3.1), by a trained grader 

blinded to participant data. (42, 43).  

 

4.2.4 Statistical Analysis 

All analyses were performed using Statistical Package for Social Sciences (Version 

24.0. Armonk, NY: IBM Corp). Before inclusion in regression models, all RMPs were 

transformed into standardised Z-scores. Independent samples t-tests and chi-squared 

tests were used to compare the distribution of demographic factors and clinical 

variables between participants characterised as CKD stage 1-2 and CKD stages 3-5.  

Linear and logistic regression were used to evaluate associations between RMPs and 

renal function (eGFRSCr, eGFRCysC and eGFRCom) and the binary trait of CKD 

status. P<0.05 was considered statistically significant. Minimally adjusted models 
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included age (yrs) and sex, with fully adjusted models also including diabetes and 

smoking status, educational attainment, cardiovascular disease (CVD) body mass 

index (BMI), antihypertensive medication, mean systolic blood pressure (SBP), 

triglycerides, high and low-density lipoproteins (HDL and LDL) levels. 

 

4.3 Results 

4.3.1 Participant summary data 

Data were available for 8,468 NICOLA participants, from this data for 1,860 

participants who met the inclusion criteria of having measures of renal function and 

retinal fundus images of sufficient quality were included in the study (Figure 4.2). 

Participant characteristics are summarised in Tables 4.1-4.3. The participants had a 

mean age of 62.0 ± 8.5 yrs and 53% were female. The mean eGFR based on SCr, CysC 

and combination was 82.2 ± 14.9 mL/min/1.73m2, 70.7 ± 18.6 mL/min/1.73m2 and 

75.9 ± 18.5 mL/min/1.73m2 respectively. Mean SBP was 131.1 ± 18.5 mmHg and 23% 

of participants had diabetes mellitus. There were 386 participants classified as CKD 

stage 3-5 characterised by eGFRCom < 60 mL/min/1.73 m2 compared to 147 for 

eGFRSCr and 498 eGFRCysC (CKD stages 3-5= 20%, 7.9%, 26.8%, respectively) 

and, mean age was significantly higher in those classified as CKD stags 3-5 in 

comparison to those classified as CKD stages 1-2 for all classification groups 

(eGFRSCr: 61.3 ± 8.1 yrs vs 70.5 ± 9.0, eGFRCysC: 59.8 ± 7.4 versus 68.2 ± 8.3, and 

eGFRCom 60.5 ± 7.7 versus 68.2 ± 8.7). A higher percentage of participants in the 

CKD stages 3-5 groups reported diabetes and use of anti-hypertensive medication 

compared to the CKD stages 1-2  group classified by eGFRSCr (33% versus 22% 

diabetes; 46% versus 26% antihypertensive medication), eGFRCysC (32% versus 

20% diabetes; 42% versus 22% antihypertensive medication) and eGFRCom (32% 

versus 21% diabetes; 42% versus 24% antihypertensive medication). As expected, 

participants with CKD stages 3-5 had significantly lower mean eGFR (P <0.01) than 

CKD stages 1-2 participants (eGFRSCr: 49.6 ± 7.8 mL/min/1.73 m2 versus 85.0 ± 11.7 

mL/min/1.73 m2, and eGFRCysC: 49.1 ± 8.0 mL/min/1.73 m2 versus 78.6 ± 14.7 

mL/min/1.73 m2, and eGFRCom: 49.3 ± 8.2 mL/min/1.73 m2 versus 82.5 ± 14.0 

mL/min/1.73 m2; Tables 4.1-4.3). A lower percentage of participants in CKD stages 3-

5 were female than CKD stages 1-2 (eGFRSCr: 44% versus 54% and eGFRCysC: 51% 
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versus 54%). Finally, higher percentages of individuals in CKD stages 3-5 for 

eGFRSCr, eGFRCysC and eGFRCom had a history of CVD (eGFRSCr: 22% versus 

7%, eGFRCysC: 14% versus 5% and eGFRCom 17% versus 5%; Tables 4.1-4.3). 
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Figure 4.2 A flow chart of participant inclusion and exclusion criteria 

 All NICOLA 

participants 

    (n= 8,468) 

Excluded: Participants 

without retinal images 

(n= 4,950) 

Included: Participants 

with retinal images 

(n= 3,518) 

Included: Participants 

with retinal measures 

(n= 2,129) 

Excluded: Participants 

without retinal measures 

(n= 1,389) 

Excluded: Participants 

without renal measures 

(n= 269) 

Included: Participants with 

retinal and renal measures 

(n= 1,860) 

Final participants 

included within the 

study 

(n= 1,860) 

Abbreviations: NICOLA, Northern Ireland Cohort for the Longitudinal Study of Ageing 
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Table 4.1 Participant summary characteristic comparisons for CKD stages 1-2 and CKD stages 3-5 based on SCr 

Patient characteristic SCr All (n=1,860) 

CKD stages 1-2 

 (n=1,713) 

CKD stages 3-5 

(n=147) P-Value 

Mean age (years, SD) 62.0 ± 8.5 61.3 ± 8.1 70.5± 9.0 <0.01 

Female, n (%) 994 (53.4) 930 (54.3) 64 (43.5) 0.01 

Education, primary level and below, n (%) 238 (12.8) 210 (12.6) 28 (19.0) 0.02 

Diabetes, yes n (%) 429 (23.1) 380 (22.2) 49 (33.3) <0.01 

Mean BMI (kg/m2, SD) 28.6 ± 5.0 28.5 ± 5.0 29.2 ± 4.4 0.12 

Mean systolic blood pressure (mmHg, SD) 131.1 ± 18.5 130.9 ± 18.5 132.7 ± 194 0.27 

Antihypertensive medication, yes n (%) 506 (27.2) 438 (25.6) 68 (46.3) <0.01 

Mean triglyceride (mmol/L, SD) 1.7± 1.0 1.6± 1.0 1.8 ± 0.8 0.11 

Mean HDL cholesterol (mmol/L, SD) 1.6 ± 0.5 1.6± 0.4 1.5± 0.5 <0.01 

Mean LDL cholesterol (mmol/L, SD) 3.5 ± 1.1 3.5± 1.1 3.1± 1.2 <0.01 

Cardiovascular disease, yes n (%) 143 (7.7) 111 (6.5) 32 (21.8) <0.01 

Mean eGFR Creatinine (mL/min/1.73m2, SD) 82.2 ± 14.9 85.0± 11.7 49.6 ± 7.8 <0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent sample t and chi squared tests, P < 0.05 is 

considered statistically significant. Abbreviations: CKD, chronic kidney disease; BMI, body mass index; eGFR, estimated glomerular filtration rate (calculated using the 

CKD-EPI equation); HDL, high-density lipoprotein; LDL, low-density lipoprotein; SCr, serum creatinine; SD, standard deviation. 
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Table 4.2 Participant summary characteristics CKD stages 1-2 and CKD stages 3-5 based on CysC 

Patient characteristic CysC All (n=1,860) 

CKD stages 1-2 

 (n= 1,362) 

CKD stages 3-5 

(n=498) P-Value 

Mean age (years, SD) 62.0 ± 8.5 59.8 ± 7.4 68.2 ± 8.3 <0.01 

Female, n (%) 994 (53.4) 739 (54.3) 255 (51.2) 0.24 

Education, primary level and below, n (%) 238 (12.8) 138 (10.1) 100 (20.1) <0.01 

Diabetes, yes n (%) 429 (23.1) 271 (19.9) 158 (31.7) <0.01 

Mean BMI (kg/m2, SD) 28.6 ± 5.0 28.0 ± 4.5 30.3± 5.6 <0.01 

Mean systolic blood pressure  (mmHg, SD) 131.1 ± 18.5 130.2 ± 18.7 133.5 ± 17.9 <0.01 

Antihypertensive medication, yes n (%) 506 (27.2) 297 (21.8) 209 (42.0) <0.01 

Mean triglyceride (mmol/L, SD) 1.7± 1.0 1.6± 0.9 1.8 ± 1.0 <0.01 

Mean HDL cholesterol (mmol/L, SD) 1.6 ± 0.5 1.7± 0.5 1.6 ± 0.4 <0.01 

Mean LDL cholesterol (mmol/L, SD) 3.5 ± 1.1 3.5 ± 1.1 3.2 ± 1.2 <0.01 

Cardiovascular disease, yes n (%) 143 (7.7) 73 (5.4) 70 (14.1) <0.01 

Mean eGFR cystatin C (mL/min/1.73m2, SD) 70.7 ± 18.6 78.6 ± 14.7 49.1 ± 8.0 <0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent sample t and chi squared tests, P < 0.05 is 

considered statistically significant. Abbreviations: CKD, chronic kidney disease; BMI, body mass index; eGFR, estimated glomerular filtration rate (calculated using the 

CKD-EPI equation); HDL, high-density lipoprotein; LDL, low-density lipoprotein; CysC, serum cystatin C; SD, standard deviation. 
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Table 4.3 Participant summary characteristics CKD stages 1-2 and CKD stages 3-5 based on combination SCr/CysC 

Patient characteristic Combination SCr/CysC All (n=1860) 

CKD stages 1-2 

 (n=1492) 

CKD stages 3-5 

(n=368) P-Value 

Mean age (years, SD) 62.0 ± 8.5 60.5 ± 7.7 68.2± 8.7 <0.01 

Female, n (%) 994 (53.4) 947 (63.5) 47 (12.8) <0.01 

Education, primary level and below, n (%) 238 (12.8) 151 (10.1) 87 (23.6) <0.01 

Diabetes, yes n (%) 429 (23.1) 313 (21.0) 116 (31.5) <0.01 

Mean BMI (kg/m2, SD) 28.6 ± 5.0 28.4± 5.0 29.6 ± 4.6 <0.01 

Mean systolic blood pressure (mmHg, SD) 131.1 ± 18.5 129.8 ± 18.1 136.0 ±19.3 <0.01 

Antihypertensive medication, yes n (%) 506 (27.2) 351(23.5) 155 (42.1) <0.01 

Mean triglyceride (mmol/L, SD) 1.7± 1.0 1.6± 0.9 1.8 ± 0.9 <0.01 

Mean HDL cholesterol (mmol/L, SD) 1.6 ± 0.5 1.7± 0.5 1.5± 0.4 <0.01 

Mean LDL cholesterol (mmol/L, SD) 3.5 ± 1.1 3.5± 1.1 3.1± 1.1 <0.01 

Cardiovascular disease, yes n (%) 143 (7.7) 79 (5.3) 64 (17.4) <0.01 

Mean eGFRCom (mL/min/1.73m2, SD) 75.9±18.5 82.5±14.0 49.3±8.2 <0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent sample t and chi squared tests, P < 0.05 is 

considered statistically significant. Abbreviations: CKD, chronic kidney disease; BMI, body mass index; eGFR, estimated glomerular filtration rate (calculated using the 

CKD-EPI equation); HDL, high-density lipoprotein; LDL, low-density lipoprotein; SCr, serum creatinine; CysC, serum cystatin C; SD, standard deviation. 
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4.3.2 Retinal microvascular parameters and renal function 

Venular tortuosity was associated with a moderately increased risk of CKD stages 3-

5 characterised by eGFRSCr in all models (fully adjusted: odds ratio [OR] =1.30; 95% 

CI: 1.10, 1.54; P < 0.01), although this was not the case for CKD stages 3-5 defined 

by eGFRcys (P > 0.05; Table 4.5). In unadjusted models, CRVE, arteriole fractal 

dimension and venular tortuosity were significantly associated with the continuous 

trait of eGFRCom (P <0.05) however, no associations remained in the fully adjusted 

models that included the potential confounders age, sex, CVD, diabetes and smoking 

status, educational attainment, BMI, antihypertensive medication, SBP, triglycerides, 

HDL and LDL (P >0.05; Table 4.6). CRVE, AVR and venular tortuosity were 

significantly associated with the binary variable of CKD status defined by eGFRCom, 

but again did not survive full adjustment (P >0.05; Table 4.9). Venular fractal 

dimension was associated with a reduced risk of CKD stages 3-5 characterised by 

eGFRSCr (OR= 0.86; 95%CI: 0.73, 1.00; P=0.05) but did not survive adjustment for 

the potential confounders age, sex, diabetes and smoking status, educational 

attainment, BMI, CVD, antihypertensive medication, SBP, triglycerides, HDL and 

LDL (OR= 0.87; 95%CI: 0.72, 1.05; P= 0.15). No further associations were detected 

between other RMPs and CKD stages 3-5 (Tables 4.4-4.6).  RMPs assessed as 

standardised Z-scores in a linear regression analysis failed to detect any associations 

with eGFRSCr and eGFRCysC (P > 0.05). In an unadjusted linear regression, CRAE 

(β = -0.83; 95% CI: -1.50, -0.15; P=0.02) and venular fractal dimension (β= 0.81; 95% 

CI: 0.14, 1.49; P=0.02) were associated with eGFRSCr but did not survive adjustment 

for potential confounders in minimally or fully adjusted models (P >0.05; Table 4.7).  

CRVE was associated with eGFRCysC in unadjusted and minimally adjusted linear 

regression model (β= -1.23; 95% CI: -2.08, -0.38; P= <0.01 and β= -0.87; 95% CI: -

1.60, -0.13; P= 0.02, respectively), but associations did not survive in the fully adjusted 

models (P >0.05; Table 4.8). No further associations were detected between RMPs 

assessed as standardised Z-scores in a linear regression analysis with eGFRSCr and 

eGFRCysC (P > 0.05; Tables 4.7-4.9). 
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Table 4.4 Association of retinal vessel parameters and CKD status classified using SCr 

CKD status  SCr 

 

Unadjusted  

  

 Minimally 

adjusted 

 

 Fully 

adjusted 

 

Retinal parameter OR 95% CI P-Value  OR 95% CI P-Value OR 95%CI P-Value 

aCRAE (PX) 1.17 1.00,1.38 0.06 1.12 0.94, 1.34 0.20 1.15 0.95, 1.38 0.14 

aCRVE (PX) 1.10 0.93, 1.30 0.27 1.06 0.89, 1.26 0.54 1.03 0.86, 1.23 0.76 

aAVR  1.06 0.89, 1.25 0.53 1.04 0.87, 1.25 0.64 1.09 0.91, 1.30 0.37 

aFractal dimension arteriolar  1.02 0.86, 1.21 0.83 1.10 0.91, 1.32 0.33 1.09 0.90, 1.32 0.36 

aFractal dimension venular  0.86 0.73, 1.00 0.05 0.89 0.75, 1.07 0.22 0.87 0.72, 1.05 0.15 

abTortuosity arteriolar  1.14 0.96, 1.34 0.14 1.13 0.94, 1.35 0.19 1.10 0.91, 1.32 0.33 

abTortuosity venular  1.36 1.16, 1.59 <0.01 1.34 1.14, 1.59 <0.01 1.30 1.10, 1.54 <0.01 

Abbreviations: eGFR, estimated glomerular filtration rate (calculated using the CKD-EPI equation); CKD, chronic kidney disease; CRAE, central retinal 

arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; SCr, serum creatinine; CI, confidence interval; OR, odds 

ratio; PX, pixels. P <0.05 is considered statistically significant. aRMPs were transformed into standardised Z-scores before inclusion in regression models. 
bTortuosity values were log transformed before inclusion in regression models to produce normal distribution. Minimally adjusted models included age (yrs) 

and sex, with fully adjusted models also including diabetes and smoking status, educational attainment, cardiovascular disease (CVD) body mass index (BMI), 

antihypertensive medication, mean systolic blood pressure (SBP), triglycerides, high and low-density lipoproteins (HDL and LDL) levels. P values and 95 % 

confidence intervals (CI) were generated from the regression models. P < 0.05 was considered statistically significant.  
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Table 4.5 Association of retinal vessel parameters and CKD status classified using CysC 

CKD status CysC 

 

Unadjusted  

  

Minimally 

adjusted 

 

 Fully 

adjusted 

 

Retinal parameter  OR 95% CI P-Value  OR 95% CI P-Value OR 95%CI P-Value 

aCRAE (PX) 1.09 0.98, 1.21 0.10 1.05 0.94, 1.18 0.39 1.09 0.96, 1.23 0.19 

aCRVE (PX) 1.13 1.02, 1.25 0.02 1.12 1.00, 1.25 0.06 1.08 0.96, 1.22 0.21 

aAVR  0.97 0.87, 1.07 0.55 0.94 0.84, 1.06 0.33 1.00 0.89, 1.14 0.97 

aFractal dimension arteriolar  0.90 0.82, 1.00 0.05 0.95 0.84, 1.06 0.33 0.98 0.87, 1.10 0.69 

aFractal dimension venular  0.92 0.83, 1.02 0.10 0.98 0.87, 1.10 0.68 0.98 0.87, 1.11 0.77 

abTortuosity arteriolar  1.07 0.96, 1.18 0.23 1.06 0.94, 1.18 0.37 1.03 0.91, 1.16 0.66 

abTortuosity venular  1.10 1.00, 1.22 0.06 1.08 0.97, 1.21 0.17 1.03 0.92, 1.17 0.59 

Abbreviations: eGFR, estimated glomerular filtration rate (calculated using the CKD-EPI equation); CKD, chronic kidney disease; CRAE, central retinal 

arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; CysC, serum cystatin C; CI, confidence interval; OR, 

odds ratio; PX, pixels. P <0.05 is considered statistically significant. aRMPs were transformed into standardised Z-scores before inclusion in regression 

models. bTortuosity values were log transformed before inclusion in regression models to produce normal distribution. Minimally adjusted models included 

age (yrs) and sex, with fully adjusted models also including diabetes and smoking status, educational attainment, cardiovascular disease (CVD) body mass 

index (BMI), antihypertensive medication, mean systolic blood pressure (SBP), triglycerides, high and low-density lipoproteins (HDL and LDL) levels. P 

values and 95 % confidence intervals (CI) were generated from the regression models. P < 0.05 was considered statistically significant. 
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Table 4.6 Retinal vessel parameters and CKD status combination SCr/CysC 

CKD status Combination 

SCr/CysC 

 

Unadjusted  

  

 Minimally 

adjusted 

 

 Fully 

adjusted 

 

Retinal parameter OR 95% CI P-Value  OR 95% CI P-Value OR 95% CI P-Value 

aCRAE (PX) 1.02 0..91, 1.14 0.72 1.07 0.93, 1.22 0.35 1.10 0.95, 1.27 0.20 

aCRVE (PX) 1.16 1.04, 1.30 0.01 1.16 1.01, 1.33 0.03 1.14 1.00, 1.31 0.06 

aAVR  0.88 0.78, 0.99 0.03 0.91 0.79, 1.05 0.18 0.94 0.82, 1.09 0.42 

aFractal dimension arteriolar  0.94 0.84, 1.05 0.29 1.05 0.91, 1.20 0.50 1.05 0.92, 1.21 0.48 

aFractal dimension venular  0.92 0.83, 1.03 0.16 0.98 0.86, 1.13 0.78 0.96 0.84, 1.11 0.62 

abTortuosity arteriolar  1.07 0.96, 1.20 0.23 1.10 0.96, 1.26 0.17 1.09 0.94, 1.25 0.24 

abTortuosity venular  1.14 1.02, 1.28 0.02 1.13 0.99, 1.29 0.08 1.09 0.95, 1.25 0.21 

Abbreviations: eGFR, estimated glomerular filtration rate (calculated using the CKD-EPI equation); CKD, chronic kidney disease; CRAE, central retinal 

arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; SCr, serum creatinine; CysC, serum cystatin C; CI, 

confidence interval; OR, odds ratio; PX, pixels. P <0.05 is considered statistically significant. aRMPs were transformed into standardised Z-scores before 

inclusion in regression models. bTortuosity values were log transformed before inclusion in regression models to produce normal distribution. Minimally adjusted 

models included age (yrs) and sex, with fully adjusted models also including diabetes and smoking status, educational attainment, cardiovascular disease (CVD) 

body mass index (BMI), antihypertensive medication, mean systolic blood pressure (SBP), triglycerides, high and low-density lipoproteins (HDL and LDL) 

levels. P values and 95 % confidence intervals (CI) were generated from the regression models. P < 0.05 was considered statistically significant. 
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Table 4.7 Association of retinal vessel parameters and eGFR using linear regression (SCr) 

eGFR SCr 

 

Unadjusted 

  

Minimally  

adjusted 

 

 Fully 

adjusted 

 

Retinal parameter β  95% CI P-Value β  95% CI P-Value β 95%CI P-Value 

aCRAE (PX) -0.83 -1.50, -0.15 0.02 -0.47 -1.06, -.12 0.12 -0.54 -1.13, 0.06 0.08 

aCRVE (PX) -0.17 -0.84, 0.51 0.63 0.11 -0.48, 0.70 0.72 0.11 -0.48, 0.69 0.72 

aAVR  -0.56 -1.24, 0.12 0.11 -0.49 -1.08, 0.10 0.11 -0.54 -1.13, 0.05 0.07 

aFractal dimension arteriolar  0.27 -0.41, 0.94 0.44 -0.14 -0.73, 0.46 0.65 -0.03 -0.62, 0.56 0.92 

aFractal dimension venular  0.81 0.14, 1.49 0.02 0.35 -0.24, 0.94 0.25 0.41 -0.18, 1.00 0.17 

abTortuosity arteriolar  -0.37 -1.05, 0.31 0.28 -0.23 -0.82, 0.36 0.44 -0.18 -0.78, 0.40 0.53 

abTortuosity venular  -0.47 -1.14, 0.21 0.18 -0.27 -0.87, 0.32 0.36 -0.16 -0.74, 0.43 0.59 

Abbreviations: eGFR, estimated glomerular filtration rate (calculated using the CKD-EPI equation); CRAE, central retinal arteriolar equivalent; CRVE, central 

retinal venular equivalent; AVR, retinal arteriolar/venular ratio; SCr, serum creatinine; CI, confidence interval; β, beta; PX, pixels. aRMPs were transformed 

into standardised Z-scores before inclusion in regression models. bTortuosity values were log transformed before inclusion in regression models to produce 

normal distribution. P < 0.05 is considered statistically significant. Minimally adjusted models included age (yrs) and sex, with fully adjusted models also 

including, diabetes and smoking status, cardiovascular disease (CVD), educational attainment, body mass index (BMI), antihypertensive medication, systolic 

blood pressure (SBP), triglycerides, high and low-density lipoproteins (HDL and LDL) levels. P values and 95 % confidence intervals (CI) were generated from 

the regression models. 
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Table 4.8 Association of retinal vessel parameters and eGFR using linear regression (CysC) 

eGFR  CysC 

 

Unadjusted  

  

Minimally 

adjusted 

 

 Fully 

adjusted 

 

Retinal parameter β 95% CI P-Value β 95% CI P-Value β 95%CI P-Value 

aCRAE (PX) -0.68 -1.53, 0.17 0.12 -0.34 -1.07, 0.40 0.37 -0.46 -1.17, 0.26 0.21 

aCRVE (PX) -1.23 -2.08, -0.38 <0.01 -0.87 -1.60, -0.13 0.02 -0.53 -1.23, 0.17 0.14 

aAVR  0.55 -0.30, 1.39 0.21 0.54 -0.20, 1.28 0.15 0.12 -0.59, 0.83 0.73 

aFractal dimension arteriolar  0.55 -0.29, 1.40 0.20 -0.04 -0.78, 0.70 0.92 -0.15 -0.85, 0.55 0.68 

aFractal dimension venular  0.14 -0.71, 0.99 0.75 -0.48 -1.22, 0.26 0.20 -0.33 -1.03, 0.37 0.35 

abTortuosity arteriolar  -0.69 -1.53, 0.16 0.11 -0.56 -1.29, 0.18 0.14 -0.43 -1.13, 0.27 0.23 

abTortuosity venular -0.82 -1.67, 0.03 0.06 -0.53 -1.26, 0.21 0.16 -0.24 -0.94, 0.45 0.49 

Abbreviations: eGFR, estimated glomerular filtration rate (calculated using the CKD-EPI equation); CRAE, central retinal arteriolar equivalent; CRVE, central 

retinal venular equivalent; AVR, retinal arteriolar/venular ratio; CysC, serum cystatin C; CI, confidence interval; β, beta; PX, pixels. aRMPs were transformed 

into standardised Z-scores before inclusion in regression models. bTortuosity values were log transformed before inclusion in regression models to produce 

normal distribution. P < 0.05 was considered statistically significant. Minimally adjusted models included age (yrs) and sex, with fully adjusted models also 

including, diabetes and smoking status, cardiovascular disease (CVD), educational attainment, body mass index (BMI), antihypertensive medication, systolic 

blood pressure (SBP), triglycerides, high and low-density lipoproteins (HDL and LDL) levels. P values and 95 % confidence intervals (CI) were generated from 

the regression models. 
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Table 4.9 Association of retinal vessel parameters and eGFR using linear regression (SCr/CysC) 

eGFR Combination SCr/CysC 

 

Unadjusted 

  

Minimally 

adjusted 

 

 Fully 

adjusted 

 

Retinal parameter β  95% CI P-Value β  95% CI P-Value β 95% CI P-Value 

aCRAE (PX) -0.15 -0.99, 0.70 0.73 -0.44 -1.01, 0.13 0.13 -0.57 -1.13, -0.01 0.06 

aCRVE (PX) -0.91 -1.76, -0.07 0.03 -0.49 -1.06, 0.08 0.09 -0.30 -0.85, 0.25 0.28 

aAVR  0.69 -0.16, 1.53 0.11 0.09 -0.48, 0.66 0.76 -0.20 -0.75, 0.36 0.49 

aFractal dimension arteriolar  0.98 0.14, 1.83 0.02 -0.03 -0.60, 0.54 0.93 -0.06 -0.61, 0.49 0.82 

aFractal dimension venular  0.69 -0.16, 1.53 0.11 -0.06 -0.63, 0.51 0.84 0.05 -0.50, 0.60 0.86 

abTortuosity arteriolar  -0.34 -1.19, 0.50 0.43 -0.50 -1.07, 0.07 0.08 -0.42 -0.96, 0.13 0.14 

abTortuosity venular  -1.04 -1.89, -0.20 0.02 -0.50 -1.07, 0.07 0.09 -028 -0.83, 0.27 0.31 

Abbreviations: eGFR, estimated glomerular filtration rate (calculated using the CKD-EPI equation); CRAE, central retinal arteriolar equivalent; CRVE, central 

retinal venular equivalent; AVR, retinal arteriolar/venular ratio; SCr, serum creatinine; CysC, serum cystatin C; CI, confidence interval; β, beta; PX, pixels. 
aRMPs were transformed into standardised Z-scores before inclusion in regression models. bTortuosity values were log transformed before inclusion in regression 

models to produce normal distribution. P < 0.05 was considered statistically significant. Minimally adjusted models included age (yrs) and sex, with fully 

adjusted models also including, diabetes and smoking status, cardiovascular disease (CVD), educational attainment, body mass index (BMI), antihypertensive 

medication, systolic blood pressure (SBP), triglycerides, high and low-density lipoproteins (HDL and LDL) levels. P values and 95 % confidence intervals (CI) 

were generated from the regression models.   
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4.4 Discussion 

The anatomy of the eye provides an opportunity for non-invasive evaluation of the 

retinal microvasculature that may represent ongoing microvascular pathology 

elsewhere in the body. These non-invasive retinal measures may help identify 

mechanistic pathways of microvascular complications early in the disease process in 

individuals at increased risk of CKD. The majority of previously published studies 

have used measures of retinal vascular calibre (CRAE, CRVE and AVR), with only a 

small number evaluating other RMPs such as fractal dimension and tortuosity (44, 45).  

 

4.4.1 Retinal venular tortuosity and chronic kidney disease status  

Benitez-Aguirre and colleagues reported associations between venular tortuosity and 

incident renal dysfunction in a prospective cohort of 511 adolescents with type 1 

diabetes (46).  The current study findings also identify increased venular tortuosity in 

association with CKD status characterised by eGFRSCr < 60 mL/min/1.73m2.  

Notably, the association was independent of a broad array of potential confounders 

including age, gender, diabetes and smoking status, educational attainment, CVD, 

BMI, antihypertensive medication, SBP, triglycerides, HDL and LDL levels (OR 

=1.30; 95%CI: 1.10, 1.54; P=0.002). The mechanisms that underlie venular tortuosity 

are unclear. Low levels of vessel tortuosity are not uncommon in the absence of overt 

clinical symptoms and high levels of vessel tortuosity have been reported in 

association with ischaemic changes in more distal organs (47). Taarnhoj and 

colleagues investigated genetic and environmental influences on retinal tortuosity in 

healthy young-middle aged participants. They found that tortuosity varied in the 

participant’s retinal arterioles and that genetic influence was the main factor, 

accounted for 83% of the tortuous variation observed (48). Hughes et al noted 

associations between increased venular tortuosity and rarefaction with malignant 

phase hypertension, in a study comparing 20 normotensive, 20 essential hypertension 

and 20 malignant phase hypertension participants, while looking for quantifiable 

retinal abnormalities associated with hypertension severity (49). Similarly, tortuous 

retinal vessels have been reported as the first identifiable vascular change in many 

retinopathies and in association with vascular disease, older age, lower HDL levels, 

hypertension, diabetes and genetic disorders such as hereditary vascular retinopathy 
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and familial retinal arteriolar tortuosity (46-54). Furthermore, vessel tortuosity may 

result from mechanical instability under the influence of haemodynamic alterations 

that include endothelial dysfunction and blood flow leading to vessel remodelling (47). 

As such, retinal microvascular tortuosity may reflect ongoing changes in the kidney 

associated with CKD stages 3-5 but given the cross-sectional nature of this study, it is 

not possible to differentiate cause and effect (47, 55). 

 

4.4.2 Retinal vessel parameters and renal function  

While several cross-sectional studies have previously reported associations between 

RMPs and renal dysfunction (Section 4.1.2), others have failed to detect any 

significant associations (Section 4.1.2). Bao et al did not find any association between 

CRAE, CRVE and CKD (56). Masaidi and colleagues, reported no significant 

difference between retinal AVR measurements and decreased eGFR values (57). 

Similarly, this study also failed to detect any association between RMPs and the 

continuous measure of eGFR (SCr, CysC or combination) or the dichotomised variable 

of CKD characterised by eGFRCysC or eGFRCom (P >0.05). There is no consensus 

in the literature regarding the association of retinal vessel parameters and kidney 

function. 

 

4.4.3 Study strengths and limitations 

4.4.3.1 Limitations 

Firstly, although not routinely measured in population-based studies, the absence of 

urinary albumin/creatinine ratio (ACR) limited the characterisation of renal function 

in this older population, which was reliant on single measures of SCr and CysC. 

Optimal identification and risk stratification of CKD requires simultaneous 

consideration of both kidney function (eGFR) and kidney damage (ACR or 

proteinuria) (58). Previous population based studies have suggested that ACR may be 

independently predictive of CKD progression and combined ACR and eGFR measures 

improve stratification of disease risk (59-61). Peralta and colleagues evaluated whether 

CKD risk was better characterised using a combination of ACR, SCr and CysC, 

reporting that a triple marker approach significantly improved predictive accuracy 

(62). The absence of ACR limits the characterisation of renal function in this older 
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population, which was reliant on measures of SCr and CysC. Although single serum 

measures of SCr or CysC is common in population-based epidemiological studies it 

differs from clinical CKD staging which, in the absence of proteinuria, depends on two 

measures of eGFR < 60 mL/min/1.73m2 at least three months apart (63). Single eGFR 

measures sampled from population-based studies are usually represent a reliable 

estimate in comparison to clinically confirmed cases, which can show greater 

variability.  As such, population-based studies may not accurately reflect clinically 

observed eGFR and may not be directly comparable to clinically confirmed CKD. 

Secondly, NICOLA provides a predominantly white study population aged greater 

than 50 yrs, which may limit the generalisability of these findings to other populations. 

Thirdly, although NICOLA is a longitudinal study, data was only available for baseline 

measures facilitating analyses of cross-sectional associations between RMPs and renal 

function which are not indicative of the potential predictive capacity any associations 

may represent. Finally, although adjustment was made for major potential 

confounders, the possibility of residual confounding by variables that were not 

included in the analyses remains. 

 

4.4.3.2 Strengths 

Despite these limitations, this study had several strengths including the population-

based design.  NICOLA provided a large study size with well-characterised individuals 

by a wide range of demographic factors and clinical variables including co-morbidities 

and medications, enabling adjustment for potential confounding factors.  In addition, 

the availability of optic disc centred retinal fundus images provides a more robust 

determination of RMPs in comparison to studies reliant on macula centred images, 

which are largely confined to evaluation of the microvasculature in the retinal temporal 

arcades. Furthermore, the study was strengthened by the use of the CKD-EPI equation, 

which is considered a more reliable measure of renal function, particularly at higher 

eGFR values (64).  Matsushita et al presented findings stating that use of the CKD-

EPI equation provided a better representation of CKD classification and risk categories 

for mortality and end stage renal disease across an extensive range of populations, in 

comparison to the Modification of Diet in Renal Disease equation (65). Previous 

studies have largely defined eGFR based on SCr to characterise renal function.  We 

used SCr, CysC and a combination of both to estimate GFR and characterise CKD 
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status. In this study the number of individuals characterised with CKD on the basis of 

eGFRSCr was considerably lower in contrast to those characterised by eGFRCysC 

(147 versus 498, representing 8% or 27% of the study participants respectively, Tables 

4.1 and 4.2), so the additional classification using eGFRCom may be a better 

representation of prevalence within the study population (Table 4.3).  Previous studies 

have reported variation in the characterisation of renal function when using 

eGFRCysC or eGFRSCr CKD classification (66). Krolewski et al concluded that 

higher or lower staging of CKD by eGFRCysC over eGFRSCr in diabetic participants 

significantly improved risk stratification of end-stage renal disease in three different 

cohorts (67). Saminen and colleagues noted the CysC based GFR equation to be more 

accurate for clinical decision making in comparison to the SCr based GFR or combined 

CysC/SCr equations for renal function in a study group of participants aged 64 years 

and older (68). Husain and colleagues compared eGFRCysC (CKD-EPI 2012 

equation) and eGFRSCr (CKD-EPI 2009 equation) to classify CKD status in an elderly 

cohort, reporting a lower mean eGFRCysC of 23 ± 15mL/min/1.73m2 compared to 

eGFRSCr leading to a higher classification of CKD prevalence (71% vs 22% 

respectively, P = <0.001 (69). On average, the mean eGFRCysC for all participants in 

the current study was 11.5 mL/min/1.73m2 lower than the mean eGFRSCr, and 0.5 

mL/min/1.73m2 lower for those with CKD stages 3-5 and 6.4 mL/min/1.73m2 lower 

for those classified with CKD stages 1-2, representing a mean greater difference in 

those with better renal function.  Several advantages have been proposed for the use 

of CysC over SCr as a more sensitive estimate of renal function. Cystatin C is released 

by all cell types, freely filtered by the kidney and is less confounded by diet, ethnicity, 

muscle mass or sex (70). Lees and colleagues demonstrated improved sensitivity of 

CysC based eGFR for the prediction of all-cause mortality and fatal/nonfatal CVD in 

440,526 participants of the UK Biobank study (70).  As such, data was provided that 

examined associations using both eGFR determinants of renal function for 

comparative purposes. 

Retinal imaging offers a novel opportunity to complement CKD screening in different 

clinical and public health settings.  Individuals with CKD typically remain 

asymptomatic for a prolonged period (years) and appropriate screening would 

facilitate targeted implementation of preventive measures to reduce health-care 

burden. Moreover, CKD awareness is as low as 10% and studies to identify the 
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potential benefits and risks of screening, screening measures, and target groups for 

screening of asymptomatic individuals, would help inform inconsistent screening 

guidelines that exists across professional bodies (71).  Advances in retinal fundus 

imaging technology and integration with machine learning approaches will enable 

rapid, non-invasive, point-of-care diagnoses, which may enhance screening service 

provision and improved screening compliance (72). Retinal cameras are common in 

primary care settings and high street opticians for diabetic retinopathy screening. 

Recent advances in smartphone technology, combined with the utility of machine 

learning approaches, highlights the feasibility and potential offered by non-invasive 

retinal photography as an adjunctive or opportunistic screening tool for CKD in the 

community (72). 

 

4.4.4 Overall conclusion 

In summary, these findings identify increased retinal venular tortuosity in association 

with poorer renal function (specifically when CKD status was characterised by the 

more sensitive SCr) in an older population. These non-invasive retinal measures may 

help identify mechanistic pathways of microvascular complications early in the 

disease process in individuals with CKD stages 3-5.  Identification of such individuals 

may offer clinical utility for the stratification of those most in need of more frequent 

surveillance and earlier therapeutic intervention to limit the severity of disease 

progression. 
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5.1 Introduction 

5.1.1 Cognition and the ageing population  

Population ageing has led to an increased prevalence of age-related conditions that 

have a negative impact on healthcare systems, policies and demands, mainly as a 

consequence of reduced mortality (1, 2). The most rapidly growing demographic in 

Northern Ireland (NI) is those aged > 50 years (yrs), requiring improved understanding 

of the impact of age-related conditions. As an individual ages, their cognition is a 

crucial function, to enable the continuation of independent living. Additionally, intact 

cognition is vital in health for effective communication allowing us to process 

information and provide appropriate responses to others in everyday life (3). Cognitive 

skills play a crucial role in the daily functioning of older people and these abilities 

regularly decline as we age. There is great importance in learning and developing an 

understanding of the sorts of cognitive changes expected as a part of the normal ageing 

process and which of these changes could be suggestive of cognitive impairment and 

onset of neurological disorders (3). Cognitive impairment significantly impacts 

activities of daily living (ADLs), especially among the aged (4, 5). ADLs can fall into 

two categories, these are basic ADLs which included activities such as bathing, getting 

dressed and going to the toilet and instrumental ADLs which consist of tasks with a 

higher level of complexity required for independent living, such as shopping, 

household tasks and management of medications (6). Unfortunately, during the ageing 

process, cognitive skills such as conceptual reasoning, memory, and processing speed, 

decline. There is significant individual variation in the degree that brain decline may 

occur during the ageing process. The identification of risk factors and mechanisms that 

differentiate age-associated cognitive decline represents a significant challenge to 

improve the wellbeing of an ageing population. There are several risk factors 

hypothesised to have an impact on cognitive decline, some of which are modifiable 

such as diabetes and lifestyle, and some non-modifiable, including age, race, sex and 

genetics (7-10).  Determining whether cognitive decline is due to normal ageing, Mild 

Cognitive Impairment (MCI), or early stage dementia can be a difficult task. Some 

individuals may exceed a threshold characterised as MCI, which may progress to 

dementia in up to 50% of cases over 5 years (8, 11-16). MCI is characterised by subtle 

changes in cognitive function, although everyday life generally remains largely 

unaffected. Severe cognitive impairment that leads to dementia results in an extensive 
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loss of cognitive ability and ultimately, independent living (16). Given life expectancy 

has increased globally, an improved understanding of normal ageing processes will 

advance measures of successful and healthy ageing and differentiation of normal and 

diseased states (17, 18). 

 

5.1.2 The retinal and cerebral microvasculature 

The characteristic disease aetiology of MCI is not fully understood, despite its 

influence on increased morbidity among the elderly. Cerebral microvascular disease 

has previously been associated with an increased risk of both MCI and Alzheimer’s 

disease (19-23), possibly through common microvascular factors such as hypertension, 

diabetes, smoking and inflammation (24-26). Furthermore, variation in cerebral 

microvascular characteristics, such as increased tortuosity and arteriolar narrowing, 

have been reported in association with degenerative changes during the onset of 

dementia (27, 28). The retinal and cerebral microvasculature share similar 

embryological origins and physiological characteristics (29). The macrovascular and 

microvascular blood supply to the brain and the retina are closely aligned 

anatomically, and the vascular networks of both share comparable regulatory 

procedures (30). Changes due to the natural ageing process similarly impact both the 

retinal and cerebral microvasculature. Reductions in cerebral blood flow, decreased 

levels of glucose and oxygen metabolism and impairment of the structural reliability 

of the microvascular anatomy all take place as the brain ages (30, 31). Similarly, retinal 

blood flow commonly decreases as we age and has less metabolic demand (32, 33). 

Current practices such as transcranial Doppler ultrasound, positron emission 

tomography, single‐photon tomography and functional neuroimaging using magnetic 

resonance imaging, have provided valuable tools to advance understanding of 

cerebrovascular pathophysiology (34). Nevertheless, these techniques are frequently 

expensive and only accessible in an expert setting, making their suitability for 

widespread screening of patients at risk of cerebrovascular disease questionable. 

Retinal digital image analysis offers a simple, non-invasive opportunistic alternative 

given the common characteristics shared between the retinal and cerebral 

microvasculature, where variation in one may be indicative of the other. Advanced 

retinal imaging has facilitated the non-invasive comparisons between retinal 
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microvascular parameters (RMPs) and the cerebral microvasculature to evaluate 

potential associations with cognitive function (29, 30, 35-37).  

 

5.1.3 Current understanding of the relationship between retinal microvascular 

parameters and cognitive function  

Several studies have reported associations between cognitive impairment and retinal 

microvascular variation, although the findings have not always been consistent. The 

retinal vasculature can be studied repeatedly using non-invasive methods whereas the 

evaluation of the cerebral microvasculature is technically more costly and challenging 

in vivo. A recent study by Szegedi et al evaluated variation in retinal structure or 

function in participants with MCI or Alzheimer’s disease (AD) (38). They reported 

significant associations with narrower retinal arterioles in 47 individuals with MCI or 

AD compared to 43 healthy age and sex matched controls (38). A study by de Jong 

and colleagues investigated associations between retinal arteriolar and venular calibres 

and dementia risk, including AD and vascular dementia, in the prospective population-

based Rotterdam Study, and reported associations between wider retinal venules and 

vascular dementia risk (39). Ding et al evaluated associations between retinal vessel 

calibre and cognitive function in 954 individuals with type 2 diabetes concluding that 

retinal arterioles dilatation was associated with poorer memory, independent of 

estimated prior cognitive ability in older men with type 2 diabetes (40). A study by 

Gatto et al assessed RMPs and cognitive function in 809 Latino participants of 

advanced age demonstrating associations between arteriolar narrowing and impaired 

cognition (41). A recent study by Williams et al assessed retinal microvascular 

parameters in a case-control study of 213 AD patients and 294 cognitively normal 

controls (42). They found that individuals in the AD group were more likely to have 

lower retinal arteriolar tortuosity and lower retinal venular fractal dimension than 

cognitively normal control participants (42). In contrast, other studies failed to identify 

any significant associations. Patton et al evaluated RMPs and cognition in 321 

community-dwelling participants from the Lothian Birth Cohort (LBC) 1921 and 

found no significant associations between retinal vessel calibre and cognitive test 

scores, however deviation from the median retinal branching coefficient was 

significantly associated with general cognitive ability (37).  McGrory et al examined 

associations between retinal microvascular morphology and cognitive abilities in 683 
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participants of the LBC 1936, but reported little evidence that RMPs were linked with 

non-pathological cognitive ageing (36). Furthermore, Taylor and colleagues assessed 

retinal fractal dimension as potential marker of cerebral microvascular disease in LBC 

1936 and found little evidence of association between variation in retinal fractal 

dimensions and non-pathological cognitive ageing (43). The current study presented 

in this thesis focused specifically on a clearly defined MCI phenotype for associations 

with RMPs. 

 

5.1.4 Summary and aim of present study 

Advances in retinal imaging techniques and analysis applications have revolutionised 

the identification of retinal microangiopathic variation. These approaches provide an 

opportunistic assessment of associations between RMPs and measures of MCI. 

Previous population-based studies have reported associations between RMPs and MCI 

although these have been mostly limited to vessel calibre with several also evaluating 

fractal dimension and tortuosity (Refer to sections 5.1.3 & 5.4.1). Reduced retinal 

microvascular calibre and fractal dimension have been reported in association with 

cognitive impairment with suggestions this may reflect cerebral microvascular 

variation, especially in older adults although the findings reported have not always 

been consistent (44, 45). As such, the aim of this study was to evaluate RMPs 

associated with MCI in a cross-sectional analysis of older persons from the Northern 

Ireland Cohort for the Longitudinal Study of Ageing (NICOLA).  

 

5.2 Materials and Methods: 

(Refer to Chapter 2, section 2.1 [specifically sections 2.1.1-2.1.2.4 and 2.1.4-2.1.10.2 

inclusive]) 

5.2.1 Study participants 

NICOLA is a longitudinal cohort study of 8,468 community dwelling men and women 

aged 50 years and over, resident in Northern Ireland (individuals in care homes or 

other residential institutions were excluded at baseline; 46). The study was established 

in 2013 with three main components: a computer-aided personal interview (CAPI), a 

self-completion questionnaire and health assessment. The CAPI was extensive in 
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scope and included assessment of demographic, social and health-related factors. 

Biological samples were collected and cardiovascular, physical, cognitive and visual 

function measured, including retinal fundus photography. Ethical approval was 

obtained from the School of Medicine, Dentistry and Biomedical Sciences Ethics 

Committee, Queen’s University Belfast and written informed consent prior to 

participation, in accordance with the Helsinki Declaration (SREC 12/23). 

 

5.2.2 Measurement of cognition and classification of MCI 

Data was available for 3,471 that attended the health assessment which included a 30 

point Montreal Cognitive Assessment (MoCA) to evaluate cognitive function (17). 

Participants were investigated for subjective cognitive decline (SCD) and a series of 

questions based on difficulties associated with basic ADL, such as dressing, walking, 

bathing or showering, eating, getting in or out of bed, and using the toilet. Participants 

also completed the Centre for Epidemiologic Studies Depression Scale questionnaire 

(CES-D) to obtain scores indicative of depression (47). MCI was defined as a 

combination of MoCA test score < 26 with SCD, in the absence of depression or 

problems with ADL activities. This was to differentiate MCI from those with 

depression or more severe indications of cognitive impairment as the aim of this study 

was to look specifically at the early stages of cognitive decline characterised by MCI 

In a sensitivity analysis, a more stringent MCI definition was characterised by a MoCA 

score ≤ 23 with SCD, in the absence of depression or problems with ADL activities.  

 

5.2.3 Retinal vessel measures 

RMPs (central retinal arteriolar / venular equivalents (CRAE/CRVE), arteriolar to 

venular ratio (AVR), fractal dimension and tortuosity) were measured from optic disc 

centred fundus images and analysed using the semi-automated software Vessel 

Assessment and Measurement Platform for Images of the Retina (VAMPIRE; 

Universities of Edinburgh and Dundee, Scotland, Version 3.1), by a trained grader 

blinded to participant data. (48, 49). Left and right eye comparisons of CRAE and 

CRVE measures from 75 participants were also measured to check comparability. 
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5.2.4 Statistical Analysis 

All analyses were performed using Statistical Package for Social Sciences (Version 

24.0. Armonk, NY: IBM Corp). Before inclusion in regression models, all RMPs were 

transformed into standardised Z-scores. Independent samples t-tests and chi-squared 

tests compared the distribution of demographic factors and clinical variables between 

participants with and without MCI.  Logistic regression was used to evaluate 

associations between RMPs and MCI status as a binary trait. P <0.05 was considered 

statistically significant. Minimally adjusted model included age and sex with  fully 

adjusted models also including alcohol consumption, smoking status, educational 

attainment, physical activity (PA), cardiovascular disease (CVD), hypertension, mean 

arterial blood pressure (MABP), triglycerides, diabetes, body mass index (BMI) and 

high-density lipoprotein (HDL) levels. 

 

5.3 Results 

5.3.1 Summary Data 

Data were available for 1,431 participants who met the study inclusion criteria (Figure 

5.1). There were 156 (10.9%) and 1,275 (89.1%) participants classified with and 

without MCI respectively. Participants had an overall mean age of 62.4 ± 8.5 yrs and 

52% were female, with 87% categorised with an educational attainment of secondary 

level or above (including higher education and university; Table 5.1). The mean 

MoCA score for all participants was 26.0 ± 2.8. MABP was 98.1 ± 12.6 mm Hg, and 

22%, 6% and 30% of participants were characterised with diabetes, CVD and 

hypertension, respectively. Individuals with MCI had a lower MoCA score than those 

without (23.5 ± 2.6 versus 26.3 ± 2.7, respectively), had a higher mean age (64.4 ± 8.8 

yrs versus 62.1 ± 8.4 yrs) and a lower percentage were female (45% versus 53%, 

respectively). Those with MCI had higher mean triglycerides (1.8 ± 1.2 mmol/L versus 

1.6 ± 0.9 mmol/L, respectively) and evidence of CVD (12% versus 6%). Those without 

MCI had higher mean HDL cholesterol (1.7 ± 0.5 mmol/L versus 1.6 ± 0.4 mmol/L, 

respectively) and educational attainment (89% versus 76%, Table 5.1). 
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5.3.2 Retinal microvascular parameters and MCI 

Left and right eye comparisons of CRAE and CRVE measures from 75 participants 

showed no evidence of a significant difference (PCrae = 0.08; PCrve = 0.89). No 

significant associations between RMPs and MCI in unadjusted (Table 5.2), minimally 

adjusted (which included age and sex) or fully adjusted comparisons (which also 

included alcohol consumption, smoking status, educational attainment, PA, CVD, 

hypertension, MABP, triglycerides, diabetes, BMI and HDL levels; Table 5.3). 

A sensitivity analysis to examine a more severe MCI phenotype characterised by a 

MoCA threshold ≤ 23 with SCD, in the absence of problems with ADL activities or 

depression, led to the reclassification of disease status with 60 (4.2%) and 1,371 

(95.8%) designated with and without MCI, respectively. Individuals characterised by 

MCI in the sensitivity analysis had a lower MoCA score than those without (20.8 ± 

2.0 versus 26.2 ± 2.7, respectively), had a higher mean age (66.7 ± 9.3 yrs versus 62.2 

± 8.4 yrs) and lower percentage female (43% versus 53%, respectively; Table 5.4). 

AVR was significantly associated with MCI in unadjusted (Table 5.5) and minimally 

adjusted models (which included age and sex; P=0.05), but did not survive full 

adjustment for age, sex, alcohol consumption, smoking status, educational attainment, 

PA, CVD, hypertension, MABP, triglycerides, diabetes, BMI and HDL levels (P 

>0.05; Table 5.6). No further significant associations were detected between RMPs 

and MCI in unadjusted (Table 5.5), minimally adjusted or fully adjusted comparisons 

(P >0.05; Table 5.6). 
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Figure 5.1 A flow chart of participant inclusion and exclusion criteria

All NICOLA 

participants 

    (n= 8,468) 

Excluded: Participants 

without retinal images 

(n= 4,950) 

Included: Participants 

with retinal images 

(n= 3,518) 

Included: Participants 

with retinal measures 

(n= 2,129) 

Excluded: Participants 

without retinal measures 

(n= 1,389) 

Excluded: Participants 

with retinal and cognitive 

measures, with presence of 

depression or problems 

with ADL activities. 

(n= 352) 

 

Included: Participants with 

retinal and cognitive 

measures, with absence of 

depression or problems with 

ADL activities. 

(n=1,431) 

 

Final participants 

included within the 

study 

(n= 1,431) 

Abbreviations: NICOLA, Northern Ireland Cohort for the Longitudinal Study of Ageing; ADL, activities of 

daily living 
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Table 5.1 Participant summary characteristics ‘MCI’ and ‘No MCI’  

Patient characteristics All (n=1431) No MCI (n=1275) MCI (n=156) P-Value 

Mean age (years, SD) 62.4 ± 8.5 62.1 ± 8.4 64.4 ± 8.8 <0.01 

Female, n (%) 750 (52.4) 680 (53.3) 70 (44.9) 0.05 

Smoking status, yes n (%) 115 (8.0) 101 (7.9) 14 (9.0) 0.65 

Alcohol consumption, non-drinker, n (%) 299 (20.9) 261(20.5) 38 (24.4) 0.63 

Education, secondary level and above, n (%) 1251(87.4) 1133 (88.9) 118 (75.6) <0.01 

Physical activity level, highly active, n (%) 438 (30.6) 405 (31.8) 33 (21.2) 0.04 

Diabetes, yes n (%) 308 (21.5) 275 (21.6) 33 921.2) 0.91 

Mean BMI (kg/m2, SD) 28.2 ± 4.6 28.1 ± 4.6 28.9 ± 4.5 0.03 

Mean arterial blood pressure  (mmHg, SD) 98.1 ± 12.6 98.2 ± 12.6 97.1 ± 12.5 0.30 

Cardiovascular disease, yes n (%) 90 (6.3) 72 (5.6) 18 (11.5) <0.01 

Hypertension, yes n (%) 432 (30.2) 372 (29.2) 60 (38.5) 0.02 

Mean triglyceride (mmol/L, SD) 1.6± 0.9 1.6± 0.9 1.8 ± 1.2 0.01 

Mean HDL cholesterol (mmol/L, SD) 1.6 ± 0.5 1.7± 0.5 1.6± 0.4 0.02 

Mean MOCA test score (SD) 26.0 ± 2.8 26.3 ± 2.7 23.5 ± 2.6 <0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t and chi squared tests. 

Abbreviations: MCI, mild cognitive impairment; BMI, body mass index; HDL, high-density lipoprotein; MoCA, Montreal Cognitive Assessment; SD, 

standard deviation. P <0.05 was considered statistically significant. 
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Table 5.2 Summary of participant retinal microvascular parameters 

 

Retinal microvascular parameters                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 All (n=1431)  No MCI (n=1275) MCI (n=156) P-Value 

Mean CRAE (PX, SD) 29.6 ± 2.2  29.6 ± 2.2 29.7 ± 2.3 0.60 

Mean CRVE (PX, SD) 40.8 ± 3.27  40.9 ± 3.3 40.7 ± 3.1 0.62 

Mean AVR (SD) 0.73 ± 0.06  0.73 ± 0.06 0.73 ± 0.06 0.38 

Mean fractal dimension arteriolar (SD) 1.557 ± 0.053  1.557 ± 0.053 1.555 ± 0.053 0.60 

Mean fractal dimension venular (SD) 1.540 ± 0.051  1.540 ± 0.050 1.539 ± 0.052 0.78 

aMean tortuosity arteriolar (SD) 0.114 ± 0.157  0.112 ± 0.157 0.128 ± 0.162 0.24 

aMean tortuosity venular (SD) 0.067 ± 0.106  0.068 ± 0.111 0.063 ± 0.056 0.61 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t tests. Abbreviations: 

MCI, mild cognitive impairment; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; 

SD, standard deviation; PX, Pixels. aTortuosity values were multiplied by a factor of 1000 for comparative purposes. P <0.05 was considered statistically 

significant. 
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Table 5.3 Logistic regression analysis of retinal microvascular parameters and Mild Cognitive Impairment status 

  Min adjusted 

  

Fully Adjusted 

 
Retinal parameter OR  95% CI P-Value OR  95% CI P-Value 

aCRAE (PX) 1.04 0.88, 1.23 0.66 1.04 0.88, 1.24 0.63 

aCRVE (PX) 0.95 0.80, 1.12 0.53 0.96 0.81, 1.14 0.67 

aAVR  1.08 0.92, 1.28 0.35 1.07 0.90, 1.28 0.42 

aFractal dimension arteriolar  0.98 0.83, 1.15 0.80 0.93 0.79, 1.10 0.42 

aFractal dimension venular  1.00 0.85, 1.18 0.98 0.97 0.82, 1.15 0.69 

abTortuosity arteriolar  1.12 0.95, 1.32 0.19 1.09 0.92, 1.29 0.30 

abTortuosity venular  0.97 0.82, 1.15 0.76 0.97 0.82, 1.16 0.75 

Abbreviations: CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; CI, confidence 

interval; OR, odds ratio; PX, pixels. aRMPs were transformed into standardised Z-scores before inclusion in regression models. bTortuosity values were skewed 

and therefore log-transformed before inclusion in regression models. Minimally adjusted model: age and sex. Fully adjusted model: age, sex, alcohol 

consumption, smoking status, educational attainment, physical activity, history of cardiovascular disease, hypertension, triglycerides, diabetes, medication, mean 

arterial blood pressure, body mass index and low-density lipoprotein levels. P <0.05 was considered statistically significant. 
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Table 5.4 Participant summary characteristics using a Montreal Cognitive Assessment score of ≤ 23  

Patient characteristics All (n=1431) No MCI (n=1371) MCI (n=60) P-Value 

Mean age (years, SD) 62.4 ± 8.5 62.2 ± 8.4 66.7 ± 9.3 <0.01 

Female, n (%) 750 (52.4) 724 (52.8) 26 (42.6) 0.15 

aSmoking status, no n (%) 1316 (92.0) 1261 (92.0) 55 (91.8) 0.93 

Alcohol consumption, non-drinker, n (%) 299 (20.9) 277 (20.2) 22 (36.1) 0.02 

Education, secondary level and above, n (%) 1251(87.4) 1214 (88.6) 37 (60.7) <0.01 

Physical activity level, highly active, n (%) 438 (30.6) 426 (31.0) 12 (21.3) 0.29 

aDiabetes, no n (%) 1123 (78.5) 1070 (78.1) 54 (88.5) 0.06 

Mean BMI (kg/m2, SD) 28.2 ± 4.6 28.2 ± 4.6 28.2 ± 4.9 0.99 

Mean arterial blood pressure  (mmHg, SD) 98.1 ± 12.6 98.2 ± 12.5 96.0 ± 12.8 0.18 

aCardiovascular disease, no n (%) 1341 (93.7) 1290 (94.1) 51 (85.2) 0.01 

Hypertension, yes n (%) 432 (30.2) 411 (30.0) 21 (34.4) 0.41 

Mean triglyceride (mmol/L, SD) 1.6± 0.9 1.6 ± 0.9 1.7 ± 1.2 0.33 

Mean HDL cholesterol (mmol/L, SD) 1.6 ± 0.5 1.6 ±0.5 1.5 ± 0.4 0.05 

Mean MOCA test score (SD) 26.0 ± 2.8 26.2 ± 2.7 20.8 ± 2.0 <0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t and chi squared tests. 

Abbreviations: MCI, mild cognitive impairment; BMI, body mass index; HDL, high-density lipoprotein; MoCA, Montreal Cognitive Assessment; SD, 

standard deviation. P <0.05 was considered statistically significant. a Participant characteristics presenting inverted values compared to Table 5.1 to comply 

with NICOLA data reporting restrictions for characteristics with a cell count < 10. 



130 
 

 

 

Table 5.5 Summary of participant retinal microvascular parameters using a Montreal Cognitive Assessment score of ≤ 23 

Retinal microvascular parameters All (n=1431) No MCI (n=1371) MCI (n=60) P-Value 

Mean CRAE (PX, SD) 29.6 ± 2.2 29.63 ± 2.2 30.0 ± 2.5 0.23 

Mean CRVE (PX, SD) 40.8 ± 3.3 40.9 ± 3.3 40.5 ± 3.1 0.37 

Mean AVR (SD) 0.73 ± 0.06 0.73 ± 0.06 0.74 ± 0.07 0.05 

Mean fractal dimension arteriolar (SD) 1.557 ± 0.053 1.557 ± 0.053 1.555 ± 0.045 0.80 

Mean fractal dimension venular (SD) 1.540 ± 0.051 1.540 ± 0.051 1.535 ± 0.047 0.46 

aMean tortuosity arteriolar (SD) 0.114 ± 0.157 0.113 ± 0.155 0.137 ± 0.210 0.24 

aMean tortuosity venular (SD) 0.067 ± 0.106 0.067 ± 0.108 0.067 ± 0.066 0.95 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t tests. Abbreviations: 

MCI, mild cognitive impairment; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; 

SD, standard deviation; PX, Pixels. aTortuosity values were multiplied by a factor of 1000 for comparative purposes. P <0.05 was considered statistically 

significant. 
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Table 5.6 Logistic regression analysis of retinal microvascular parameters and Mild Cognitive Impairment status characterised by a Montreal Cognitive 

Assessment score of ≤ 23 in the presence of SCD or problems with ADL activities and the absence of DEPR. 

  Min adjusted 

  

Fully Adjusted 

 
Retinal parameter OR  95% CI P-Value OR  95% CI P-Value 

aCRAE (PX) 1.14 0.88, 1.47 0.32 1.10 0.84, 1.43 0.49 

aCRVE (PX) 0.87 0.66, 1.13 0.28 0.91 0.69, 1.20 0.50 

aAVR  1.28 1.00, 1.65 0.05 1.20 0.92, 1.58 0.18 

aFractal dimension arteriolar  1.00 0.77, 1.30 0.99 0.93 0.71, 1.21 0.57 

aFractal dimension venular  0.94 0.73, 1.21 0.62 0.88 0.68, 1.15 0.35 

abTortuosity arteriolar  1.08 0.83, 1.39 0.58 1.06 0.81, 1.39 0.65 

abTortuosity venular  1.03 0.79, 1.33 0.85 1.04 0.80, 1.36 0.75 

Abbreviations: CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; CI, confidence interval; OR, odds ratio; PX, pixels. aRMPs were 

transformed into standardised Z-scores before inclusion in regression models. bTortuosity values were skewed and therefore log-transformed before inclusion 

in regression models. Minimally adjusted model: age and sex. Fully adjusted model: age, sex, alcohol consumption, smoking status, educational attainment, 

physical activity, history of cardiovascular disease, hypertension, triglycerides, diabetes, medication, mean arterial blood pressure, body mass index, and low-

density lipoprotein levels. P <0.05 was considered statistically significant. 
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5.4 Discussion 

5.4.1 Retinal microvascular parameters and mild cognitive impairment 

Developments in imaging technologies have enabled in vivo non-invasive, 

opportunistic, quantitative evaluation of retinal characteristics with vascular health 

outcomes (50). Previous population-based studies reported associations between 

RMPs and MCI (19, 37, 44) although these were mostly limited to vessel calibre with 

several also considering fractal dimension and tortuosity (45, 51). Cheung et al 

evaluated associations between RMPs with cognitive function defined using the 

Abbreviated Mental Test (AMT) in SiMES, in 3,280 eligible participants from the 

Singapore Malay Eye Study aged 40-80 yrs (45).  Decreased retinal fractal dimensions 

were reported in association with cognitive dysfunction in older persons which may 

reflect similar variations in the cerebral microvasculature responsible for the 

deterioration of cognitive functionality (45). In contrast, the current study failed to 

identify any associations between retinal arteriolar or venular fractal dimension and 

MCI. A recent systematic review and meta-analysis of five studies reported 

associations between decreased arteriolar and venular fractal dimension and cognitive 

impairment (52). The studies included were cross-sectional in design and consisted of 

2,343 participants aged between 60-80 yrs, with variable phenotype, of which 671 had 

MCI or AD. The case definitions used in all five studies were significantly different 

and included a large proportion of participants with more advanced dementia (52). 

Although, not significant, the direction of effects observed in our study were similar, 

despite the less severe phenotype within our population-based study.  

Liew and colleagues characterised 121 participants with MCI (6.1%) according to a 

Mini Mental State Examination (MMSE) threshold ≤ 23 from 1,988 participants aged 

49 - 97 yrs from the cross-sectional population-based Blue Mountain Eye Study.  They 

reported associations between wider venular calibre and cognitive impairment, the 

strongest associations being observed in persons with hypertension, and hypothesised 

this may reflect cerebral venular narrowing associated with cognitive decline (44). In 

contrast, there was little evidence for associations between CRVE and MCI in the 

current study (OR= 0.96; 95% CI: 0.81, 1.14; P= 0.67). Other studies have suggested 

a MoCA threshold of 26 may limit the specificity of cognitive assessment through an 

over-estimation of those affected (53-57). Milani and colleagues, hypothesised that a 

MoCA cut-off value ≤26 may not be optimal especially with regard to certain 
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ethnicities were disparities in educational opportunities exist. They investigated this 

hypothesis in 3,895 individuals from non-Hispanic White, non-Hispanic Black and 

Hispanic ethnic backgrounds and suggested that MoCA cut-off scores would benefit 

from stratification by race/ethnicity and educational attainment to ensure increased 

accuracy for the identification of MCI (57). Interestingly, a recent meta-analysis 

reported improved diagnostic accuracy using a MoCA threshold ≤ 23 to reduce the 

number of false-positive MCI participants (58). The current study findings also failed 

to support the previously reported associations between retinal arteriolar narrowing in 

809 older Latinos (41). To improve the characterisation of MCI in our study, we 

excluded those with DEPR or problems with ADL activities, and reduced the MoCA 

threshold < 23 with the presence of SCD. This sensitivity analysis also failed to detect 

any significant associations between RMP and MCI (Tables 5.4-5.6). 

 

5.4.2 Study strengths and limitations 

5.4.2.1 Strengths 

This study had several strengths including the large population-based study design. 

The participants were well-characterised, with consideration of a significant number 

of potential confounders, including demographic factors, clinical variables, co-

morbidities and medications. Furthermore, the availability of optic disc centred retinal 

fundus images provided a more robust quantification of RMPs compared to macula 

centred images, which often limit assessment to the retinal temporal arcades. In this 

study, retinal images from the left eye were analysed except when unavailable or of 

insufficient quality, in which case right eye images, were used. Use of data from a 

single eye is unlikely to have limited the study outcomes, as similar investigations 

have previously reported high bilateral RMP comparisons (59-61), similarly 

supported by data from a subset of NICOLA participants here (refer to section 5.3.2).  

Strict characterisation of MCI (based on MoCA ≤ 26 and SCD with no limitations in 

ADL, independent of depression) was in line with similar studies (62). The MoCA was 

better suited to the NICOLA study population as it was primarily developed as a valid 

and reliable screening tool for MCI, in turn, offering greater sensitivity and specificity 

compared to the MMSE (17, 55, 63, 64). Previous studies have suggested MoCA offers 

improved sensitivity for the characterisation of MCI, dementia, Alzheimer’s disease, 
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stroke and Parkinson’s disease (17, 55, 63, 65-69). Exclusion of participants with 

depression further improved the accuracy of MCI characterisation, given those with 

depressive symptoms are more likely to score poorly in a MoCA (70). Furthermore, 

differences between mild and major neurocognitive disorders are determined by the 

degree to which cognitive decline restricts daily functioning. In major neurocognitive 

disorders or dementia, cognitive impairment negatively impacts independence in basic 

ADLs such as walking, bathing and eating. In comparison, those with mild 

neurocognitive disorders or MCI, largely remain self-sufficient, although subtle 

problems may arise in complex activities (instrumental ADLs) (71). MCI has been 

conceptualised as the transitional stage between physiological age-related decline in 

cognition and dementia. Given most neurodegenerative diseases are characterised by 

a continuous deterioration of cognition, eventually resulting in dementia, a discrete 

threshold for the differentiation of MCI and dementia remains challenging (72). 

Consequently, the impact of cognitive impairment on ADLs is being used as a key 

criterion to differentiate between MCI and dementia given ADLs tend to remain intact 

in MCI and decline during the onset of dementia and advancing disease severity (72). 

As such, the exclusion of individuals reporting difficulties with basic ADLs 

strengthened the characterisation of MCI and reduced the likelihood of including those 

with more advanced cognitive impairment. The NICOLA participants were aged 50 

yrs and above, with a mean age of 62 years, thereby limiting the number of participants 

with MCI. In the Cardiovascular Health Study, MCI prevalence increased from 19% 

in participants < 75 yrs (73 of 388 participants) to 29% in those 85 yrs and older (80 

of 277 participants; 73). Kumar and colleagues reported lower MCI prevalence in 

participants aged 60 to 64 yrs (3.7%), an age demographic more similar to our study 

(74). Tyrovolas and colleagues, reported MCI prevalence of 10.1% in 5,364 

participants of The Irish Longitudinal Study on Ageing (TILDA), similarly aged to 

NICOLA participants (10.9%) (62).  

 

5.4.2.2 Limitations 

This study had some limitations.  Firstly, although NICOLA is a longitudinal study, 

only baseline data were available for the present analysis. Secondly, the largely 

Caucasian study participants aged ≥50 yrs excluded institutionalised individuals and 

those with dementia and may represent the ‘worried-well’, i.e. those that attend the 
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health assessment were more likely to have been conscious about their health, thereby 

limiting the generalisability of our findings to the wider population. Thirdly, despite 

adjustment for potential confounders, the possibility of residual confounding remains. 

Fourthly, retinal imaging and cognitive function measures were only available for the 

1,431 participants that met the study criteria which represented only 38.3% of those 

that attended for health assessment which may represent a further source of selection 

bias. Finally, MCI is not consistently characterised across all population-based studies, 

although the definition used was comparable to similar studies (62). 

 

5.4.3 Overall conclusion 

In conclusion, the increasing prevalence of MCI highlights the importance of sufficient 

provision within healthcare systems for the early identification of at risk individuals in 

this emerging public health problem. Despite previously reported associations between 

wider retinal venular calibre and reduced measures of retinal fractal dimension and 

MCI, no supporting evidence was found that variation in retinal microvascular 

parameters might help identify those at risk individuals. 
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6.1 Introduction 

6.1.1 Depression and the older population of Northern Ireland 

Depression is a serious common mental health condition that incorporates feelings of 

sadness or hopelessness necessitating clinical intervention. Despite significant 

neurophysiology and neuropsychiatry investigations to better understand the 

pathophysiology of depression, the developmental mechanisms remain poorly 

understood (1). Understanding the underlying pathophysiology of a disease is 

important for appropriate treatment and management. The poor understanding of the 

pathophysiology that underpins depression may explain why some interventions are 

less successful at delivering beneficial outcomes (2). For example, some studies have 

reported that antidepressant medications are more clinically effective than placebo, 

particularly in cases of more severe depression (3-5). Nevertheless, other studies have 

questioned these findings and have since reported, that despite the clinical benefit 

antidepressants may offer, these improvements have no evidence of clinical 

significance (6, 7).  

Depression prevalence increases with age and is associated with higher levels of 

morbidity, suicide, self-neglect and reduced physical, cognitive and social functioning 

(8-11). The most rapidly expanding age demographic in Northern Ireland (NI) are 

those aged 50 years (yrs) and above and as life-spans increase, identification of those 

at greater risk of age-related conditions, including depression, becomes increasingly 

important to ensure appropriate provisioning of treatment (12, 13).  Adverse life events 

and environmental stress have been well documented as factors which play a role in 

depression progression and previous reports have noted the presence of severely 

threatening lifetime events such as death, divorce, job loss, social isolation, 

fighting/war, abuse and more, prior to the onset of depression (14-19). The NI 

population provides a unique opportunity for evaluation of depression in a setting 

historically shaped by conflict and an undertone of sectarian violence (20, 21). ‘The 

Troubles’ was a period of conflict that spanned from 1969 to 1994 and resulted in 

increased psychological morbidity and mental health problems among individuals 

exposed to higher levels of conflict (22-24). During this time, a five-fold increase in 

anti-depressant prescriptions was reported in the NI population (1989-2000), 

especially among those aged > 55 yrs who were three times more likely to be 
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prescribed anti-depressant medication than the 15-24 yrs demographic (22), 

highlighting the increasing burden of depression among the local older population. 

 

6.1.2 Current understanding of associations between retinal microvascular 

parameters and depression 

Alexopoulos et al proposed a ‘vascular depression’ hypothesis which implicated 

cerebrovascular disease in the predisposition, precipitation, and perpetuation of 

geriatric depressive syndromes (25), in turn providing a rationale for investigating any 

associations between retinal microvascular parameters (RMPs) with vascular disease 

and depression (26).  Studies testing this hypothesis or assessing the associations 

between RMPs and depression have been scarce thus far. A study by Ikram et al tested 

the  “vascular depression’’ hypothesis on 3,605 participants from the Rotterdam study, 

through investigation of associations between retinal arteriolar and venular calibre 

variation and incident late-life depression, reporting no significant associations (27). 

Meier et al evaluated association between RMPs and symptoms of depression and 

anxiety in 865 adolescents and young adults from the Brisbane Longitudinal Twin 

Study and reported significant increased retinal arteriolar diameter in association with 

signs of depression and anxiety (28). Kim et al reported associations between 

depressive mood and narrower retinal arteriolar calibre in participants from the 

Cardiovascular Health Study (CHS), suggesting a common process involving small 

vessels (29). In contrast, Sun et al also assessed participants of the CHS for 

associations between retinal microvascular variations and symptoms of depression but 

failed to find any significant associations (30). Both Kim et al and Sun et al utilised 

data from the CHS study and although both research groups evaluated retinal vessel 

diameters (measuring all retinal arterioles and venules in a specific area 1-1.5 disc 

diameters from the optic disc using a computer monitor) and assessed depressive 

symptoms (the Centre for Epidemiologic Studies Depression Scale questionnaire 

[CES-D] score of >9 using the shortened (10-item) version of the CES-D scale) in the 

same way, there were some subtle differences between the two studies that may have 

led to the contrasting results reported. The confounders adjusted for vary between both 

studies as do the sample sizes. Sun et al excluded participants such as those who were 

neither white nor black in race and those taking anti-depressants that were not excluded 

in the study by Kim et al; conversely, Kim et al included individuals who suffered 
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from a stroke and participants with missing information on confounders (Sun et al did 

not include these individuals) (29, 30). Additionally, both study teams performed 

linear regression using a CES-D score as a continuous variable but only Sun et al 

performed logistic regression comparisons (29, 30). 

Finally, Nguyen and colleagues investigated associations between variations in retinal 

vessel calibre with depression in participants with type 2 diabetes (T2DM). Their study 

was comprised of individuals with T2DM and depression, T2DM without depression 

and healthy controls without diabetes. They found that those with T2DM and 

depression had wider retinal arteriolar diameter in comparison to those with T2DM 

without depression and the healthy controls (31). Given the lack of clarity around the 

reported associations between RMPs and depression, the current study presented in 

this thesis focused specifically on the provision of clinically defined depression and 

associations with RMPs. 

 

6.1.3 Summary and aim of present study 

The retinal microvasculature shares similar anatomical and physiological features with 

other end organs including the brain, heart and kidneys, and subtle variations in RMPs 

may reflect similar variation within the cerebral, renal and coronary circulation (32-

34). Recent advances in retinal fundus imaging provide a unique and non-invasive 

assessment of the microvasculature currently not possible elsewhere in the body (35-

38), enabling an opportunistic assessment of retinal anatomical features associated 

with measures of depression and the wider systemic circulation (33-38). Variation in 

RMPs have been previously reported in association with cognitive impairment, 

depression and cerebrovascular disease (39-42) although associations reported 

between RMPs and depression have been inconsistent (27-30, 43, see sections 6.1.2 

and 6.4.1). A ‘vascular depression’ hypothesis has previously implicated 

cerebrovascular disease in the predisposition, precipitation, and perpetuation of 

geriatric depressive syndromes (25). As such, the aim of this study was to assess 

associations between RMPs and measures of depression in the Northern Ireland Cohort 

for the Longitudinal Study of Ageing (NICOLA). 
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6.2 Materials and Methods: 

(Refer to Chapter 2, section 2.1[specifically sections 2.1.1-2.1.2.4 and 2.1.4-2.1.10.4 

inclusive]) 

6.2.1 Study participants 

NICOLA is a longitudinal cohort study consisting of 8,468 adults aged 50 yrs and 

over, located in Northern Ireland (those resident in care homes or other residential 

institutions at baseline were excluded from the study) (20). The study included a 

computer-aided personal interview (CAPI), a self-completion questionnaire and 

approximately 45% of participants completed a health assessment. The CAPI was 

extensive in scope and included assessment of demographic, social and health-related 

factors, and was conducted at individual home appointment between December 2013 

and March 2016. Measures of cardiovascular, physical, cognitive and visual function 

were determined and biological samples collected, including visual health with retinal 

fundus photography. Written informed consent was obtained prior to participation 

following ethical approval from the School of Medicine, Dentistry and Biomedical 

Sciences Ethics Committee, Queen’s University Belfast (SREC 12/23) and in 

accordance with the Helsinki Declaration. 

 

6.2.2 Measurement and classification of depression 

Participants undertook CES-D which consisted of 20 questions scored from 0-3, to 

assess depressive symptoms with summative scores ranging between 0 and 60 (44).  

Individuals who failed to complete the CES-D, or were classified with mild cognitive 

impairment (MCI; defined as MoCA test score < 26 and subjective cognitive change 

(SCD), in absence of depression or problems with activities of daily living [ADL] 

activities), or were taking anti-depressive medications or had retinal images or 

insufficient quality, were excluded from the analysis (Figure 6.1). Depression was 

defined as a CES-D test score ≥ 16 in the absence of MCI and/or anti-depressive 

medication use. 
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6.2.3 Retinal vessel measures 

RMPs (central retinal arteriolar equivalent [CRAE], central retinal venular equivalent 

[CRVE], retinal arteriolar/venular ratio [AVR], fractal dimension and tortuosity) were 

measured from optic disc centred fundus images and analysed using the semi-

automated software Vessel Assessment and Measurement Platform for Images of the 

Retina (VAMPIRE; Universities of Edinburgh and Dundee, Scotland, Version 3.1), by 

a trained grader blinded to participant data. (45, 46). Left and right eye comparisons 

of CRAE and CRVE measures from 75 participants were assessed to quantify between 

eye variations. 

 

6.2.4 Statistical Analysis 

All analyses were performed using Statistical Package for Social Sciences (Version 

24.0. Armonk, NY: IBM Corp). Before inclusion in regression models, all RMPs were 

transformed into standardised Z-scores. Independent samples t-tests and chi-squared 

tests compared the distribution of demographic factors and clinical variables between 

participants with and without depression. Logistic regression was used to evaluate 

associations between RMPs and depression status as a binary trait. Minimally adjusted 

models included age and sex; fully adjusted models also included educational 

attainment, alcohol consumption, smoking status, cardiovascular disease (CVD), mean 

arterial blood pressure (MABP), triglycerides, diabetes, body mass index (BMI) high 

and low-density lipoprotein (HDL and LDL) levels. P <0.05 was considered 

statistically significant. 

 

6.3 Results 

6.3.1 Summary Data 

Data were available for 1,376 participants who met the study inclusion criteria (Figure 

6.1), of which 113 (8.2%) and 1,263 (91.8%) were classified with and without 

depression (Table 6.1). Characterisation of co-variates can be found in Chapter 2 

section 2.1.7. Participants had an overall mean age of 62.0 ± 8.4 yrs and 52% were 

female, with 8% categorised as current smokers (Table 6.1). The mean CES-D score 
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for all participants was 5.9 ± 6.4. Mean MABP was 98.2 ± 12.6 mm Hg, and 23% and 

6% of participants were characterised with diabetes and history of CVD respectively. 

As expected, individuals with depression had a higher CES-D test score than those 

without (22.0 ± 6.2 versus 4.4 ± 3.9, respectively). Those classified as free from 

depression had a higher mean age (62.2 ± 8.4 yrs versus 59.3 ± 8.1 yrs), a lower 

percentage were female (52% versus 59%) and had a lower mean BMI (28.3 ± 4.7 

kg/m2 versus 29.6 ± 5.4 kg/m2) compared to those with depression. Participants with 

depression were more likely to smoke (12% versus 8%), and a higher proportion had 

diabetes (29% versus 23%).  

 

6.3.2 Retinal microvascular parameters and depression 

Left and right eye CRAE and CRVE comparisons from 75 participants showed no 

evidence of being significantly different (PCrae = 0.08; PCrve = 0.89) (Chapter 2, section 

2.1.9.1). Only mean arteriolar tortuosity was significantly lower in those with 

depression in unadjusted comparisons (0.085 versus 0.113; P = 0.03; Table 6.2). 

Decreased retinal arteriolar tortuosity was associated with depression before and after 

adjustment for potential confounding variables across all regression models 

(unadjusted: odds ratio [OR] = 0.81; 95% confidence interval [CI]: 0.67, 0.98; P = 

0.03, minimally adjusted: OR= 0.81; 95% CI: 0.67, 0.98; P = 0.03; and fully adjusted: 

OR= 0.79; 95% CI: 0.65, 0.96; P = 0.02); Table 6.2 and Table 6.3). No additional 

significant associations between RMPs and depression were detected (Table 6.3). 
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Figure 6.1 A flow chart of participant inclusion and exclusion criteria 

 All NICOLA 

participants 

    (n= 8,468) 

Excluded: Participants 

without retinal images 

(n= 4,950) 

Included: Participants 

with retinal images 

(n= 3,518) 

Included: Participants 

with retinal measures 

(n= 2,129) 

Excluded: Participants 

without retinal measures 

(n= 1,389) 

Excluded: Participants 

without measures of 

depression or had MCI 

and/or use of anti-

depressive medications 

(n= 753) 

 

Included: Participants with retinal 

measures and CES-D data and absence 

of MCI and/or use of anti-depressive 

medications 

Included within final study  

(n= 1,376) 

 

Final participants 

included within the 

study 

(n= 1,376) 

Abbreviations: NICOLA, Northern Ireland Cohort for the Longitudinal Study of Ageing; MCI, Mild cognitive 

impairment; CES-D, Centre for Epidemiological Studies questionnaire 
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Table 6.1 Participant summary characteristics ‘Depression’ and ‘No Depression’  

Participant characteristics All (n=1,376) No Depression (n=1,263) Depression (n=113) P-Value 

Mean age (years, SD) 62.0 ± 8.4 62.2 ± 8.4 59.3 ± 8.1 <0.01 

Female, n (%) 717 (52.1) 650 (51.5) 67 (59.3) 0.11 

Smoking status, yes n (%) 115 (8.4) 101 (8.0) 14 (12.4) 0.11 

Alcohol consumption, non-drinker, n (%) 280 (20.3) 259 (20.5) 21 (18.6) 0.26 

Education, secondary and above, n (%) 1228 (89.2) 1124 (89.0) 104 (92.0) 0.32 

Diabetes, yes n (%) 317 (23.0) 284 (22.5) 33 (29.2) 0.11 

Mean BMI (kg/m2, SD) 28.4 ± 4.8 28.3 ± 4.7 29.6 ± 5.4 <0.01 

Mean arterial blood pressure  (mm Hg, SD) 98.2 ± 12.6 98.3 ± 12.6 96.8 ± 12.8 0.24 

Cardiovascular disease, no n (%) 1292 (93.9) 1187 (94.0) 105 (92.9) 0.65 

Mean triglyceride (mmol/L, SD) 1.6 ± 0.9 1.6 ± 0.9 1.6 ± 0.8 0.50 

Mean HDL cholesterol (mmol/L, SD) 1.6 ± 0.5 1.6 ± 0.5 1.6 ± 0.4 0.88 

Mean LDL cholesterol (mmol/L, SD) 3.5 ± 1.1 3.4 ± 1.1 3.5 ± 1.1 0.56 

Mean CES-D score (SD) 5.9 ± 6.4 4.4 ± 3.9 22.0  ± 6.2 <0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t and chi squared tests. 

Abbreviations: CES-D, The Centre for Epidemiologic Studies Depression Scale; BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density 

lipoprotein; SD, standard deviation. P <0.05 was considered statistically significant. 
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Table 6.2 Summary of participant retinal microvascular parameters 

Retinal microvascular parameters                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 All (n=1,376) No Depression (n=1,263) Depression (n=113) P-Value 

Mean CRAE (PX, SD) 29.6 ± 2.2 29.6 ± 2.2 29.4 ± 2.1 0.19 

Mean CRVE (PX, SD) 40.8 ± 3.3 40.9 ± 3.3 40.8 ± 3.5 0.76 

Mean AVR (SD) 0.73 ± 0.06 0.73 ± 0.06 0.72 ± 0.07 0.47 

Mean fractal dimension arteriolar (SD) 1.557 ± 0.052 1.557 ± 0.053 1.563 ± 0.046 0.18 

Mean fractal dimension venular (SD) 1.539  ± 0.051 1.539 ± 0.051 1.540 ± 0.047 0.89 

Mean tortuosity arteriolar (SD) 0.111 ± 0.149 0.113 ± 0.153 0.085 ± 0.090 0.03 

Mean tortuosity venular (SD) 0.068 ± 0.109 0.069 ± 0.111 0.063 ± 0.075 0.38 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t tests. Abbreviations: 

CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; SD, standard deviation; PX, pixels. 

aTortuosity values were multiplied by a factor of 1000 for comparative purposes. P <0.05 was considered statistically significant. 
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Table 6.3 Logistic regression analysis of retinal microvascular parameters and depression 

  Min adjusted 
  

Fully Adjusted 
 

Retinal parameter OR  95% CI P-Value OR  95% CI P-Value 

aCRAE (PX) 0.88 0.72, 1.08 0.21 0.86 0.70, 1.06 0.17 

aCRVE (PX) 0.99 0.82, 1.20 0.92 0.97 0.79, 1.18 0.76 

aAVR 0.92 0.75, 1.12 0.40 0.92 0.75, 1.13 0.45 

aFractal dimension arteriolar 1.12 0.91, 1.37 0.28 1.12 0.91, 1.37 0.30 

aFractal dimension venular 1.00 0.83, 1.20 0.97 0.99 0.82, 1.19 0.89 

abTortuosity arteriolar 0.81 0.67, 0.98 0.03 0.79 0.65, 0.96 0.02 

abTortuosity venular 0.93 0.76, 1.13 0.45 0.91 0.74, 1.12 0.36 

Abbreviations: CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; CI, confidence 

interval; OR, odds ratio; PX, pixels. aRMPs were transformed into standardised Z-scores before inclusion in regression models. bTortuosity values were skewed 

and therefore log-transformed before inclusion in regression models. Minimally adjusted models included age (yrs), sex with fully adjusted models also including 

alcohol consumption, smoking status, educational attainment, history of cardiovascular disease, triglycerides, diabetes, mean arterial blood pressure, body mass 

index, high and low-density lipoprotein levels. P <0.05 was considered statistically significant.



154 
 

 

6.4 Discussion 

6.4.1 Associations between retinal microvascular parameters and depression 

Retinal tortuosity measures provide an estimate of the twists and turns of the retinal 

microvasculature (47). Significantly lower levels of retinal arteriolar tortuosity were 

associated with depression independent of potential confounding factors in our study 

of older adults. Depression is a condition that affects a significant number of older 

people, many with underlying chronic illness or cognitive impairment, which leads to 

disruption of daily life and increased levels of morbidity and mortality. Age and 

disease related processes, including arteriosclerosis and inflammatory, endocrine, and 

immune changes, have been associated with the disease processes that characterise 

depression, especially in those of advanced age (48).  

Technological advances in non-invasive retinal image acquisition and analysis have 

enabled more accurate quantification of microvascular health (37). A small number of 

studies investigating associations between RMPs and depression have reported 

inconsistent findings (27-30, 43). Furthermore, these studies were largely limited to 

the assessment of retinal vessel calibre only and did not consider other RMPs such as 

fractal dimension or tortuosity, coefficients that reflect the status of microvascular 

health.  

Alexopoulos and colleagues proposed a ‘vascular depression’ hypothesis implicating 

cerebrovascular disease in the predisposition, precipitation, and perpetuation of 

geriatric depressive syndromes (15), which provided a rationale for investigation of 

associations between RMPs and vascular disease and depression (16). Previous studies 

reported associations between severe and transitory depression and vascular 

endothelial dysfunction (49-52), but to my knowledge the current study is the first to 

report associations between decreased arteriolar tortuosity and later life depression. 

Endothelial cells also play a key role in regulating retinal microvascular blood flow 

and angiogenesis and the current study findings may reflect microvascular endothelial 

dysfunction and decreased retinal arteriolar tortuosity in older people with depression, 

independent of potential confounding factors. Indeed, a recent systematic review and 

meta-analysis reported associations between peripheral and cerebral forms of 

microvascular dysfunction with an increased odds of incident late-life depression 

supporting the hypothesis that microvascular dysfunction is causally linked to 
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depression and a potential target for the prevention and treatment of symptoms (53). 

The meta-analysis by van Agtmaal and colleagues evaluated several outcome 

measures including retinal vessel calibre (27, 54), detecting no association with 

depression, in line with the findings from the current study. 

Sun and colleagues evaluated associations between retinal microvascular variation and 

symptoms of depression in 2,420 participants aged ≥ 65 yrs old. They reported no 

evidence of significant associations between retinal microvascular abnormalities and 

depression that had been similarly characterised using the CES-D questionnaire in 

individuals from the population-based CHS (30). Ikram et al tested the ‘’vascular 

depression’’ hypothesis by evaluating associations between retinal vessel calibre and 

incident late-life depression. They used data from the Rotterdam population-based 

study, which also characterised depression using either the CES-D questionnaire or the 

Hospital Anxiety and Depression Scale, and reported no significant associations 

between retinal microvascular calibre and late-life depression in 3,605 participants ≥ 

55 yrs depression free at baseline (27).  

Kim and colleagues hypothesised that variation in the retinal microvasculature may be 

associated with depressive mood, and other characteristic features of microvascular 

disease which influences the brains frontal subcortical regions. They reported retinal 

arteriolar narrowing in individuals categorised with depression using the CES-D 

questionnaire in a cross-sectional study of 1,744 older adults, with a mean age of 78 

yrs from the CHS, with associations found that were suggestive of a common process 

involving small vessels (see section 6.1.3; 29).  

Other forms of depression and age categories have also been considered. Li and 

colleagues measured symptoms of antenatal anxiety and depression using the State-

Trait Anxiety Inventory and Edinburgh Postnatal Depression Scale reporting 

associations between wider retinal arterioles and depression in 952 pregnant women 

(43). Wider retinal arterioles were also reported by Meier and colleagues in 865 

adolescents and young adults from the Brisbane Longitudinal Twin Study with 

symptoms of anxiety characterised by the Somatic and Psychological Health Report 

questionnaire, with the authors suggesting this may implicate microvascular variation 

as an early mechanistic factor in depression disease aetiology (28), in contrast to the 

arteriolar narrowing described by Kim and colleagues in older adults (28, 29).  
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6.4.2 Study strengths and limitations 

6.4.2.1 Strengths 

This study had several strengths. Similar to previous investigations of RMPs and 

depression (27-30, 43), optic disc centred fundus images provided a more accurate 

quantification of RMPs compared to macula centred images, which generally limit 

assessment to the temporal retinal arcades. As the measurements of RMPs included 

calculations of the diameter from the six biggest arterioles and venules, availability 

of optic disc centred images improved measurement sensitivity. Although the 

analysis was cross-sectional in design, it provides a rationale for further evaluation of 

RMPs in future waves of NICOLA. If clinical value is associated with identifying 

those individuals at increased risk of depression through the use of RMPs, earlier 

identification of older individuals at increased risk of adverse vascular events 

associated with depression may be possible. In this study, retinal images from the left 

eye were analysed except when unavailable or of insufficient quality, in which case 

the right eye image was used. This was unlikely to have limited the study 

conclusions, as comparable investigations have previously reported high correlations 

between RMPs from right and left eye comparisons (55-57), similar to the 

comparisons undertaken in a subset of NICOLA participants.  

Furthermore, the well-characterised population-based study design added validity to 

the findings. Finally, the CES-D questionaire to classify depression is well accepted 

with previously reported sensitivity and specificity values of 0.87 and 0.70, respectivly 

(58) and the exclusion of participants using anti-depressive medications and/or with 

MCI improved the characterisation and definition of depression, given those with 

depressive symptoms are more likely to score poorly on tests of cognitive function 

(59). 
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6.4.2.2 Limitations 

This study also had several limitations. Firstly, although representative of the local 

population, the study consisted of largely Caucasian participants, aged >50 yrs and 

may represent the ‘worried-well’, limiting the generalisability of the results. Secondly, 

although NICOLA is a longitudinal study, only baseline data were available for this 

cross-sectional analysis. Thirdly, although quality control and correlation coefficients 

were considered, the possibility of human error remains due to the semi-automated 

nature of the retinal analysis software. Fourthly, although adjustment for a large 

number of potential confounders was made, the possibility of residual confounding 

remains. Lastly, despite adjusting for cardiometabolic, atherosclerotic and diabetic risk 

factors, their potential influence on the outcomes cannot be discounted, given 

previously reported associations (60-64). 

 

6.4.3 Overall conclusion 

In conclusion, continuing advancements in retinal imaging techniques and 

understanding of the clinical significance of retinal vessel variations remains a topic 

of interest for researchers. In particular, development of RMPs as biomarkers for risk 

stratification when assessing vascular diseases and subgroups of participants, such as 

individuals with depression, diabetes and other chronic diseases continues with the 

addition of artificial intelligence and machine learning approaches progressing to 

adequately measure retinal vessel calibres without the need for human assessment. The 

current study found decreased retinal arteriolar tortuosity in association with 

depression in an older population independent of potential confounding factors and 

these retinal measures may provide non-invasive assessment of microvascular 

complications associated with depression.  
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Retinal microvascular parameters are 

not significantly associated with 

diabetes in the Northern Ireland Cohort 

for the Longitudinal Study of Ageing 
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7.1 Introduction 

7.1.1 Diabetes and the ageing population  

Diabetes mellitus is considered a heterogeneous metabolic disorder characterised by 

hyperglycaemia as a consequence of defective insulin secretion and/or insulin action. 

Type 1 diabetes (T1DM) results from autoimmune-mediated destruction of β-cells in 

the pancreas leading to insulin deficiencies that require insulin treatment (1). Type 2 

diabetes (T2DM) generally develops in people with higher levels of obesity and has 

been associated with other conditions such as dyslipidaemia and hypertension. 

Additionally, T2DM is more common in older people as both insulin resistance and 

age-related reduction of β-cell function are more prevalent, resulting in reduced insulin 

secretion and altered effectiveness of pharmacotherapy (2). Treatments such as drug 

therapy and lifestyle changes are commonly recommended for T2DM to reduce insulin 

resistance and increase stimulation of insulin secretion (1). Long-term exposure to 

diabetes can result in several complications including retinopathy, nephropathy, 

peripheral and autonomic neuropathy. Additionally, although treatment options for 

diabetic complications have improved, older individuals with diabetes are at increased 

risk of end-stage renal disease (3) and macrovascular problems such as cardiovascular, 

peripheral arterial disease, and cerebrovascular disease (4). Measurement of glycated 

haemoglobin A1c (HbA1c) is a diagnostic test that represents the average blood sugar 

level over the previous 2-3 months, enabling effective monitoring of intervention 

strategies to lower blood sugar levels and associated risk of diabetic complications (5, 

6). This test remains the gold standard when evaluating long-term glycaemic control 

for the management of diabetes and is used to facilitate diabetes diagnosis.  However, 

several factors such as age, race, anaemia and haemodialysis can cause fluctuations in 

HbA1c levels either through elevation (e.g. age) or reduction (e.g. iron deficiency 

anaemia, haemodialysis) and should be taken into consideration in those individuals 

with diabetes, particularly in the elderly (7). 

Global life expectancy is increasing highlighting the importance of age-related 

research (8) and in Northern Ireland the most rapidly growing demographic are those 

aged > 50 years (yrs). Diabetes represents a significant chronic disease burden among 

the older population and despite preventive measures, is associated with high levels of 

morbidity (2). This increased burden on public health systems may contribute to an 

over-representation of older individuals among those with diabetes (9, 10). 
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Furthermore, diabetes management in the older population is more complex as 

multiple coexisting medical conditions are usually present which may have 

implications on insulin sensitivity, insulin secretion and clinical management of the 

disease (9). For example, Zhou et al reported significant clinical and epidemiological 

support for an association between insulin resistance and hypertension (11). 

Besides macro and microvascular diseases, older people with diabetes tend to have 

increased prevalence of geriatric conditions which have implications on their quality 

of life and health outcomes (12). Such conditions include falls, mental health issues 

such as depression, impairment of vision and hearing, muscle loss, deterioration in 

mobility, issues with activities of daily living (ADLs) and urinary incontinence (13). 

Consideration of these geriatric conditions are important when deciding on care and 

support for older adults with diabetes, particularly with regard to cognitive status 

which may impact on diabetic individuals ability to self-manage and self-medicate (9). 

A recent publication by Munshi et al recognised and discussed the common and 

practical issues clinicians face in diabetes management of older people with cognitive 

dysfunction, suggesting possible ways for improvement (14). Over stringent 

glycaemic control of diabetes management can lead to hypoglycaemia, where 

complications in older adults may be more common due to altered adaptive 

physiologic responses to lower levels of glucose (15). 

Modifications to lifestyle such as physical activity and weight loss are usually the 

primary recommended interventions to treat hyperglycaemia and limit the onset of 

diabetic complications in older adults. These interventions reduce diabetes-associated 

risk by improving diabetes management, glucose, lipid and blood pressure control (8, 

16, 17). Treatment of older adults with diabetes and hyperglycaemia also includes a 

range of pharmacotherapies, each with advantages and disadvantages. Unfortunately, 

patients at an advanced age are frequently underrepresented within large-scale clinical 

trials and as a consequence, data on anti-hyperglycaemic medications are regularly 

derived from findings in younger age groups (2, 18). 

 

7.1.2 Diabetes and microvascular dysfunction 

The pathogenesis of diabetes is complex leading to microvascular dysfunction (19, 

20), often following prolonged periods of chronic hyperglycaemia that commonly 
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leads to damage to the kidneys, retinas and peripheral nervous system, and increased 

cardiovascular risk (1). Initially in the development of diabetes, abnormal blood flow 

and greater levels of vascular permeability, reflect the vasodilatory activities 

associated with decreased nitric oxide levels, vasoconstriction activities caused by 

increased angiotensin II and endothelin-1 and permeability factors such as vascular 

endothelial growth factor (VEGF) leading to intracellular hyperglycaemia (21).  Both 

quantitative and qualitative extracellular matrix irregularities contribute to permanent 

increased levels of vascular permeability. Gradually, microvascular cell loss occurs 

over time, partly due to programmed cell death and progressive capillary occlusion 

due to overproduction of the extracellular matrix. Reduced production of trophic 

factors for endothelial and neuronal cells may also result from hyperglycaemia (21). 

The direct and indirect effects of hyperglycaemia on the vasculature are major sources 

of morbidity and mortality in humans with both T1DM and T2DM, resulting in 

microvascular complications including diabetic nephropathy, neuropathy and 

retinopathy (22). 

 

7.1.3 Retinal microvascular variation and diabetes 

The retinal microvasculature is composed of a collection of small arterioles and 

venules. The direct examination of these blood vessels provides a unique and non-

invasive opportunity to evaluate systemic variation and abnormalities that may reflect 

similar changes elsewhere within the microvascular system (10, 23, 24). Advances in 

retinal imaging software and analysis applications provide opportunistic identification 

of microangiopathic variation in the eye which may reflect similar microvascular 

anomalies elsewhere in the body (25, 26).  Previous studies have explored the 

relationship between RMPs and diabetes. Decreased measures of retinal 

arteriole/venular ratio (AVR), representative of increased measures of central retinal 

venular equivalent (CRVE) compared to central retinal arteriolar equivalent (CRAE), 

have previously been associated with incident diabetes (27-29). The Atherosclerosis 

Risk in Communities (ARIC) and the Beaver Dam Eye Study (BDES) both reported 

an increased risk of incident T2DM in association with decreased measures of AVR 

(27, 28). A recent systematic review and meta-analysis of several population-based 

cross-sectional studies reported that increased retinal venular dilation, but not retinal 

arteriolar narrowing, was significantly associated with an increased risk for diabetes 
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(10, 30). Jeganathan et al investigated the associations between RMPs with diabetes 

and impaired fasting glucose, in a cross sectional study of 3,404 participants from a 

multi-ethnic Asian population. They found that increased measures of CRAE were 

associated with diabetes (31). Findings from the Blue Mountains Eye Study (BMES, 

Australia), also reported increased retinal arteriolar calibre in participants with 

diabetes compared to those without (32). Similar to this, Islam and colleagues found 

that wider retinal arteriolar but not venular calibre was significantly associated with 

diabetes in a study of 3,004 individuals from the Singapore Malay Eye Study (33). A 

study by Cheung et al evaluated RMPs with diabetes and retinopathy in an older 

population of 2,735 Asians. They found that participants with diabetes had increased 

measures of CRAE and CRVE, and decreased levels of retinal arteriolar tortuosity, 

compared to those without diabetes, suggesting that diabetes may influence subtle 

variations in RMPs (34). Phan et al carried out a cross-sectional study of 748 

participants from Westmead Hospital in Sydney, Australia reporting significantly 

wider retinal venules in male participants with diabetes only (35). Section 7.4.1 of this 

chapter will explore this relationship further based on a clear definition of diabetes for 

associations with RMPs. 

 

7.1.4 Summary and aim of present study 

Variation in RMPs may reflect aetiological mechanisms that are characteristic of 

diabetes pathogenesis such as oxidative stress, endothelial dysfunction, inflammation 

and hypertension (31, 36-40). There is a significant body of literature that has 

considered associations between retinal measures and diabetes. However, reported 

associations have not always been consistent (see sections 7.1.3 and 7.4.1).  As such, 

the aim of this study was to assess RMPs in association with diabetic status in a cross-

sectional analysis of older persons from the Northern Ireland Cohort for the 

Longitudinal Study of Ageing (NICOLA). 
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7.2 Materials and Methods: 

(Refer to Chapter 2, section 2.1[specifically sections 2.1.1-2.1.2.4 and 2.1.5-2.1.10.4 

inclusive]) 

 

7.2.1 Study participants 

NICOLA is a longitudinal cohort study consisting of 8,468 adults aged 50 yrs and 

over, located in Northern Ireland (those resident in care homes or other residential 

institutions at baseline were excluded from the study) (41). The study included a 

computer-aided personal interview (CAPI), a self-completion questionnaire and 

approximately 45% completed a health assessment. The CAPI was extensive in scope 

and included assessment of demographic, social and health-related factors, and was 

conducted at individual home appointment between December 2013 and March 2016. 

Measures of cardiovascular, physical, cognitive and visual function were determined 

and biological samples collected, including visual health with retinal fundus 

photography. Written informed consent was obtained prior to participation following 

ethical approval from the School of Medicine, Dentistry and Biomedical Sciences 

Ethics Committee, Queen’s University Belfast (SREC 12/23) and in accordance with 

the Helsinki Declaration. 

 

7.2.2 Measurement and classification of diabetes 

Almost 3,800 participants attended the health assessment which included measurement 

of HbA1c. Participant diabetic status was categorised as a combination of self-reported 

diabetes at CAPI, use of diabetic medications and HbA1c (diabetes ≥ 48mmol/mol), 

taken at the health assessment. Participants were excluded if diabetic status data or 

retinal images were missing or of insufficient quality for analysis (Figure 7.1). 

 

7.2.3 Retinal vessel measures 

RMPs (CRAE, CRVE, AVR, fractal dimension and tortuosity) were measured from 

optic disc centred fundus images and analysed using the semi-automated software 

Vessel Assessment and Measurement Platform for Images of the Retina (VAMPIRE; 

Universities of Edinburgh and Dundee, Scotland, Version 3.1), by a trained grader 
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blinded to participant data. (42, 43). Left and right eye comparisons of CRAE and 

CRVE measures from 75 participants were also measured to check comparability. 

 

7.2.4 Statistical Analysis 

All analyses were performed using Statistical Package for Social Sciences (Version 

24.0. Armonk, NY: IBM Corp). Before inclusion in regression models, all RMPs were 

transformed into standardised Z-scores. Independent samples t-tests and chi-squared 

tests compared the distribution of demographic factors and clinical variables between 

participants with and without depression. Binary logistic regression was used to 

evaluate associations between RMPs and diabetic status. Minimally adjusted models 

included age and sex; fully adjusted models also included alcohol consumption, 

smoking status, cardiovascular disease (CVD), mean arterial blood pressure (MABP), 

triglycerides, physical activity level (PA), body mass index (BMI) high and low-

density lipoprotein (HDL and LDL) levels. P <0.05 was considered statistically 

significant. 

 

7.3 Results 

7.3.1 Summary Data 

Data was available for 1,762 participants with HbA1c and RMPs; 209 were classified 

as diabetic (12%) (Figure 7.1 and Table 7.1). Table 7.1 provides study participant 

summary characteristics. Characterisation of co-variates can be found in Chapter 2 

section 2.1.7. Participants had a mean age of 62.1 ± 8.5 yrs and 54% were female. 

Mean HbA1c was 39.4 ± 9.8 mmol/mol, mean MABP was 98.0 ± 12.3 mm Hg and 

27% were characterised by high levels of physical activity. As expected, participants 

with diabetes had significantly higher mean HbA1c than those without diabetes (57.4 

± 17.6 mmol/mol versus 37.0 ± 4.2 mmol/mol, respectively; Table 7.1). Those with 

diabetes tended to be older (65.1 ± 9.0 yrs versus 61.7 ± 8.4 yrs) with a lower 

percentage of female participants (49% versus 54%, respectively). They also had 

higher mean triglycerides (1.9 ± 1.2 mmol/L versus 1.6 ± 0.9 mmol/L, respectively) 

but lower mean HDL and LDL cholesterol (HDL: 1.4 ± 0.4 mmol/L versus 1.7 ± 0.5 

mmol/L and LDL: 2.8 ± 1.1 mmol/L versus 3.5 ± 1.1 mmol/L). A higher percentage 

of participants with diabetes were more likely to refrain from alcohol consumption 
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(34% versus 21%), have a higher BMI (31.4 ± 5.7 kg/m2 versus 28.2 ± 4.7 kg/m2, 

respectively) have a history of CVD (19% versus 6%) and be less physically active 

(12% versus 29%; Table 7.1). 

 

7.3.2 Retinal microvascular parameters and diabetes 

Comparisons of CRAE and CRVE from left and right eye images from 75 participants 

were not significantly different (PCrae = 0.08; PCrve = 0.89). Table 7.2 summarises 

mean RMPs. Both mean arterial and venular tortuosity were significantly different 

between those with and without diabetes (P <0.05; Table 7.2).  In unadjusted and 

minimally adjusted regression, AVR, arteriolar tortuosity and venular tortuosity were 

significantly associated with diabetes (minimally adjusted odds ratio [OR] = 0.85; 95% 

confidence intervals [CI]: 0.73, 0.99; P = 0.04, OR = 1.18; 95% CI: 1.02, 1.37; P = 

0.03 and OR = 1.20; 95% CI: 1.04, 1.38; P = 0.01, respectively), although these did 

not remain significant following adjustment for the potential confounding effects of 

smoking status, alcohol consumption, CVD, MABP, PA, BMI, triglycerides, HDL and 

LDL (OR= 0.88; 95% CI: 0.75, 1.04; P= 0.13 , OR= 1.13; 95% CI: 0.96, 1.32; P= 0.13 

and OR= 1.14; 95% CI: 0.97, 1.32; P= 0.11, respectively; Table 7.3). No additional 

associations between diabetes and RMPs were detected.  
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Figure 7.1 A flow chart of participant inclusion and exclusion criteria 

 All NICOLA 

participants 

    (n= 8,468) 

Excluded: Participants 

without retinal images 

(n= 4,950) 

Included: Participants 

with retinal images 

(n= 3,518) 

Included: Participants 

with retinal measures 

(n= 2,129) 

Excluded: Participants 

without retinal measures 

(n= 1,389) 

Excluded: Participants 

without diabetes status 

(n= 367) 
Included: Participants with 

retinal and diabetes status 

(n= 1,762) 

Final participants 

included within the 

study 

(n= 1,762) 

Abbreviations: NICOLA, Northern Ireland Cohort for the Longitudinal Study of Ageing 
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Table 7.1 Participant summary characteristics ‘Diabetes’ and ‘No Diabetes’  

Participant characteristics All (n=1,762) No Diabetes (n=1,553) Diabetes (n=209) P-Value 

Mean age (years, SD) 62.1 ± 8.5 61.7 ± 8.4 65.1 ± 9.0 <0.01 

Female, n (%) 944 (53.6) 841 (54.2) 103 (49.3) 0.19 

Smoking status, yes n (%) 171 (9.7) 149  (9.6) 22 (10.5) 0.67 

Alcohol consumption, non-drinker, n (%) 393 (22.3) 323 (20.8) 70 (33.5) <0.01 

Physical activity level, highly active, n (%) 481 (27.3) 455 (29.3) 26 (12.4) <0.01 

Cardiovascular disease, yes n (%) 134 (7.6) 94 (6.1) 40 (19.1) <0.01 

Mean BMI (kg/m2, SD) 28.6 ± 4.9 28.2 ± 4.7 31.4 ± 5.7 <0.01 

Mean arterial blood pressure  (mmHg, SD) 98.0 ± 12.3 97.8 ± 12.4 99.6 ± 11.5 0.05 

Mean triglyceride (mmol/L, SD) 1.7 ± 0.9 1.6 ± 0.9 1.9 ± 1.2 <0.01 

Mean HDL cholesterol (mmol/L, SD) 1.6 ± 0.5 1.7 ± 0.5 1.4 ± 0.4 <0.01 

Mean LDL cholesterol (mmol/L, SD) 3.4 ± 1.1 3.5 ± 1.1 2.8 ± 1.1 <0.01 

Mean HbA1c  (mmol/mol, SD) 39.4 ± 9.8 37.0 ± 4.2 57.4 ± 17.6 <0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t and chi squared tests. 

Abbreviations: HbA1c, glycated haemoglobin; BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SD, standard deviation. 

P <0.05 was considered statistically significant. 
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Table 7.2 Summary of participant retinal microvascular parameters 

Retinal microvascular parameters All (n=1,762) No Diabetes (n=1,553) Diabetes (n=209) P-Value 

Mean CRAE (PX, SD) 29.7 ± 2.2 29.7 ± 2.2 29.6 ± 2.1 0.44 

Mean CRVE (PX, SD) 40.9 ± 3.3 40.9 ± 3.3 41.2 ± 3.4 0.12 

Mean AVR (SD) 0.73 ± 0.06 0.73 ± 0.06 0.72 ± 0.06 0.04 

Mean fractal dimension arteriolar (SD) 1.558 ± 0.051 1.557 ± 0.051 1.561 ± 0.053 0.36 

Mean fractal dimension venular (SD) 1.540 ± 0.050 1.540 ± 0.050 1.541 ± 0.053 0.92 

aMean tortuosity arteriolar (SD) 0.111 ± 0.148 0.108 ± 0.138 0.133 ± 0.208 0.02 

aMean tortuosity venular (SD) 0.068 ± 0.105 0.066 ± 0.099 0.083 ± 0.140 0.01 

Values are n (%) for categorical variables and mean ± SD for continuous variables. P values were calculated by independent samples t tests. Abbreviations: 

CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; SD, standard deviation; PX, pixels. 

aTortuosity values were multiplied by a factor of 1000 for comparative purposes. P <0.05 was considered statistically significant. 
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Table 7.3 Logistic regression analysis of retinal microvascular parameters and diabetes 

  Min adjusted 
  

Fully Adjusted 
 

Retinal parameter OR  95% CI P-Value OR  95% CI P-Value 

aCRAE (PX) 0.92 0.79, 1.07 0.28 0.97 0.82, 1.14 0.67 

aCRVE (PX) 1.10 0.95, 1.27 0.19 1.11 0.95, 1.29 0.21 

aAVR  0.85 0.73, 0.99 0.04 0.88 0.75, 1.04 0.13 

aFractal dimension arteriolar  1.10 0.95, 1.28 0.21 1.15 0.98, 1.36 0.09 

aFractal dimension venular  1.04 0.89, 1.21 0.64 1.02 0.87, 1.21 0.77 

abTortuosity arteriolar  1.18 1.02, 1.37 0.03 1.13 0.96, 1.32 0.13 

abTortuosity venular  1.20 1.04, 1.38 0.01 1.14 0.97, 1.32 0.11 

Abbreviations: CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, retinal arteriolar/venular ratio; CI, confidence 

interval; OR, odds ratio; PX, pixels. aRMPs were transformed into standardised Z-scores before inclusion in regression models. bTortuosity values were 

skewed and therefore log-transformed before inclusion in regression models. Minimally adjusted models included age (yrs), sex with fully adjusted models 

also including alcohol consumption, smoking status, physical activity, history of cardiovascular disease, triglycerides, mean arterial blood pressure, body mass 

index, high and low-density lipoprotein levels. P <0.05 was considered statistically significant. 
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7.4 Discussion 

7.4.1 Retinal microvascular parameters and diabetes 

Advances in retinal imaging technologies have enabled improved quantitative 

assessment of RMPs as surrogates of microvascular health (44). Several studies have 

reported associations between RMPs and diabetes but the findings have not always 

been consistent (27, 29, 30-32, 45-48). In this cross-sectional analysis of 1,762 older 

persons from the NICOLA study categorised as either diabetic or non-diabetic, the 

current study found that AVR, arteriolar and venular tortuosity were significantly 

associated with diabetes when adjusted for age and sex (Table 7.3), but none remained 

significantly associated with diabetes in the fully adjusted models.  

Sabanayagam et al published a recent systematic review and meta-analysis assessing 

associations between CRAE, CRVE and diabetes (10). Five studies which evaluated 

retinal vessel calibre and diabetes in the general population and met the inclusion 

criteria where included in the meta-analysis, the ARIC study, the Australian Diabetes, 

Obesity and Lifestyle (AusDiab, Australia) study, the BDES, the Blue Mountains Eye 

Study (BMES, Australia) and the Multi-Ethnic Study of Atherosclerosis 

(MESA).  They reported that overall retinal venular widening was associated with an 

increased risk of incident diabetes, concluding that an understanding of pathological 

mechanisms which underlie increased retinal venular diameter could enhance 

knowledge about microvascular variations in diabetes (10). 

Yau et al examined associations between retinal vessel calibres with incident diabetes 

and impaired fasting glucose in MESA participants aged 45-84 yrs (49). After a 

median follow up period of 3 yrs, they found that retinal arteriolar widening was 

associated with increased diabetes risk independent of potential confounders. Their 

effect was mostly reported in the Caucasian participants, concluding that there may be 

ethnic variation in vulnerability to diabetes from microvascular pathways (49). The 

Rotterdam study (RS), hypothesised that associations between decreased AVR and 

incident diabetes may be a result of decreased CRAE, increased CRVE or both (29). 

Their findings suggested that variation in AVR was more likely to be explained by 

retinal venular dilatation than narrower retinal arterioles, although more evidence is 

needed to support these conclusions (29).  Kifley et al evaluated associations between 

retinal vessel calibre with diabetes and diabetic retinopathy in 3,654 participants aged 
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≥49 yrs, from the BMES, Australia study. They reported wider retinal arteriolar calibre 

in those with diabetes compared to those without (32, 47), although this finding 

contrasted with the retinal arteriolar narrowing reported by Wong and colleagues, who 

assessed associations between variations in CRAE with incident diabetes (27, 45). 

Jeganathan and colleagues, investigated associations between CRAE, CRVE and AVR 

with diabetes and impaired fasting glucose in a population-based, cross-sectional study 

of 3,404 participants from a multi-ethnic Asian population. They found that wider 

retinal arteriolar and venular calibre were significantly associated with diabetes and 

increasing glucose levels (31). Although unadjusted and minimally adjusted findings 

in the current study suggested retinal arteriolar narrowing and venular dilation was 

associated with diabetes, these associations did not remain significant following 

adjustment for potential confounding variables. Nevertheless, given the meta-analysis 

performed by Sabanayagam and colleagues had more than ten times the number of 

diabetes cases, power to detect associations is likely to have been much reduced in the 

current study (10). 

Experimental studies have implicated diabetes-induced microvascular modification 

and structural morphological changes in retinal vessel complexity and density defined 

by fractal dimension (50). The efficiency of the retinal microvasculature is 

underpinned by optimal blood flow, from which, deviations are commonly observed 

when disease is present. Variation in retinal fractal dimension may be increased under 

hyperglycaemic conditions, leaving the microvasculature susceptible to further 

damage from additional vascular risk factors (51). Studies evaluating associations 

between retinal fractal dimension and tortuosity with diabetic status have been scarce 

thus far (52, 53). Broe et al found retinal vascular fractal dimension to be a shared 

biomarker of microvascular dysfunction in diabetes and that it may be indicative of 

common pathogenic pathways, making it a possible means of stratifying diabetic risk 

(52). Yau and colleagues also evaluated associations between retinal fractal dimension 

and diabetes. They carried out a cross-sectional study on 1,577 individuals with 

diabetes and impaired glucose metabolism and healthy controls from the AusDiab 

study (51). They reported that increased fractal dimension was significantly associated 

with diabetic individuals, but not in those with impaired glucose metabolism, 

suggesting that the existence of early microvascular variations in the retinal 

vasculature of individuals with diabetes (51). Sasongko et al assessed associations 
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between retinal vessel tortuosity with diabetes and diabetic retinopathy, in a clinic 

based study of 327 individuals aged ≥18 yrs. Of the 327 participants, 224 had diabetes 

and 103 were non-diabetic controls (53). They reported that both retinal arteriolar and 

venular tortuosity were significantly increased in participants with diabetes, without 

the presence of diabetic retinopathy. They concluded that individuals with diabetes 

had more tortuous retinal vessels than controls without diabetes (53). While the 

directions of effect in those with diabetes were similar to that in the current study for 

both arteriolar and venular tortuosity in unadjusted and minimally adjusted models, 

these did not remain following adjustment for potential confounders.  

 

7.4.2 Study strengths and limitations 

7.4.2.1 Strengths 

This study had several strengths including the population-based design. The NICOLA 

study included well-characterised participants that captured a broad range of 

demographic factors and clinical variables including co-morbidities and medications 

used that enable comprehensive characterisation of diabetic status. Strict 

characterisation of diabetes (based on self-reported diabetes, medication and HbA1c ≥ 

48 mmol/mol) was in line with similar studies (54, 55). Elevated levels of HbA1c have 

been shown to have strong associations with microvascular diseases and greater 

mortality rates (56). HbA1c has several advantages for use in large epidemiological 

studies, in comparison to using the fasting plasma glucose test (FPG), including 

superior pre-analytic stability, the lack of fasting requirements for individuals having 

the test performed and decreased levels of susceptibility to daily issues such as stress 

or illness (54). Despite these advantages, several previous studies have provided the 

recommendation that HbA1c and FPG tests are used simultaneously in the risk 

prediction of diabetes development and the avoidance of misclassifying diabetes (57, 

58). The availability of optic disc centred retinal fundus images provides improved 

sensitivity for the quantification of RMPs compared to macula centred images, which 

are largely restricted to the retinal temporal arcades. Optic disc centred images are 

particularly useful to obtain measurements of RMPs as the vessel paths, lengths, and 

diameters are at a better level of visibility in comparison to macula centred images. 

Assessment of retinal images was based on a single eye, previous studies have 

https://www.sciencedirect.com/science/article/pii/S0168822715004167#bib0440
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reported a high correlation of RMPs with the fellow eye, supported by our sensitivity 

analysis of comparisons of vessel diameters in 75 participants (Chapter 2, section 

2.1.9.1; 59-61). Finally, developments in retinal fundus imaging technology and 

integration with machine learning approaches will permit quick, non-invasive, point-

of-care diagnoses, potentially improving screening service provision and upgrading 

screening compliance (62). Retinal imaging technologies can be regularly found in 

primary care settings and local opticians being used to screen for diabetic retinopathy. 

Advances in technologies found on smartphones and tablets, in combination with the 

utility of machine learning approaches, highlights the potential of using non-invasive 

retinal photography as an adjunctive or opportunistic screening tool for diabetes (62). 

 

7.4.2.2 Limitations 

There were several limitations to this study. Potential confounders were adjusted for, 

however, there is still the possibility of residual confounding and the mainly Caucasian 

study population aged greater than 50 yrs may be a limitation to the generalisability of 

any findings to other populations, even though the study is well-designed and 

representative of the older Northern Irish population. A small number of participants 

(n=21) self-reported a diagnosis of diabetes from a doctor, but were not taking any 

medications associated with diabetes. Similarly, Leahy et al reported a proportion of 

respondents (n= 108) from the Irish Longitudinal Study on Ageing (TILDA) that self-

reported a doctors diagnosis of diabetes, but, were not taking any diabetes medications 

(54). This could be a result of a reporting error from the study participant, previous 

diabetes, and misdiagnosis or potentially indicates that the individual’s diabetes is 

being managed through modifications of their overall lifestyle, such as dietary control 

or exercise. Finally, variation in different retinal imaging software programmes based 

on different algorithms may make comparisons between studies challenging (10). 

 

7.4.3 Overall conclusion 

In conclusion, although previous studies have reported contrasting associations 

between diabetes and RMPs, this study failed to detect any evidence of significant 

associations in this older community-based cohort. The direction of effect that we 

observed supported those from a previous large meta-analysis but consistency around 
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confounding variables, sample size and variation in algorithm-based measurement 

increase the challenges of cross-study comparisons. 
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8.1 Aims of thesis 

The primary aim of this thesis was to perform a series of cross-sectional analyses of 

the baseline data from Wave 1 of the Northern Ireland Cohort for the Longitudinal 

study of Ageing (NICOLA) to evaluate associations between variation in retinal 

microvascular parameters (RMPs) and chronic diseases with a vascular component, 

including chronic kidney disease (CKD), mild cognitive impairment (MCI), 

depression and diabetes using the Vascular Assessment and Measurement Platform for 

Images of the Retina (VAMPIRE) retinal measurement software. In addition, the 

potential systemic effects of vascular endothelial growth factor (VEGF) inhibition 

therapy on long-term renal function in those with diabetic macular oedema was 

evaluated. Each thesis chapter included a brief literature review of the different disease 

outcomes and the rationale for the proposed hypothesis. The key outcomes and 

implications from the studies carried out as part of this thesis are summarised in this 

chapter. 

 

8.2 A retrospective, cohort, observational study exploring the effects of long-term 

intravitreal anti-vascular endothelial growth factor injections on renal function 

in patients with and without diabetic kidney disease  

VEGF inhibitors have transformed the therapeutic management of several retinal 

ophthalmic conditions including diabetic macular oedema (DMO), neovascular age-

related macular degeneration and retinal vein occlusion (1). As well as its role in the 

eye, VEGF also plays a fundamental part in the maintenance of normal renal function. 

VEGF is released by podocytes in the kidney and interacts with VEGF receptor 2 on 

the glomerular capillaries promoting the integrity of the endothelial fenestrations and 

resultant glomerular barrier function (2). Between, 2005 to 2012, more than 50 cases 

of renal thrombotic microangiopathy, increased proteinuria and antibody-mediated 

kidney transplantation rejection were reported, following the intravenous 

administration of VEGF inhibitors (3-5), suggesting systemic adverse effects may 

attenuate kidney function.  Although intravitreal ranibizumab (IVR) and intravitreal 

aflibercept (IVA) have notably different pharmacokinetic profiles, studies have 

previously reported both these agents can traverse the blood retinal barrier and enter 

the systemic circulation, resulting in reduced circulating levels of VEGF (6-10). 
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Additionally, there have been case reports of unilateral IVR and IVA injections having 

a significant therapeutic effect on the contralateral eye (11-15).  These examples 

suggest systemic responses to intravitreal anti-VEGF agents in spite of the integrity of 

the blood retinal barrier. Furthermore, following intravitreal anti-VEGF injection, 

several cases of acute kidney injury (AKI) have been reported in patients with CKD 

and renal allograft dysfunction with increased hypertension and proteinuria (5, 15-19). 

Although AKI following anti-VEGF therapy is recognised, studies investigating 

longer term effects of anti-VEGF therapy on kidney function have been limited. The 

incidence of diabetes mellitus (DM) is increasing, therefore the burden of diabetic 

microvascular complications including diabetic retinopathy and nephropathy (20) will 

also increase, emphasising the need for stringent safety evaluations of intravitreal anti-

VEGF therapies and the potential systemic consequences associated with their use.  

Chapter 3 evaluates the effects of cumulative anti-VEGF exposure, following repeated 

intra-ocular injections, on estimated glomerular filtration rate (eGFR) and urine 

albumin-to-creatinine ratio (ACR) in patients with DMO. In unadjusted regression 

analysis, the rate of change of eGFR over time showed no evidence of being 

significantly associated with the number of intravitreal anti-VEGF injections and 

remained this way following adjustment for potential confounding factors. Likewise, 

the rate of change of ACR was also not significantly associated with the number of 

intravitreal anti-VEGF injections in unadjusted and adjusted analyses. As expected, 

participants with DKD had significantly lower mean baseline eGFR and higher mean 

baseline ACR in comparison to patients with diabetes but without DKD. Additionally, 

patients with DKD also had significantly lower follow-up eGFR and higher follow-up 

ACR. Patients with DKD did not demonstrate a higher rate of eGFR decline compared 

to individuals with diabetes and without DKD (Chapter 3, section 3.3). This 

retrospective observational study had limited study power (only 85 participants 

included), to detect associations with change in renal function measures. Nevertheless, 

there was no evidence to support an association between change in renal function in 

those receiving VEGF inhibition therapy as a DMO treatment option, between those 

with or without DKD.  
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8.3 A cross –sectional study evaluating the associations between retinal 

microvascular parameters and renal function in the Northern Ireland Cohort for 

the Longitudinal Study of Ageing 

CKD is a major global health concern with affected population estimates ranging 

between 3% and 18% (21, 22) representing a substantial economic burden (23, 24) and 

results in diminished quality of life for those affected (25). CKD incidence and 

prevalence is highest among those of advanced age (23) and is expected to increase 

further as populations continue to age (26). CKD is characterised by irreversible 

reductions in the excretory and homeostatic functions of the kidneys (27) leading to a 

higher risk of adverse outcomes including cardiovascular mortality (28), and is 

predicted to become the fifth most common cause of death worldwide by 2040 (29).  

Improved non-invasive detection of renal decline would offer clinical utility for the 

identification or stratification of those most at risk enabling targeted intervention to 

limit the extent and rate of kidney function loss (30). Despite, the common use of 

indicators of renal function and damage, such as serum creatinine, cystatin C, and 

proteinuria, the capability to identify those at greatest risk of future decline is limited 

(21).  Common microvascular pathology has been reported in the eye and kidney with 

multiple reported associations between renal impairment and retinal microvascular 

variation, although, these findings have not always been consistent (31-35).  Such 

associations may be suggestive of systemic vascular effects that reflect ongoing 

renovascular impairment (36). Furthermore, parallels in the cellular physiological 

characteristics that characterise the renal and retinal microcirculation, including retinal 

pericytes and renal mesangial cells, implicate similar aetiological pathways that lead 

to end organ damage (37). Advances in both retinal imaging modalities and analysis 

applications have improved the identification of microangiopathic variation in the eye, 

providing opportunistic assessment of retinal anatomical features for evaluation of 

association with kidney function measures (38-40).  

Chapter 4 reports the associations between RMPs and eGFR in a cross-sectional 

analysis of older persons from the NICOLA study. The main finding identified venular 

tortuosity to be significantly associated with a moderately increased risk of CKD 

stages 3-5 characterised by eGFR serum creatinine (eGFRSCr). A study by, Benitez-

Aguirre and colleagues reported associations between venular tortuosity and incident 

renal dysfunction in a prospective cohort of 511 adolescents with type 1 diabetes (41).  
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The study findings supported the association of increased venular tortuosity with CKD 

status characterised by eGFRSCr < 60 mL/min/1.73m2. This may suggest that 

microvascular tortuosity may reflect renal changes associated with CKD stages 3-5. 

However, given the cross-sectional nature of this study, it is not possible to 

differentiate cause and effect and a prospective analysis of data would be required, 

which may be possible in future waves of NICOLA (42, 43) (Chapter 4, section 4.3). 

 

8.4 A cross –sectional study evaluating the associations between retinal 

microvascular parameters and mild cognitive impairment in the Northern 

Ireland Cohort for the Longitudinal Study of Ageing  

Cognitive impairment has a significant negative impact on activities of daily living 

(ADL), particularly among the elderly (44, 45). Throughout the ageing process, 

cognitive skills such as conceptual reasoning, memory, and processing speed decline, 

to the extent that some people surpass a pre-defined threshold characterised as mild 

cognitive impairment (MCI).  For many individuals with MCI, there is later 

progression to more advanced dementia (46-51). MCI is regarded as subtle deviations 

in cognitive function from normal ageing, although everyday life normally remains 

largely unaffected. Severe cognitive impairment which may lead to dementia results 

in an extensive loss of cognitive ability and ultimately, independent living (52). A 

better understanding of the normal ageing processes will improve measures of 

successful and healthy ageing and differentiation of normal and diseased states, a fact 

increasingly important given the global increases in life expectancy (53, 54). Despite 

its impact on increased morbidity among individuals of advanced age, the 

characteristic disease aetiology of MCI is not fully understood. Previously, cerebral 

microvascular disease has been associated with an increased risk of both MCI and 

Alzheimer’s disease (55-59), possibly through mutual microvascular risk factors 

including hypertension, diabetes, smoking and inflammation (60-62). Furthermore, 

variations in cerebral microvascular characteristics, such as increased levels of 

tortuosity and arteriolar narrowing, have been previously reported in association with 

worsening changes during the onset of dementia (63, 64). The retinal and cerebral 

microvasculature share similar embryological origins and physiological characteristics 

(65), and advanced retinal imaging has facilitated the non-invasive assessment of 

associations between RMPs and cognitive function (65-69). Additionally, reduced 
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retinal microvascular calibre and fractal dimension have been previously reported in 

association with cognitive impairment, suggesting that this may reflect cerebral 

microvascular variation, particularly in older adults (70, 71).  

Chapter 5 presented data for the evaluation of associations between RMPs and 

measures of MCI in a cross-sectional analysis of older persons from baseline data of 

the NICOLA study. No evidence of association between RMPs and MCI was detected. 

Associations between RMPs and MCI have been previously reported (55, 69, 70) 

although these studies have been mostly limited to the assessment of retinal vessel 

calibre with a small number also considering fractal dimension and tortuosity (71-74). 

Although, a significant association between RMPs and MCI was not identified in 

participants from the NICOLA study, the direction of effects of retinal arteriolar and 

venular fractal dimension observed were similar to previous findings (73), despite the 

less severe phenotype within this population-based study.  A sensitivity analysis to 

examine a more severe MCI phenotype defined by a MoCA threshold ≤ 23 led to the 

reclassification of disease status for some participants. No associations between RMPs 

and the more severe MCI phenotype were detected following adjustment for potential 

confounding variables (Chapter 5, section 5.3).  The definition of MCI is not consistent 

across all population-based studies, although the definition used in Chapter 5 was 

comparable to similar studies (74). In summary, no evidence was found to support 

previously reported associations between RMPs and measures of MCI in the older 

participants of the population based NICOLA study. 

 

8.5 A cross-sectional study evaluating the associations between retinal 

microvascular parameters and depression in the Northern Ireland Cohort for the 

Longitudinal Study of Ageing  

Depression is a serious, common mental health condition that incorporates feelings of 

sadness or hopelessness necessitating clinical intervention. Depression prevalence has 

been shown to increase with age and is associated with higher levels of morbidity, 

suicide, self-neglect and reduced physical, cognitive and social functioning (75-78). 

As populations age, identification of those at greater risk of age-related conditions, 

including depression, becomes increasingly important to ensure appropriate provision 

of treatment (79, 80). Those aged 50 years (yrs) and above, are the most rapidly 
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expanding age demographic in Northern Ireland (NI). The NI population provides a 

novel opportunity to evaluate depression in a setting historically shaped by conflict 

and an undertone of sectarian violence (81, 82). ‘The Troubles’ was a period of conflict 

that spanned from 1969 to 1994 and resulted in increased psychological morbidity and 

mental health problems among individuals exposed to higher levels of conflict (83-

85). In these times, reports of administration of anti-depressant prescriptions increased 

five-fold in the NI population (1989-2000), particularly in those aged > 55 yrs who 

were three times more likely to be prescribed anti-depressant medication than those in 

the 15-24 yrs age demographic (83), emphasising the increasing burden of depression 

among the local population of older adults. The retinal microvasculature shares similar 

anatomical and physiological features with other end organs including the brain, heart 

and kidneys, and subtle changes in RMPs may be reflective of comparable variation 

within the cerebral, renal and coronary circulation (86-88). Advancements in retinal 

fundus imaging techniques provide a novel and non-invasive way to assess the 

microvasculature, presently not possible elsewhere in the body (89-92), and facilitate 

the opportunity to evaluate vascular disease and the wider systemic circulation (87-

92). Variations in RMPs have been previously reported in association with cognitive 

impairment, depression and cerebrovascular disease (68, 71, 93, 94) although the 

nature of associations between RMPs and depression have been inconsistent (95-99). 

A ‘vascular depression’ hypothesis has previously implicated cerebrovascular disease 

in the predisposition, precipitation, and perpetuation of geriatric depressive syndromes 

(100).  

Chapter 6 presented the findings of the evaluation of associations between RMPs and 

measures of depression in a cross-sectional analysis of older persons from the 

NICOLA study using baseline data from Wave 1. Mean retinal arteriolar tortuosity 

was significantly reduced in those with depression before and after adjustment for 

potential confounding variables (Chapter 6, section 6.3). Few studies have previously 

investigated associations between RMPs and depression and the findings reported 

have been inconsistent (95-99). Furthermore, these studies have been largely limited 

to the evaluation of retinal vessel calibre only and did not consider other RMPs such 

as fractal dimension or tortuosity. Associations have however, been previously 

reported between severe and transitory depression and vascular endothelial 

dysfunction (101-104) which may reflect the association observed between reduced 
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retinal arteriolar tortuosity and depression in those of older age. There may be clinical 

utility associated with the use of RMPs to better stratify those at increased risk of 

depression. Although this analysis was cross-sectional and was unable to differentiate 

cause and effect of depression/ tortuosity, it provides a rationale for further 

investigation of the utility of RMPs for the stratification of those at risk of depression.  

 

8.6 A cross –sectional study evaluating the associations between retinal 

microvascular parameters and diabetes in the Northern Ireland Cohort for the 

Longitudinal Study of Ageing 

The prevalence of diabetes imposes an increasing burden on public health systems and 

older individuals are more likely to be over-represented among those with diabetes 

(105, 106). The pathogenesis of diabetes is complex and it is widely regarded as a 

disease with microvascular (retinopathy, neuropathy, and nephropathy) and 

macrovascular (ischaemic heart disease, peripheral vascular disease, and 

cerebrovascular disease) complications (107, 108). Prolonged periods of chronic 

hyperglycaemia commonly lead to damage of the kidney, retina and peripheral nervous 

system, and increased cardiovascular risk (1). The retinal microvasculature comprises 

a collection of small arterioles and venules. Their examination provides a unique and 

non-invasive opportunity to evaluate systemic microvasculature variation and 

abnormalities that may reflect similar changes elsewhere within the microvascular 

system (40, 106, 109-111). Additionally, variation in RMPs may reflect aetiological 

mechanisms that are characteristic of diabetes pathogenesis such as oxidative stress, 

endothelial dysfunction, inflammation and hypertension (112-116). A recent 

systematic review and meta-analysis of several population-based cross-sectional 

studies reported that retinal venular dilation was significantly associated with an 

increased risk for diabetes (106, 117-119). Nevertheless, reported associations in 

prospective studies have not always been consistently reported (106, 120).  

Chapter 7 evaluated associations between RMPs in association with diabetes status in 

a cross-sectional analysis of older persons from Wave 1 baseline data of the NICOLA 

study. No evidence of significant associations between RMPs and diabetes status in 

either unadjusted or adjusted analyses were detected. Previously reported associations 

between RMPs and diabetes have been inconsistent and few studies have assessed 

retinal fractal dimension and tortuosity with diabetic status (117-119, 121-129). A 
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recent systematic review and meta-analysis by Sabanayagam and colleagues, reported 

associations between retinal venular widening and an increased risk of incident 

diabetes (106). Additionally, a study by Nguyen et al evaluated retinal vessel calibre 

with diabetes, glycaemia, and diabetic retinopathy, reporting retinal arteriolar and 

venular calibres widening in those with diabetes.  Their study was based on the Multi-

Ethnic Study of Atherosclerosis (MESA), with implications for ethnic variation, 

highlighting the importance of appropriate adjustment for potential confounding 

factors (119). The study in Chapter 7 identified no association between RMPs and 

diabetes status although limited sample size and the number of participants identified 

with diabetes may have been an issue, should such as association exist (Chapter 7, 

section 7.3). The meta-analysis performed by Sabanayagam et al had a significantly 

greater number of diabetes cases in comparison to those in the NICOLA study (106). 

Furthermore, lack of consistency in relation to confounding factors, sample size and 

variation in algorithm-based measurement increased the challenges of comparisons 

across studies, which may be an area of improvement for future work. 

 

8.7 Considerations for methodologies 

The retrospective nature of the study undertaken in Chapter 3 makes it increasingly 

susceptible to issues such as bias and confounding. The studies undertaken in chapters 

4-7 were cross-sectional in nature and do not permit the evaluation of causation given 

their cross-sectional design. There were several images excluded from these studies 

due to insufficient quality of the image taken for analysis, however, a strong point of 

the NICOLA fundus images was the availability of optic disc centred retinal fundus 

images providing a stronger determination of RMPs compared to studies reliant on 

macula centred images, which are largely restricted to assessment of the 

microvasculature in the retinal temporal arcades (Figure 8.1). Additional issues that 

impact the methodologies undertaken as part of this thesis include but are not limited 

to potential bias, confounding factors, study design, type 1 and type 2 errors and should 

be carefully considered within the context of any findings reported. 
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Figure 8.1 An optic disc and macular centred retinal fundus image 

 

 

Figure 8.1 shows how optic disc centred (A) are more opportunistic for the 

measurement of the six biggest retinal vessel in comparison to macular centred images 

(B). Image A is an optic disc entered image of the author Rachael O’Neill’s eye and 

image B is a macula centred image of Dr Euan Paterson’s eye taken on the NICOLA 

retinal fundus imaging equipment. 

A 

B 
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8.7.1 Confounding Factors 

The analyses undertaken in the current thesis are subject to the potential influence of 

factors associated with the exposure/outcome of interest. These factors are not deemed 

causative, so are considered to be potentially confounding and therefore are adjusted 

for within the analyses as detailed for each individual chapter. Inappropriate 

adjustment for confounding factors may result in erroneous findings being reported, 

making conclusions drawn unreliable for interpretation and in all likelihood this 

represents a major factor as to why many of the previously reported associations have 

been inconsistently reported. In the interests of transparency, unadjusted minimally 

adjusted and fully adjusted models were reported in this thesis and in the manuscripts 

that were drafted for each chapter’s main findings. Variables included within the 

adjusted models were included on the basis that they were significantly different 

between the designated case and control status of the primary outcome measure or 

alternatively they were reported previously in an independent published study in 

association with  RMPs including age, sex, lifestyle factors and various biological 

measures to name a few.  

 

8.7.2 Bias 

8.7.2.1 Chapter 3: A retrospective, cohort, observational study  

Loss of follow-up is a key source of potential bias in cohort studies, this is because 

individuals participating in the study may be lost for a variety of reasons including 

death, declining further participation in the study or through a loss of contact with the 

study participants. These losses could potentially be related to the exposure, outcome 

or both, which may result in significant bias in the measurement of associations 

between exposure and outcome. As the study in Chapter 3 of this thesis was 

retrospective in design, loss of follow up was not considered an issue, as an advantage 

of these study designs are that they are not prone to loss of follow up. They are, 

however, prone to recall or misclassification bias. Additionally, errors can arise from 

the use of electronic health/medical records and potential biases can be introduced into 

the study via the use of boilerplates, copy and pasting of information, tick boxes used 

as default on records and potential delays in time stamps in comparison to the actual 

time of care. 
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8.7.2.2 Chapters 4-7: Cross –sectional studies evaluating retinal microvascular 

parameters and chronic diseases in the Northern Ireland Cohort for the 

Longitudinal Study of Ageing 

Firstly, non-response or non-participation of participants is a major issue affecting 

cross-sectional studies resulting in a source of selection bias for outcome measures. 

This can be problematic if there is a fundamental difference between respondents and 

non-respondents. Secondly, individual study participants may be more prone to recall 

bias when questioned about their past exposures. Thirdly, cross-sectional studies are 

more prone to potential information bias as data collected is commonly collected at 

the same time-point. Data collection in the NICOLA study was obtained followed 

strict standardised and validated protocols by fully trained professionals to minimise 

the potential information bias at data collection. Fourthly, self-reporting questionnaires 

are frequently used to collect an extensive amount of study information. This can be a 

potential source of bias as responders tend to report information which they deem to 

be socially acceptable rather that the truth, particularly in terms of questions regarding 

certain behavioural traits and health conditions connected with taboos, for example, 

alcohol consumption, smoking etc. Fifthly, the studies detailed in Chapters 4-7, 

include retinal images analysed from a subset of NICOLA participants as only a 

proportion attended for health assessment, meaning the subset of participants used in 

the analysis within each chapter was not truly representative of the entire NICOLA 

population. Subset analyses have a higher likelihood of being skewed given the smaller 

size and reduced study power, which may be further exacerbated by reduced 

sensitivity. Therefore, it is important to consider these limitations when interpreting 

and drawing conclusions from the information obtained. Finally, there is always the 

potential of misclassification bias, due to human errors, resulting in the researcher 

unintentionally misclassifying exposure and outcome measures within the study data. 

 

8.7.3 Type 1 and Type 2 error 

The risk of error is determined by the selected significance level and study power. 

When an association is reported but no true association is present, commonly referred 
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to as a false positive, then this results in Type 1 errors. For instance, we reported that 

individuals with depression had a lower arteriolar tortuosity, which may be a 

consequence of type 1 error. Type 2 errors or false negatives occur when the study 

fails to detect a true association despite its presence. For example, we did not identify 

any associations of significance between, RMPs and MCI, RMPs and diabetes, or 

long-term anti-VEGF treatment and renal function. These null findings could be 

resultant of type 2 error. Therefore, it is imperative to take these potential errors into 

consideration when interpreting the study findings detailed within this thesis. 

Additionally, concerns about multiple comparisons can be addressed through 

correction for multiple testing, such as a Bonferroni correction or False Discovery 

Rate. Correction for multiple testing was not considered within the analyses presented 

in this thesis. As such, the interpretation of all P-values should be considered in light 

of the fact that no correction for multiple comparisons has been made.  

 

8.7.4 Study design 

Although the NICOLA study is a longitudinal, population based study only Wave 1 

data was available for this thesis, enabling only cross-sectional analyses. Chapter 3 

employed a retrospective cohort study design where follow-up had already been 

completed. Retrospective, observational and cross-sectional studies are not designed 

to determine causation thereby limiting the conclusions inferred.  Nevertheless, they 

can yield important information including case control comparison of associations 

between variation in RMPs and pre-specified outcome measures. The NICOLA study 

was designed to study the older population of NI as they grow old and provided a 

comprehensive, well characterised set of variables for analyses. The NICOLA 

participants were mostly Caucasian from similar environmental surroundings (resident 

in NI), were of a certain age group and did not participate on the basis of a pre-specified 

disease or factor, presenting an opportune way to study a   “ healthy model of ageing’’. 

Retinal images were not collected as part of NICOLA Wave 2 meaning 

longitudnalfollow up data is currently not possible. Ideally, subsequent future waves 

of NICOLA that incuded retinal imaging would provide the opportunity for further 

knowledge and understanding of the variation with age in the Northern Ireland 
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population, therefore providing some indication of the temporality of the associations 

between RMPs and chronic diseases.  

 

8.7.5 Semi-automated software programme VAMPIRE 

There has been some evidence to suggest that comparisons of RMP measures between 

different software programmes are challenging. McGrory et al compared RMPs 

obtained using the Singapore “I” Vessel Assessment (SIVA) and the VAMPIRE 

software programmes, demonstrating a poor correlation between both which makes 

cross study comparisons difficult (130).  Furthermore, many of the semi-automated 

analysis softwares required an induction training to provide an appropriate level of 

competency to generate reliable data.  Semi-automation necessitates a certain level of 

manual intervention that may potentially introduce systematic bias in the measures 

captured. Quality control measures to ensure good compliance are essential and 

involve comparisons of the measurements generated from defined training sets 

between operators (Chapter 2, section 2.1.9). Overall, the VAMPIRE retinal software 

package was clear, concise and easy to use with minimal manual intervention required. 

 

8.8 Future work 

Retinal microvascular analysis technologies could be enhanced through future 

development and research to reduce operator error and analysis time frames. Full 

automation of these processes has the potential to improve applicability and usability 

in routine clinical practice, especially when analysing data from large scale population 

based studies. There is growing number of large prospective population based studies 

which collectively will provide insight to early disease diagnosis, prevention, 

monitoring and therapeutic intervention for multiple chronic diseases. Recent 

collaborative efforts have facilitated the identification of novel biomarkers associated 

with chronic disease risk to improve early identification of at risk individuals and for 

the assessment of intervention strategies (89). Arnould et al recently reported 

associations between narrower retinal vascular network characteristics and thinner 

retinal nerve fibre layer thickness in elderly participants from the Montrachet 

population based study free from optic neuropathy (131).  
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Recent advances in machine learning approaches for retinal analysis have shown 

potential for rapid, non-invasive, point-of-care diagnoses, with potential for screening 

service provision and compliance (132). Recently, a study by Sabanayagam et al 

reported good levels of performance and validation of deep learning algorithms for the 

estimation of CKD from retinal images (133).  Furthermore, a recent systematic review 

meta-analysed 23 studies, quantifying the specificity and sensitivity of deep learning 

algorithms for retinal vessel segmentation. High levels of sensitivity and specificity of 

deep learning algorithms were reported using the publicly accessible Digital Retinal 

Images for Vessel Extraction (DRIVE), Structured Analysis of the Retina Dataset 

(STARE), CHASE_DB1 and High-Resolution Fundus (HFR) databases, commonly 

used image repositories for analysis of retinal vessel segmentation from digital fundus 

images (134). Google DeepMind continue to investigate the potential utility of 

artificial intelligence programmes for clinical diagnostics, especially in 

Ophthalmology for the detection of eye diseases (135). Future roles of these algorithms 

in the analysis of retinal vessel segmentation and abnormalities is promising, with 

benefits including their ability to automatically ‘learn’ informative features identified 

through well-characterised training datasets, reducing the time-consuming and at times 

problematic processes that underpin manual retinal parameter extraction methods 

(132-135). 

 

8.9 Overall Conclusion 

To fully discover the potential of the retina for evaluation of chronic disease risk, 

additional multi-disciplinary approaches are required to determine the utility of RMPs 

(both pre-specified and artificial intelligence machine learning derived) to represent 

microvascular dysfunction elsewhere in the body. Developments in retinal imaging 

technologies, modalities and analysis techniques, particularly with recent advances in 

the integration of machine learning approaches increase the opportunities that this 

innovative area of research will remain topical and clinically relevant for some time. 

The potential clinical translation of these approaches include rapid, non-invasive, 

point-of-care diagnoses, improved screening service provision and therapeutic 

compliance (132). In order for these retinal imaging and analysis techniques to become 

mainstream in routine clinical practice, further research is essential to determine the 

clinical utility and significance beyond traditional risk factors in chronic disease risk 
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prediction models. In summary, if associations are confirmed, variation in RMPs may 

help identify mechanistic pathways of microvascular complications early in the 

disease process in individuals at increased risk of multiple chronic comorbidities.  

Identification of such individuals may help stratify those that might benefit most from 

increased surveillance and earlier therapeutic intervention to limit disease progression. 

This is particularly important from a public health perspective as chronic disease such 

as CKD, diabetes, depression and MCI present a substantial and growing economic 

burden to the National Health Service. Early detection and care of those at increased 

chronic disease risk can reduce morbidity and mortality and limit the associated 

increased costs of advanced disease to inform policy makers for appropriate service 

provision.  

Furthermore, in contrast to expensive, invasive, exploratory imaging modalities, 

retinal imaging and analysis is readily available in the private and public health sectors 

and is inexpensive, non-invasive and resource efficient. With continuing 

advancements in retinal analysis software and machine learning approaches, 

innovative retinal imaging tools could be developed to improve patient care, especially 

in healthcare settings with limited resources.  
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