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Summary 

This thesis describes a body of work examining associations between retinal 

biomarkers (retinal microvascular parameters [RVP] and retinal layer thickness 

measurements) and measures of renal function and damage (estimated glomerular 

filtration rate and urinary albumin to creatinine ratio).  

Retinal biomarkers have previously been associated with the most significant causes 

of chronic kidney disease (CKD), hypertension and diabetes, and the most important 

effect of CKD, cardiovascular disease.  As a result of recent advances in retinal 

imaging technologies, and the routine collection of fundus photographs and optical 

coherence tomographs at diabetic eye screening clinics and high-street opticians, 

retinal biomarker measurement has become a potentially cost-effective source of 

structural information from the microvasculature and neuronal layers in vivo that can 

be collected semi-automatically and non-invasively as part of routine eye screening or 

measured from pre-existing images. This may allow for cost-effective improvements 

in the early prediction of symptomatic CKD, and/or progression of CKD, helping to 

target earlier treatment initiation, and facilitating new therapeutic avenues. 

To assess the association between retinal arteriolar and venular calibre, arterio-venous 

ratio (AVR), fractal dimension, and tortuosity were measured and their associations 

with estimated glomerular filtration rate (eGFR) and urinary albumin to creatinine 

ratio (ACR) were tested in population-based and clinically derived populations. 

Measurements of retinal thickness were also taken and their association with eGFR 

tested. 

Overall, no evidence of an association between retinal microvascular calibres and renal 

function (eGFR) or damage (ACR) was found independent of known confounding 

influences.  Cross-sectional analyses of UK biobank data showed that sparser retinal 

microvascular networks (lower arteriolar and venular fractal dimensions) were 

associated with an increased risk of ACR > 3mg/mmol. In a prospective cohort, RVPs 

did not predict reductions in renal function in individuals with type 2 diabetes. These 

findings do not provide evidence for associations between measures of retinal 

microvascular calibre and CKD or for predictive value of RVP for the progressive loss 

of renal function in diabetes.  
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Associations between both renal health and RVP and two potential confounding 

factors (diet and cognitive function) were also assessed and models of the association 

between RVP and ACR were constructed to adjust for these factors. The results of 

these analyses did not provide evidence for an association between Alzheimer’s 

disease and eGFR < 60mL/min/1.73m2, nor a clinically significant association 

between cognitive function and ACR > 3 mg/mmol. Consistent with this, models of 

the association between RVP and ACR were not altered following adjustment for 

cognitive function. In the Irish Nun Eye Study, adherence to an unhealthy dietary 

pattern was associated with poorer renal function but no association between the 

dietary intake of various food groups and ACR was found in the UK biobank 

population and associations between RVP and ACR were not altered following 

adjustment for dietary intake. The work presented in this thesis did not, therefore, 

provide sufficient evidence that either cognitive function or dietary intake warrant 

inclusion as confounding variables in future studies of RVP in CKD. Finally, novel 

associations between inner retinal layers and eGFR < 30 mL/min/1.73m2 were found 

in conjunction with altered fractal dimensions in the retinal microvasculature which 

supplies the inner retinal layers. Longitudinal analysis of this association may be 

warranted to assess the predictive potential of retinal thickness measurements for 

CKD.  
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Chapter 1 

Introduction 
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1.1 Introduction to Chronic Kidney Disease  

1.1.1 Introductory history of Chronic Kidney Disease 

Symptoms of renal disease have been known since antiquity. During the pre-modern 

era, prior to the development of investigative tools in the renaissance, enlightenment 

and scientific revolution, a minority of physicians and natural philosophers were able 

to identify functions of the kidneys and signs of their dysfunction, although often with 

mistaken interpretations. Aristotle described the kidney’s ability to remove liquid from 

the blood into the urine.1 Galen of Pergamos (now the district of Bergama, Turkey. 

See Figure 1.1.), wrote perhaps the first recorded understanding that the kidneys 

performed a filtering function and produced urine.1 His posthumous mentor, 

Hippocrates of Kos, identified that bubbles on the surface of the urine indicate disease 

of the kidney.2 Rufus of Ephesus, another Greek speaker of classical antiquity, 

described the occurrence of oliguria and polyuria following renal damage.2  Even in 

these earliest considerations of renal disease, there was an appreciation of the 

relationship between the vasculature and the kidneys. Aristotle described the kidney’s 

functions to include support for the vasculature.3 While the Egyptian Book of the Dead 

describes the kidneys as providing advice to the heart.1 

  

Figure 1.1. A map of Greece and Asia Minor illustrating the locations of the earliest recorded 

commentators on renal disease. 
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During the Renaissance, Paracelsus reported that the urine produced by some 

individuals congealed to produce a precipitate with the addition of vinegar and wine.4 

Frederick Dekkers described precipitation from urine after boiling4 and William 

Cruickshank described precipitate forming from the urine of oedematous individuals 

after heating and addition of nitrous acid.4  

In 1827, Richard Bright published a description of kidney disease that came to be 

characterised by oedema, pathological changes to the kidneys observed by autopsy, 

and urinary albuminuria detected by heating the urine above 140OF and observing 

opacity develop.5 The understanding of the association between renal disease and 

cardiovascular health also advanced at this time.  Bright’s disease was linked to cardiac 

hypertrophy,5 hardening of the arteries,6 and with his invention of the sphygmograph 

(Figure 1.2.), Frederick Akbar Mohamed discovered the association between kidney 

disease and hypertension.7  

Figure 1.2. An illustration of Frederick Akbar Mohamed’s shygmograph.8 Image from 

Arnold and Sons. Catalogue of Surgical Instruments and Appliances. Page 315. 

(Arnold and Sons, 1895). 

In the late 19th Century, Achard and Castaigne developed a test for renal failure based 

on slowed excretion of the dye methylene blue,9 which allowed for renal failure to be 



4 

 

distinguished from other causes of oedema. During the 20th century, the measurement 

and estimation of renal function progressed with the measurement of serum creatinine 

pioneered by Thomas Addis10 and inulin clearance by Miller and Winkler.11 In 1976, 

Donald Cockcroft and Henry Gault developed the widely-used Cockcroft-Gault 

formula for estimating glomerular filtration rate,12 which was only recently replaced 

by the Modified Diet in Renal Disease (MDRD) formula for estimated glomerular 

filtration rate (eGFR) and subsequently the CKD Epidemiology Collaboration (CKD-

EPI) formula in 200913. Also during the 20th century, the baro-regulatory functions of 

the kidneys were demonstrated in Goldblatt’s renal clamp experiment (Figure 1.3.),14 

highlighting the role of the kidneys in cardiovascular health, while Goldwasser and 

Jacobson identified the kidneys as the source of production of a key hormone 

regulating red blood cell production, erythropoietin.15  

 

Figure 1.3. A Goldblatt renal clamp, a tool used to constrict the renal arterial flow resulting in 

systemic hypertension.16 Image from Goldblatt, H. The renal origin of hypertension. Physiol. 

Rev. 27, 120–165 (1947). 

 

Despite the significant vascular effects of renal disease, prior to the development of 

renal replacement therapy, the most important effect of renal disease was renal failure 

resulting in the build-up of uremic toxins and death in a matter of days to weeks. In 
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the 1960s, prior to the widespread availability of renal replacement, an estimated 

70,000 deaths occurred annually as a result of end-stage renal disease (ESRD).17 In 

1944, Kolff and Berk produced the first dialyser, and in 1954 Hamburger undertook 

the first in-human renal transplants.17 These advances changed renal failure from a 

death sentence to survivable condition. Indeed, in developed nations with good 

availability of renal replacement therapy, the commonest cause of death in those with 

ESRD is cardiovascular disease, the same as the general population, albeit with a 

greater mortality risk.18 

ESRD represents the extreme end of a process of renal functional decline with less 

than 2% of those with reduced renal function having reached renal failure. Reduced 

renal function is associated with important vascular changes (outlined in section 1.2) 

and increased morbidity and mortality (outlined in section 1.1.3.2). In 2002, the 

clinical importance of reduced renal function prior to the development of renal failure 

was formally recognised in the National Kidney Foundation (NKF) Kidney Disease 

Outcomes Quality Initiative (KDOQI) Clinical Practice Guidelines for Chronic 

Kidney Disease: Evaluation, Classification, and Stratification in the form of chronic 

kidney disease (CKD) stages19. This marked a paradigm shift from treatment to 

prevent death from uraemia, to early diagnosis of renal dysfunction and prevention of 

renal decline. This change in clinical focus reflected the known value of preventing 

renal failure, but also the risks posed by functional renal decline prior to renal failure 

(see section 1.1.3.2 and 1.1.3.3). With increasing recognition of early-stage CKD, 

screening and detection initiatives such as the Kidney Early Evaluation Program 

(KEEP)20 have been developed to trigger preventative measures that avoid or slow 

progressive loss of renal function. Common treatments target hypertension (e.g. 

angiotensin converting enzyme [ACE] inhibitors, and angiotensin II receptor blockers 

[ARBs]), hyperglycaemia, and smoking, through medications and lifestyle advice 

etc.21 In 2012, the KDOQI CKD staging guidelines were expanded to include 

categorisations based on urinary albumin to creatinine ratios21. As CKD incidence and 

prevalence continue to increase, and CKD is set to become one of the commonest 

causes of mortality, the development of early detection and risk stratification methods, 

and treatments to protect from, and reverse, pathological changes within the kidney 

will be of value. 
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1.1.2 The epidemiology of CKD 

1.1.2.1 CKD Prevalence 

Estimates of CKD prevalence, based on GFR and urinary albumin to creatinine ratio 

(ACR) categories, range from around 3% to 17%,22 varying between country and 

study, with estimates in the UK and USA of 7%, making CKD prevalence similar to 

that of better known conditions such as  diabetes (7% prevalence in England23 and 9% 

in the US24). The high prevalence of CKD has resulted in some authors describing 

CKD as epidemic25. And although CKD prevalence may have stopped rising in the 

USA26, CKD is projected to become the 5th leading cause of death globally in by 

2040.27 

1.1.2.2 The population at risk of CKD 

Given the range and ubiquity of possible causes of CKD (see section 1.1.2.6) the 

population at risk is the general population. However, those with diabetes and/or 

hypertension, and those with familial history of CKD constitute a group with the 

greatest risk. CKD prediction is limited however, with CKD diagnosed only after renal 

function is chronically reduced to below approx. 60%21. Improved CKD prediction 

would, therefore, be advantageous. 

1.1.2.3 The Distribution of CKD 

1.1.2.3.1 Geographical: 

CKD prevalence varies widely between countries22. Similarly, within countries CKD 

incidence can vary considerably. For example, the USRDS published ESRD 

incidences rate indicating that there are differences of around 2 fold and greater 

between areas within most US states28 (see Figure 1.4.). The causes behind 

geographical variation in CKD incidence and prevalence are multifactorial, reflecting 

differences in exposure to a variety of risk factors, and are not well defined.  
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Figure 1.4. An illustration of intra-county geographical variation in the USA.  Colours 

represent annual incidence rates per million.28 Image from United States Renal Data System. 

United States Renal Data System Incident and Prevalent Counts by Quarter. USRDS. (2017). 

 

1.1.2.4 Age 

Figures 1.5. and 1.6. illustrate age-related changes in renal function and damage 

respectively. As age advances, glomerular filtration rate falls29 and albuminuria 

increases30. This results in a greater prevalence of CKD and ESRD in older 

populations22. Age-related decline in renal function typically occur at rates around 0.36 

– 1.21 ml/min/1.73m2 per year29,31. This is often considered part of normal healthy 

ageing. However, such age-related reductions in renal function are associated with 

increases in cardiovascular risk.29  
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Figure 1.5. GFR (urinary clearance of inulin) by age. In panel a, GFR is shown for men. In 

panel b, GFR is shown for women. A horizontal reference line indicates 60 ml/min/1.73 m2 

(CKD stage 3). Solid lines represent the mean value of GFR, dashed lines represent the 1 SD 

from the mean.29 Image from KDIGO CKD Work Group. KDIGO 2012 Clinical Practice 

Guideline for the Evaluation and Management of Chronic Kidney Disease. Kidney Int, 1 

(2012). 
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Figure 1.6. Age and prevalence of albuminuria. Image adapted from Chen, F. et al. 
Albuminuria: Prevalence, associated risk factors and relationship with cardiovascular disease. 
J. Diabetes Investig. 5, 464–471 (2014).30 

 

1.1.2.5 Sex 

CKD prevalence varies by sex. It is not clear whether such variances result from 

genetic and hormonal differences between the sexes or whether cultural and 

socioeconomic differences in these countries are the primary causes of varied 

prevalence and outcomes. Nevertheless, meta-analyses indicate that overall there is a 

greater prevalence of CKD among women than men.32 However, men are more likely 

to progress to ESRD and have a higher CKD mortality.33  

1.1.2.6 Causes of CKD  

CKD can result from a variety of causes. Diabetes and hypertension are the commonest 

causes of CKD worldwide, with chronic glomerulonephritis, chronic interstitial 

nephritis, and renovascular disease also being common causes, often with unknown 

aetiologies34 (see Figure 1.7.). The causes of a large proportion of kidney disease cases 

remain unknown.34  
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Figure 1.7. CKD causes as a proportion of CKD cases.34 Image from Jha, V. et al. Chronic 

kidney disease: global dimension and perspectives. The Lancet. 382, 260–272 (2013). 

 

1.1.3 The healthcare burden of CKD 

1.1.3.1 Health-related Quality of Life 

Improvement of Health-related Quality of Life (HRQOL) has been recognised as an 

objective by the World Health Organisation35 and American Centers for Disease 

Control and prevention.36 HRQOL can be defined as “an individual’s or group’s 

perceived physical and mental health over time”.36 HRQOL scores provide measures 

of an individual’s health consistent with the biopsychosocial model of health37 by 

measuring mental and physical function, health conditions, socioeconomic status, and 

social support etc.  In CKD, HRQOL measured using the validated KDQOL-SF and 

EQ-5D-3L questionnaires is lower in patients with more severe CKD.38,39 Physical 

scores, physical function, cognitive function, sleep, energy, general health, 

pain/discomfort, mobility, usual activity, and social function are all lower in CKD 
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compared to normal renal function and are worse in more advanced stages of CKD.38 

A quality-adjusted life year (QALY) is a unit of measurement designed to account for 

both length and quality of life (one QALY represents one year in perfect health) in 

economic assessments of diseases interventions. Those who reach stage 4/5 CKD 

experience a 6.8 and 4.2 QALY reduction for women and men respectively 

1.1.3.2 CKD related Mortality 

The global burden of disease study 201340 noted an increase in global life expectancy 

resulting from reductions in mortality for a range of conditions including cancers, 

respiratory conditions, etc. However, global gains in life expectancy were offset by 

increases in mortality resulting from a number of conditions including CKD. In the 

2016 global burden of disease study, CKD was forecast to be one of only a few 

conditions for which annual mortality rates would increase in the coming two decades, 

expected to become the fifth leading cause of death.27  

CKD greatly increases mortality rates compared to the general population. For 

example, Neovius et al (2014)41 reported that 6 year survival on haemodialysis was 

around 25% with similar survival rates for peritoneal dialysis. This compared to 

around 85% survival in the general population in the same study. Mortality rates for 

those with CKD and receiving renal replacement therapy (RRT) in this study are 

illustrated in Figure 1.8.41 Mortality risk is increased from the early stages of CKD,18,41 

and although diabetes and hypertension exacerbate mortality risk in CKD,42 CKD itself 

carries a risk of mortality independent from those conditions.42,43 Globally, an 

estimated 26.26 million years of life were lost as a result of CKD annually,27 

highlighting the importance of the condition.  
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Figure 1.8. Mortality rates in CKD and ESRD in comparison to the general 

population.41 Image from Neovius, M., Jacobson, S. H., Eriksson, J. K., Elinder, C.-

G. & Hylander, B. Mortality in chronic kidney disease and renal replacement therapy: 

a population-based cohort study. BMJ. Open 4, e004251 (2014). 

 

 

1.1.3.3 Common causes of mortality in CKD 

ESRD and uraemia are not the primary causes of death in CKD. As with the general 

population, the commonest causes of death for those with CKD are cardiovascular 

disease and cancer.18 However, CKD is associated with a greatly increased mortality 

rate, even in the absence of overt renal failure. In particular, mortality from 

cardiovascular disease increases substantially as CKD progresses, with cardiovascular 

disease (CVD) accounting for nearly 60% of all mortality in those with stage 5 CKD 

(see Figures 1.9. and 1.10.).18 
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Figure 1.9. CKD stage (eGFR staging) and CVD mortality (red bars), plotted alongside 

ESRD frequency (navy bar). Adapted from Gansevoort et al. (2013).18 Image adapted 

fromGansevoort, R. T. et al. Chronic kidney disease and cardiovascular risk: 

epidemiology, mechanisms, and prevention. The Lancet 382, 339–352 (2013). 

 

 

Figure 1.10. CKD stage (ACR staging) and CVD Mortality. Adapted from Gansevoort 

et al.18 Image adapted fromGansevoort, R. T. et al. Chronic kidney disease and 

cardiovascular risk: epidemiology, mechanisms, and prevention. The Lancet 382, 339–

352 (2013). 

1.1.3.4 The financial cost of CKD 

In the UK, the cost attributable to CKD in England was £1.45 billion for the National 

Health Service (NHS) between 2009 to 2010,44 and cost of ESRD alone to the 

Medicare system of the USA was $20.8 billion in 2007.45 The majority of this cost is 

0

10

20

30

40

50

60

70

ESRD Stage 1-2 Stage 3A Stage 3B Stage 4 Stage 5

P
ro

p
o
rt

io
n
 o

f 
p
at

ie
n
ts

 (
%

)

Renal function

0

5

10

15

20

25

30

35

40

45

50

A1-2 A2 A3

P
ro

p
o
rt

io
n
 o

f 
p
at

ie
n
ts

 (
%

)

Renal damage



14 

 

accounted for by RRT meaning that around 1.5% of kidney patients, those with ESRD 

(<0.1% of the population), require around 2% of all healthcare spending.44 This 

highlights the value in early identification of those at risk of progression to ESRD and 

instigation of early preventative measures. Most low and middle-income countries 

cannot afford the life-saving benefits of RRT made available in the developed world 

during the last 60 years. Despite its relatively small population, Europe is home to 80% 

of the world’s RRT recipients while RRT remains mostly unavailable to individuals in 

low-income countries46 (see Figure 1.11.), again highlighting the need for early 

identification and risk stratification. 

 

 

Figure 1.11. Countries plotted by prevalence of patients receiving RRT vs. per capita 

GDP.46 Image from White, S. L., Chadban, S, J., Jan, S. Chapman, J, R., Cass, A. How 

can we achieve global equity in provision of renal replacement therapy? Bulletin of the 

World Health Organization. 86, 161-240 (2008).  
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1.1.3.5 Dementia and CKD 

In addition to the well-established connections between CKD and hypertension, CVD 

and diabetes, CKD may also confer a significantly increased risk of dementia, as has 

been highlighted in a meta-analysis by Etgen et al (2012).47 CKD has also been 

suggested as a risk factor for the commonest form of dementia, Alzheimer’s disease, 

which accounts for between 60% and 80% of dementia cases48 and is associated with 

cerebral amyloid-β (Aβ) plaque deposition.49,50 Dementia diminishes individual 

quality of life and has substantial direct and indirect healthcare costs (the UK dementia 

costs are estimated at £26.3 billion when private and unpaid care is accounted for51). 

The burden of CKD on society may be substantially greater than current estimates 

suggest, if CKD is confirmed as a dementia risk factor. Associations between CKD 

and Alzheimer’s disease and/or cognitive decline were assessed as part of this thesis 

(See chapters 6 and 7). 

 

1.1.4 CKD definition and measurement 

Current CKD staging and classification recommendations follow the CGA format: 

CKD cause (C), GFR stage, and ACR staging29. CKD cause is based on the location 

and nature of pathological findings within the kidney and existence of systemic 

disease29, established through clinical interview, medical and family history, 

laboratory measures, imaging, and physical examination29. The rest of the CGA 

acronym is arrived at via serum and urine sample analysis to establish quantitative 

measures of renal function and damage. An eGFR is calculated based on serum 

creatinine values and constitutes the “G” in the acronym, and an ACR provides an 

indication of renal damage and fulfils the requirements for the “A” of the acronym. 

The staging thresholds for eGFR and ACR are shown in Table 1.1. 
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An example of “CGA” (Cause, GFR, ACR) classification would be: 

Cause: Diabetic Kidney Disease  

GFR Category: 3A   

Albuminuria category: A2 

This would denote an individual with diabetic kidney disease with an eGFR between 

45-59 ml/min/1.73m2, and an ACR between 3 and 30 mg/mmol. Table 1 displays CKD 

staging and prognosis. 

 

Table 1.1. CKD staging categories, adapted from KDOQI (2014).21 Image adapted 

from Nelson RG, et al. KDOQI Clinical Practice Guideline for Diabetes and CKD: 

2012 Update. Am. J. Kidney Dis. 60, 850–886 (2012). 
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1.2 The vasculature in CKD 

1.2.1 Renovascular damage in CKD 

Vascular damage plays a role in the aetiology of CKD and in the subsequent pathology 

resulting from CKD. Damage to the renal microvasculature in chronic kidney disease 

results in alterations to renal microvascular structure, with some diseased kidneys 

exhibiting tortuous and inconsistently thickened arterioles accompanying progressive 

loss of the renal microvasculature.52 The resultant hypoxia may play a causative role 

in the glomerulosclerosis,53 tubulointerstitial fibrosis,54 loss of glomeruli and atrophy 

of renal tubules evident in several forms of CKD52.  The renal fibrosis, in turn, 

exacerbates hypoxia by increasing diffusion distances.52 Improving peritubular 

capillary blood flow is protective against CKD in animal models55.   

Hypertension is accepted as one of the commonest causes of CKD34 and contributes 

to CKD progression56, yet the majority of individuals with hypertension never develop 

CKD. A mechanism for hypertensive damage in CKD involving an initial failure of 

preglomerular vascular protection of the glomeruli, and resultant susceptibility to 

hypertension, has been proposed in a review by Bidani et al 201457. During normal 

fluctuations in blood pressure, the preglomerular resistance vessels, and in particular 

the afferent arteriole, maintain renal blood flow, glomerular capillary pressure and 

glomerular filtration rate via autoregulatory contraction and relaxation. Impaired 

preglomerular autoregulation results in exposure of the glomeruli to normal and 

aberrant fluctuations in blood pressure57. Animal models support this and indicate that 

a greater frequency of blood pressure spikes is associated with worse renal damage in 

those with impaired autoregulatory responses which may be linked to impaired nitric 

oxide (NO) production and availability.57 A mechanism for hypertensive damage in 

CKD involving an initial failure of preglomerular vascular protection of the glomeruli, 

and resultant susceptibility to hypertension may suggest an increased risk of CKD 

progression in patients with particular patterns of vascular damage. The role of 

vascular damage in the development and progression of CKD may facilitate the use of 

vascular imaging modalities for the detection of abnormalities associated with 

increased risk. 
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1.2.2 Systemic vascular damage and remodelling in CKD 

CKD is associated with a pattern of systemic vascular remodelling that differs in some 

respects to that observed in hypertension, CVD, and diabetes. In addition to traditional 

CVD risk factors such as hypertension, hyperglycaemia/diabetes, and increased LDL 

cholesterol, individuals with CKD are commonly exposed to altered bone-mineral 

metabolism, low haemoglobin, albuminuria, and increased oxidative stress and 

inflammation.58 The importance of non-traditional risk factors in the development and 

progression of CVD in those with CKD is emphasised by the poor association between 

scores derived from traditional CVD risk prediction models, e.g. the Framingham risk 

score, and CVD in those with CKD.59 Moreover increased CVD risk in renal 

dysfunction may begin alongside subclinical reductions in renal function,34 

highlighting the importance of detecting CKD related vascular processes at the earliest 

opportunity. 

1.2.2.1 Endothelial dysfunction  

Measures of endothelial dysfunction such as flow-mediated dilatation and arterial 

stiffness have been reported in both small60 and large61,62 arteries in CKD. Endothelial 

dysfunction involves impairment of the endothelial regulation of vascular tone, blood 

viscosity, inflammation, coagulation, and angiogenesis,63,64 and is likely to contribute 

to detectable alterations in vascular thickness and branching geometry. 

1.2.2.2 Calcification 

CKD involves changes in concentrations of metabolites involved in mineral 

metabolism resulting in calcification of soft tissues and bone remodelling.65 Although 

vascular calcification is a more significant concern in later-stage CKD associated with 

greatly increased cardiovascular mortality,66,67 the process of vascular calcification can 

begin when there is only a moderate reduction in renal function.65,68 Calcification has 

been associated with greater abdominal aorta tortuosity69 and is likely to affect blood 

vessel widths and branching patterns.  

1.3 Vascular imaging and CKD 

Novel and existing biomarkers for CKD may allow earlier prediction of asymptomatic 

CKD or identify individuals with higher risk of CKD progression. Biomarkers will 
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prove useful if they can help in overall strategies to reduce healthcare costs and 

minimising disease burden for individuals. Given that vascular damage in CKD 

involves a range of CKD-specific processes which begin early in the disease 

progression, vascular imaging modalities may provide useful tools to help prediction 

and treatment stratification based on individual vascular presentation. 

A variety of imaging modalities exist which allow for vascular imaging in living 

subjects, including magnetic resonance imaging (MRI), computed tomography (CT), 

ultrasound, optical coherence tomography (OCT), and microscopy. Each imaging 

modality relies on different electromagnetic phenomena, is capable of producing 

images at characteristic tissue penetration depths, and spatial resolutions, and is limited 

by practical limitations. These pragmatic considerations are summarised in table 2. 

Non-optical imaging methodologies (magnetic resonance angiography [MRA], CT 

angiography, positron emission tomography [PET]) are typically invasive and 

expensive relative to optical imaging methodologies. Vascular imaging using MRA 

and CT allow for deep vasculature to be imaged but usually require potentially harmful 

radio-opaque contrast agents.70–72 Vascular imaging using ultrasound, MRA and CT 

allow for imaging of the large deep vessels as a result of the tissue penetration depth 

possible with the wavelengths of electromagnetic radiation used, but have insufficient 

optical resolution or contrast to allow imaging of the microvasculature.70 Therefore, 

whilst useful in certain research and clinical settings, these vascular imaging 

modalities are too costly or invasive to be justifiable in population-wide screening for 

many conditions. See Table 1.2. for practical considerations relating to vascular 

imaging modality selection. 
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 Electromagnetic 

phenomena 

Penetration 

depth 

Resolution Invasiveness 

MRI Nuclear emission of 

radio frequency energy 

in response to resonant 

magnetic fields  

Entire body 100 µm  Use of potentially 

harmful contrast 

agents 

CT 

(& micro-

CT) 

Reflection of 0.1-10 nm 

electromagnetic waves, 

x rays 

Entire body 

(limited) 

100 µm (~1 

µm) 

Use of potentially 

harmful contrast 

agents  

Ultrasound Reflection of 2-20 MHz 

electromagnetic waves 

(ultrasound) 

300mm 30 µm Non-invasive 

OCT Interferometry 

(interference of visible 

light reflection) 

~1-2 mm 1-10 µm Non-invasive 

Microscopy  Reflection and 

magnification 

<1mm 1 µm Non-invasive 

Table 1.2. Practical consideration relating to vascular imaging modality selection.70 

Table adapted from  Upputuri, P. K., Sivasubramanian, K., Mark, C. S. K. & Pramanik, 

M. Recent Developments in Vascular Imaging Techniques in Tissue Engineering and 

Regenerative Medicine. BioMed Research International. v2015, 783983 (2015). 

 

The wavelengths of light used in optical imaging modalities lack the penetration depth 

required to image the vasculature in vivo in most human tissues.70 However, the eye 

provides an ideal portal for microvascular imaging using optical imaging modalities 

that have sufficient optical resolution to image much of the retinal microvasculature. 

The pupil allows light to pass through to an exposed layer of tissue and 

microvasculature, viz. the retina and the retinal microvasculature. In addition, retinal 

fundus cameras and OCT cameras are widely available being present in high-street 

opticians and diabetic retinopathy screening clinics. Although retinal cameras have a 

high upfront cost, their ubiquitous current availability, and the relative speed and ease 

of their use, coupled with their non-invasive nature, makes them an ideal tool for 

repeated vascular assessments and population screening. Furthermore, the 

infrastructure required for undertaking retinal microvascular analysis in large subsets 

of the population already exists thanks to the widespread availability of suitable retinal 

fundus cameras in diabetic screening clinics and high street opticians. 

1.4 Quantification of retinal microvascular parameters 

1.4.1 An introduction to the retina 

For the benefit of readers with no background in ophthalmology or optometry, a brief 

description of the features of the retina follows. This description focusses on 
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anatomical features relevant to the present thesis and is intended as a reference and 

reminder rather than an exhaustive resource. 

The retina (Figure 1.12.) is the innermost of the three layers of the eye surrounding the 

gel-like vitreous humour. The white outer layer of the eye, the sclera, is an opaque 

fibrous layer of collagen and elastin which provides protection to the underlying 

layers. The middle layer, the choroid, is a vascular bed which supplies blood to the 

outer layers of the retina. The retina itself is a neuronal tissue comprising the light-

sensitive photoreceptor cells and a range of other cell types responsible for signal 

transduction towards the visual cortex in the brain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12. Left: Normal eye anatomy. Right: an image of the retinal fundus. 

The cells of the retina are arranged in layers visible via stained histological 

preparations and OCT imaging (see Figure 1.13). Terminology for these layer varies 

in the literature but this thesis will make use of the nomenclature produced by the 

International Nomenclature for Optical Coherence Tomography (INOCT) Panel.73 

These layers include the retinal pigmented epithelium (RPE), layers associated with 
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the photoreceptors containing the light-sensitive rods and cones, the external limiting 

membrane (ELM), outer nuclear layer (ONL), outer plexiform layer (OPL), inner 

nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL), the retinal 

nerve fibre layer ([NFL] containing the retinal ganglion cell axons), and the inner 

limiting membrane (ILM).  

 

 
Figure 1.13. A stained histological preparation of the retinal layers annotated with 

International Nomenclature for Optical Coherence Tomography (INOCT) nomenclature. 

 

The point at which the retinal ganglion cell axons pass through the three layers of the 

eye appears as a pale yellow oval called the optic disc (also known as the optic nerve 

head), which can be seen in the centre of the fundus image in Figure 1.12.  The retinal 

microvasculature (the retinal arterioles and venules) also enter and exit the eye through 

the optic disc. The optic nerve contains no photoreceptor cells and consequently is the 

location of the blind spot in human vision. 

On the left-hand side of Figure 1.12., the macula, an area of pigmentation, is visible. 

This area contains the highest concentration of photoreceptor cells in the eye and 

therefore is the area capable of the highest resolution. The macula is responsible for 

central vision. The area between the macula and optic disc is termed the posterior pole. 

The optic disc is on the nasal side of the posterior pole, while the macula is on the 

temporal side of the posterior pole. It should be noted that clinical and anatomical 
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literature have different naming conventions for the macula, and several other related 

areas of the fundus (see Figure 1.14. and Table 1.3.). Within this thesis, the clinical 

naming conventions are used. 
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Figure 1.14. A retinal image74 showing the anatomical nomenclature for regions of the 

retina. Note that diameter approximations differ slightly from those presented in Table 

1.3. Image from Dresden. Understanding Macular Degeneration. (2019) at 

https://dresden.vision/eye-health/macular-degeneration 
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Nomenclature   

Clinical  Anatomical Description Ref. 

Posterior pole Macula The macula is the only area of the retina with 

more than 1 layer of retinal ganglion cells 

comprising its ganglion cell layer. 

 

5.5mm area (approx. 18 degrees of visual field or 

3.5 optic disc diameters 

 

Bordered by the superior and inferior temporal 

arterial arcades 

 

Note that other definitions and uses of “posterior 

pole” exist such as the area between the optic disc 

and macula or the central point of the scleral 

curvature. 

75,76 

 Perifovea  The outer annulus of the macula surrounding the 

parafovea, approx. 1.5mm between the inner and 

outer margins, with the outer margin of the 

parafovea as its inner margin. 

 

The ganglion cell layer of the perifovea contains 

between 2 and 4 layers of cells. 

 

77 

 Parafovea An annular area, approx. 0.5mm thick, 

surrounding the fovea, with the outer edge of the 

fovea being its inner limit.  

 

Histologically, the parafoveal GCL has more than 

5 layers of cells.  

Diameter of 2.5mm. 

77 

macula The fovea or 

fovea centralis 

The area of depression in the centre of the macula  

 

Diameter of 1.5mm (~1 optic disc-diameter) (~ 5 

degrees of visual field) 

75 

The fovea The foveola The lowest depressed area of the centre of the 

macula.  Diameter of 0.35mm ~ 1 degrees of 

visual field 

 

75 

 The umbo The depressed area at the centre of the foveola 

Diameter of approx. 0.15mm 

 

77 

 Foveal 

avascular zone 

(FAZ) 

Diameter of 0.5mm ~ 1.5 degrees of visual field  

Table 1.3. Clinical and anatomical retinal nomenclature. 

The retinal arterioles and venules are clearly visible in fundus photographs (see Figure 

1.12). The central retinal artery divides into the retinal arterioles after it enters the eye, 

typically after two bifurcations.78 The retinal arterioles spread out in all directions 

across the surface of the retina. The retinal venules converge from the peripheral retina 
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toward the optic disc where they join the central retinal vein upon exit through the 

optic disc. The retinal microvasculature is situated below the ILM, within the NFL and 

GCL. Between the retinal arterioles and venules, the retinal capillaries form a mesh-

like network with calibres too small to be resolved by standard fundus cameras. The 

retinal microvascular cell walls are transparent, and the retinal arterioles and venules 

can be distinguished by their cytochromic colouring. The oxygenated arterioles 

typically appear redder and paler, while the venules appear darker and burgundy. In 

some individuals, the choroidal vessels are visible through the retina in fundus 

photographs as a result of low concentrations of macular pigmentation (see Figure 

1.15.). 

Figure 1.15. Macula centred fundus image with visible choroidal vasculature. 

 

1.4.2 Imaging the retinal microvasculature using retinal fundus cameras 

Fundus cameras are standard single lens reflector cameras with specialised low 

magnification microscopes attached79 which enable imaging of the retina in 

microscopic detail. The resolution and penetration depth allows for the retinal 
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arterioles and venules to be imaged. Modern cameras make use of infrared focusing 

enabling non-mydriatic photographs to be taken, i.e. the cameras can be focussed in a 

darkened room allowing for images to be captured without pharmacologically induced 

pupil dilation.79   

Fundus cameras are most commonly used to capture images of the macula and optic 

disc for the assessment of signs of retinopathy, macular degeneration and other 

common retinal conditions. Images are most often centred on the macula or optic disc 

(see Figure 1.16.).  

 

 

Figure 1.16. Left: A macula centred fundus image. Right: An optic disc centred fundus image. 

 

 

The retinal photographs shown in figure 1.17. are partial images of the retinal fundus. 

The retinal fundus (called the fundus for the remainder of this thesis) is the area of the 

retina opposite the pupil. The extent of the image produced depends on the angle of 

acceptance of the lens. A 30o angle is considered normal but "wide angle" cameras can 

produce fundus images between 45o and 140o (Seine and Tyler 2002). Some ultra-wide 

field lenses offer images with a field of view of 200o or more (See Figure 1.18.). 

Imaging of a greater extent of the retina can also be obtained by photo-montaging 

fundus photos captured using camera lenses with normal angles acceptance, as 

displayed in Figure 18. 
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Figure 1.17. Left: an image of the eye displaying areas covered by lenses with different 

fields of view. Right images: Images with consecutively greater fields of view. Image 

adapted from Saine, P. J., Tyler, M. E. Fundus Photography Overview - Ophthalmic 

Photographers’ Society. 2019. at: https://www.opsweb.org/.80 

 

 

 

Figure 1.18. First image: an image of the eye displaying areas covered by ultra-wide field 

lenses.81 Image adapted from In2Eyes Optometry. Optomap Ultra-Wide Digital Retinal 

Imaging. 2019. at: http://www.in2eyes.com.au/. Second image: an image displaying a retinal 

photomontage (captured using a green filter, i.e. using a red-free camera).82 Image adapted 

from Masters, B. R. Fractal Analysis of the Vascular Tree in the Human Retina. Annu. Rev. 

Biomed. Eng. 6, 427–452 (2004). Third image, an image of the retinal captured using an ultra-

wide field camera.79 Image adapted from Bajwa, A., Aman, R. & Reddy, A. K. A 

comprehensive review of diagnostic imaging technologies to evaluate the retina and the optic 

disk. Int. Ophthalmol. 35, 733–755 (2015). 

 

1.4.3 Imaging the retina using optical coherence tomography 

OCT enables micrometre-resolution three-dimensional images of the retina to be 

captured. OCT was first reported for retinal imaging in a clinical setting in 1991.83 

OCT utilises the reflection of non-invasive laser light by the structures of the cellular 

layers beneath the surface of the retina. Subsequently, reflectivity is plotted using a 

false colour scale, where bright and dull colours are aligned to minimally and highly 

reflective areas. Each cross-sectional image of the retina (see Figure 1.19.) is created 
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via 100 A-scan sequences, facilitated by automated retinal tracking. 3D images of the 

retina are produced using an arbitrary number of cross-sectional images (e.g. 60).  

 

Figure 1.19. A cross-section of the macula captured using OCT. 

1.4.4 Retinal microvascular parameters 

Several software packages have been developed which map the retinal 

microvasculature and allow for quantitative geometric/morphological assessments of 

the microvasculature in vivo including the Interactive Retinal Vessel Analysis 

Network (IVAN, University of Wisconsin, Madison, WI, USA), the Singapore “I” 

Vessel Assessment (SiVA, Singapore Eye Research Institute, Singapore), 

International Retinal Imaging Software (IRIS-Fractal, School of Computing, National 

University of Singapore; Center for Eye Research Australia, University of Melbourne, 

Australia; and Center for Vision Research, University of Sydney, Australia.), and 

Vascular Assessment and Measurement Platform for Images of the REtina 

(VAMPIRE, universities of Edinburgh and Dundee, UK). Other similar software 

packages less frequently reported include IDx, CAIAR and AVRnet.84 

Several quantitative features of vascular geometry (which will frequently be referred 

to as retinal microvascular parameters [RVPs]) have been previously investigated as 

potential biomarkers for various disease conditions. These include the Central Retinal 

Arteriolar Equivalent (CRAE), Central Retinal Venular Equivalent (CRVE), Arterio-

Venous Ratio (AVR), Fractal Dimension (FD), and tortuosity. A large number of other 

quantitative vascular parameters can be calculated, but these have been rarely reported 

in the literature and will not be discussed further.   

1.4.4.1 Measures of retinal vessel calibre 

The most commonly used geometric/morphometric RVPs have been CRAE and 

CRVE, which are summary scores that provide a standardised measure of arteriolar 

and venular calibre. Different formulae can be used to calculate these parameters,85–87 
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but perhaps the most frequently cited is the revised Knudston-Hubbard formula.87 The 

Knudtson-Hubbard formula uses the diameters of the six largest arterioles (for CRAE) 

or venules (for CRVE) within a specified area (1-1.5 optic disc diameters from the 

centre of the optic disc; see Figure 1.20.) to estimate the diameter of the central retinal 

artery and vein. The AVR, another frequently reported measure of retinal calibre, is 

simply the ratio of the CRAE to the CRVE.85 Whilst changes to retinal microvascular 

calibre have been associated with conditions such as hypertension for decades,78 such 

studies previously required time-consuming manual vessel tracing and vessel selection 

with semi-automated vessel measurements confirming such associations in recent 

years. 

 

Figure 1.20. Retinal Fundus Photograph indicating vessels and zones of measurement. Line A 

indicates the optic disc radius, line B indicates the annulus 1-1.5 optic disc diameters from the 

centre of the optic disc; line C indicates the annulus 1-2.5 disc diameters from the centre of 

the optic disc. The annulus within the zone between the points indicated by line B is the line 

of measurement for CRAE and CRVE within zone B. The zone between the points indicated 
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by line C is the area of measurement for fractal dimension and tortuosity within zone C. The 

blue and red lines overlay arterioles (red) and venules (blue). 

 

1.4.4.2 Causes and correlates of retinal vascular calibre 

In addition to normal, short-term, changes in vessel calibre as immediate homeostatic 

responses to blood pressure variations during systole, and diurnal fluctuations in blood 

pressure, blood content and viscosity, a range of factors can affect vascular calibre.  

Sun et al (2009)88 provided an extensive review of systemic and environmental factors 

associated with alterations to retinal microvascular calibre. Of note, they reported that 

sex, black skin (in comparison to white), higher blood glucose, and cigarette smoking, 

were associated with wider arterioles, while older age, higher blood pressure, obesity, 

high-density lipoprotein cholesterol (HDL), and cardiovascular mortality were 

associated with narrower retinal arterioles.88 For venules, black skin (in comparison to 

white), hypertension, high blood glucose, obesity, inflammation, cigarette smoking, 

incident stroke, and cardiovascular mortality were associated with greater diameter, 

while older age was associated with reduced venular calibre.88  

The mechanisms resulting in changes to vascular calibre include homeostatic 

adaptation such as intimal thickening in response to low flow blood rates which 

reduces lumen diameter and maintains flow rate and vessel wall shear stress at a certain 

number of dynes/cm.89   

Small increases in vessel diameter can greatly increase blood flow according to 

Poiseuille’s law (see below).  

Poiseuille's law: 

For a given driving pressure, liquid flow rate through a tube is inversely 

proportional to the length of the tube and viscosity of the liquid, and directly 

proportional to the fourth power of the tube’s radius.90 

Therefore, small changes in vascular calibre may greatly affect substrate supply, 

removal of metabolic waste products and oxygenation. Given that CKD commonly 

results in increased blood pressure, and alters both vascular reactivity and blood 

viscosity,91 retinal vessel calibre may be measurably different in CKD compared to 

healthy individuals, and individuals with either hypertension or hyperglycaemia alone.  
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1.4.4.3 Fractal dimension 

Fractals are complex self-similar shapes produced by iterated processes. For example, 

simplistic 2-dimensional branching structures can be modelled to ensure no 

overlapping branches by iterating a process of growth and bifurcation where daughter 

branches created by successive bifurcations 1/phi (phi = 0.618) times shorter in length 

with equal angles to the parent branch and sibling branch of the same generation92 (see 

Figure 1.21). 

 

Figure 1.21. A simple 2D branching structure created using an iterative process which 

ensures no overlap. 1st generation, 2 generations, 3 generations, 6 generations, and an 

image several generations later where successive generations are too small to be 

resolved. Image adapted from a video by Spanish inventor Javier Romañach.93 Image 

adapted from Romañach, J. There’s something about phi - Chapter 9 - Fractals and the 

golden ratio. (2013) at www.youtube.com 

 

 

Mandelbrot, a founding figure in fractal mathematics, was perhaps the first to suggest 

that fractal mathematics might usefully describe the vasculature 1977.94 Since then, 

retinal microvascular FD has been found in association with several pathologies,95 and 

therefore may offer discriminative utility for the prediction or classification of 

pathology. As with other RVPs, retinal microvascular FD measurements provide a 

convenient opportunity for automated analyses. 

There is more than one definition for the estimation of fractal dimension. The various 

methods of analysing fractal structures and calculating fractal dimension include the 

box-counting dimension, the self-similarity dimension, the Hausdorff dimensions, 

topological dimension, Euclidian dimension, mass-radius relation and pair correlation 

function methods.96,97 For isotropic, self-similar objects these methods return the same 

result. However, for real-world objects, this is not the case.96  

Measurements of fractal dimension provide a quantitative measure of self-similarity 

and of microvascular complexity. Self-similarity fractal dimension can be 
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conceptualised as a type of symmetry, where the symmetry exists not from left to right 

or top to bottom but from scale to scale.98 Complexity, or roughness, is measured using 

the box-counting method and produces a measure similar but not equal to the space 

filling or density of an object.  

The word fractal comes from the Latin fractus. Fractus is also the etymological root 

of words such as fractured, and fraction. For fractals, the dimension calculated by the 

box-counting method produces fractions rather than integers, as is the case for simple 

shapes.99 A line is a one-dimensional concept, while a square fills two dimensions and 

a cube, three. A line following a rough path, or a branching pattern, fill space 

somewhere between that filled by a line and square and thus have a fractal dimension 

between 1 and 2.99 

Fractal shapes also exhibit the characteristic of self-similarity across scales. Some 

fractal shapes, such as the Sierpinski triangle and Koch curve (see Figure 1.22), exhibit 

self-similarity across an infinite number of scales. However, in nature, no such shapes 

exist. Factors such as gravity, structural strength and the size of constituent organs, 

cells, and particles limit the scales at which natural shapes can conform to fractal self-

similarity. 

 

  

Figure 1.22. Examples of fractals. From left to right: A Sierpinski triangle, a Cantor 

set, a Koch Curve, the fractal from Figure 22 with an inverted Koch curve matching 

the roughness of margins of the shape approximating that of the Koch curve and with 

proportions equal to that of a Golden Middle Cantor set, and a fractal produced using 

a parametric Lindenmayer system designed as a simplified model of the physiological 

laws of arterial branching in the kidney.92,94 Image adapted from Taylor, T. D. Golden 

Fractal Trees. Pages 181–188 (Tarquin Publications, 2007) and Zamir, M. Arterial 

Branching within the Confines of Fractal L-System Formalism. J. Gen. Physiol. 118, 

267–276 (2001). 
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However, many natural structures can be modelled using fractals and described by 

fractal dimension accurately over a limited number of scales.96 “Random fractals” are 

fractals where symmetry across scales is present in a statistical sense only (meaning 

that the rules of the iterative processes forming the fractals do not occur at definite 

intervals but occur on average at those intervals, see figure 1.23). The term scale 

invariance, rather than self-similarity, is used to describe the similarity across scales 

in these random fractals.100 In real-world fractals, therefore, scale invariance exists 

across a limited number of scales, limited by physical realities.100 

 

 

Figure 1.23. Fractal branching structures.96 Left: A skeletonised branching pattern 

created by a program producing 4 daughter branches for every 3/8 the length of the 

parent. The FD is therefore= log 4/log (8/3) = 1.41. The right image shows a random 

fractal variant of the left with characteristics of the pattern statistically followed, i.e. a 

new branch is produced on average every 3/8 rather than exactly every 3/8, and a non-

skeletonised tapering shape is used as the parent structure, a convincing model of 

biological growth patterns can thus be obtained. Image adapted from Karperien, A. L. 

& Jelinek, H. F. Box-Counting Fractal Analysis: A Primer for the Clinician. in The 

Fractal Geometry of the Brain. Pages 13–43 (Springer, 2016).  
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Fractal shapes can be analysed, that is their fractal dimension can be calculated, as 

monofractals or multifractals. A monofractal is a shape that can be described 

accurately using a single exponent or fractal dimension value.100 In contrast, a 

multifractal is a system comprising fractals embedded in other fractals which can be 

described using a spectrum of exponents or FD values rather than a single FD value.100 

If the FD of a multifractal is calculated as a monofractal, the result will be a value 

between the values of the constituent fractals.100 For monofractals, the capacity, 

information and correlation dimensions are equal. For multifractals, the capacity 

dimension is typically greater than the information dimension, which is greater than 

the correlation dimension.95 Based on these criteria retinal microvascular structure can 

be described as multifractal95. 

1.4.4.4 Fractal dimension as a model of vascular optimality and health in the 

retina 

Retinal vessel fractal dimension has been described as a measure of optimality of blood 

vessel arrangement.98,101 Alterations in retinal microvascular fractal dimension may, 

therefore, indicate changes in retinal metabolic demands and blood supply. Seminal 

works in the field of retinal microvascular fractal analysis indicated that the retinal 

microvasculature has a fractal dimension of around 1.7 in healthy adults.95 Indeed, 

retinal microvascular fractal dimension has been found to be altered in diabetes, 

Alzheimer’s disease, hypertension and coronary heart disease.102–107 

Just as arteriolar calibre adapts to maintain blood flow rate and pressure, the 

vasculature appears to follow tissue and organ-specific branching patterns defined by 

the metabolic needs of the tissue.94  The retina may have the greatest oxygen 

requirements per unit mass of any tissue in the human body108 and yet the retinal 

microvasculature has been described as sparse in comparison to the microvasculature 

of other tissues.109 The retina may, therefore, be particularly sensitive to changes in 

fractal dimension and vice versa. 

The fractal dimension of healthy human retinal microvasculature closely approximates 

that of models of diffusion-limited aggregation (DLA;  fractal dimension of circa 1.71, 

see Figure 1.24).82 DLA is a model growth process where growth occurs from a fixed, 

or “limited”, seed point. New particles termed “random walkers” enter away from this 

point and either attach randomly or diffuse away from the growing structure. DLA 
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results in growth patterns similar to the pattern shown in Figure 24 which is a 

visualisation of a model of DLA. During the growth of a DLA derived fractal, random 

walkers are more likely to contact with and affix to tips of branches. This process 

results in a scale-invariant branching pattern of the type pictured in Figure 1.24. By 

changing factors affecting how easily random walkers stick to the existing tree, the 

density of the branching patterns can be altered.110 DLA has been posited as a model 

of retinal microvasculature growth.95  
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Figure 1.24. A model of growth via diffusion-limited aggregation (DLA).111 Image 

from Yale University. Fractal Geometry. (2019) at https://users.math.yale.edu/ 

 

Applied to the vasculature, the fractal dimension equalling that of diffusion limited 

growth processes is thought to result from the growth of arterioles into the capillary 

network in response to hydrodynamic forces in a direction dictated by haemodynamic 

forces from within the vessel.82 The direction of growth is that of high shear stress (the 

vessel grows out at the point where the blood causes the highest shear forces on the 

endothelial wall of the surrounding capillary network, thus creating the path of least 

resistance.82 Endothelial cells migrate into the capillary network at these points as a 

key process in fvasculogenesis.82 Neovascularisation, in response to injury/hypoxia, 

can also be described in terms of DLA.82 Angiogenic processes, which occur in 

response to hypoxia, and are altered in CKD, may necessarily result in deviation from 

normal branching patterns. 
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1.4.4.5 Fractal dimension measurement  

The VAMPIRE software, used for RVP measurement throughout this thesis, calculates 

fractal dimension using a binarized (i.e. all pixels either black or white, with black as 

the background and white representing the vessels), “skeletonized” centreline vessel 

map. Fractal dimension is measured within a given zone from 1-2.5 optic disc 

diameters from the centre of the optic disc (Figure 1.21., zone C) making use of the 

box-counting method to arrive at a unit-less value for fractal dimension.  

1.4.4.6 Tortuosity 

Retinal vessel tortuosity is a measure of the average curvature of the vasculature. In 

the retina, increased microvascular tortuosity is associated with systemic metabolic 

changes such as increased blood pressure112 and diabetes113 as well as increased body 

mass index (BMI) and older age.112 Measurement of tortuosity may, therefore, be 

indicative of systemic haemodynamic changes in CKD.  

Whilst the haemodynamic, and molecular mechanisms leading to increased vascular 

tortuosity have not been entirely elucidated, several contributing factors have been 

identified. For example, animal models suggest that exposure to excessively high 

blood flow rates and high shear stress, followed by periods of low flow rates, can result 

in arteriolar widening and lengthening, resulting in a more tortuous vessel path.89 In 

addition, venous congestion and retinal ischaemia contribute to vessel tortuosity.114 

Several methods to calculate tortuosity exist, all of which treat vessels as one 

dimensional curves114 and estimate the difference between a straight line connecting 

two measurement points, and the actual path of the vessel between these points (see 

Figure 1.25.). Methods differ in how they handle the number of curvature arcs between 

the measurement points, and in how they handle the physical limitations on tortuosity 

measurement resulting from vessel thickness.114  
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Figure 1.25. An illustration showing vessel paths progressively more tortuous.114 

Image from Trucco, E., Azegrouz, H. & Dhillon, B. Modeling the Tortuosity of Retinal 

Vessels: Does Caliber Play a Role? IEEE Trans. Biomed. Eng. 57, 2239–2247 (2010). 

 

1.4.4.7 Comparison between retinal microvascular assessment software packages 

and selection of the Vessel Assessment and Measurement Platform for Images of 

the REtina (VAPIRE) package for analysis. 

Although the VAMPIRE software package has many similarities to other retinal vessel 

analysis programs there are some differences between the applications which are 

important to note. In contrast to earlier retinal vessel assessment platforms such as the 

Retinal Analysis (University of Wisconsin, Madison, WI, USA) and the Integrative 

Vessel Analysis (University of Wisconsin, Madison, WI, USA), both SiVA (National 

University of Singapore, Singapore, Singapore) and VAMPIRE (VAMPIRE group, 

Universities of Dundee and Edinburgh, Scotland), can automatically detect the optic 

disc (based on its centre and margins) and perform vessel detection, mapping, 

artery/vein classification without user input. However, neither software application 

relies fully on automated vessel analysis and both software applications also make use 

of manual correction of errors for these automated functions. Following manual 

confirmation of corrected and accepted vessel mapping and artery vein classification, 

both SIVA and VAMPIRE produce CRAE, CRVE and AVR as summary scores for 

vessel calibre based on the Knudtson and Parr-Hubbard formulae87 using vessels 

widths of vessels within an annulus extending from 1-1.5 optic disc diameters from 
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the centre of the optic disc. Unlike earlier software applications, both SIVA and 

VAMPIRE produce quantitative measurements of retinal vessel fractal dimension and 

tortuosity. 

Absolute values for retinal vessel width summary scores are not consistent between 

software applications115 and should not be directly compared. However, associations 

between retinal vessel calibre estimates and other risk factors are consistent between 

software packages.115 

Differences in absolute vessel width summary score values may result from 

differences in the vessel tracing algorithms and vessel border detection algorithms 

used by the software applications and which produce the raw vessel widths entered 

into the Knudtson and Parr-Hubbard formulae87 to calculate the CRAE, CRVE and 

AVR.2 Although both SiVA and VAMPIRE make use of the same measurement zones 

to calculate vessel widths, extending from 1-1.5 optic disc diameters from the centre 

of the optic disc, SiVA applies a standardised absolute µm width value to each optic 

disc to allow for retinal vessel calibre summary scores (CRAE and CRVE) to be 

expressed in µm rather than pixels. This provides the advantage of producing an 

intuitive measure of calibre but introduces a source of error to the data. The 

standardised optic disc value won’t equal the true width value in any but a few random 

participants and this will lead to over and underestimations of actual vessel widths. In 

contrast, the VAMPIRE software does not apply a conversion factor and instead uses 

the native units extant in digital fundus photographs, i.e. pixels, when calculating and 

reporting CRAE and CRVE. Although VAMPIRE and SiVA have very similar 

capabilities, VAMPIRE has the additional benefit of being the product of a 

collaborative project between several universities and clinical centres who make the 

software available without five-figure temporary usage licence fees as is the case with 

the SiVA software package. For the reasons outlined above, VAMPIRE was selected 

for retinal microvascular use in the projects described within this thesis. 
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1.5 Retinal microvascular parameters and chronic kidney disease. 

1.5.1 The retinal microvasculature in chronic kidney disease 

Meta-analyses of studies making use of retinal microvascular analysis support the 

putative existence of associations between retinal vascular calibre with coronary heart 

disease,116 stroke,117 incident hypertension,118 and type 2 diabetes.119 Similarly, retinal 

fractal dimension has also been associated with CVD,105,107 diabetes,102 and 

hypertension105, as has vessel tortuosity (diabetes,102 hypertension and CVD112). 

Hypertension and diabetes are the two commonest causes of CKD and CVD is perhaps 

its most important comorbidity, and so the potential for an association between retinal 

parameters and CKD exists. 

The retina has perhaps the highest metabolic requirement of any tissue, far higher than 

the kidney120 and as a result may be sensitive to metabolic changes affecting the kidney 

and to systemic circulatory changes resulting from CKD. Renal disease and ocular 

disease share many risk factors. The most obvious examples of shared susceptibility 

to systemic disease between the eye and kidney are the susceptibilities to barometric 

pressure in hypertension121 and hyperglycaemia in diabetes.122 Observable alterations 

to the retinal health and structure are likely to be quantifiable using modern software 

applications capable of quantifying geometric features of the retinal microvasculature 

and the cellular layers of the retina, despite the peripheral location of the retina. The 

shared susceptibility of the tissues of the retina and kidney to systemic disease, and the 

vulnerability of the retinal microvasculature and retinal layers to exposure to the 

metabolic disturbances entailed by kidney disease can be attributed to shared features 

of the embryological development, physiological structure, and molecular regulation 

of these organs. These factors for overlapping predisposition to disease are discussed 

below. 

1.5.2 Shared susceptibility of the retina and kidney: Developmental factors 

Some authors have noted similar “developmental origins” between the retina and 

kidney.123 These points of similarity have been formulated as an explanation of the 

coinciding retinal changes in those with CKD. Therefore, the development and 

structure of these tissues ar explored below. 
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Nephrogenesis occurs in 4 phases; development of the archinephros, the pronephros, 

the mesonephros, and the metanephros.124 The archinephros are immature and non-

functional renal organs. The next stage of renal development occurs after about 22 

days of gestation with the pronephri developing from the intermediate mesoderm. 

Following development of the pronephri, the formation of the mesonephros involves 

tubule formation and formation of a rude nephron. Finally, metanephros formation 

involves further formation of the kidney, with renal tubule formation from cells which 

also serve as precursors to vascular endothelial cells, the formation of the collecting 

duct, and formation of the glomerulus. Of pertinence, the tissues of the kidney develop 

from the intermediate mesoderm.124  

The retina, in contrast, develops as part of the brain, specifically the diencephalon, 

with the optic vesicles developing from the embryonic forebrain.125 The forebrain 

develops from the Ectoderm (in contrast to the kidneys which develop from the 

Mesoderm). See figure 1.XX. below.126  

 

Figure 1.26. Empryonic development ontology tree.121 Image from LifeMap 

Discovery. Neural Tube - Embryonic Development & Stem Cells - LifeMap 

Discovery, 2020 At https://discovery.lifemapsc.com/in-vivo-development/neural-

tube. 
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It can be seen that the retina and kidneys develop separately, as required by their vastly 

different structures and function, and develop in conjunction with proximal organs and 

the related organs within their system (e.g. the urinary tract and reproductive system 

for the kidneys, and the brain and spinal cord for the retina). 

Despite these intuitive and profound differences in their developmental origins, there 

are developmental characteristics shared by the kidney and retina. Both organs 

developmental/embryogenic pathways share regulatory mechanisms in a PAX 1, PAX 

2 and WT1 dependent manner.127  As a result, both organs share susceptibility to 

various congenital abnormalities such as Alport disease (which causes drusen), 

retinitis pigmentosa (which is related to nephronophthisis) and Fabry disease.128 

Of particular relevance, much of the vasculature of the retina and kidney develop not 

from the surrounding cells of the retinal and renal tissues, but instead branch into the 

organs during their development from existing blood vessel via angiogenesis. 

The peri-tubular and retinal circulation Vessels develop from angiogenesis, branching 

into these tissues from adjacent existing vessels of the circulatory system.129,130 

However, this common angiogenic origin from the general circulation is contrasted by 

the glomerular and choroidal capillaries which are thought to develop via 

vasculogenesis from progenitor cells within the eye and kidney.120,130 

1.5.3 Shared susceptibility of the retina and kidney: Structural and regulatory 

factors 

Unsurprisingly, given the unique filtration function of the glomerulus, the vascular 

endothelium of the glomerulus has specialised, and perhaps unique, diaphragmed 

vascular endothelium which facilitates the highly selective passage of solutes.131 In 

contrast, the vascular endothelium of the central nervous system is non-fenestrated,126 

allowing it to perform the necessary functions as part of the blood-brain barrier. 

Likewise, the blood-retinal barrier is composed of non-fenestrated vascular 

endothelium of the retinal capillary network, which, also like the blood-brain barrier, 

has tight junctions. In addition, the blood-retinal barrier also includes the retinal 

pigmented epithelium and its tight junctions which help protect the retina from 

unnecessary movement of solutes from the choroidal vasculature.132 
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Despite the retinal microvasculature and the peritubular microvasculature of the 

kidney both developing from more generalised vascular pathways, the vasculature in 

these tissues is highly specialized. One explanation for the correlation between 

problems of the retina and kidney is the sensitivity of their non-vascular tissues of 

these organs to reductions in vascular function resulting in clinically important 

reductions in their organ specific functions. Indeed, all organs necessarily must be 

more or less susceptible to reductions in vascular function and both histological signs 

and retinal changes coincide in a number of vascular conditions affecting other organs 

(see here for hypertensive changes in the heart and brain, changes associated with 

lacunar infarct).133 It seems likely therefore that the vasculature of the retina and 

kidney plays a role in the shared susceptibility to both heritable, and non-heritable, 

non-communicable diseases, due to the high metabolic demand of the tissue, and 

shared vascular regulatory mechanisms, and common vulnerability to generalised 

vascular risk. 
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Figure 1.27. Comparison of the structure and regulation of the microvasculature of the 

eye and the kidney.123 Image from Farrah, T. E., Dhillon, B., Keane, P. A., Webb, D. 

J., & Dhaun, N. (2020). The eye, the kidney & cardiovascular disease: old concepts, 

better tools & new horizons. Kidney International. 

Some authors have also pointed to biological similarities between the vasculature beds 

of the eye and the kidney as additional reasons why alterations in retinal microvascular 

structure might be detectable in the early stages of CKD.123 Although the retinal 

microvasculature and peritubular vasculature share more similar development origins 

as both sprout from the vascular tree outwith their respective organs, there are several 

structural and functional parallels between glomerular and choroidal capillaries and 

their associated tissues.  
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The choroidal and glomerular capillaries selectively control metabolite transfer via 

fenestrated structures with ~80nm pores.134,135 Additionally, movement of metabolites 

from the choroidal and glomerular capillaries is controlled by, among other structures, 

the adjacent tissue-specific membranes, the Bruch’s membrane and the glomerular 

basement membrane. The podocytes and glomerular basement membrane, together 

provide a barrier against the movement of disadvantageous metabolites to facilitate 

homeostatic regulation. Likewise, choriocapillaries the RPE, and Bruch’s membrane 

perform analogous functions to maintain the homeostasis of the outer retinal layers.127  

Further similarities exist in terms of the composition of these membranes. The 

glomerular basement membrane, Bruch's membrane and the ILM are all rich in type 

IV collagen.136,137 Another shared structural and functional motif is that the podocytes 

of the renal epithelia and the RPE are both functionally reliant on cilia.138 The 

structural and functional similarities of these structures result in shared disease 

susceptibility. For example, complement system dysfunction in 

membranoproliferative glomerulonephritis type II contributes to deposits on both the 

GBM and Bruch’s membrane.139  In the autoimmune condition anti-GBM disease, α3 

type IV collagen chains are targeted by IgG antibodies which cause renal damage 

(glomerulonephritis) and retinal detachment.140,141 Similarly, diseases such as Alport 

syndrome affect both the retina and kidney by acting on type IV collagen chains, 

highlighting the susceptibility of both organs to similar stimuli. 

In addition to the structural and developmental parallels between the retina and kidney, 

there are also overlaps in the regulatory mechanisms governing their metabolic 

processes. The renin-angiotensin system (RAS) exerts control over systemic vascular 

resistance, electrolyte concentrations and blood pressure and is classically perturbed 

in CKD resulting in increased water and salt retention, increased fluid volume, 

vasoconstriction and hypertension. However, the retinal microvasculature and the 

retinal ganglion cells they supply are also regulated by the RAS.142,143 With the 

choroidal capillaries and the superficial and deep capillary plexi being regulated by the 

RAS via the angiotensin II type 1 receptor144 which helps regulate the production and 

drainage of aqueous humour.145,146 Moreover, just as RAS dysregulation occurs in 

CKD, dysregulation of the ocular RAS occurs in retinopathy.147,148 

Similarly, the retinal, choroidal, glomerular and peritubular microvasculatures are 

subject to endothelial regulation by endothelin type A (for vasoconstriction) and B (for 
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vasodilation) receptors.123 Endothelin A receptors are located predominantly in the 

retinal vascular smooth muscle cells of the retinal, choroidal, and glomerular smooth 

muscle cells.149 The endothelin A receptor plays a key role in the control of retinal 

blood flow and pericyte apoptosis in diabetes.150 And in regulating  intraglomerular 

pressure and podocyte viability in CKD.151,152 

 

1.5.4 Shared risks between organs and ocular risks in CKD 

Therefore, the degree to which similarities in certain structural aspects of the kidney 

and retina, and the overlap in the genetic regulation of the development of these organs, 

results in shared susceptibility to the risk factors for CKD is not clear. Regardless, it 

is clear that the retina and kidney are susceptible to at least some of the same risk 

factors for CKD. Diabetes, one of the two commonest causes of CKD, also commonly 

results in diabetic eye disease, a general term encompassing several eye pathologies. 

Diabetic eye disease includes diabetic retinopathy, diabetic macular oedema, cataracts, 

and glaucoma. These conditions result from the effects of hyperglycaemia. In non-

proliferative diabetic retinopathy, the retinal microvasculature becomes weakened and 

leaks into the retina. In proliferative diabetic retinopathy, vessel occlusion results in 

proliferation of abnormal vessels. Hypertension, the other of the commonest causes of 

CKD, also results in retinopathy. Hypertensive retinopathy is characterised by retinal 

arteriolar narrowing, arteriovenous nicking, changes to microvascular vascular walls, 

retinal microvascular haemorrhages, cotton-wool spots, hard exudates, and optic disk 

oedema. These conditions highlight the susceptibility of the retina and kidney to 

similar vascular risk factors.  

Indeed, retinal abnormalities are used to aid diagnosis in a number of inherited renal 

conditions. This has been well covered in a review by Savige et al and will be briefly 

covered here due to its relevance.127 The occurrence of both renal and retinal signs and 

symptoms in these conditions may be explained by similarities in the structure and 

function of their vasculature, ciliated cells, basement membranes and developmental 

pathways.    

Kidney disease impairs endothelial function and microvascular function (via changes 

to vasodilation, fibrinolysis, platelet reactivity, remodelling and rarefaction) and thus 

results in impaired regulation of blood supply and increased systemic vascular 
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resistance and end-organ damage. Indeed, CKD has been found to increase the 

probability of diabetic retinopathy,153–161 AMD,128,162–165 Glaucoma,162,166–168 and 

cateract.166,169–171 

1.5.5 Existing studies on the quantification of the retinal microvasculature in 

chronic kidney disease 

To identify studies investigating the association between CKD and retinal 

microvascular parameters, a literature search was undertaken using the database 

Medline and the search terms described in Appendix 1. Terms relating to CKD and 

retinal microvascular analysis returned more than 390,000 results in total, the 

combined search reduced this to 28 results. Titles and abstracts were screened for 

possible relevant primary research papers returning 15 results. One paper was excluded 

due to being written in a language other than English, and one was removed because 

of irrelevant data leaving 13 relevant papers. Evaluation of these publications revealed 

7 additional papers, providing a total of 20 relevant research papers. 

The publication dates of the identified studies ranged from 2003 to 2015. The studies 

included were exclusively observational, and the majority (14 of 20) reported only 

cross-sectional data, with six studies providing prospective data. One study reported 

prospective data in a subgroup. The relevant studies considered several retinal 

microvascular parameters, CRAE, CRVE, AVR, FD, tortuosity, and branching angle.  

Studies generally performed multiple linear regression and/or multivariate logistic 

regression analysis to control for potential confounding variables. Although 

confounding variables were not always evaluated consistently across all studies.  Age, 

gender, hypertension, and diabetes, were considered by almost all studies except where 

the population selection or characteristics obviated the need. There was a range of 

other factors included within some regression models but due to the variation in those 

used between studies, discussion of these is beyond the scope of this review.  

All of the identified studies measured the relationship between retinal microvascular 

parameters and CKD using either CKD stage, eGFR, ACR, as the measure(s) of renal 

function and damage. 

Fifteen cross-sectional studies were identified (Table 1.4.). Thirteen studies included 

measures of CRAE and CRVE,101,172–182 ten studies included AVR,172,173,176–181,183,184 
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three FD,98,101,179 and one study included tortuosity and branching angle 

coefficients.179 The majority of the studies that measured CRAE (9/13) reported 

significant associations with measures of renal function and damage.172–176,179–181,184 

These studies adjusted for age, blood pressure, gender, and diabetes measures in their 

regression models. In all of these, wider retinal arterioles (greater CRAE) were related 

to either better renal function (greater eGFR),174,179,180 lower CKD stage176,181,184 or 

less renal damage (lower ACR),172–175,180 with the five largest studies all returning 

significant results.174,175,179,181,184  The majority of evidence is therefore congruent with 

CRAE measurements having utility in the identification of risk associated with renal 

impairment, however, the cross-sectional study designs used preclude any inference 

of either causal relationship or predictive value for future CKD risk.  

Wider retinal venular calibre has also been found to be associated with better renal 

function in five of thirteen studies,176–178,180,181 with no evidence for a relationship in 

the opposite direction. One study reported an association with worse renal damage 

measured by ACR.177 A minority of studies reported negative associations between 

retinal venules and renal function or damage, with several large studies reporting no 

relationship,98,101,172–175,179,182–184 and so any relationship between CRVE and renal 

health is less clear. While evidence exists in support of an association with retinal 

vascular calibre, the conflicting findings support the need for a meta-analysis of pooled 

results, with an analysis of publication bias, to determine the strength and direction of 

the relationship between both retinal venular and arteriolar calibre and renal damage 

and function.  

Most studies showed a negative association between AVR and CKD (7/10 

studies).172,173,177,180,181,183 AVR was associated with lower levels of proteinuria in half 

of studies (5/10)172,173,177,180,181 with the study of Lim et al., (2013)179 reporting a more 

complex relationship between AVR quartiles and proteinuria. The association of 

greater AVR with reduced proteinuria was seen in studies where neither CRAE nor 

CRVE alone was related to proteinuria, and thus AVR may provide additional 

information that CRAE alone cannot.  

FD also shows promise as a retinal biomarker for CKD. Of the three studies, two large 

population-based studies reported significant findings. Sng et al., (2010) found that 

those with the highest and lowest FD, i.e. with retinal vascular complexity at the upper 
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extreme of density or extremely sparse, had the greatest prevalence of CKD.98 Lim et 

al., (2013) reported greater renal function in those with greater vascular complexity.179 

One study in a healthy female population found no relationship with CKD (McGowan 

et al., 2015) which may represent a different relationship present in healthy ageing.101 

Further research may be required to clarify the value of FD as a biomarker of CKD, 

especially in otherwise healthy populations. Tortuosity and branching angle 

coefficients were only assessed in one population179 where no association was found. 

Of the fifteen cross-sectional studies, McGowan et al., (2015) was the only large cross-

sectional study not to find any association with retinal microvascular parameters.101 

This study was atypical as it was carried out in an all-female population of cloistered 

nuns, an elderly population with low alcohol and cigarette use, and low incidence of 

diabetes and heart disease. As a result, the lack of significant findings may reflect the 

different relationship of eGFR with vascular health in old-age compared with younger 

participants.  

Diabetes is the most important cause of CKD along with hypertension, and the validity 

of retinal parameters in diabetes for the prediction of CKD is therefore of particular 

interest. Two cross-sectional studies were carried out in cohorts with type 1 

diabetes172,173 where wider retinal arterioles and higher AVR (greater relative diameter 

of arterioles compared to venules), were both associated with reductions in renal 

damage. Similar associations were also observed in subgroup analyses in those with 

diabetes in larger studies in a variety of Asian ethnicities.174,181 These findings suggest 

changes in CRAE and AVR may help identify the presence of CKD in persons with 

diabetes.  

Only one study considered renal transplant recipients.182 Renal transplant recipients 

may be expected to show improved retinal parameters as a result of reduced CVD risk, 

following transplant. No difference in retinal vascular calibre was observed between 

CKD stage 5 and renal transplant recipients (median 6.4 years since transplantation).182  

Significant baseline variation in age, gender, BMI, and diabetes prevalence between 

groups and low sample size may necessitate further larger studies to identify any 

changes in retinal parameters associated with change in risk. Analysis of heterogeneity 

of variance between studies may help clarify whether retinal microvascular parameters 

are distributed sufficiently similarly between these study populations for the findings 
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to be comparable. Based on the cross-sectional studies identified a meta-analysis of 

data, and analysis of publication bias is advised.   

Seven prospective studies were identified (Table 1.5.). Five prospective studies 

measured CRAE and CRVE,182,185–188 two measured AVR,161,185 and no studies 

measured FD, tortuosity or vascular branching angles. A single study considered a 

cohort of CKD stage 5 and/or transplant recipients.182 Ooi and colleagues measured 

CRAE and CRVE before and after renal transplantation and reported no significant 

difference in the retinal arteriolar and venular calibre before and after renal 

transplantation, despite renal functional recovery to CKD stage 3 equivalent, post-

transplant. The small sample size (n=9), and the length of the follow-up period likely 

significantly limited study power to detect delayed return of vascular health as 

suggested previously.189 Of the studies reporting CRAE and AVR, only one study 

reported significant associations for each measure. Heterogeneity caused by 

population differences might explain the variation in results observed. Ethnic diversity 

may also be a major confounding factor.188 CRAE was reported in association with 

renal disease incidence in a “white” subgroup from the multi-ethnic US population.188 

This may be partly explained by the effect of variation in retinal pigmentation between 

ethnic groups and the accuracy of vessel width measures.190 Two prospective diabetes 

cohort studies were assessed and reported higher incidence of renal damage positively 

associated with CRVE in both type 1185 and type 2 diabetes.186  

Although the identified studies have controlled for a range of potential confounding 

variables when testing associations between renal function and RVP, variation in RVP 

resulting from dietary intake has not been considered in these studies. Variations in 

dietary intake have been reported in association with both CKD191–193 and RVP194 

previously and are a potential source of confounding. The association between dietary 

intake and CKD and the effect of diet on the association between CKD and RVP will 

be assessed within this thesis (see Chapters 8 & 9 for elaboration on these topics). 

Current practices for the measurement of CRAE and CRVE produce measures of 

calibre that can either be expressed as the number of pixels, or can be expressed as 

estimated vessel width in µm using a factor based on an average optic disc size (in an 

adult = 1800 µm) applied to all photographs from a given sample regardless of actual 

disc size. Optic disc size cannot be directly measured from fundus photographs 
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because of individual variation in axial eye length and refractive error, and the 

magnification resulting from the camera lens.195  Measurements taken in 

anisometropic individuals show that ≥2.00 diopter refractive error can lead to 

significant differences196 and recent research suggests that axial eye-length does 

indeed affect the accurate measurement of retinal vessel calibre.197 However, the large 

Beaver Dam Eye Study198 and Blue Mountains Eye Study199 reported that associations 

between vessel parameters and blood pressure are not significantly altered by 

refractive error.  

It is unclear whether the current measurement zones for vessel parameters, or decisions 

for choice of vessels, map to the retinal zones and vessels which are most affected by 

the vascular effects of CKD. Most studies have measured the six largest venules and 

arterioles in zone B (Figure 20), but other protocols have been used, such as selection 

of the main vessel pairs in the temporal arcades,177 which may reduce the error caused 

by the choice of the six largest vessels within zone B, before, during, and after which 

branching and vessel-detection difficulties exist.  Birthweight is a further potential 

confounder worthy of consideration which may be an important determinant of retinal 

vascular calibre200 as well as progression to CKD stage 5.201 Finally, CKD types could 

be considered for subgroup analysis. Obtaining sufficient sample sizes and data for 

analyses pertaining to the CKD categories presents a challenge which may necessitate 

pooled analyses.  

In Section 1.5 a systematic approach was used to identify primary research examining 

associations of both retinal microvascular parameters, and retinal layer thickness, with 

a range of measures of CKD. This provided a broad overview of the research area, 

including both prospective and observational studies. The review was limited by only 

conducting a search using the MEDLINE database. Additional studies may have been 

identified by conducting similar searches using other databases, although the 

identification of further relevant publications from the list of references from the 

papers identified through the initial search was beneficial. Meta-analysis of the data 

would provide pooled estimates for the associations and was recommended to 

elucidate whether the observed relationships can be considered reliable. The current 

review considered all cross-sectional and prospective studies separately, with a small 

number of studies focussing on RRT and CKD in diabetes. This review did not assess 

publication bias, which should be considered in any meta-analysis.  
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In summary, a body of primary research investigating the relationship between CKD 

and retinal microvascular parameters exists.  In cross-sectional studies, CRAE and 

AVR show potential as biomarkers of CKD, especially in diabetic populations. Several 

studies have also reported associations with CRVE, but the evidence is not consistent. 

A meta-analysis of studies assessing associations between retinal microvascular 

calibre and CKD is described in Chapter 2. In addition, further studies assessing 

associations between CKD and both FD and tortuosity, as well as associations between 

retinal microvascular calibre in diabetes are needed.  
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 Retinal vascular parameters measured   

 Study CRAE CRVE AVR FD tortuosity Branching (n) Sample notes 

(Ooi et al., 2015)  Y Y N N N N 162  Transplant recipients vs CKD stage 5 

(McGowan et al., 2015) Y Y N Y N N 1,122  Irish cloistered nuns  

(Bao et al., 2015) CKD↓* CKD↓* ACR ↓ N N N 5,158   

(Daien et al., 2013) eGFR↑ ACR ↓ eGFR↑ ACR ↓ N N N 80  

(Lim et al., 2013) eGFR↑ Y ACR ↑&↓ eGFR↑ Y Y 3,280  

(Grunwald et al., 2012) Y eGFR↑ 
 

N N N 1,599  

(García-Ortiz et al., 2012) Y ACR ↑ ACR ↓ N N N 205  

(Ooi et al., 2011) CKD↓ CKD↓ Y N N N 252  

(Awua-Larbi et al., 2011) ACR↓ Y N N N N 5,897  

(Sng et al., 2010) N N N CKD U N N 4,098  

(Sabanayagam et al., 2009b) CKD↓ Y Y N N N 3,602  

(Sabanayagam et al., 2009a) eGFR↑ ACR↓ Y N N N N 2,581  

(Masaidi et al., 2009) N N eGFR↓ N N N 386  

(Grausland et al., 2009) ACR↓ Y ACR ↓ N N N 208 Early onset type 1 diabetes 

(Klein et al., 2003) ACR↓ Y ACR ↓ N N N 1,221 Type 1 diabetes 

         

Table 1.4. Table of reviewed cross-sectional studies. This table lists the cross-sectional studies identified during a systematic search in chronological order. 

Under the retinal vascular parameters headings, a “Y” denotes that the study authors reported a given measure; an “N” indicates that it was not reported. 

Parameters highlighted in orange had no significant association with any measured renal parameter, for parameters highlighted in green, a significant relationship 

with at least one CKD parameter was reported. The direction of association related to increases in each given retinal parameter is summarised within the green 

boxes under the relevant parameter. Greater values for CRAE and CRVE indicate wider vessels. A greater value for AVR indicates greater relative arteriolar 

size compared to venular size. A greater FD indicates greater complexity of vascular branching. “eGFR↑”, “CKD↓”, “ACR↓” all represent an association with 

less risk from CKD. “CKD U” represents a u shaped relationship where the lowest greater CKD risk occurs at extreme values of the predictor variable. 

* Significant only in diabetes subgroup 
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 Retinal vascular parameters measured   

 Study CRAE CRVE AVR FD tortuosity Branching (n) Sample notes 

(Ooi et al., 2015)  Y Y N N N N 9 Pre- and post-renal transplant  

(Yau et al., 2011) CKD↓ ** Y N N N N 4,594  

(Sabanayagam et al., 2011) Y Y N N N N 2,723   

(Klein et al., 2007) Y ACR ↑ N N N N 533 Type 2 diabetes onset (≥30 years) 

(Edwards et al., 2005) N N Y N N N 2,405  

(Wong et al., 2004b) N N eGFR

↓ 

N N N 10,056  

(Wong et al., 2004a) Y ACR ↑ N N N N 1,210 Early onset type 1 diabetes 

         

Table 1.5. Prospective studies identified during a systematic search are listed in chronological order. Under the retinal vascular parameters headings, a “Y” 

denotes that the study authors reported a given measure; an “N” indicates that it was not reported. Parameters highlighted in orange had no significant association 

with any measured renal parameter, for parameters highlighted in green, a significant relationship with at least one CKD parameter was reported. The direction 

of association related to increases in each given retinal parameter is summarised within the green boxes under the relevant parameter. Greater values for CRAE 

and CRVE indicate wider vessels. A greater value for AVR indicates greater relative arteriolar size compared to venular size. A greater FD indicates greater 

complexity of vascular branching. “eGFR↑”, “CKD↓”, “ACR↓” all represent an association with less risk from CKD. Alter wording to reflect cross-sectional 

nature. “CKD” in this table refers to CKD incidence, ACR refers to incidence of proteinuria ≥0.3g/l. eGFR refers to decline in renal function.  

**Significant only in those classed as "white"  
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1.6 Retinal thickness and chronic kidney disease 

Retinal layer thickness, measured using OCT, provides a non-invasive, in vivo measure 

of retinal tissue which may be sensitive to systemic conditions affecting the 

vasculature. Reductions in the thickness of the retina, inner retinal layer, NFL, GCL, 

and IPL have been reported in early diabetic retinopathy.202–204 Hypertension is 

associated with reduced macular thickness,205 and macular thinning has also been 

associated with a range of vascular-related conditions.206 NFL, GCL, and IPL 

thicknesses are also reduced as age advances.207 The vascular changes resulting from 

CKD may, therefore, impact retinal thickness via impaired vascular supply. This 

hypothesis was recently assessed by Balmforth et al (2016)208 who found that retinal 

and choroidal thicknesses were reduced in CKD compared with hypertensive and 

healthy individuals.208 To the author’s knowledge, this study is the only study 

addressing this question to date and had a number of limitations, including lack of 

adjustment for important confounding variables in regression models and a lack of 

measurement of constituent retinal layers. Further testing of associations between 

retinal layer thickness and CKD is warranted to address these limitations.  

1.7 Thesis aims 

The primary aim of this research project was to evaluate the association between 

multiple retinal microvascular and morphological quantitative measures and renal 

health in several populations including the UK biobank (UKBB; a population-based 

cohort with comparatively low burden of disease), the CVD study (a clinical 

population with a high cardiovascular risk) and the Genetics of Diabetes Audit and 

Research (GoDARTS) study (a population with type 2 diabetes within the GoDARTS 

study). More specifically, the primary aim of the work described in this thesis was to 

test the hypothesis that there is an association between non-invasive retinal biomarkers 

and chronic kidney disease. The retinal biomarkers assessed in this thesis were, as 

measured by the CRAE, CRVE, AVR, FD and tortuosity (quantitative measures of 

retinal microvascular geometry) and retinal layer thickness measurements derived 

from SD-OCT.  The statistical analyses, therefore, tested the probability of the overall 

null hypotheses: 
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Overall H01: There is no association between RVP and chronic kidney disease. 

Where RVP refers to the following retinal microvascular measures; CRAE, 

CRVE, AVR, FD and tortuosity, and chronic kidney disease was assessed 

using eGFR and ACR as either continuous variables or categories according to 

clinically relevant cut-off values. 

Overall H02: There is no association between retinal layer thickness and 

chronic kidney disease. Where chronic kidney disease was assessed using 

eGFR as either a continuous variable or categories according to clinically 

relevant cut-off values. 

 

Adjustment for covariates which may confound the associations of interest is an 

essential task when hypothesis testing. The work described in this thesis presented the 

opportunity to examine two related covariates of CKD and retinal biomarkers, viz. 

dietary intake and cognitive function. Therefore, the following overall null hypotheses 

were tested as secondary aims: 

Overall H03: There is no association between chronic kidney disease and 

Alzheimer’s disease or cognitive impairment. Where chronic kidney disease 

was assessed using eGFR and ACR as either continuous variables or categories 

according to clinically relevant cut-off values. 

Overall H04: There is no association between chronic kidney disease and 

dietary intakes or dietary pattern adherence. Where chronic kidney disease was 

assessed using eGFR and ACR as either continuous variables or categories 

according to clinically relevant cut-off values. 

The hypotheses specific to each chapter are detailed within the respective chapters. 
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Chapter 2  

Retinal microvascular calibre and 

reduced kidney function: a systematic 

review and participant-level meta-

analysis. 
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2.1 Introduction 

Chronic kidney disease (CKD) is characterised by irreversible reductions in the 

excretory and homeostatic functions of the kidneys1–4 that lead to greatly increased 

risk of several adverse outcomes including cardiovascular mortality.5 Early detection 

of CKD remains challenging because estimated glomerular filtration rate (eGFR) 

calculations are less precise when applied to individuals with small reductions in renal 

function.6 Reduced eGFR and elevated urinary albumin to creatinine ratios (ACR)s 

provide predictive value for progressive renal decline and end-stage renal disease 

(ESRD) but only at levels already associated with increased mortality and 

cardiovascular disease (CVD) risk.7 A variety of risk scores and biochemical8–10 and 

genetic markers11 have been explored to improve prediction algorithms for CKD. 

Direct examination of a relevant tissue would aid prediction of CKD risk but renal 

biopsies are costly, invasive, potentially hazardous and not appropriate for repeated 

assessments in individuals at increased risk of renal disease. Indeed, microvascular 

injury may result in impaired vascular homeostasis and aberrant vascular calcification 

in response to small reductions in renal function.3,12 

As described in Chapter 1, the retinal microvasculature is uniquely amenable to non-

invasive, rapid, and repeatable imaging that may reflect physiological changes in the 

kidney. Indeed, previous associations between renal function and retinal microvascular 

calibre have been reported in several cross-sectional and prospective studies 

independent of established CKD risk factors, such as diabetes and hypertension. 

Specifically, narrower arteriolar and venular calibre have been associated with lower 

eGFR and incident CKD.14–25 However, the findings reported have not always been 

consistent.26,27 Therefore, this meta-analysis of cross-sectional studies sought to clarify 

the association between retinal vessel calibre and reduced renal function. The 

following null hypothesis was assessed: 

H01: There is no association between retinal arteriolar calibre (CRAE) and 

reduced renal function (eGFR < 60 mL/min/1.73m2). 

H02: There is no association between retinal venular calibre (CRVE) and 

reduced renal function (eGFR < 60 mL/min/1.73m2). 
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2.2 Methods 

We conducted two meta-analyses using aggregate data (AD-MA) and individual 

participant data (IPD-MA) to evaluate the cross-sectional association between retinal 

vessel calibre and reduced renal function.  AD-MA combines the summary measures 

reported by each study, whereas IPD-MA relies on the availability of combined 

individual level data from each participant within the studies. 

2.2.1 Literature search, study selection & data extraction 

MEDLINE and EMBASE were searched for articles published up to October 2018 

using pre-specified search terms for Medline: [exp Microvessels/ or vessel*.mp. or 

calibre.mp. or calibre.mp. or vein*.mp. or arter*.mp. or vascular.mp.] and 

[retina*.mp.] and [(kidney or renal or GFR or eGFR or glomerular or CKD).mp.]; and 

translated for EMBASE: [exp microvasculature/ or vessel*.mp. or calibre.mp. or 

calibre.mp. or vein*.mp. or arter*.mp. or vascular.mp.] and [retina*.mp.] and [(kidney 

or renal or GFR or eGFR or glomerular or CKD).mp.].  In addition, reference lists and 

conference proceedings were screened to identify additional studies. Further studies 

and unpublished data were also identified through discussion with collaborators. 

Studies were independently assessed for suitability for inclusion by study authors (CS, 

GMK and EP). EP arbitrated any lack of clarity or agreement. 

Population-based studies in adults, with measurements of renal function and computer-

assisted measurements of retinal vascular calibre from digital photographs, or digitised 

images from 35 mm photographic film originals, published in the English language 

were eligible for inclusion. Individual participant data were requested from study 

principal investigators. Requested data points included age, gender, ethnicity, systolic 

blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol, diabetes, 

smoking status, body mass index, cardiovascular disease history, retinal arteriolar and 

venular calibre measurements and eGFR. Participant selection criteria for the IPD-MA 

entailed selection and inclusion of all participants with available data for at eGFR, 

presence/absence of diabetes, and retinal vascular calibre. For studies meeting 

inclusion criteria, study quality and risk of bias were assessed using the guidelines 

published by Hayden et al.28 Risk of bias assessment was carried out by EP (without a 

second grader). The assessment included evaluation of study participation, attrition, 

measurement of prognostic factors, outcome, confounding factors, and data analysis.   
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Qualitative assessment of studies meeting inclusion criteria indicated suitability for 

data pooling. Similar methods for retinal vessel calibre measurement were used in all 

studies, without substantive variation. Retinal vessel calibre measurements were 

obtained from optic disc centred images and were recorded from participants’ right 

eyes in most cases. Central retinal arteriolar equivalent (CRAE) and central retinal 

venular equivalent (CRVE) were calculated using the Parr-Hubbard formula29 or 

revised Knudston formula30 in all studies using the following software packages: 

Interactive Vessel Analysis (IVAN, University of Wisconsin, Madison, WI, USA), 

Singapore I Vessel Assessment (SiVA, National University of Singapore, Singapore, 

SG), and Retinal Analysis (Optimate, Madison, WI, USA). All studies used trained 

image graders that were blinded. Reproducibility for CRAE and CRVE was good in 

studies included, with intra- and inter- grader reliability coefficients ranging from 0.69 

to 0.99.  

For the meta-analyses, reduced renal function was defined as an eGFR < 60 

mL/min/1.73m2. eGFR was calculated using the CKD-EPI equation using isotope 

dilution mass spectrometry (IDMS) calibrated serum creatinine values. In cohorts 

where standardised creatinine was not available, we used a calibration factor (reduced 

creatinine levels by 5%) to match it to IDMS.31 Retinal calibre was expressed as the 

CRAE and CRVE measured in microns (µm). CRAE and CRVE provide summary 

scores for vessel calibre accounting for all major arterioles and venules passing 

through an annular zone around the optic disc, extending from 0.5 to 1.0 optic disc 

diameters (ODD) from the optic disc margin.  

2.2.2 Statistical analysis. 

Logistic regression models were constructed using study baseline data to estimate odds 

ratios (OR) and 95% confidence intervals (CI) of reduced renal function associated 

with a 20 µm (approximately 1 standard deviation [SD]) narrower CRAE or CRVE. 

For AD-MA, pooled estimates were obtained using a two-stage approach. In the first 

stage, association estimates were calculated separately for each individual study and 

in the second stage, estimates from different studies were pooled using random effects 

models. Three models were considered: model 1, adjusted for age and gender; model 

2 additionally adjusted for ethnicity (if multi-ethnic), education, current smoking, 

diabetes, hypertension, body mass index (BMI) and total cholesterol; model 3 further 
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accounted for fellow vessel calibre. For IPD-MA, pooled analyses were conducted 

using random effects models with each study centre weighted by the inverse of its 

variance and the data were combined using a one-stage approach. Four models were 

considered: model 1, adjusted for age and gender; model 2 additionally adjusted for 

ethnicity (if multi-ethnic), education, current smoking, diabetes, hypertension, BMI 

and total cholesterol; model 3 additionally adjusted for fellow vessel calibre; and 

model 4 additionally adjusted for study centre.  Heterogeneity was assessed using the 

I² statistic. To evaluate the consistency of association in the IPD-MA, subgroup 

analyses stratified by pre-specified characteristics including sex, ethnicity, diabetes 

and hypertension status were undertaken. 

2.3 Results 

Following the application of inclusion/exclusion criteria, eleven cohorts (n=44,803) 

were included in the AD-MA, and nine of these cohorts (n=33,222) were included in 

the IPD-MA (Figure 2.1). Data from studies included were collected between 1988 

and 2011. 

Study characteristics are provided in Table 2.1. Mean study age varied between 49.7 

years (SD 11.4) to 78.3 years (SD 9.1) and ranged from 24 - 97 years. Reduced renal 

function was prevalent in 11.2% (n=3,717) of the IPD-MA and 11.3% (n=5,078) of 

the AD-MA study participants. Hypertension was present in a large proportion of 

participants ranging from 39.4% (n = 1,254) in the SP2 study to 68.1% (n = 1,934) in 

the SiMES study. Diabetes prevalence ranged from 7.0% (n = 80) in the Takahata 

study to 38.9% (n = 1,156) in the SINDI study. Study participant ethnicity was 

classified as white (25,404; 56.7%), black (4,085; 9.1%), American Indian (1,265; 

2.8%) or other, including Asian ethnicities (15,314; 34.2%).  

Outputs from the random effects AD-MAs with ORs calculated per 20 µm decrease in 

CRAE and CRVE are presented in Tables 2.2 and 2.3 respectively. Forest plots for 

fully adjusted model 3 with CRAE and CRVE as the predictor variable are presented 

in Figures 2.2 and 2.3 respectively. Lower CRAE (narrower arterioles) was 

significantly associated with reduced renal function in the minimally adjusted model 

1 (pooled OR = 0.93; 95% CI, 0.88, 0.98; I2 = 26%, p = 0.20). However, the association 

did not remain significant following adjustment in the multivariable model 2 (pooled 



81 

 

OR = 0.96; 95% CI, 0.92, 1.01) and model 3 (pooled OR = 0.99; 95% CI, 0.94, 1.04). 

No significant associations were reported between CRVE and reduced renal function 

in the AD-MA (model 1: pooled OR = 0.97; 95% CI, 0.92, 1.02; model 2: pooled OR 

= 0.98; 95% CI, 0.93, 1.03; model 3: pooled OR = 0.98; 95% CI, 0.92, 1.05). However, 

between study heterogeneity was significant (model 1, I2= 51%, p= 0.03; model 2, I2 

= 51%, p = 0.03; model 3, I2 = 55%, p = 0.01). In the minimally adjusted model, two 

studies (MESA and BDES) both showed a significant positive association between 

wider CRVE and reduced renal function, and for BDES this remained significant even 

in the fully adjusted model (Table 2, Figure 2.3). 
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Articles identified through MEDLINE and EMBASE search  

n= 1508 (MEDLINE) + n= 2869 (EMBASE) = 4377 

Ineligible papers and duplicates 

removed during title screen: 

4,302 

n remaining = 75 

n remaining = 55 

n remaining = 18 papers  

(from 7 studies) 

Ineligible papers removed 

during abstract screen: 20 

Ineligible papers removed by 

application of inclusion 

criteria to full papers n = 37 

Studies eligible for inclusion  

in aggregate data meta-

analysis = 11 

Participant level data not 

available for n = 2 

Further studies identified by 

expert consultation n = 4 

Studies eligible for inclusion  

in individual participant data 

meta-analysis = 9 

Figure 2.1. Study selection and data extraction 
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Characteristics ARIC24 BMES32 CHS33 MESA18 SCES34 SiMES16 SINDI35 SP236 Takahata37 BDES19 Rotterdam38 

Sample Size 10725 1698 1884 5700 3085 2842 2969 3181 1138 4724 6857 

Year of retinal / renal data collection 1993-95 1992-94 1997-98 2002-04 2009-11 2004-07 2007-09 2004-07 2004-06 1988-90 1989–93 

Mean age at baseline (SD), years 60.1 (5.6) 65.0 (9.1) 78.3 (4.3) 61.5 (10.0) 59.1 (9.6) 58.3 (10.6) 57.1 (9.7) 49.7 (11.4) 60.5(9.6) 61.7 (11.0) 63.5 (9.4) 

Age range, years 50-73 45-97 69-95 44-84 44-86 40-81 42-84 24-95 40-87 43-86 45-95 

Men, n (%) 4765 (44) 808 (48) 763 (40) 2720 (48) 1538 (50) 1370 (48) 1521 (51) 1547 (49) 517 (45) 2091 (44) 2802 (41) 

Ethnicity, n (%)              

   White 8473 (79) 1698 (100) 1574 (83) 2269 (40) - - - - - 4697 (99) 6693 (98) 

   Black 2219 (21) - 302 (16) 1503 (26) - - - - - 0 (0) 61 (1) 

   Other (including Asian) 23 (0.2) - 2 (0.1) 679 (11.9) 3085 (100) 2842 (100) 2969 (100) 3181 (100) 1138 (100) 27 (0.6) 103 (1.5) 

   American Indian 10 (0.1) - 6(0.3) 1249 (21.9) - - - - - - - 

Current smoker, n (%) 1873 (18) 217 (13) 125 (7) 661 (12) 403 (13) 585 (21) 450 (15) 379 (12) 168 (15) 941 (20) 1756 (26) 

Current drinker, n (%) 5780 (54) 1212 (71) 1075 (57) 2939 (52) 340 (11) 45 (2) 391 (13) 1053 (33) - 113 (2) 5391 (79) 

Hypertension, n (%) 4235 (40) 1038 (61) 933 (50) 2575 (45) 1841 (60) 1934 (68) 1744 (59) 1254 (39) 571 (50) 2382 (50) 3869 (56) 

Diabetes, n (%) 1413 (13) 126 (7) 265 (14) 874 (15) 535 (17) 913 (32) 1156 (39) 375 (12) 80 (7) 431 (9) 531 (8) 

CKD, n (%) 193 (2) 786 (46) 871 (46) 607 (11) 202 (7) 592 (21) 220 (7) 204 (6) 42 (4) 667 (14) 694 (10) 

Mean BMI, (SD), kg/m
2
 28.4 (5.5) 26.2 (4.3) 27.1 (4.5) 28.4 (5.4) 23.7 (3.6) 26.5 (5.1) 26.2 (4.7) 24.2 (5.3) 23.4 (3.2) 28.8 (5.4) 26.9 (4.2) 

Mean SBP (SD), mmHg 124 (19) 145 (21) 131 (20) 124 (21) 136 (19) 146 (23) 135 (20) 132 (21) 133 (16) 132 (20) 136 (21) 

Mean DBP (SD), mmHg 72 (10) 83 (10) 67 (11) 70 (10) 78 (10) 80 (11) 78 (10) 78 (11) 79 (10) 77 (11) 77 (12.2) 

Mean Plasma glucose (SD), mmol/l 6.1 (2.2) 0.0 (0.0) 5.7 (1.7) 5.6 (1.7) 6.4 (2.8) 6.8 (3.7) 7.1 (3.5) 5.2 (1.6) 5.2 (0.8) 5.9 (2.2) 6.3 (2.3) 

Haemoglobin A1c, mean (SD), % - - - 5.7 (1.0) 6.1 (0.9) 6.5 (1.6) 6.4 (1.4) 5.8 (1.1) 5.2 (0.6) 4.9 (1.3) -  

Mean Serum cholesterol (SD), mmol/l 5.4 (1.0) 6.0 (1.1) 5.2 (1.0) 4.9 (0.9) 5.5 (1.1) 5.6 (1.2) 5.2 (1.1) 5.3 (1.0) 5.2 (0.8) 6.0 (1.1) 6.2  (1.3) 

CRAE, mean (SD), μm 162 (17) 187 (18) 163 (17) 144 (14) 140 (16) 140 (16) 143 (14) 143 (14) 148 (14) 150 (14) 152 (16) 

CRVE, mean (SD), μm 193 (17) 225 (20) 191 (18) 214 (22) 207 (21) 219 (22) 208 (20) 220 (21) 210 (22) 230 (22) 230 (23) 

Table 2.1. Baseline characteristics of participants in the 11 cohort studies (n = 44803). Abbreviations: ARIC, Atherosclerosis Risk in Communities Study; BMES, Blue 

Mountains Eye Study; CHS, Cardiovascular Health Study; MESA, Multi-Ethnic Study of Atherosclerosis; SCES, Singapore Chinese Eye Study; SiMES, Singapore 

Malay Eye Study; SINDI, Singapore Indian Eye; SP2, Singapore Prospective Study; Body Mass Index (BMI); Systolic blood pressure (SBP); Diastolic blood pressure 

(DBP); central retinal arteriolar equivalent (CRAE); central retinal venular equivalent (CRVE). 
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Study 
Model 1 Model 2 Model 3 

OR (95% CI) OR (95% CI) OR (95% CI) 

ARIC 0.92 (0.77, 1.09) 1.03 (0.86, 1.24) 1.10 (0.89, 1.36) 

BDES 0.84 (0.74, 0.96) 0.88 (0.78, 1.01) 1.08 (0.92, 1.28) 

BMES 0.94 (0.84, 1.06) 0.92 (0.82, 1.04) 0.89 (0.77, 1.04) 

CHS 1.03 (0.91, 1.16) 1.05 (0.93, 1.18) 0.99 (0.85, 1.15) 

MESA 0.81 (0.72, 0.92) 0.88 (0.77, 1.00) 0.91 (0.79, 1.07) 

Rotterdam Study 0.97 (0.86, 1.09) 1.01 (0.89, 1.14) 1.02 (0.88, 1.18) 

SCES 1.05 (0.88, 1.27) 1.08 (0.89, 1.30) 1.09 (0.87, 1.37) 

SiMES 0.93 (0.82, 1.05) 0.97 (0.85, 1.11) 0.96 (0.82, 1.12) 

SINDI 0.95 (0.77, 1.16) 0.93 (0.76, 1.14) 0.94 (0.74, 1.19) 

SP2 0.84 (0.69, 1.03) 0.89 (0.72, 1.09) 0.98 (0.76 1.26) 

*Takahata 1.15 (0.74, 1.77) 1.34 (0.85, 2.13) 1.50 (0.90, 2.48) 

Combined 0.93 (0.88, 0.98) 0.96 (0.92, 1.01) 0.99 (0.94, 1.04) 

 I2=26% (p=0.20) I2=10% (p=0.35) I2=0% (p=0.56) 

Table 2.2. Association between a 20 µm decrease in central retinal arteriolar equivalent and chronic kidney disease for each study included in the two-stage 

aggregate data random effects meta-analysis (11 cohorts, n = 44803). Abbreviations: ARIC, Atherosclerosis Risk in Communities Study; BDES, Beaver Dam 

Eye Study; BMES, Blue Mountains Eye Study; CHS, Cardiovascular Health Study; MESA, Multi-Ethnic Study of Atherosclerosis; SCES, Singapore Chinese 

Eye Study; SiMES, Singapore Malay Eye Study; SINDI, Singapore Indian Eye; SP2, Singapore Prospective Study Programme;  

Model 1: Adjusted for age, gender 

Model 2: As Model 1 plus ethnicity (if multi-ethnic), education, current smoking, diabetes, hypertension, BMI, total cholesterol 

Model 3: As Model 2 plus fellow vessel central retinal venular equivalent 

*Multivariable models 2 and 3 did not include education 
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Study loge [OR] SE(loge[OR]) OR (95% CI) Weight OR (95% CI) 

ARIC 0.096 0.108 1.10 (0.89, 1.36) 6.7  

BDES 

 

0.081 0.086 1.08 (0.92, 1.28) 10.6  

BMES 

 

-0.111 0.076 0.89 (0.77, 1.04) 13.5  

CHS 

 

-0.015 0.077 0.99 (0.85, 1.15) 13.2  

MESA 

 

-0.089 0.078 0.91 (0.79, 1.07) 12.9  

Rotterdam 

 

0.020 0.076 1.02 (0.88, 1.18) 13.5  

SCES 

 

0.087 0.118 1.09 (0.87, 1.37) 5.6  

SiMES 

 

-0.045 0.079 0.96 (0.82, 1.12) 12.5  

SINDI 

 

-0.062 0.120 0.94 (0.74, 1.19) 5.4  

SP2 -0.020 0.128 0.98 (0.76, 1.26) 4.8  

*Takahata 

 

0.403 0.257 1.50 (0.90, 2.48) 1.2  

Pooled   0.99 (0.94, 1.04) 100  

Heterogeneity. Tau2 < 0.01; Chi2 = 8.68, df = 10 (p = 0.56); I2= 0%,  

Test for overall effect: Z = 0.39 (p = 0.69) 

 

 

Figure 2.2. Forest plots showing the association between a 20 µm decrease in central retinal arteriolar equivalent (CRAE) and chronic kidney disease for 

studies included in the two-stage aggregate data random effects meta-analysis (model 3). Model 3: Adjusted for age and gender, ethnicity (if multi-ethnic), 

education, current smoking, diabetes, hypertension, BMI, total cholesterol, and fellow vessel central retinal arteriolar equivalent. *Multivariable model did not 

include education. 
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Study 
Model 1 Model 2 Model 3 

OR (95% CI) OR (95% CI) OR (95% CI) 

ARIC 0.93 (0.78, 1.10) 0.93 (0.77, 1.11) 0.88 (0.71, 1.09) 

BDES 0.85 (0.78, 0.92) 0.84 (0.77, 0.91) 0.81 (0.73, 0.91) 

BMES 1.02 (0.92, 1.14) 1.00 (0.89, 1.11) 1.05 (0.92, 1.21) 

CHS 1.06 (0.95, 1.19) 1.10 (0.98, 1.24) 1.11 (0.96, 1.29) 

MESA 0.88 (0.81, 0.95) 0.92 (0.85, 1.01) 0.95 (0.86, 1.06) 

Rotterdam 1.02 (0.94, 1.11) 1.03 (0.95, 1.12) 1.04 (0.94, 1.15) 

SCES 1.02 (0.88, 1.17) 1.01 (0.88, 1.16) 0.97 (0.82, 1.15) 

SiMES 1.00 (0.92, 1.10) 1.00 (0.92, 1.10) 1.02 (0.92, 1.13) 

SINDI 0.96 (0.83, 1.11) 0.96 (0.83, 1.11) 0.98 (0.83, 1.16) 

SP2 1.02 (0.89, 1.17) 1.04 (0.90, 1.19) 1.14 (0.97, 1.35) 

*Takahata 0.92 (0.68, 1.24) 0.93 (0.68, 1.28) 0.83 (0.58, 1.18) 

Combined 0.97 (0.92, 1.02)  0.98 (0.93, 1.03)  0.98 (0.92, 1.05) 

 I2=51% (p=0.03) I2=51% (p=0.03) I2=55% (p=0.01) 

Table 2.3. Association between a 20 µm decrease in central retinal venular equivalent (CRVE) and chronic kidney disease for each study included in the two-

stage aggregate data random effects meta-analysis (11 cohorts, n = 44803). Abbreviations: ARIC, Atherosclerosis Risk in Communities Study; BDES, Beaver 

Dam Eye Study; BMES, Blue Mountains Eye Study; CHS, Cardiovascular Health Study; MESA, Multi-Ethnic Study of Atherosclerosis; SCES, Singapore 

Chinese Eye Study; SiMES, Singapore Malay Eye Study; SINDI, Singapore Indian Eye; SP2, Singapore Prospective Study Programme;  

Model 1: Adjusted for age and gender 

Model 2: As Model 1 plus ethnicity (if multi-ethnic), education, current smoking, diabetes, hypertension, BMI, total cholesterol 

Model 3: As Model 2 plus fellow vessel central retinal arteriolar equivalent 

*Multivariable models 2 and 3 did not include education 
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Study Loge [OR] SE(loge[OR]) OR (95% CI) Weight OR (95% CI) 

ARIC -0.126 0.109 0.88 (0.71, 1.09) 5.9  

BDES 

 

-0.206 0.055 0.81 (0.73, 0.91) 11.8  

BMES 

 

0.052 0.069 1.05 (0.92, 1.21) 
 

9.9  

CHS 

 

0.103 0.076 1.11 (0.96, 1.29) 9.1  

MESA 

 

-0.047 0.052 0.95 (0.86, 1.06) 12.3  

Rotterdam 

 

0.036 0.052 1.04 (0.94, 1.15) 12.3  

SCES 

 

-0.029 0.087 0.97 (0.82, 1.15) 
 

7.9  

SiMES 

 

0.019 0.054 1.02 (0.92, 1.13) 12.0  

SINDI 

 

-0.022 0.086 0.98 (0.83, 1.16) 8.0  

SP2 0.131 0.085 1.14 (0.97, 1.35) 8.1  

*Takahata 

 

-0.187 0.179 0.83 (0.58, 1.18) 2.8  

Pooled   0.98 (0.92, 1.05) 100  

Heterogeneity. Tau2 = 0.01; Chi2 = 22.07, df = 10 (P = 0.01); I2= 55%  

Test for overall effect: Z = 0.47 (P = 0.64)  

Figure 2.3. Forest plots showing the association between a 20 µm decrease in central retinal venular equivalent (CRVE) and chronic kidney disease for studies 

included in the two-stage aggregate data random effects meta-analysis (model 3). Model 3: Adjusted for age and gender, ethnicity (if multi-ethnic), education, 

current smoking, diabetes, hypertension, BMI, total cholesterol, and fellow vessel central retinal arteriolar equivalent. *Multivariable model did not include 

education. 
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In the IPD-MA, narrower retinal arteriolar calibre was significantly associated with 

reduced renal function following adjustment for potential confounders (CRAE model 

1: pooled OR = 1.17; 95% CI, 1.13, 1.21; model 2: pooled OR = 1.30; 95% CI, 1.25, 

1.36; model 3: pooled OR = 1.12, 95% CI, 1.07, 1.17, Table 2.4), although this 

association did not remain significant in the fully adjusted model 4 after inclusion of 

study centre (model 4: pooled OR = 0.98; 95% CI, 0.93, 1.05). Narrower retinal 

venular calibre was also significantly associated with reduced renal function following 

adjustment for potential confounders (CRVE model 1: pooled OR = 1.32; 95% CI, 

1.28, 1.36; model 2: pooled OR = 1.36; 95% CI, 1.31, 1.41 model 3: pooled OR = 

1.30, 95% CI, 1.25, 1.35, Table 2.4), although again, this association did not remain 

significant in the fully adjusted model 4 after inclusion of study centre (model 4: 

pooled OR = 1.00; 95% CI, 0.95, 1.05). 

In subgroup analyses of the IPD-MA (Table 2.5), lower CRAE was significantly 

associated with reduced renal function in those with diabetes (OR = 0.88, 95% CI 0.79, 

0.98) after adjustment for age, gender, ethnicity (if multi-ethnic), current smoking, 

diabetes, hypertension, BMI, total cholesterol and fellow vessel central retinal 

equivalent. No significant associations between reduced renal function and retinal 

calibre in other subgroups were identified. 

 CRAE CRVE 

 Overall OR (95%CI) Overall OR (95%CI) 

Progressive adjustment 

Model 1 1.17 (1.13, 1.21) 1.32 (1.28, 1.36) 

Model 2 1.30 (1.25, 1.36) 1.36 (1.31, 1.41) 

Model 3 1.12 (1.07, 1.17) 1.30 (1.25, 1.35) 

Model 4 0.98 (0.93, 1.05) 1.00 (0.95, 1.05) 

Table 2.4. Association between a 20 µm decrease in central retinal arteriolar equivalent 

(CRAE), central retinal venular equivalent (CRVE) and chronic kidney disease in a one-

stage individual participant data random effects meta-analysis (nine cohorts, n=33,222). 

Model 1: Adjusted for age and gender 

Model 2: As Model 1 plus ethnicity (if multi-ethnic), education, current smoking, diabetes, 

hypertension, BMI, total cholesterol 

Model 3: As Model 2 plus fellow vessel central retinal arteriolar equivalent 

Model 4: As Model 3 plus study centre 
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Figure 2.4: Funnel plots for studies included in the 11 study, two-stage, aggregate data 

random effects meta-analysis (model 3) for the association between a 20 µm decrease in 

central retinal arteriolar equivalent (CRAE) and chronic kidney disease. 
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Figure 2.5: Funnel plots for studies included in the 11 study, two-stage, aggregate data random 

effects meta-analysis (model 3) for the association between a 20 µm decrease in central retinal 

venular equivalent (CRVE) and chronic kidney disease.
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   CRAE  CRVE  

Variable Number at risk Cases (%) Overall OR (95%CI) I2 (p-value) Overall OR (95%CI) I2 (p-value) 

Diabetes             

    Yes 5737 909 (15.8) 0.88 (0.79, 0.98)  25% (0.22) 1.01 (0.75, 1.37) 95% (<0.01) 

    No 27485 2808 (10.2) 1.03 (0.93, 1.15) 43% (0.08) 1.00 (0.94, 1.06) 0% (0.73) 

Hypertension        

    Yes 16125 2657 (16.5) 0.96 (0.89, 1.03) 0% (0.77) 1.01 (0.96, 1.07) 0% (0.60) 

    No 17097 1060 (6.2) 0.97 (0.86, 1.09) 42% (0.09) 1.00 (0.90, 1.10) 0% (0.54) 

Gender        

    Male 15549 1932 (12.4) 0.98 (0.89, 1.07) 16% (0.30) 0.98 (0.92, 1.05) 0% (0.88) 

    Female 17673 1785 (10.1) 0.96 (0.88, 1.05) 0% (0.59) 1.03 (0.96, 1.10) 0% (0.52) 

Ethnicity        

    White 14014 2014 (14.4) 1.05 (0.96, 1.15) 0% (0.84) 0.95 (0.87, 1.03) 0% (0.84) 

    Black 4024 269 (6.7) 1.13 (0.91, 1.41) 0% (0.97) 0.90 (0.68, 1.20) 57% (0.10) 

    Asian 13919 1333 (9.6) 0.97 (0.88, 1.07) 21% (0.28) 1.00 (0.94, 1.08) 0% (0.44) 

    American Indian 1265 101 (8.0) 0.71 (0.49, 1.05) NA 0.97 (0.76, 1.25) NA 

Table 2.5. Association between a 20 µm decrease in retinal vessel calibre and chronic kidney disease subgroupings for participants included in the two-

stage individual participant data random effects meta-analysis (nine cohorts, n=33,222). 

Subgroup analyses adjusted for adjusted for age, gender, ethnicity (if multi-ethnic), current smoking, diabetes, hypertension, BMI, total cholesterol and 

fellow vessel central retinal arteriolar equivalent.  

NA: Not applicable - subgroup analyses for American Indians is derived from the MESA study only and therefore calculation of I2 values are not 

appropriate. 
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2.4 Discussion 

In AD-MA and IPD-MA, cross-sectional associations between retinal vessel calibre 

and reduced renal function were considered. Pooled estimates from AD-MA from 

eleven studies including 44,803 participants showed that CRAE, but not CRVE, was 

significantly associated with reduced renal function in the minimally adjusted analysis 

(CRAE: OR = 0.93, CI = 0.88, 0.98; CRVE: OR = 0.97, CI = 0.92, 1.02). However, 

no significant association was found between CRAE or CRVE in the minimally 

adjusted IPD-MA (CRAE: OR = 1.17, CI = 1.13, 1.21; CRVE: OR = 1.32, CI = 1.28, 

1.36). After adjustment for a range of potential confounding factors, no significant 

independent associations between retinal vessel calibre and reduced renal function 

were found in the AD-MA (fully adjusted model 3: CRAE OR 0.99, CI 0.94, 1.04; 

CRVE OR 0.98, CI 0.92, 1.05). Similarly, IPD-MA from nine of the 11 studies 

included in the AD-MA showed no significant independent association between 

reduced renal function and retinal vessel calibre (fully adjusted model 4: CRAE OR 

0.98, CI 0.93, 1.05; CRVE OR 1.00, CI 0.95, 1.05). These findings showed no 

significant association between retinal vessel calibre and reduced renal function in the 

general population, independent of the potential confounding variables considered 

within this analysis. Subgroup analyses showed a significant inverse association 

between narrower arteriolar calibre and reduced renal function in those with diabetes 

(OR 0.88, CI 0.79, 0.98). However, the effect size of this association was small, and 

the risk of type 1 error resulting from the number of sub-groups tested suggests 

independent replication in future studies should be considered.   

Several studies included have previously indicated associations between retinal 

vascular calibre and CKD that may reflect population variation while highlighting the 

necessity of adjustment for appropriate confounders. Reported CKD prevalence 

differed markedly between studies. The ARIC study accounted for nearly a quarter of 

participants included in the AD-MA, but had a very low CKD prevalence (3%), while 

BMES and CHS reported CKD prevalence between 8% and 20% respectively. 

Estimating equations used to calculate eGFR are less sensitive in individuals at values 

around and above 60 mL/min/1.73m2, and the dichotomisation of the renal function 

used in the AD-MA, may have contributed to the lack of associations detected. 

Likewise, variation in additional potential confounding vascular effects also varied 

widely between the included studies. Hypertension for example, was almost twice as 
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common in SiMES compared to SP2, while SINDI had a diabetes prevalence more 

than 5-fold greater than recorded in the Takahata study. Both diabetes and 

hypertension are associated with variation in the retinal vasculature39,40 and so direct 

comparisons between studies can prove challenging. 

Genetic and environmental differences between study populations may also contribute 

to variation in the associations observed. Within MESA, an association between 

narrower retinal arterioles and CKD was reported in “whites” only but not in other 

ethnic/racial groups, with inter-ethnic variation proposed as a potential explanation, 

possibly as a consequence of multi-ethnic variation in the contrast levels represented 

by melanin deposition within the retinal pigment epithelium.18 Lower levels of retinal 

pigmentation improves the contrast between the retinal vessels and the underlying 

fundus, enabling more accurate vascular calibre estimates.41 However, subgroup 

analyses in the present study failed to detect any associations between retinal vascular 

calibre and CKD according to ethnicity or racial subgroup.  

Although the results presented in the current meta-analysis show relatively unanimous 

lack of significant associations between vessel calibre and CKD among the included 

studies, the published findings of the individual studies often reported significant 

associations between vessel calibre and CKD in models adjusted for unique, non-

standardised, sets of confounding variables. For example, in the SiMES study, per 

14um change in CRAE, there was mean increase in CKD risk of 1.2 (95%CI 1.02-

1.40) in their multivariate adjusted logistic regression analysis adjusted for age, sex, 

ethnicity, education level, smoking status, alcohol consumption, DM status, mean 

arterial pressure, BMI, total cholesterol and HDL cholesterol.20 In contrast, in the 

present analyses, made use of a fixed set of variables in the models applied across all 

included studies, thus reducing the opportunity for selective adjustment of variables to 

result in significant associations. In addition, studies such as the ARIC study did not 

report associations relating to CRAE or CRVE, but instead reported the composite 

arteriovenous ratio.24 These analyses, therefore, constitute a novel consideration of 

CRAE and CRVE data from these studies.  

This study had several strengths. The search strategy included major databases 

(Medline and EMBASE), minimising the likelihood of excluding relevant studies, and 

facilitating the use of IPD-MA through the provision of individual-level data. The large 
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sample size achieved through pooling data in a meta-analysis minimised the risk of 

type 2 error and the use of population-based studies reduced the potential for selection 

bias. The study populations included were well-characterised enabling adjustment for 

potential confounders (study centre, age, gender, ethnicity, education, current 

smoking, diabetes, hypertension, BMI, total cholesterol and fellow vessel calibre). The 

inclusion of several multi-centre studies further reduced the risk of bias given they are 

less likely to over-estimate effect sizes compared to single centre studies alone42.  

The generalisability of the findings was improved by the inclusion of population-based 

studies from the US, Europe, South East Asia, and Japan, comprising a wide range of 

ethnicities and age groups (Table 2.1). Notwithstanding the age and ethnic variation 

among the studies included, a low level of heterogeneity was observed between studies 

for CRAE and CRVE in the IPD-MA (Table 2.4). Furthermore, the funnel plots 

representing the data included in the meta-analysis suggest a low risk of publication 

bias (Figures 2.4 and 2.5). Additionally, the inclusion criteria used were limited to 

studies that obtained retinal vascular calibre measurements using computer-aided 

methods. Automated algorithmic retinal vessel calibre measurement platforms have 

excellent inter-operator reliability43 which exceeds that of manual vessel tracing44,45. 

The study undertaken also had several limitations. Although meta-analysis provides 

an improved level of evidence compared with single observational studies, the cross-

sectional nature of our analysis precludes identification of causal relationships and 

generally provides weaker evidence compared with cohort or case-control study 

designs in which cause and effect are separated in time. Furthermore, cross-sectional 

analyses are especially susceptible to survival bias, which is less of an issue in the 

evaluation of longitudinal data. The CRAE and CRVE measurement units used in the 

studies included rely on an estimation of scale based on the assumption of an average 

optic disc size (1800 µm). This may lead to unaccounted variability as differences in 

the physiology of the eye and magnification artefacts may prove challenging using 

standard fundus photography.46 However, in practice, associations of vessel calibre 

with related outcomes such as blood pressure appear not to be significantly altered by 

refractive error.47,48 Associations with reduced renal function have also been reported 

for retinal pathologies such as retinopathy and for other retinal microvascular 

parameters such as fractal dimension, tortuosity and branching angle. These were not 
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assessed in the present study and so conclusions relating to these parameters cannot be 

drawn.  

The definition of reduced renal function applied in this study was based on a single 

eGFR measurement with a value < 60 mL/min/1.73m2 and failed to account for 

variation in renal function or renal damage as indicated by elevated urinary ACR. This 

is common in population-based epidemiological studies but differs from clinical CKD 

staging which, in the absence of proteinuria, depends on two measures of eGFR < 60 

mL/min/1.73m2 over at least a 3 month period.49 Single eGFR measures captured 

through population-based studies are usually stable and mild compared to clinically 

confirmed cases.  As such, population-based studies may not accurately reflect 

clinically observed eGFR and may give conclusions that are not readily applicable to 

clinically confirmed CKD. Several studies included were unable to determine eGFR 

from serum creatinine samples collected on the same day as the retinal imaging, 

increasing the potential for random error being introduced into the analysis by day-to-

day variations in the measurements. The use of an estimating equation to calculate 

eGFR and define reduced renal function may result in misclassification as the CKD-

EPI equation has been reported to have reduced precision for higher eGFR levels,6 

potentially leading to misclassification and possibly reduced study power compared to 

direct measurement of GFR. However, direct measurement of GFR, e.g. by inulin 

clearance, is impractical in large population-based studies. Furthermore, the 

underlying cause of reduced renal function is important but pathology and prognosis 

remained largely unaccounted for in most of the studies included and so could not be 

considered in the context of this meta-analysis.  Proteinuria can occur independently 

of reduced eGFR and has been reported in association with retinal vascular calibre in 

several studies.14,16,24,48,50 Assessment of this association and the potential predictive 

capacity of proteinuria with retinal vessel calibre was beyond the scope of the present 

study. 

2.5 Concluding remarks  

The results of these cross-sectional meta-analyses indicated a significant association 

between retinal arteriolar calibre and reduced renal function within general populations 

in a minimally adjusted model. However, no significant association between retinal 

microvascular calibre and reduced renal function was present after adjustment for 
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potential confounding variables. Therefore, the null hypotheses could not be rejected. 

Future investigations are necessary to replicate the potential association between 

retinal microvascular calibre and reduced renal function in diabetes. Further studies 

are also required to establish longitudinal associations between retinal microvascular 

calibre and other measures of renal function and damage. 
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Chapter 3  

Retinal microvascular fractals are 

associated with albuminuria in the UK 

Biobank: a cross-sectional case-control 

study. 
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3.1 Introduction  

Retinal microvascular calibre is altered in a range of vascular conditions such as 

coronary heart disease,1 hypertension,2 stroke,3 and diabetes,4 highlighting the 

potential of retinal microvascular parameters (RVP) for screening of systemic 

microvascular changes. The retina may have a higher metabolic demand than any other 

tissue5,6 and is supplied blood by a particularly sparse microvascular network for the 

inner retinal layers.6 The retinal microvasculature may undergo structural and 

physiological adaptations in response to reduced blood supply to the retina.  

Retinal microvascular calibre has been examined in several population-based cohorts 

(ARIC,7 BDES,8 BMES,9 CHS,10 MESA,11 the Rotterdam Study,12 SCES,13 SiMES,14 

SINDI,15 SP2,16 and the Takahata study17) but results have been inconsistent. Meta-

analysis of population-based cohorts testing associations between RVP and eGFR (see 

Chapter 2) showed no significant association following adjustment for a range of 

important covariates.  

Clinical staging guidelines for chronic kidney disease (CKD) are outlined in Chapter 

1, Section 1.1.4. CKD is diagnosed at glomerular filtration rates below 60 

ml/min/1.73m2 and/or urinary ACR > 3mg/mmol. Although individuals are diagnosed 

with CKD based on either urinary albumin to creatinine ratio (ACR) or estimated 

glomerular filtration rate (eGFR), these measures identify separate renal disease 

populations. For example, data from the NHANES cohort indicate that only a minority 

of individuals with raised serum creatinine also have albuminuria and vice-versa, with 

around 20-26% of individuals with eGFR 30-60 ml/min/1.73m2 classified as also 

having ACR > 3mg/mmol with similar proportions in subgroups with diabetes and 

hypertension18  (see Figure 3.1). 
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Figure 3.1. A series of Venn diagrams illustrating the prevalence of reduced renal 

function and albuminuria in the NHANES cohort.18 Panel A: Individuals from the 

general population meeting serum creatinine (Cr) and urinary albumin to creatinine 

ratio (ACR) thresholds.  Panel B: Individuals with diabetes meeting Cr and ACR 

thresholds. Panel C: Individuals with hypertension and no diabetes meeting Cr and 

ACR thresholds. Panel D: Individuals with no diabetes or hypertension meeting Cr 

and ACR thresholds. Cr: serum creatinine (μmol/L). Albuminuria: ACR > 3.0 

mg/mmol; macroalbuminuria: 37.8 mg/mmol. Image from Garg, A. X., Kiberd, B. A., 

Clark, W. F., Haynes, R. B. & Clase, C. M. Albuminuria and renal insufficiency 

prevalence guides population screening: Results from the NHANES III. Kidney Int. 

61, 2165–2175 (2002).18 

 

Similarly to individuals with reduced eGFR, individuals with increased ACR are 

characteristically at increased risk of cardiovascular and all-cause mortality with 

resulting mean reductions in life expectancy as high as 10 years or more in younger 

adults19 (see Figure 3.2.). Although there have been numerous studies examining 

associations between eGFR and retinal calibre, associations between ACR and calibre 

remain to be determined, and little data exists for associations between ACR and 

fractal dimension (FD) or tortuosity. 
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Figure 3.2. Reduction in life expectance in individuals with albuminuria in comparison 

to the general population.19 Image from Gansevoort, R. T. et al. Chronic kidney disease 

and cardiovascular risk: epidemiology, mechanisms, and prevention. The Lancet. 382, 

339–352 (2013). 

 

 

Fractals provide a model of growth and branching in iterative processes such as 

formation of vascular beds. Variations from normal FD or tortuosity may indicate 

deviations from healthy vascular growth patterns.20 An optimal vascular bed geometry 

provides oxygen and nutrients to cells with the minimal amount of energy required.21 

Such deviations from healthy microvasculature geometry may result from, and confer 

susceptibility to, damage resulting from CKD related vascular impairment. Changes 

in vessel tortuosity have been reported in large and small vessels throughout the body 

in imaging studies of atherosclerosis, hypertension and diabetes.22 Measures related to 

FD, such as impaired vessel growth, vessel rarefaction and dropout occur in 

atherosclerosis, hypertension, Alzheimer’s disease, nephropathy and diabetes.23 

Retinal microvascular FD may provide a useful indicator of such systemic changes 
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and has been associated with cardiovascular disease (CVD),24,25 diabetes,26 and 

hypertension,24 as has vessel tortuosity (diabetes,26 hypertension and CVD27).  

In this study, a case-control comparison was undertaken using participant data from 

the UK Biobank (UKBB) to assess associations between a range of retinal 

microvascular parameters and urinary albumin to creatinine ratios. The UKBB study 

is a large, UK-based, cohort study of middle-aged and older adults conducted to 

improving the prevention, diagnosis and treatment of a wide range of serious and life-

threatening illnesses. The UKBB study collected data on a wide variety of variables 

including urinary albumin and creatinine and digital fundus photographs in a subset of 

participants. Associations between a range of RVP and renal damage were assessed in 

a subset of the UKBB population using the null hypotheses: 

H01: There is no association between CRAE and ACR ≥3 mg/mmol in the UK 

Biobank population. 

H02: There is no association between CRVE, and ACR ≥3 mg/mmoll in the UK 

Biobank population. 

H03: There is no association between ARV, and reduced renal function ACR 

≥3 mg/mmol in the UK Biobank population. 

H04: There is no association between microvascular fractal dimension and 

ACR ≥3 mg/mmol in the UK Biobank population. 

H05: There is no association between microvascular tortuosity and ACR ≥3 

mg/mmol in the UK Biobank population. 

3.2 Methods 

3.2.1. Study design and data collection 

A cross-sectional, case-control study was performed using data from the UKBB 

population. The UKBB population and data collection has been described 

previously.28,29 Briefly, the UKBB is a UK-based, multi-centre, cohort study 

conducted with the aim of improving the prevention, diagnosis and treatment of a wide 

range of serious and life-threatening illnesses. The UKBB study recruited 502,616 
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people aged between 40-69 years, from the UK population. Baseline data collection 

was carried out from 2006 – 2010.  

Participants attended assessment centre visits where interviews were conducted, 

including touchscreen and web-based dietary questionnaires, blood pressure and 

cognitive function tests, physical measures (including height, weight and waist 

circumference) and eye assessments were undertaken, and blood and urine samples 

collected. 

Data relating to eye health (visual acuity, auto-refraction and intraocular pressure) 

were collected on ~112,000 participants. Digital fundus photography and optical 

coherence tomography were carried out on 68,544 participants, of which 67,321 

participants had both right and left eye images captured. Eye imaging was undertaken 

at baseline assessment centre visits between December 2009 and July 2010. 

Data collection and analysis was performed according to the principles of the 

Declaration of Helsinki. Ethical approval was granted by the North West Multi-Centre 

Research Ethics committee (reference: 06/MRE08/65). 

Sample size and power calculations indicated that a study including 600 cases and 600 

controls would have > 90% power to detect an association between retinal vessel 

calibre and CKD of similar magnitude to the association observed in Sabanayagam et 

al., 2009b30 (an odds ratio of 1.68 for CKD). This is based on a test for trend in CKD 

risk across quarters of the distribution of retinal vessel diameter. Therefore this study 

is likely to have sufficient power to avoid type 2 error when assessing association 

between retinal vessel diameter and CKD.  

 

3.2.1. Participant eligibility 

Participants were eligible for inclusion in the present study if corresponding right and 

left eye images were available in addition to urinary albumin, urinary creatinine, age, 

sex and ethnic background data. 
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3.2.2. Case-control criteria 

Participants were selected as cases and controls based on clinical ACR thresholds. 

Participants with ACR ≥ 3mg/mmol (ACR stages A2-A3) were categorised as cases, 

and those with an ACR < 3 mg/mmol (ACR stage A1) were categorised as controls.  

3.2.3. Participant matching 

Participants were matched individually without replacement and with one control per 

case. 

Matching was based on sex and ethnic background categories (White; Asian or Asian 

British; Black or Black British; Mixed/Chinese/Other) with age (age at recruitment) 

matched as closely as possible (age differences up two years were tolerated).  

3.2.4. Image capture and retina vessel assessment 

Macula-centred digital fundus images were captured using a Topcon 3D OCT 1000 

Mark 2 camera (Topcon Great Britain Medical Ltd., Berkshire, UK). RVP were 

calculated from fundus images using the Vessel Assessment and Measurement 

Platform for Images of the REtina (VAMPIRE) version 3.1 (VAMPIRE group, 

Universities of Dundee and Edinburgh, Scotland). The VAMPIRE software 

application is a semi-automated vessel analysis platform which produces quantitative 

measurements of retinal microvascular geometric features. The vessel mapping and 

automated artery vein classifications require manual correction taking approximately 

20 minutes per image analysed. RVP measured included the central retinal arteriolar 

equivalent (CRAE), central retinal venular equivalent (CRVE), retinal vascular FD 

and tortuosity. Image analysis was performed by Mr Euan Neil Paterson with 

assistance from Miss Bethany Jackson and Miss Maeve Gilmartin for a minority of 

images. Graders were trained and blinded to participant characteristics. Inter-grader 

reliability was assessed to ensure the consistency of measurements between graders. 

Inter-grader reliability was assessed using intra-class correlation coefficients (ICCs) 

for comparisons with the grader “EP” (summarised in Table 3.1). In contrast to the 

perhaps more widely known Kappa statistic for interrater agreement, which measures 

the agreement of two raters for categorical data, ICCs provide a measure of interrater 

agreement/reliability for quantitative, continuous variables. High ICC values require 

not only correlation between a set of values produced by two users but also inter-grader 
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agreement. Guidelines for ICC interpretation recommend values above 0.6031 and 

0.75,32 indicative of good inter-grader agreement with values above 0.7531 and 0.9032 

considered to be excellent. The inter-grader reliability for graders in the present study 

was good to excellent. 

ICC comparison 

between EP and CRAE CRVE AVR 

SH1 0.94 0.92 0.84 

RON1 0.88 0.91 0.96 

RON2 0.80 0.88 0.87 

RON3 0.94 0.93 0.92 

RON4 0.97 0.98 0.94 

BEJ1 0.98 0.99 0.98 

BEJ2 0.93 0.92 0.62 

BEJ3 0.96 0.92 0.89 

MG1 0.91 0.88 0.85 

MG2 0.93 0.88 0.85 

MG3 0.83 0.97 0.84 
Table 3.1. Intraclass correlation coefficients between ENP and other VAMPIRE users. ICC: 

intraclass correlation coefficients; CRAE: central retinal arteriolar equivalents; CRVE: central 

retinal venular equivalents; AVR: arteriovenous ratio. Grader initials: ENP, SH, RON, BEJ, 

MG. 

3.2.5. Statistics 

Statistical analyses were performed using Stata/1C version 14.2 (Timberlake Consultants 

Limited, Richmond upon Thames, UK). The central tendency and spread of continuous 

variables were summarised using the mean and standard deviation (SD) respectively. 

Categorical variables were summarised using the frequency and percentage. Between-

group comparisons were performed using t-tests for continuous variables and Chi2 

tests for categorical variables. 

Binomial logistic regression models were used to test associations between each RVP 

(as independent variables) and ACR categorisation. RVP were entered into regression 

models as z-scores whereby a single unit change in z-score represents a standard 

deviation change in the RVP. Three regression models were constructed for each RVP. 

Model 1 tested the crude association with no adjustment for covariates. Model 2 

adjusted for age and sex. Model 3 adjusted for age, sex, waist circumference, systolic 

blood pressure, blood pressure-lowering medication usage, presence of diabetes 

mellitus, smoking history (as a binary variable, ever smoked versus never smoked), 
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ethnicity (as a binary variable, white ethnicity versus non-white ethnicity), and alcohol 

consumption (ever versus never). 

3.3 Results 

3.3.1 Sample characteristics 

Of the 68,544 UKBB participants with retinal images collected during study visits, 

6,998 participants met the inclusion for the present sub-study (see Figure 3.3.). The 

mean age of eligible participants was 59 years (SD 8), mean waist circumference was 

93.5cm (SD 14.8), and mean systolic blood pressure was 147 mmHg (SD 22). Of the 

6,998 eligible participants 3,730 (53%), were female, 1,390 (20%) used blood 

pressure-lowering medication, 836 (12%) had diabetes, 4174 (60%) had ever smoked, 

6,029 (86%) identified as white ethnicity, 6,517 (93%) ever consumed alcohol (see 

Table 3.2). 



110 

 

   

Figure 3.3. Derivation of the study cohort. 
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 All Healthy  

ACR 

Unhealthy  

ACR 

p 

 
Mean (SD) Mean (SD) Mean (SD)  

Age 59 (8) 59 (8) 59 (8) 0.99 

Waist circumference 93.5 (14.8) 93.1 (14.1) 93.9 (15.4) 0.03* 

Systolic blood pressure 147 (22) 144 (20) 150 (22) <0.001*  
Number (%) Number (%) Number (%)  

Sex (Female) 3730 (53) 1865 (53) 1865 (53) >0.99 

Blood pressure-lowering 

medication usage 

1390 (20) 543 (16) 847 (24) <0.001* 

Diabetes Mellitus 836 (12) 289 (8) 547 (16) <0.001* 

Ever smoked 4174 (60) 2051 (59) 2123 (61) 0.07 

White ethnicity 6029 (86) 3014 (86) 3015 (86) >0.99 

Ever consumed alcohol 6517 (93) 3263 (93) 3254 (93) 0.67 

Table 3.2.  Characteristics of included population +x10-4. *comparison significant at 

the p<0.05 level. SD: standard deviation; CRAE: central retina arteriolar equivalent; 

CRVE: central retinal venular equivalent; AVR: arteriovenous ratio; FDa/v: 

arteriolar/venular fractal dimension; Torta/v: arteriolar/venular tortuosity. 

Of the 6,998 eligible participants, 1,411 participants (20%) did not have right eye 

images of sufficient quality for VAMPIRE image analysis (representative examples 

are provided in Figure 3.4.). Of the 5,587 (80%) remaining participants, RVP based 

on big 4 vessels (including the retinal arcades) could not be produced by VAMPIRE 

in 3,710 (53%). RVP were, therefore, calculated for 1,877 participants (27% of 

eligible).  
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Figure 3.4. Examples of images rejected during initial quality check. A: dark images; B: 

images obscured by poor camera and light positioning; C: images obscured by eye lids and 

lashes; D: clouded images (N.B. contact lens visible in right image); E: images obscured by 

excessive lighting. 
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The characteristics of the 1,877 participants with RVP are shown in Table 3.3 and 

continuous variables for these participants are compared to the whole recruited sample 

in Table 3.4. The mean age of the 1,877 participants with RVP was 58 years (SD 8), 

mean waist circumference was 93.0 cm (SD 14.8), and mean systolic blood pressure 

was 146 mmHg (SD 22). The mean age of participants with measured RVP was 

significantly lower than that of the participants meeting the sub-study inclusion criteria 

(58 years in participants with RVP vs 59 years, p= 0.001).  

 

  
All Healthy 

ACR 

Unhealthy 

ACR 

 

  
Mean (SD) Mean (SD) Mean (SD)  

Age  58 (8) 58 (8) 58 (8) 0.58 

Waist circumference  93.0 (14.8) 92.8 (14.6) 93.3 (15.0) 0.53 

Systolic blood pressure  146 (22) 143 (21) 150 (22) <0.001

* 

CRAE  22.35 (1.97) 22.33 (2.01) 22.38 (1.93) 0.62 

CRVE  28.7 (2.9) 28.71 (2.77) 28.68 (3.02) 0.87 

AVR  0.78 (0.10) 0.78 (0.09) 0.78 (0.11) 0.19 

FDa  1.28 (0.10) 1.28 (0.11) 1.27 (0.10) 0.01* 

FDv  1.31 (0.10) 1.32 (0.10) 1.3 (0.10) 0.01* 

ZoneCATort  3.00+ (9.00+) 3.00+ (9.00+) 3.00+ (9.00+) 0.78 

ZoneCVTort  2.00+ (4.00+) 2.00+ (5.00+) 2.00+ (4.00+) 0.36 

 
 

Number (%) Number (%) Number (%)  

Sex (Female) 
 

1033 (55) 521 (54) 512 (56) 0.4 

Blood pressure-

lowering medication 

usage 

 
347 (19) 152 (16) 195 (21) 

<0.001

* 

Diabetes Mellitus 
 

209 (11) 78 (8) 131 (14) <0.001

* 

Ever smoked  1098 (59) 543 (57) 555 (61) 0.06 

White ethnicity  1642 (88) 846 (88) 796 (87) 0.58 

Ever consumed alcohol  1752 (93) 905 (94) 847 (93) 0.22 

Table 3.3. Imaged population. *comparison significant at the p<0.05 level. . SD: standard 

deviation; CRAE: central retina arteriolar equivalent; CRVE: central retinal venular 

equivalent; AVR: arteriovenous ratio; FDa/v: arteriolar/venular fractal dimension; Torta/v: 

arteriolar/venular tortuosity. 
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all  imaged   

Sample  Mean (SD) Mean (SD) p 

All     

Age  59 (8) 58 (8) 0.001* 

Waist circumference  93.5 (14.8) 93.0 (14.8) 0.26 

Systolic blood pressure  147 (22) 146 (22) 0.32 

Healthy     

Age  59 (9) 58 (8) 0.045* 

Waist circumference  93.1 (14.1) 92.8 (14.6) 0.63 

Systolic blood pressure  144 (20) 143 (21) 0.42 

Unhealthy     

Age  59 (8) 58 (8) 0.008* 

Waist circumference  93.9 (15.4) 93.3 (15.0) 0.29 

Systolic blood pressure  150 (22) 150 (22) 0.69 
Table 3.4. Comparison of sample means before and after removal of participants without 

imaging data. *comparison significant at the p<0.05 level. SD: standard deviation. 

 

For the 1,877 participants with RVP, 1,033 (55%) were female, 347 (19%) used blood 

pressure-lowering medication, 209 (11%) had diabetes, 1,098 (59%) had previously 

smoked, 1,642 (88%) were identified as white ethnicity, 1,752 (93%) had previously 

consumed alcohol (Table 3.4.). Table 3.5. shows comparisons between the entire sub-

study sample and participants with measurable RVP for categorical variables by ACR 

status. A greater proportion was female in the RVP subgroup for those with healthy 

and unhealthy ACR. More of those with healthy ACR and less of those with unhealthy 

ACR used blood pressure-lowering medication and had previously consumed alcohol 

in the RVP subgroup compared to the entire recruited sample. Diabetes mellitus and 

smoking were less common and white ethnicity was more common in the RVP 

subgroup than in the whole population for participants with healthy and unhealthy 

ACR. 
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Table 3.5. Comparison of distribution of sample categorical variables before and after removal 

of participants without imaging data. *comparison significant at the p<0.05 level. ACR: 

albumin to creatinine ratio. 

 

3.3.2 Associations between retinal microvascular parameters and albuminuria 

categories 

Associations between retinal microvascular parameters and albuminuria categories are 

shown in Table 3.6 and Figure 3.5. Measures of arteriolar calibre (CRAE, CRVE and 

AVR) were not significantly associated with ACR category in any of the models tested.  

Microvascular FD (both arteriolar fractal dimension [FDa,] and venular fractal 

dimension [FDv]) was negatively associated with albuminuria.   For example, in the 

fully adjusted models (Model 3, Table 3.6), a single standard deviation change in FDa 

and FDv was associated with and OR = 0.86, 95% CI (0.75, 0.98) and 0.80, 95% CI 

(0.68, 0.94) times the probability of albuminuria respectively. Microvascular tortuosity 

was not associated with albuminuria in any of the models tested.    

 

 Whole 

population 

Imaged  Whole 

population Imaged 
 

 Healthy 

ACR 

Healthy 

ACR p 
Unhealthy 

ACR 

Unhealthy 

ACR p 

 % %  % %  

Sex (Female) 53.30 54.10 <0.001* 53.30 56.02 <0.001* 

Blood pressure-

lowering 

medication usage 

15.58 15.82 <0.001* 24.34 21.41 <0.001* 

Diabetes mellitus 8.28 8.13 <0.001* 15.74 14.41 <0.001* 

Ever smoked 58.84 56.68 <0.001* 60.97 60.92 <0.001* 

White ethnicity 86.16 87.94 <0.001* 86.17 87.09 <0.001* 

Ever consumed 

alcohol 
93.34 94.07 <0.001* 93.08 92.67 <0.001* 
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 Model 1   Model 2   Model 3  

 OR (95% CI) p  OR (95% CI) p  OR (95% CI) p 

CRAE 1.03 (0.92, 1.15) 0.62  1.02 (0.92, 1.14) 0.67  1.08 (0.96, 1.21) 0.19 

CRVE 0.99 (0.90, 1.09) 0.87  0.99 (0.90, 1.09) 0.86  1.03 (0.93, 1.14) 0.62 

AVR 1.09 (0.96, 1.24) 0.19  1.09 (0.96, 1.24) 0.19  1.09 (0.95, 1.24) 0.23 

FDa 0.85 (0.75, 0.96) 0.01*  0.84 (0.74, 0.96) 0.01*  0.86 (0.75, 0.98) 0.02* 

FDv 0.81 (0.69, 0.95) 0.01*  0.81 (0.69, 0.95) 0.01*  0.80 (0.68, 0.94) 0.01* 

Torta 1.01 (0.92, 1.11) 0.77  1.02 (0.93, 1.11) 0.73  1.01 (0.92, 1.11) 0.83 

Tortv 1.05 (0.95, 1.16) 0.36  1.05 (0.95, 1.16) 0.34  1.04 (0.94, 1.15) 0.45 

Table 3.6. Associations between retinal microvascular parameters (Z scores) vs ACR category. Model 1: unadjusted; Model 2: age and sex adjusted: Model 3:  

adjusted for age, sex, waist circumference, systolic blood pressure, blood pressure-lowering medication usage, presence of diabetes mellitus, smoking history 

(as a binary variable, ever smoked versus never smoked), ethnicity (as a binary variable, white ethnicity versus non-white ethnicity), and alcohol consumption 

(ever versus never).*Association significant at the p<0.05 level. OR: odds ratio; CI: confidence interval; CRAE: central retina arteriolar equivalent; CRVE: 

central retinal venular equivalent; AVR: arteriovenous ratio; FDa/v: arteriolar/venular fractal dimension; Torta/v: arteriolar/venular tortuosity.



117 

 

 
Figure 3.5. Associations between retinal microvascular parameters (Z scores) vs ACR 

category for Model 3 (adjusted for age, sex, waist circumference, systolic blood pressure, 

blood pressure-lowering medication usage, presence of diabetes mellitus, smoking history (as 

a binary variable, ever smoked versus never smoked), ethnicity (as a binary variable, white 

ethnicity versus non-white ethnicity), and alcohol consumption (ever versus 

never)).*Association significant at the p<0.05 level. ACR: albumin to creatinine ratio; CRAE: 

central retina arteriolar equivalent; CRVE: central retinal venular equivalent; AVR: 

arteriovenous ratio; FDa/v: arteriolar/venular fractal dimension; Torta/v: arteriolar/venular 

tortuosity. Bars indicate 95% confidence intervals.
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3.4 Discussion 

In this case-control sub-study of UKBB participants, we tested for associations 

between a variety of RVP and albuminuria (ACR > 3 mg/mmol). Lower FD (less 

extensive microvascular branching) was significantly associated with increased odds 

of albuminuria independently of blood pressure, diabetes and other potential 

confounding variables. Given the previous reported associations between retinal 

microvascular FD and other metabolic disturbances affecting the systemic 

vasculature,24–26 and the associations identified in this study independent of diabetes 

and blood pressure, retinal microvascular FD may be a useful indicator of systemic 

vascular damage associated with albuminuria.  Measures of retinal microvascular 

calibre used in this study (CRAE, CRVE, and AVR) were not significantly associated 

with ACR, nor was retinal microvascular tortuosity. 

Several studies have examined associations between ACR and retinal microvascular 

calibre in other populations previously. The findings of the present study support 

several studies previous reports of no association between CRAE and ACR.14,33–35 

However, in contrast to the present study, lower CRAE has been associated with 

greater ACR36–41 and urinary albumin excretion42 previously. Similarly, consistent 

with the present analyses, most studies have found no association between CRVE and 

ACR.14,33,36,38,39 Lower CRVE has, however, been associated with greater urinary 

albumin excretion42 and, conversely,  lower ACR34,35 previously. In accordance with 

the preponderance of findings for CRAE, for AVR, the ratio of CRAE to CRVE, the 

majority of studies show reduced AVR associated with greater ACR.33,34,36,39,41 

However, non-linear associations,14 and no association43 between AVR and ACR have 

also been reported.  

Few studies have assessed associations between ACR and tortuosity and FD. In the 

Singapore Malay Eye Study, a SD greater FD was associated with reduced likelihood 

(OR 0.76) of albuminuria (raised ACR) in adults of Malay ethnicity.14 The present 

study found an association of similar strength, and in the same direction, in a 

population of largely European descent. Likewise, The Singapore Malay Eye Study 

found no significant association between arteriolar or venular tortuosity and ACR, a 

finding that was replicated in the present UK-based study. The author is unaware of 
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any large study which assessed associations between retinal microvascular FD or 

tortuosity and ACR in populations of other ethnic origins.  

Normal organ development results in a characteristic vessel branching pattern and 

microvascular FD,20 linked to optimal oxygen and nutrients supply with the minimal 

energy expenditure.21 Retinal vessel FD provides a measure of optimality of blood 

vessel arrangement.16,44A lower fractal dimension indicates fewer branches in the 

retinal microvasculature. This may result from vessel rarefaction and dropout which 

occur in atherosclerosis, hypertension, Alzheimer’s disease, CKD and diabetes.23 It 

may be that CKD results in alterations to systemic microvascular branching patterns, 

and impaired blood supply, reflected in retinal microvascular FD and retinal 

microvascular FD may, therefore, provide an indication of metabolic disturbance 

leading to vascular damage. Indeed, the retina may be particularly sensitive to 

alterations in oxygen supply as a result of its high oxygen demand,45 and retinal 

microvascular fractals appear to be altered in other conditions involving vascular and 

neuronal health.24–26,46–48 Therefore, retinal microvascular fractals may be sensitive 

indicators of CKD related vascular damage.  

This study had several strengths. The study provided novel evidence for non-invasive, 

in vivo assessment of the vasculature for associations between ACR and both FD and 

tortuosity and contributed to the evidence base for associations between retinal 

microvascular calibre and ACR in a large well-conducted population-based study. The 

UKBB study collected data on a wide range of variables and allowed this sub-study to 

control for a range of important potential confounders in a population representative 

of the UK population (see below for limitations). CRAE and CRVE are commonly 

reported using µm as the unit of measurement. However, true quantification of 

distance is not normally achievable using fundus cameras because of differences in 

eye axial length, and image magnification. Instead, digital fundus cameras produce 

images composed of pixels and software packages typically estimate µm values using 

standardised assumed optic disc diameters to define the estimated proportions of each 

fundus. This is a source of inaccuracy in most studies assessing retinal microvascular 

calibre. In contrast, VAMPIRE produces retinal microvascular calibre measures in 

pixels, thus removing one source of random variability. Additionally, analyses were 

conducted using z-scores for RVP which aids comparability between studies given 

differing units. 
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Several limitations were present in this study. The UKBB study had a lower prevalence 

of several common diseases than the general population and is, therefore, 

representative of a “worried-well” sub-population of the UK. The ACR categories used 

in this study were based on single measures of urinary albumin and urinary creatinine. 

This differs from clinical categorisation of albuminuria that is based on two measures 

of albumin and creatinine with at least three months between measurements to indicate 

persistence of albuminuria. Therefore, results from this study may differ somewhat 

from associations in clinical populations.  

There was a high image rejection rate in this study. The UKBB image collection 

protocol allowed limited time for image acquisition resulting in a high proportion of 

images of insufficient quality for VAMPIRE analysis (see Figure 3.2). In addition, 

software packages such as VAMPIRE perform better when analysing optic disc 

centred images and a high image analysis failure rate has been reported previously for 

the UKBB image set.49 A high image rejection rate was expected, but a large sample 

size was still possible as a result of the size of the UKBB sample. Indeed, sample size 

and power calculations indicated that a study including 600 cases and 600 controls 

would have > 90%. The present analyses included 914 cases and 963 controls. Also 

concerning image centring, CRAE and CRVE are normally measured using the largest 

6 vessels passing through zone B (See chapter 1, Section 1.4.4.1), but the macula-

centred images collected for the UKBB study resulted in the imaged area excluding 

large vessels nasal to the optic disc. To facilitate RVP measurement in macula centred 

images, images were therefore retained if at least 4 of the big 6 vessels were visible 

passing though zone B, including the vessels of the retinal arcade (the largest retinal 

vessels) which are situated temporally to the optic disc. Therefore, the absolute values 

for RVP produced in this study are not directly comparable to results from other studies 

assessing RVP.  

The mean values for several variables were significantly affected by exclusion of those 

individuals for whom poor quality images were apparent (blood pressure, the 

proportion of blood pressure-lowering medication usage, sex, diabetes mellitus 

frequency, smoking frequency, ethnic background, and history of alcohol consumption 

between groups). Image rejection was more common for older, non-white males 

especially in those with diabetes, and a history of smoking. This resulted in a sample 

with a lower burden of CKD risk factors. Although statistically significant, these 
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differences are unlikely to exert a large effect on the generalisability of the findings 

due to the small size of the differences detected in this large population. Mean age, for 

example, differed by less than 1 year, and a 3% difference in the use of blood pressure-

lowering medication in the unhealthy ACR group was the largest change in any 

categorical variable. It should be noted, however, that this sub-study may reflect a 

slightly healthier population than originally intended, given more images were 

unavailable for older, men with a greater usage of blood pressure-lowering medication. 

In addition, multiple tests were performed which increased the risk of type-1 error. 

Using a bonferonni-adjusted alpha value to correct for multiple comparison, 

associations between RVP and ACR could be considered statistically significant when 

p values are below an aphla value of 0.007. Using this more stringent aphla, no 

statistically significant associations were detected. Therefore, the associations between 

fractal dimension and ACR detected using the unadjusted alpha of 0.05 should be 

replicated in other populations. 

Overall, the findings from this case-control study of participants with healthy versus 

unhealthy urine ACR indicates that reduced retinal microvascular FD, i.e. sparser 

retinal microvascular networks, are associated with albuminuria in a predominantly 

white population. Therefore, null hypothesis H04 was rejected. No evidence was found 

for associations between ACR and measures of retinal microvascular calibre and 

tortuosity and, as such, null hypotheses H01-3 and 5 could not be rejected. 
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Chapter 4  

Retinal microvascular parameters and 

renal function in individuals with type 

2 diabetes. 

  



127 

 

4.1 Introduction 

4.1.1 Introduction to diabetes 

Diabetes mellitus is the name given to a variety of closely related conditions, with a 

range of aetiologies, resulting in insulin resistance, insulin insufficiency, and 

hyperglycaemia and its resultant symptoms and complications.1 The cause of reduced 

insulin production in diabetes is reduced capacity of the pancreatic β-cells of the islets 

of Langerhans to produce insulin in response to glucose, other nutrients, and both 

hormonal and neuronal stimuli.2 The symptoms of diabetes can include weight loss, 

excessive appetite, visual impairment, polyuria, and excessive thirst.1 Common 

complications of diabetes include pathological conditions of both neuronal and 

vascular tissues such as atherosclerosis, cardiovascular disease, peripheral neuropathy, 

retinopathy and nephropathy,3 and an estimated 30-50% of individuals with type 2 

diabetes develop micro- and macrovascular complications.4 

Globally, the adult diabetes prevalence is estimated to be approximately 9%,5 with 

prevalence estimates of 6% in the UK,6 and 12% in the USA.7 Diabetes is categorised 

as type 1 diabetes, type 2 diabetes, and a range of other forms of diabetes such as 

gestational diabetes, monogenic diabetes syndromes, and chemical-induced diabetes.8 

Type 1 diabetes is caused by autoimmune pancreatic β-cell loss and normally results 

in insulin deficiency, whereas type 2 diabetes involves a slow decline in insulin 

sensitivity and insulin secretion, rarely requiring exogenous insulin for survival, and 

has a strong association with obesity and physical inactivity.8   

 

4.1.2 Diabetes and chronic kidney disease 

The pathological microvascular changes that occur in diabetes contribute to the 

development of chronic kidney disease (CKD) associated with the condition.9–11 High 

rates of incident CKD have been reported in both type 1 and type 2 diabetes based on 

established renal function cut-offs (estimated glomerular filtration rate [eGFR]  

<60ml/min/1.73m2), with up to 29% of those with newly diagnosed type 2 diabetes 

likely to develop CKD over 15 years of follow-up,12 with similar rates also reported in 

type 1 diabetes.13,14 Moreover, diabetes is the commonest cause of end-stage renal 

disease (ESRD), accounting for approximately 45% of incident and 38% of prevalent 
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ESRD in the United States.15  Earlier prediction of the risk for CKD in diabetes may 

facilitate strategies for CKD prevention. 

4.1.3 Diabetes, nephropathy, and retinal vessel parameters 

A wide range of perturbed metabolic pathways are associated with vascular injury in 

diabetes.  Advanced glycation end products are formed, nitric oxide bioavailability is 

reduced, oxidative damage is increased and there is upregulation of inflammatory 

mediators such as interleukin-6  (IL-6) and C-reactive protein (CRP).11,16 Alterations 

in concentration or availability of several of these molecules are associated with 

variation in retinal vascular calibre, e.g. IL-6 and CRP,17,18 serum glucose,18 and nitric 

oxide inhibition.19 CKD has also been associated with vascular changes linked to 

hypertension, dyslipidaemia, endothelial dysfunction, accelerated atherosclerosis, 

inflammation and abnormal bone mineral metabolism.20,21 

Retinal microvascular parameters (RVP) have been suggested to reflect systemic 

microvascular damage associated with renal dysfunction.22 In population-based 

studies, reduced eGFR has been associated with both narrower retinal arteriolar23–30 

and venular calibre,23,25,31,32 although meta-analysis of the major studies in the field 

indicates that associations are explained by well-known confounding variables (see 

Chapter 2). Lower fractal dimension (FD) has also been reported in those with 

CKD.27,32 Likewise, several studies have also assessed associations between RVP and 

diabetes. A recent meta-analysis that pooled data from several of the largest studies 

with retinal imaging components (ARIC, AusDiab, BDES, BMES, and MESA) 

assessed associations between 10-year diabetes risk and both central retinal arteriolar 

equivalent (CRAE) and central retinal venular equivalent (CRVE).33 CRAE was not 

significantly associated with altered hazard ratios for incident diabetes in this study 

but a 20 µm increase in CRVE was associated with an increased hazard ratio for 

diabetes after adjustment for a range of diabetes risk factors. Another meta-analysis 

that pooled data from the Rotterdam study (6.4 years follow-up) and BMES (10 years 

follow-up) similarly found no association between incident diabetes and arteriolar 

calibre but found that a 1 SD increase in venular diameter was associated with a 

relative risk of 1.15 for incident diabetes.34 In addition, diabetes has also been 

associated with altered FD, with greater FD associated with type 2 diabetes,35 and 

increased retinal vascular tortuosity has also been reported in association with longer 

diabetes duration.36 Such findings are suggestive of divergent effects of CKD and 
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diabetes on the retinal microvasculature. The combined vascular effects of type 2 

diabetes and renal impairment may correlate with early retinal changes which, if 

identified during routine screening, may enable detection and stratification of those at 

increased risk of progressive CKD, facilitating earlier clinical intervention to slow 

CKD progression. Evidence for the impact of reductions in renal function in diabetes 

on RVP is, however, scarce. The aim of this study, therefore, was to examine the 

prognostic potential of RVP to predict eGFR decline in a large prospective cohort of 

type 2 diabetes. 

4.1.4 Diabetic retinopathy. 

Diabetic retinopathy is a chronic condition involving the growth of new retinal vessels, 

microvascular dysfunction, and maculopathy.37 Diabetic retinopathy is the 5th most 

common cause of blindness and visual impairment (after cataract, refractive error, 

glaucoma, and macular degeneration).38 It has been estimated that 35% of individuals 

with diabetes have diabetic retinopathy, with 7% having proliferative diabetic 

retinopathy and 7% having diabetic macular oedema.39 The effects of diabetic 

retinopathy on the retinal microvasculature should, therefore, be accounted for in 

studies assessing RVP in populations with a significant burden of diabetes.  

Retinopathy is a common microvascular complication of diabetes with a complex 

pathophysiology associated with hyperglycaemia, inflammation and 

neurodegeneration.40 However, several phenomena resulting from pathological 

changes to the ocular vasculature are observable in diabetic retinopathy including 

formation of microaneurysms and hard exudates and potential development of sight 

threatening haemorrhage (see Figure 4.1).41 

Diabetic retinopathy classifications have been developed by several organisations. 

These assess the extent of new and abnormal vessel formation and maculopathy.37 

These grading schemes include the ETDRS grading scheme, and schemes produced 

by the American Academy of Ophthalmology (AAO), UK National Screening 

Committee (NSC), Scottish Diabetic Retinopathy Grading Scheme (SDRGS), The 

Royal College of Ophthalmologists (RCO). A comparison of the grading schemes is 

shown in Figure 4.1. The ETDRS scheme produces a score between 10 (no 

retinopathy) and 85 (advanced proliferative diabetic retinopathy) with intermediate 

grades covering a range of severities of non-proliferative diabetic retinopathy (NPDR) 
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and proliferative diabetic retinopathy (PDR).37 Other grading schemes include similar 

categories with NPDR being approximately equivalent to background retinopathy 

(BDR). 

 

 

Figure 4.1. A labelled fundus image indicating signs of diabetic retinopathy.41 Image 

from Xiao, Z. et al. Automatic non-proliferative diabetic retinopathy screening system 

based on color fundus image. Biomed. Eng. 16, 122 (2017).
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ETDRS AAO NSC SDRGS RCO 

No DR (10) No apparent DR No DR (R0) No DR (R0) No DR 

Microaneurysms only (20) Mild NPDR BDR (R1) Mild BDR (R1) Low-risk 

Mild NPDR (35) Moderate NPDR ---------------------------- ---------------------------- ---------------------------- 

Moderate NPDR (43) ---------------------------- PDR (R2) Moderate BDR (R2) High-risk 

Moderately severe NPDR (47) ---------------------------- ---------------------------- ---------------------------- ---------------------------- 

Severe NPDR (53A-D) Severe NPDR ---------------------------- Severe BDR (R3) ---------------------------- 

Very severe NPDR (53E) ---------------------------- ---------------------------- ---------------------------- ---------------------------- 

Mild PDR (61) PDR PDR (R3) PDR (R4) PDR 

Moderate PDR (65) ---------------------------- ---------------------------- ---------------------------- ---------------------------- 

High risk PDR (71, 75) ---------------------------- ---------------------------- ---------------------------- ---------------------------- 

Advanced PDR (81,85) ---------------------------- ---------------------------- ---------------------------- ---------------------------- 

Table 4.1. Diabetic retinopathy grading. Adapted from The Royal College of Ophthalmologists (2012)37 ETDRS: Early Treatment Diabetic Retinopathy Study; 

AAO: American Academy of Ophthalmology; NSC: UK National Screening Committee; SDRGS: Scottish Diabetic Retinopathy Grading Scheme; DR: diabetic 

retinopathy; NPDR: non-proliferative diabetic retinopathy; PDR: proliferative diabetic retinopathy; BDR: background diabetic retinopathy. Table adapted 

from Ghanchi, F. et al. The Royal College of Ophthalmologists Diabetic Retinopathy Guidelines. (2013) at www.rcophth.ac.uk/ 
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4.1.5 Diabetic retinopathy and retinal vessel parameters 

Alongside the traditional vascular abnormalities observed in diabetic retinopathy, RVP 

also appear to be altered. Greater CRVE may be associated with lower ETDRS 

retinopathy grade42 and narrower arterioles have been associated with macular 

ischaemia in diabetic retinopathy.43 Greater FD has been associated with diabetic 

retinopathy,44 while reduced FD has been associated with proliferative retinopathy.45 

4.2 Methods 

4.2.1 Study design and population 

This study aimed to test longitudinal associations between alterations in retinal 

microvascular parameters and reduced renal function in a cohort of individuals with 

type-2 diabetes. Specifically, the following hypotheses were addressed 

H01: There is no longitudinal association between baseline CRAE and reduced 

renal function at follow-up in the GoDARTS population. 

H02: There is no longitudinal association between baseline CRVE, and reduced 

renal function at follow-up in the GoDARTS population. 

H03: There is no longitudinal association between baseline ARV, and reduced 

renal function at follow-up in the GoDARTS population. 

H04: There is no longitudinal association between baseline microvascular 

fractal dimension and reduced renal function at follow-up in the GoDARTS 

population. 

H05: There is no longitudinal association between baseline microvascular 

tortuosity and reduced renal function at follow-up in the GoDARTS 

population. 

H06: There is no longitudinal association between baseline first microvascular 

branching numbers in zone C and reduced renal function at follow-up in the 

GoDARTS population. 

A nested longitudinal case-control design was undertaken in participants (n = 1,072) 

from the Genetics of Diabetes Audit and Research in Tayside Scotland (GoDARTS) 
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study cohort (ClinicalTrials.gov Identifier: NCT02783469). The GoDARTS cohort 

comprised 9,439 participants with type 2 diabetes and 8,187 individuals with similar 

demographics but without type 2 diabetes at the time of recruitment. The study was 

approved by the Tayside Research Ethics Committees in Scotland and was carried out 

in accordance with the Declaration of Helsinki and has been described elsewhere.46 

Briefly, participants in GoDARTS were identified from a central database of all 

patients registered with a general practitioner from the Tayside region of Scotland. 

Diagnosis of type 2 diabetes was made by physicians and participants provided 

informed consent and agreed to electronic healthcare record linkage. All electronic 

medical record data was processed and provided in an anonymised form for research 

through robust information governance procedures approved by local NHS Caldicott 

Guardians through the Health Informatics Centre at the University of Dundee. 

 

4.2.2 Inclusion criteria 

For inclusion in the present study, GoDARTS participants had to meet the following 

inclusion criteria: presence of type 2 diabetes, eGFR > 60ml/min/1.73m2 at baseline, 

available digital retinal fundus images of sufficient quality for analysis at two time 

points (2 - 4 years apart) with corresponding serum creatinine measurements within 6 

months of each retinal image. 

4.2.3 Case-control assignment 

Participants were divided into two groups based on change in eGFR between baseline 

and follow-up. Group 1, “non-progressors”, included participants with stable renal 

function or a reduction in eGFR < 10% between both time points.  Group 2, 

“progressors”, included participants with an eGFR of < 60ml/min/1.73m2 at follow-up 

or a reduction in eGFR of at least 15% between baseline and follow-up.  

4.2.4 Data acquisition 

Serum creatinine measurements were obtained from centralised Blood Sciences 

Laboratory records.Retinal fundus images were obtained through routine diabetic 

retinopathy screening.47 As images were obtained via data linkage from routing eye 

screening at all screening sites in Tayside Scotland, the exact field of view used to 

capture each fundus photograph is not known. However, all included photographs 
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were captured using standard fundus photography providing sufficient field of view 

for the measurement of RVP.   The earliest available digital fundus image of suitable 

quality for analysis was selected for the right eye with a follow-up image captured 2-

4 years later from the same eye. Retinal fundus images were analysed using semi-

automated software, Vessel Assessment and Measurement Platform for Images of the 

REtina (VAMPIRE; VAMPIRE group, University of Dundee, Dundee, Scotland) 

version 3.1,48,49 by trained graders blinded to participant data. VAMPIRE 3.1 measures 

RVP within predefined annular zones: CRAE, CRVE, arteriovenous ratio (AVR), 

number of first vessel branches within a pre-defined zone C, FD and vessel tortuosity 

(Figure 4.2). Intragrader reliability of retinal vascular measurements was measured 

using the intraclass correlation coefficient, assessed in four sessions of 20 retinal 

images at regular intervals over the course of the measurement period.  Mean intraclass 

correlation coefficients for these sessions was calculated as 0.936 for CRAE and 0.950 

for CRVE, respectively, indicating excellent operator alignment. Diabetic retinopathy 

status (presence/absence) was obtained from medical records. 

The median serum creatinine values, glycated haemoglobin (HbA1C), systolic blood 

pressure (SBP) and diastolic blood pressure (DBP) were calculated from all available 

measurements recorded within 6 months either side of the date of each retinal 

photograph. eGFR values were calculated from median serum creatinine values using 

the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.50 
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Figure 4.2. A retinal image centred on the macula. Line A indicates the optic disc radius, line 

B indicates the annulus 1 to 1.5 optic disc diameters from the centre of the optic disc (Zone 

B); line C indicates the annulus 1 to 2.5 disc diameters from the centre of the optic disc (Zone 

C). Zone B is the area of measurement for central retinal arteriolar equivalent and central 

retinal venular equivalent. Zone C is the area of measurement for fractal dimension. The dark 

and light lines in this greyscale reproduction indicate arterioles (light) and venules (dark) 

recognised by VAMPIRE vessel assessment software and corrected by a trained operator. 

 

4.2.4 Statistical analysis 

Statistical analyses were performed using IBM SPSS v24 (Chicago, Illinois, USA). 

Participants with missing data were excluded from the analyses. Continuous variables 

were reported using means and (standard deviation (SD). Categorical variables were 

reported as percentages. Between and within-group comparisons were made using t-

tests (two-sided significance reported) for continuous variables, and Chi-squared tests 

for proportions. The relationship between RVP and eGFR was assessed using logistic 

and linear regression models. Logistic regression models were used to test for 

association between baseline RVP and progression of renal disease. The independent 

variables were RVP and progressor/non-progressor designation as a binary dependent 
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variable. Logistic regression models were carried out unadjusted, and adjusted for 

important known confounding variables; age, sex, baseline SBP and HbA1C. 

Additional models were used to further adjust for covariates related to RVP; diabetic 

retinopathy and fellow vessel calibre (for models including retinal vascular calibre as 

the independent variable). Associations involving continuous outcome variables were 

assessed using multiple linear regression. Linear regression models were used to test 

for cross-sectional association between renal function and RVP at follow-up. The 

independent variables were RVP, the dependent variable was eGFR. Linear regression 

models controlled for age, sex, follow-up SBP and HbA1C. Additional models adjusted 

for diabetic retinopathy and fellow vessel calibre (where retinal vascular calibre was 

the independent variable). Tortuosity variables were log-transformed before linear 

regression to produce normal distributions and to conform to the assumptions of the 

analysis. All significance values reported are two-sided.  

4.3 Results 

4.3.1 Population characteristics 

Overall the sample population had a mean age of 63.0 years (SD = 7.6) and 49% were 

female. Mean follow-up time was 3.01 years (SD = 0.35). The study sample had a 

mean HbA1C of 7.41% (SD = 1.39), and a mean SBP of 138 mmHg (SD = 13). A total 

of 570 participants met the group 1 definition and were designated ‘non-progressors’; 

335 participants met the group 2 criteria and were designated ‘progressors’. There 

were no significant differences in blood pressure, HbA1C or diabetic retinopathy status 

between progressors and non-progressors at baseline. Baseline eGFR was significantly 

higher in progressors compared to non-progressors (98.6 ml/min/1.73m2, SD = 21.3 

vs. 91.3 ml/min/1.73m2, SD = 14.3, p<0.001) (Table 4.2).  

Over the mean follow up time of 3.01 yrs, mean change in eGFR was -27.73 

ml/min/1.73m2 (SD = 14.31 ml/min/1.73m2) in progressors versus +2.74 

ml/min/1.73m2 (SD = 10.85 ml/min/1.73m2) in non-progressors, p < 0.001.  SBP and 

DBP fell in both groups, but decreased significantly more in progressors than in non-

progressors (SBP decreased by 2.49 mmHg (SD = 16.26) and 0.23 mmHg (SD = 

12.94) for progressors and non-progressors respectively, p = 0.04; DBP decreased by 

2.61 mmHg (SD = 9.36) and 1.15 mmHg (SD = 7.69) respectively in progressors and 

non-progressors, p = 0.02). There was no significant change in HbA1C in both groups 
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between time-points (+0.13 % (SD = 1.42), and +0.04 % (SD = 1.37) for progressors 

and non-progressors respectively, p = 0.41). In both groups, a non-significant decrease 

in arteriolar and venular calibre of approximately 1% was observed between time-

points but there was no significant difference in the rate of vascular narrowing between 

groups. No significant differences in the other parameters measured (FD, tortuosity, 

or number of first branches) were detected between progressors and non-progressors 

(Table 4.3). 
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Baseline Variables Sample 

n=1068 

Progressors  

n=335 

Non-progressors 

n=570 

p 

Age (yrs), Mean (SD) 63.0 (7.6) 62.5 (7.7) 63.1 (7.8) 0.21 

Sex, female (%) 521 (49) 168 (50) 281 (49) 0.81 

eGFR (ml/min/1.73m2), Mean (SD) 94.0 (17.2) 98.6 (21.3) 91.3 (14.3) <0.001 

SBP (mmHg), Mean (SD) 138 (13) 139 (14) 137 (13) 0.08 

DBP (mmHg), Mean (SD) 77 (8) 76 (9) 77(8) 0.63 

HbA1C (%), Mean (SD) 7.41 (1.38)  7.51 (1.36)  7.40 (1.41)  0.25 

Diabetic retinopathy present, n (%) 244 (23) 82 (25) 118 (21) 0.19 

Mean follow-up period, (yrs), Mean (SD) 3.01 (0.35) 3.02 (0.35) 3.02 (0.34) 0.98 
Table 4.2. Baseline sample characteristics. Yrs: years; eGFR: estimated glomerular filtration rate (calculated using the CKD-EPI equation); SBP: systolic blood 

pressure; DBP: diastolic blood pressure; HbA1C: glycated haemoglobin; SD: standard deviation. P values were calculated by independent sample t and chi 

squared tests for comparisons between progressors and non-progressors.  
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Variables Progressors 

n=335 

Mean change (SD) 

Non-progressors 

n=570 

Mean change (SD) 

p 

    

SBP, mmHg  -2.49 (16.26) -0.23 (12.94) 0.04 

DBP, mmHg  -2.61 (9.36) -1.15 (7.69) 0.02 

HbA1C, % (SD) 0.13 (1.42) 0.04 (1.37) 0.38 

eGFR, ml/min/1.73m2  -27.73 (14.31) 2.74 (10.85) <0.001 

    

Calibre    

  Central retinal arteriolar equivalent -0.46 (2.41) -0.52 (2.55) 0.72 

  Central retinal venular equivalent -0.57 (2.94) -0.56 (3.41) 0.95 

  Arteriovenous ratio 4.7 x 10-5 (5.0 x 10-2) -1.9 x 10-3 (5.5 x 10-2) 0.60 

    

No. of first branches in zone C    

  Arteriolar  0.01 (1.15) -0.13 (1.19) 0.09 

  Venular  -0.03 (1.03) -0.09 (0.97) 0.32 

    

Fractal dimension    

  Arteriolar  -5.5 x 10-3 (0.05) -9.1 x 10-3 (0.06) 0.36 

  Venular  -6.3 x 10-3 (0.05) -9.1 x 10-3 (0.05) 0.45 

    

Tortuosity    

  aArteriolar  -1.1 x 10-2 (0.25) 3.3 x 10-3 (0.27) 0.44 

  aVenular 4.5 x 10-2 (0.31) 4.0 x 10-2 (0.29) 0.81 

    

Table 4.3. Between-group comparisons for progressors and non-progressors. eGFR: estimated glomerular filtration rate (calculated using the CKD-EPI 

equation); SBP: systolic blood pressure; DBP: diastolic blood pressure; HbA1C: glycated haemoglobin; SD: standard deviation. P values were calculated by 

independent sample t-test. aTortuosity variables were log-transformed before to produce normal distribution.
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4.3.2 Associations between renal function and retinal vessel parameters 

In unadjusted and adjusted logistic regression models controlling for age, sex, SBP, 

and HbA1C, none of the baseline RVP were significantly associated with greater odds 

of being a progressor. For instance, per unit increase in CRAE the odds of being a 

progressor were multiplied by 1.02 (odds ratio [OR] = 1.02, 95% CI = 0.97, 1.08) in 

the adjusted analysis but this was not statistically significant (p = 0.46). Similarly, per 

unit increase in CRVE, the odds of being a progressor were multiplied by 1.03 (OR = 

1.03, 95% CI = 0.99, 1.07) in the adjusted analysis but this was also not statistically 

significant (p = 0.18). Further adjustment for diabetic retinopathy and fellow vessel 

calibre also failed to identify any significant associations between RVP and likelihood 

of decline in eGFR. No associations were identified between baseline RVP and odds 

of being a progressor in this type 2 diabetes cohort (Table 4.4).  

Lower CRAE was significantly associated with follow-up eGFR in unadjusted linear 

regression analysis (β = -0.47, 95%CI = -0.87, -0.07, p = 0.02), with CRVE (β = -0.30, 

95%CI = -0.60, 0.00, p = 0.05) and arteriolar FD (β = -18.41, 95%CI = -36.92, 0.10, 

p= 0.05) approaching statistical significance. After adjustment for age, sex, follow-up 

SBP and HbA1C, the associations between RVP and eGFR were no longer statistically 

significant (Table 4.5). Associations were not materially altered following additional 

adjustment for diabetic retinopathy or fellow vessel calibre. 
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Retinal microvascular parameter  Unadjusted  Adjusted   DR Adjusted  

(per unit increase) OR (95% CI) P OR (95% CI);  P  OR (95% CI);  P 

        

Calibre        

  Central retinal arteriolar equivalent 1.01 (0.96, 1.07)  0.40 1.02 (0.97, 1.08)  0.46  1.03 (0.97, 1.08)  0.38 

  Central retinal venular equivalent 1.03 (0.99, 1.07)  0.16 1.03 (0.99, 1.07)  0.18  1.03 (0.99, 1.07)  0.21 

  Arteriovenous ratio 0.39 (0.05, 3.38)  0.39 0.57 (0.06, 5.47) 0.62  0.73 (0.76, 6.97) 0.78 

        

Fractal dimension        

  Arteriolar  0.82 (0.08, 8.11)  0.86 0.89 (0.08, 9.76)  0.93  0.92 (0.09, 10.03)  0.95 

  Venular  1.45 (0.14, 14.7)  0.75 1.12 (0.10, 13.0)  0.93  1.05 (0.09, 12.07)  0.97 

        

No. of First branches in zone C        

  Arteriolar  0.95 (0.85, 1.07) 0.40 0.96 (0.85, 1.07)  0.46  0.96 (0.85, 1.07)  0.44 

  Venular  0.90 (0.80, 1.02) 0.10 0.91 (0.80, 1.03)  0.13  0.91 (0.80, 1.03)  0.12 

        

Tortuosity        

  aArteriolar  0.68 (0.22, 2.17)  0.68 0.79 (0.24, 2.60)  0.70  0.76 (0.23, 2.51)  0.65 

  aVenular 6.88 (0.68, 69.7)  0.10 6.61 (0.63, 69.8)  0.12  6.40 (0.61, 67.61)  0.12 

        
Table 4.4. Logistic regression models testing associations between baseline retinal vessel parameters and decline in renal function between progressors (cases) 

and non-progressors (controls). Retinal microvascular parameter and progression of renal functional decline (progressors versus non-progressors) adjusted for 

age, sex, baseline systolic blood pressure, and baseline HbA1C. OR: Odds ratio. 95% CI: 95% confidence interval. aTortuosity values were multiplied by 1000 

before inclusion in logistic regression models to produce meaningful values. DR: diabetic retinopathy. DR adjusted analyses adjusted for DR in addition to 

covariates listed above. 
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Retinal microvascular parameter Unadjusted  Adjusted  DR Adjusted  

(per unit increase) β eGFR (95% CI) p β eGFR (95% CI) p β eGFR (95% CI) p 

       

Calibre       

  Central retinal arteriolar equivalent -0.47 (-0.87, -0.07) 0.02 -0.38 (-0.80, 0.05) 0.08 -0.37 (-0.80, 0.06) 0.09 

  Central retinal venular equivalent -0.30 (-0.60, 0.00) 0.05 -0.27 (-0.58, 0.05) 0.10 -0.27 (-0.58, 0.05) 0.09 

  Arteriovenous ratio -3.32 (-21.81, 15.16) 0.72 -0.52 (-19.64, 18.60) 0.96 -0.15 (-19.31, 19.01) 0.99 

       

Fractal dimension       

  Arteriolar  -18.41 (-36.92, 0.10) 0.05 -17.64 (-36.71, 1.44) 0.07 -17.53 (-36.62, 1.56) 0.07 

  Venular  -3.74 (-22.79, 15.31) 0.70 -3.46 (-23.36, 16.43) 0.73 -3.42 (-23.32, 16.47) 0.74 

       

No. of First branches in zone C       

  Arteriolar  -0.67 (-1.63, 0.30) 0.17 -0.50 (-1.50, 0.49) 0.32 -0.48 (-1.48, 0.52)  0.34 

  Venular  0.66 (-0.43, 1.75) 0.24 0.82 (-0.31, 1.95) 0.15 0.84 (-0.29, 1.97) 0.15 

       

Tortuosity       

  aArteriolar  -0.01 (-2.66, 2.65) 1.00 -0.01 (-2.75, 2.73) 0.99 -0.03 (-2.77, 2.70) 0.98 

  aVenular -3.20 (-6.73, 0.32) 0.08 -2.22 (-5.86, 1.43) 0.23 -2.32 (-5.98, 1.33) 0.21 

Table 4.5.  Linear regression models testing cross-sectional associations between follow-up eGFR and follow-up RVP. Follow-up eGFR and follow-up RVP, 

adjusted for age, sex, systolic blood pressure at follow-up, and HbA1c at follow-up. 95% CI: 95% confidence interval. aTortuosity variables were log-

transformed before linear regression to produce normal distribution. DR: diabetic retinopathy. DR adjusted analyses adjusted for DR in addition to covariates 

listed above.
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4.4 Discussion 

Investigation of retinal biomarkers has improved through advances in digital imaging 

systems and routine eye screening programmes, wider availability of retinal imaging 

through high street opticians and software improvements capable of quantifying 

multiple RVP with improved accuracy. In this longitudinal, case-control study of 

individuals with type 2 diabetes, the prognostic value of a wide range of RVP for the 

identification of those at increased risk of eGFR decline was considered. No 

association between baseline RVP and change in eGFR between two time points 

approximately 3 years apart was found. 

Several studies have previously reported associations between renal disease and RVP 

in both type 1 and type 2 diabetes. Cross-sectional studies in type 1 diabetes found 

associations between narrower retinal arterioles and prevalent diabetic 

nephropathy.51,52 In contrast, prospective studies of type 1 diabetes have reported 

wider venular calibre in association with albuminuria42,53 and renal insufficiency53 

over 16 years of follow-up, while narrower retinal arterioles42 and sparser vasculature45 

have also been reported in association with proteinuria. These previous findings in 

type 1 diabetes contrast to the present study which found no significant associations 

with eGFR decline in type 2 diabetes. Reductions in eGFR can occur in the presence 

or absence of albuminuria54 and may have entirely independent associations with 

retinal vascular morphology. Population differences between type 1 and type 2 

diabetes are also worthy of further consideration. Age is a well-established confounder 

of RVP and type 1 diabetes populations are typically younger. The population of the 

Danish Cohort of Pediatric Diabetes42 had a mean age of 21 years, far younger than 

the 63 year average age of the population of this study. Age-related variation leads to 

greater “noise” within the data due to associations with retinal vascular changes and 

other risk factors. In particular, older age is associated with reduced vessel calibre55 in 

contrast to the increased venular calibre reported previously in association with 

diabetic nephropathy. Older age is also strongly associated with a reduction in eGFR 

resulting in increased prevalence of CKD in older populations which may be sufficient 

to obscure any changes in retinal vascular morphology.56  Although most studies adjust 

for the effects of age, the potential for confounding in cross-sectional study 

comparisons exists. Furthermore, although we adjusted for glycated haemoglobin, the 
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potential confounding of insulin control may also influence variation in RVP between 

type 1 and type 2 diabetes. 

Previously reported associations between RVP and renal outcomes in type 2 diabetes 

have not always been consistent. Data from the Wisconsin Epidemiological study of 

Diabetic Retinopathy (WESDR) reported an association between wider venular calibre 

and the incidence of diabetic nephropathy over 14 years of follow-up.57  In contrast, 

our data failed to support the findings from WESDR, but do support other cross-

sectional studies in type 2 diabetes,58 and prospective data with similar 2-year follow-

up duration59 suggesting RVP may not predict change in eGFR over a short time 

period. Inclusion of proteinuria or albuminuria measures with eGFR may prove more 

informative, given previously reported associations with RVP in both type 1 and type 

2 diabetes.42,45,51–53,57 

The majority of previous investigations have been limited to the analysis of vessel 

calibre, with only a single study considering FDs with regard to albuminuria in a 

younger type 1 diabetes population.45 We report novel findings for measures of 

vascular spread (retinal vessel FD), tortuosity, and branching patterns in type 2 

diabetes. FD and tortuosity were not associated with eGFR decline over the 3-year 

time-period in this type 2 diabetes cohort. 

This study had several strengths. The prospective design allowed the predictive 

capacity of RVP to be examined over a 2 - 4 year period. Participant recruitment was 

clinically driven and electronic data record linkage provided an extensive range of 

variables on most participants. Our study provided novel data on the predictive utility 

of RVP and eGFR in type 2 diabetes and included wide range RVP previously under-

reported in this context (i.e. FD, tortuosity, and number of first arteriolar branches).  

RVP were found to have no predictive value for 3-year change in eGFR in type 2 

diabetes in our cohort with a mean age of 63 years. Our cohort originated from a 

population of type 2 diabetes from Tayside, Scotland, with healthcare record linkage 

which reduced the likelihood of bias. As a result, the findings are likely to be 

generalisable to other type 2 diabetes populations. The population was however almost 

entirely white and therefore, this sample is likely to be most closely generalisable to 

other predominantly white populations with type 2 diabetes of a similar age, given 

known associations of diabetes and renal disease with ethnicity. There is also evidence 
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to suggest ethnic differences in retinal microvascular parameters,29 perhaps in part due 

to factors associated with iris colour, retinal pigmentation and/or underlying genetic 

influences.60 

The limitations of this study include the case-control design which increased the 

likelihood of regression toward the mean, although the risk of regression toward the 

mean was reduced through the use of median eGFR values calculated from all 

available measurements recorded within 6 months either side of the date of each retinal 

photograph. The definition of progressors as those with eGFR <60 ml/min/1.73m2 at 

follow-up, or a reduction in eGFR of at least 15% between baseline and follow up, 

risked the inclusion of participants with limited reduction in renal function (e.g. eGFR 

60 ml/min/1.73m2 at baseline, and 59 ml/min/1.73m2 at follow-up). This proved not to 

be an issue as only two participants had eGFR <60 at follow-up combined with 

reductions in eGFR smaller than -15%, and each of these had reductions in eGFR from 

baseline exceeding 14% (data not shown).  

Another limitation was the 3-year duration between baseline and follow-up measures, 

which may have been insufficient to detect associations between RVP and change in 

eGFR. As both retinal calibre and eGFR decline over time, the age (mean age 63 years, 

SD 7.6) of the population may also have limited the sensitivity to detect such 

associations with RVP. A study with longer follow-up, including participants entering 

at a younger age may be required to detect such associations.  

A more comprehensive assessment of renal function (such as urinary 

albumin/creatinine ratio [ACR]) and/or appropriate GFR estimating equations in ‘at 

risk’ individuals may have improved the sensitivity of our approach and comparability 

with other studies. Unfortunately, proteinuria/ACR data was not available for the 

earlier phase of GoDARTS recruitment. Although HbA1C was included in regression 

models, duration of diabetes was not, and may have a confounding influence. The 

suitability and size of our sample may also have limited our capacity to detect 

meaningful associations. Inclusion of additional individuals with baseline eGFR at the 

lower end of CKD stage 2 (60-70 ml/min/1.73m2) may have provided more 

meaningful clinical significance as they transition from CKD stage 2 to stage 3. 

The algorithms used by the retinal vessel measurement platform have been validated 

against the “gold standard” method of manual vessel tracing.45,46 However, 
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establishing the ground truth for validation of retinal vessel measurements is 

challenging because of the time-intensive nature of the manual work and relatively 

poor inter-grader reliability that arises from manual assessment through expert 

disagreement on challenging issues related to defining vessel boundaries.47,48 In 

contrast, the semi-automatic vessel assessment platform used in this study shows 

excellent inter-operator reliability.49 Nevertheless, results may vary from associations 

based on manually assessed retinal vascular parameters. Furthermore, measures of 

vascular geometry in other locations of the retina, such as the macula, may be of 

particular interest. However, summary measures of vessel calibre within an annulus 

encircling the optic disc avoid problems created by variations in branching patterns 

between individuals, by including all of the largest microvessels of the eye.50   

4.5 Concluding remarks  

The results of this study suggest that the null hypotheses could not be rejected and that 

the retinal vascular calibre, FD, tortuosity, and number of first vascular branches 

surrounding the optic disc are not predictive of eGFR decline over a 3-year follow-up 

in this white population with type 2 diabetes. 
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Chapter 5  

Reduced thickness of inner retinal 

layers, in conjunction with reduced 

retinal microvascular fractal dimension 

in chronic kidney disease: A cross-

sectional study. 
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5.1 Introduction 

Chronic kidney disease (CKD) is a major global health concern estimated to affect 

between 3% and 18% of the population,1,2 resulting in a substantial economic burden3–

5 and reduced quality of life.6,7 Incidence and prevalence rates for CKD are predicted 

to increase significantly over the coming decades, associated with rising obesity rates 

and ageing populations8 (see Chapter 1, section 1.1.2.1). As such, non-invasive, early-

stage detection methods would offer significant clinical utility for identification of 

persons with CKD so that targeted interventions could be offered to reduce renal 

decline.9 

Despite the availability of several indicators of renal function and damage, such as 

serum creatinine, cystatin C, and proteinuria, the ability to identify those at greatest 

risk of future renal decline is limited.10 The use of a variety of circulating and genetic 

biomarkers has offered improved CKD detection and risk prediction.11 Tissue-derived 

biomarkers provide utility as indicators of accumulated damage, such as damage to the 

vasculature resulting from non-traditional CKD risk factors,12–16 however, they are 

typically less amenable to non-invasive assessment.17 

Improved retinal imaging modalities and analysis software have allowed for non-

invasive visualisation of the retina in vivo. Recently, evaluation of retinal thickness 

through non-invasive optical coherence tomography (OCT) has been considered as a 

potential biomarker for kidney damage.18 As noted in Chapter 1, section 1.4.1, the 

retina consists of multiple neuronal layers that can be imaged non-invasively using 

OCT (Figure 5.1). The layers of the retina are composed of five neuronal cell types, 

with diverse subtypes relevant in other contexts. From the innermost to the outermost, 

the five basic cell types of the retina are ganglion cells, amacrine cells, bipolar cells, 

horizontal cells, and the photoreceptor cells.19  
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Figure 5.1. An illustration of the cellular layers of the retina.19 Image from 

Purves, D. et al. The Retina. Neurosci. 2nd Ed. (2001). 
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Visualised using OCT, the cellular layers of the retina appear as hypo- and hyper-

reflective strata.20 Areas containing the cell bodies appear as hypo-reflective layers.20 

The areas of synaptic contact between the neuronal cells are termed plexiform layers 

and appear hyper-reflective in OCT images.20 The full list of layers that can be 

resolved, which includes layers produced by the rods and cones, epithelium, and 

choroid, is shown in Table 5.1 and Figure 5.2. 

 

Layer visible using OCT Appearance 

PosteriorSS cortical vitreous Hyper-reflective 

Pre-retinal space Hypo-reflective 

Nerve fiber layer (NFL) Hyper-reflective 

Ganglion cell layer (GCL) Hypo-reflective 

Inner plexiform layer (IPL) Hyper-reflective 

Inner nuclear layer (INL) Hypo-reflective 

Outer plexiform layer (OPL) Hyper-reflective 

Henle's nerve fiber layer (HNFL) Hypo-reflective 

Outer nuclear layer (ONL) Hypo-reflective 

External limiting membrane (ELM) Hyper-reflective 

Myoid zone of the photoreceptors Hypo-reflective 

Ellipsoid zone of the photoreceptors Hyper-reflective 

Outer segments of the photoreceptors Hypo-reflective 

Cone interdigitation with  retinal pigmented 

epithelium (RPE) 

Hyper-reflective 

RPE/Bruch's membrane complex. On 

occasion this can be separated into more than 

1 band 

Hyper-reflective 

Choriocapillaris Moderately reflective  

Sattler's layer Thick layer of round or oval-shaped 

hyperreflective profiles with hyporeflective 

cores  

Haller's layer Thick layer of oval-shaped hyperreflective 

profiles with hyporeflective cores 

Choroidal-scleral juncture Zone at the outer choroid with a marked 

change in texture in which large circular or 

ovoid profiles abut a homogenous region of 

variable reflectivity 

Table 5.1. Layers visible via OCT.20 Table adapted from Staurenghi, G., Sadda, S., 

Chakravarthy, U. & Spaide, R. F. Proposed Lexicon for Anatomic Landmarks in 

Normal Posterior Segment Spectral-Domain Optical Coherence Tomography. 

Ophthalmology. 121, 1572–1578 (2014). 
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Figure 5.2. International Nomenclature for OCT Meeting Consensus Normal OCT 

Terminology.20 Image from Staurenghi, G., Sadda, S., Chakravarthy, U. & Spaide, R. 

F. Proposed Lexicon for Anatomic Landmarks in Normal Posterior Segment Spectral-

Domain Optical Coherence Tomography. Ophthalmology. 121, 1572–1578 (2014). 

 

 

Horizontal cells synapse with photoreceptor cells in the outer plexiform layer (OPL) 

to provide control of signals from surrounding photoreceptors allowing images to be 

produced in circumstances with wide variations in illumination at different points of 

the retinal surface.21 Bipolar cells also synapse with photoreceptor cells in the OPL 

and process input from the photoreceptors. Bipolar cells synapse with retinal ganglion 

cells in the inner plexiform layer (IPL).21 Amacrine cells synapse with ganglion cells 

in the IPL providing input relating to the excitation of surrounding ganglion cells.22 

Retinal ganglion cells conduct action potentials along their axons after receiving 

signals from synapses with bipolar cells and amacrine cells and, for light-sensitive 

ganglion cell sub-types, in response to light.21 The axons of retinal ganglion cells 

extend from the retina, through the optic nerve head and into the brain. Their combined 

mass is visible as the nerve fibre layer (NFL). Variability in the thickness of the retinal 

layers has been associated with chronic conditions that are major contributors to CKD, 

including diabetes mellitus23–25 and hypertension.26 

The inner retinal blood is supplied by the retinal microvasculature, the arterioles and 

venules which are situated within the ganglion cell layer (GCL) and NFL27 (see Figure 
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5.2.).  The layers of the outer retina receive their blood supply from the choroid. The 

oxygen supplied by the choroid to the outer retina is primarily consumed by the 

photoreceptor cells with less than 10% being used by the other cell types of the inner 

retina.28 The choroid also contains collagenous and elastic stromal tissue, fibroblasts, 

melanocytes, immune cells, vascular and non-vascular smooth muscle cells, 

sympathetic and parasympathetic innervation, intrinsic choroidal neurons (thought to 

be involved in blood flow regulation), and may contain lymphatic drainage.28   

As with the retina, the choroid can be divided into layers relating to its structure, 

however, the delineations are not as readily detectable as the layers of cells visible in 

the retina via histological preparations or OCT. The choroidal layers detectable via 

OCT are Bruch's membrane (typically resolved by OCT along with the retinal 

pigmented epithelium (RPE) as a single layer: see Table 5.1 above), the 

choriocapillaris, Sattler's layer, Haller's layer and the Choroidal-scleral juncture20 (see 

Figure 5.3). Sattler’s layer and Haller’s layer are vascular regions with  Sattler’s layer 

being relatively proximal to the retina and composed of smaller arterioles and venules, 

the choriocapillaries branch off from vessels in Sattler’s layer.28 
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Figure 5.3. A histological preparation displaying the retina (bottom) and the choroidal 

(top, annotated). HL: Haller’s layer; SL: Sattler’s layer; CC: choriocapillaris; RPE; 

retinal pigmented epithelium.28 Image from Nickla, D. L. & Wallman, J. The 

Multifunctional Choroid. Prog. Retin. Eye Res. 29, 144–168 (2010). 

 

 

5.1.1 Retinal thickness in diabetes and hypertension 

Few studies have examined associations between CKD and retinal or choroidal 

thickness. However, studies of retinal thickness changes in diabetes and hypertension 

may be informative. These conditions have aetiological links to CKD and may be 

confounding influences for associations between retinal thickness and CKD. Diabetic 
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patients have been reported to have on average, a thinner retinal nerve fibre layer,23,29 

reduced GCL thickness, and a thinner overall retina.23,30 However, some studies have 

failed to find significant differences in retinal thickness between diabetic and healthy 

subjects.31 Neural damage in diabetic retinopathy (DR) is thought to result from 

microvascular impairment but retinal neural defects have also been postulated to 

precede vascular changes.32 

Several features of inner retinal physiology increase its energy requirements relative 

to other tissues and have been advanced as causes of retinal susceptibility to vascular 

damage.32 In particular several retinal features which increase the transparency of 

retinal tissue have been linked with increased energy demand, and impaired oxygen 

supply.32 The retinal microvasculature is sparse, relative to that of other tissues, and 

provides a lower partial pressure of oxygen (~25 mmHg) than most tissues, including 

the outer retina. Retinal neuronal axons are typically (though not necessarily) 

unmyelinated, reducing opacity but resulting in a greater energy cost for the 

propagation of action potentials.32 Consistent with adaptations hypothesised to confer 

transparency, the cells of the inner retina typically have fewer mitochondria (which 

contain light-absorbing cytochrome proteins) and rely more heavily on glycolysis as 

opposed to oxidative phosphorylation.32 These susceptibility factors are likely to 

increase risk of cell injury due to impaired vascular supply from any cause. The retina 

may be susceptible to injury secondary to microvascular impairment in CKD.  

In consideration of the diabetic retina, microvascular damage typically refers to 

microvascular changes such as haemorrhaging, microaneurysms, and cotton wool 

spots, used in DR grading.  Association studies of retinal thickness in DR have not 

consistently shown simple linear associations. In individuals with diabetes and mild 

DR, retinal thickness may not be significantly altered.33 However, macular thickness 

has been reported to be reduced in DR34 and with increased disease duration.35 In 

contrast, macular thickness has been reported to be increased in proliferative DR.34 

This may relate to a greater frequency of changes associated with macular oedema 

among those with proliferative DR. Studies in diabetic macular oedema unsurprisingly 

report increased retinal thickness.36,37 Increased retinal thickness in diabetic macular 

oedema occurs in a pattern of greater swelling of the outer retinal layers compared to 

the inner layers38 accompanied by greater choroidal thickness.39 In OCT studies of the 

choroid in DR, both thinner and thicker choroids have been reported,39–41 perhaps 
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reflecting different prevalence of changes associated with macular oedema. Tight 

control of blood glucose42,43 and blood pressure44 in diabetes helps prevent DR and 

microvascular complications, and both diastolic blood pressure and mean arterial 

pressure are negatively correlated with retinal thickness in hypertensive individuals.26 

As noted above, retinal neural defects have also been postulated to precede vascular 

changes. Functional impairment of the response of retinal neurons to flashing light, 

measured as voltage peak amplitude by a contact lens electrode, is present in 

individuals with diabetes and no DR.45 Moreover, some studies indicate the amplitude 

of neuronal responses better predicts progression of DR compared to the presence of 

vascular signs of DR.32,46 Similarly, in individuals with diabetes and no DR, colour 

discrimination is also impaired,47 indicating retinal neuronal dysfunction. Thinning of 

the GCL and IPL, in the peri-central area of the macula, with no changes in the outer 

retinal layers has also been reported in  individuals with diabetes but minimal DR.23 

Similarly, cognitive impairment in diabetes does not depend on observed 

microvascular complications (measured as proliferative retinopathy).48  

Microvascular changes such as haemorrhages and cotton wool spots may represent late 

signs of metabolic processes damaging the microvasculature. Retinal microvascular 

parameters (RVP) may provide a measurement of vascular abnormalities detectable 

earlier in the disease process indicating more moderate dysfunction of the 

microvasculature supplying the retina. As such, RVP may indicate subclinical retinal 

microvascular damage which precedes neuronal changes.49,50 

 

5.1.2 Retinal and choroidal thickness in ESRD and haemodialysis. 

Most studies assessing variation in retinal thickness in CKD have examined changes 

in individuals undergoing haemodialysis (HD). Retinal thickness is highly sensitive to 

changes in perfusion pressure. For example, reduced NFL thickness has been reported 

in patients moving from prone to supine positions and vice versa.51 In advanced CKD, 

loss of albumin from the blood can result in reduced plasma oncotic pressure, which 

in turn results in fluid movement from the blood vessel lumen into the interstitial space 

resulting in oedema. HD is used to treat patients with renal failure to remove uremic 

toxins from the blood and to normalise/improve the composition and distribution of 

body fluids, including the removal of fluid volume accumulated because of reduced 
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urinary excretion. HD results in net removal of water from the body to the dialysate 

via the plasma. During a HD session removal of 2-3 litres of fluid is common, which 

may represent a turnover of around 75% of an individual’s plasma volume, with the 

rate of plasma refilling varying between individuals.52 In addition to the removal of 

fluid, HD results in altered serum concentration of a wide variety of metabolites, 

including a range of metabolites involved in endothelial function.53 This results in a 

loss of weight from water54,55 and also alters the oncotic pressure gradient between the 

plasma and interstitial fluid resulting in a net movement of fluid from the interstitial 

spaces into the plasma, thus reducing oedema (illustrated in Figure 5.4). This process 

also occurs in the eye where change in plasma colloid osmotic pressure during HD 

results in removal of water from the aqueous humour and reduction in intraocular 

pressure (IOP).54,56–58 However, such reductions in IOP do not always result from HD.59  

Retinal and choroidal thickness may be expected to decrease over the course of a HD 

session. Most studies report a large reduction in choroidal thickness over the course of 

a HD session,54,55,58–60 for example, Yang et al (2013) reported a 14 µm reduction in 

choroidal thickness following HD.54 Reductions in choroidal thickness during HD 

sessions occur in both diabetics and non-diabetics.61 Such large changes in choroidal 

thickness are likely temporary effects of fluid shift during dialysis. Interestingly, 

increased choroidal thickness has also been reported.62 This may result from different 

HD settings altering the osmotic environment. Although retinal thickness57 and NFL63 

thickness have been reported to decrease during HD, several studies have also reported 

no significant change.54,60 Interestingly, after HD, venular and arteriolar calibres are 

dilated.59 This may result from reductions in IOP. 
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Figure 5.4. A schematic illustration of fluid shift during haemodialysis with arrows 

indicating the net direction of water movement.56 Image from Tokuyama, T., Ikeda, T. 

& Sato, K. Image from Effect of plasma colloid osmotic pressure on intraocular 

pressure during haemodialysis. Br J Ophthalmol.; 82. 751–753. (1998).  

 

5.1.4 Retinal thickness in chronic kidney disease 

Recent associations between CKD (not requiring dialysis) and thinning of the retina 

as well as the adjacent vascular choroidal layers were reported using OCT in a 

population without diabetes or cardiovascular disease (CVD).18 Retinal and choroidal 

thickness were found to be reduced in individuals with CKD compared to healthy and 

hypertensive control groups. However, the choroidal vasculature supplies only the 

outer layers of the retina, with the inner layers supplied by the retinal microvasculature. 

A study examining the concordance between differences in the thickness of the 

individual layers of the retina and their specific vascular supply in association with 

CKD is warranted. This study aimed to evaluate retinal thickness and microvascular 

measures in association with renal function in a population with a high burden of 

comorbidity, independent of important confounding factors. The following null 

hypotheses were tested: 

H01: There is no association between retinal thickness and reduced renal 

function (< 60 mL/min/1.73m2) in the study population. 
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H02: There is no association between nerve fibre layer thickness, and reduced 

renal function (< 60 mL/min/1.73m2) in the study population. 

H03: There is no association between nerve ganglion cell layer thickness, and 

reduced renal function (< 60 mL/min/1.73m2) in the study population. 

H04: There is no association between inner plexiform layer thickness and 

reduced renal function (< 60 mL/min/1.73m2) in the study population. 

H05: There is no association between inner nuclear layer thickness and reduced 

renal function (< 60 mL/min/1.73m2) in the study population. 

H06: There is no association between outer plexiform layer thickness and 

reduced renal function (< 60 mL/min/1.73m2) in the study population. 

H07: There is no association between Henle’s nerve fiber layer and outer 

nuclear layer thickness and reduced renal function (< 60 mL/min/1.73m2) in 

the study population. 

H08: There is no association between retinal pigment epithelium thickness and 

reduced renal function (< 60 mL/min/1.73m2) in the study population. 

H09: There is no association between choroidal thickness and reduced renal 

function (< 60 mL/min/1.73m2) in the study population. 

H010: There is no association between choroidal vascularity index and reduced 

renal function (< 60 mL/min/1.73m2) in the study population. 

H011: There is no association between CRAE and reduced renal function (< 60 

mL/min/1.73m2) in the study population. 

H012: There is no association between CRVE, and reduced renal function (< 

60 mL/min/1.73m2) in the study population. 

H013: There is no association between ARV, and reduced renal function (< 60 

mL/min/1.73m2) in the study population. 

H014: There is no association between microvascular fractal dimension and 

reduced renal function (< 60 mL/min/1.73m2) in the study population. 
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H015: There is no association between microvascular tortuosity and reduced 

renal function (< 60 mL/min/1.73m2) in the study population. 

5.2 Methods 

5.2.1 Study design and recruitment 

A cross-sectional analysis of participants who attended the nuclear cardiology and 

renal medicine clinics at the Royal Victoria and Belfast City Hospitals was undertaken 

between September 2015 and March 2017. Patients attending the nuclear cardiology 

clinic have cardiovascular risk factors or cardiovascular disease, and may be at risk of 

CKD; as such, they form a population where non-invasive assessment regarding CKD 

may be of value. Inclusion criteria were participant age ≥ 18 years and ability to 

provide informed consent. The study was approved by the Office for Research Ethics 

Committees Northern Ireland (Study ID 14/NI/1132) and conformed to the guidelines 

of the 1975 Declaration of Helsinki. 

 

5.2.2 Assessment of CKD status 

Serum creatinine values were obtained from NHS laboratory measurements taken 

through routine clinical assessment and estimated glomerular filtration rate (eGFR) 

was calculated using the CKD-EPI equation as a measure of renal function.12 CKD 

was categorised as follows: no CKD, eGFR ≥ 60 ml/min/1.73m2; CKD stage 3, eGFR 

30-59 ml/min/1.73m2, and CKD stages 4-5, eGFR ≤ 29 ml/min/1.73m2. 

5.2.3 Image acquisition 

Images were captured using spectral-domain optical coherence tomography (SD-

OCT) (SPECTRALIS® HRA+OCT imaging platform, Heidelberg Engineering Ltd. 

Hemel Hempstead, Hertfordshire, United Kingdom) following pupil dilation by 

administration of a single drop of 1% tropicamide. Posterior pole scans were acquired 

in high-speed mode employing 768 A-scans per B-scan, over a 9.2 × 7.6 mm (30°x 

25°) area, with the fovea remaining central.13 Sixty-one horizontal B-scans were 

acquired using automatic real-time tracking (ART) set to 9, with a gap of 120 μm 

between B-scans. Scans with significant artefacts or substantial mirror edge were 

discarded.  The choroid was imaged through SD-OCT enhanced depth imaging (EDI) 
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also using the SPECTRALIS® HRA+OCT imaging platform (Heidelberg Engineering 

Inc.) in high-speed mode with a 30°x 25° EDI volume scan, for 19 sections, with ART 

set to 9. 

 

5.2.4 Image processing and segmentation 

Fovea detection and automated algorithmic segmentation of the retina into constituent 

layers for assessment of retinal thickness was performed using the Heidelberg Eye 

Explorer (HEYEX, version 1.9.17.0.). Constituent layers that comprised the overall 

retinal thickness included the inner retinal layer (IRL), outer retinal layer (ORL), NFL, 

GCL, IPL, inner nuclear layer (INL), outer plexiform layer (OPL), Henle’s nerve fiber 

layer and outer nuclear layer (HNFL-ONL), and retinal pigment epithelium (RPE) in 

accordance with the International Nomenclature for Optical Coherence Tomography 

(IN*OCT) consensus.20 

Scans were examined and segmentation errors amended by graders masked to all 

clinical information to avoid potential bias. For each scan, the foveal centre was 

identified as the frame including the brightest foveal reflex15,16 and the thickness of the 

individual layers was recorded in microns at the point at which the software calliper 

intersected the foveal reflex. Examples of en face and cross-sectional retinal images 

are provided with Early Treatment Diabetic Retinopathy Study (ETDRS) grid 

locations noted (Figure 5.5). Thickness of the retinal layers was measured within 

standardised segments on an ETDRS grid centred on the fovea.  These segments 

describe four quadrants (inferior [I], superior [S], temporal [T], and nasal [N]) for each 

of two annuli (annulus 1, proximal to the fovea, and annulus 2, distal to the fovea), in 

addition to a central/foveal segment. Overall retinal thickness was measured as the 

vertical distance between Bruch’s membrane and the vitreoretinal interface. Intraclass 

correlation coefficients were used to measure the intragrader reliability of retinal 

thicknesses, assessed in 10 retinal images by two trained graders.  Mean intraclass 

correlation coefficient for each ETDRS segment was calculated as 0.97 (F), 0.99 (N1), 

0.95 (N2), 0.99 (S1), 0.98 (S2), 0.99 (T1), 0.99 (T2), 0.99 (I1), 0.95 (I2), indicating 

excellent inter-operator agreement.  For choroidal measures, the choroidal images 

were binarised so that luminal space was represented by dark pixels and the choroidal 
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stroma was represented by light pixels. Choroidal vascularity index (CVI) was 

calculated using a previously reported algorithm.64  
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Figure 5.5. Panel A shows an image of the retina en face. Panel B shows a cross-sectional 

image with differentiation of the retinal layers using the HAYEX software. The cross-section 

of the retina represents the layers directly behind the green line bisecting the en face image 

in panel A. The cross hairs in the left hand panel indicate the location of the foveal dip that 

can be seen as a depression in the centre of the image in panel B. Panel C indicates the 

approximate position and size of the ETDRS grid used for reporting retinal thickness. 

Segment F is centred over the fovea. The annulus proximal to the fovea (annulus 1) 

comprises segments; S1=superior 1; N1=nasal 1; I1=inferior 1; T1=temporal 1. The annulus 

distal to the fovea comprises segments; S2 =superior 2; N2 =nasal 2; I2 =inferior 2; T2 

=temporal 2. Panel D highlights the locations where the ETDRS grid segments bisect the 

retinal image shown in panel B 

 

5.2.5 Retinal microvascular assessment 

Fundus photographs were captured using a 45° retinal fundus camera (Canon CR-DGi; 

Canon, Tokyo, Japan). Poor quality images were excluded. Retinal microvascular 

parameters (central retinal arteriolar equivalent [CRAE], central retinal venular 

equivalent [CRVE], arteriovenous ratio [AVR], and fractal dimensions) were 

measured from digital retinal fundus photographs using VAMPIRE version 3.1.4 

(Universities of Dundee and Edinburgh, Scotland). Retinal microvascular parameters 
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were measured within an annular zone from 1.0 to 1.5 times the optic disc diameter 

from the centre of the optic disc. 

5.2.6 Statistical Analysis 

All statistical analyses were performed using IBM SPSS statistics version 23.0 (IBM 

Corp., Armonk, NY).   The difference in mean retinal thickness between CKD 

categories was assessed using ANOVA and Student-Newman-Keuls test was used to 

identify between which CKD categories there was evidence of a difference. 

Multinomial logistic regression, with CKD in categories (grouped as stages 1 to 2, 3 

and 4 to 5) as the outcome, was used to test associations between retinal thickness and 

CKD category, and associations between retinal microvascular parameters, CVI, and 

choroidal volume and CKD categories. Multivariable linear regression, with eGFR as 

the outcome, was used to assess associations between retinal thickness and eGFR. 

Regression models were adjusted for age, mean arterial blood pressure (MABP), 

diabetes status, low-density lipoprotein (LDL), body mass index (BMI), and sex. The 

least significant association from either eye were discussed to reflect the fact that 

associations detectable in both right and left eyes are most practical and reliable as 

biomarkers. 

5.3 Results 

Of 252 study participants recruited, 241 consented to OCT imaging, of which 18 

participants OCT images were not captured or were of ungradable quality. Retinal 

thickness measures were generated for 223 participants. The mean age of the 

population was 65 years (standard deviation [SD] 9.5), 44% were female and the mean 

BMI was 31.0 kg/m2 (SD 6.4) (Table 5.2). The mean systolic and diastolic blood 

pressures were 136 mmHg (SD 22) and 81 mmHg (SD 13) respectively. A high disease 

burden was evident with 35% prescribed antihypertensive medication and 39% having 

diabetes. Mean HbA1c was 53 mmol/mol (SD 18), with 29% of participants taking 

hypoglycaemic medications. In participants with diabetes, duration of diabetes was 

less than 5 years in 38%, 5-10 years in 26%, and >10 years in 32%. Approximately 

8% had a history of cerebrovascular accident. Mean total cholesterol (3.9 mmol/L, SD 

1.2), and LDL cholesterol (2.3 mmol/L, SD 1.0) were within the healthy range but 

70% of the recruited participants were prescribed statins. Mean eGFR was  
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Variable  Population value 

Age, years, mean (SD) 65.3 (9.5) 

Female, n (%) 106 (44) 

eGFR, ml/min/1.73m2, mean (SD) 67 (25) 

Weight, Kg, mean (SD) 89.0 (20.1) 

BMI, kg/m2, mean (SD) 31.0 (6.4) 

Hypertension, n (%) 157 (65) 

SBP, mmHg, mean (SD) 136 (22) 

DBP, mmHg, mean (SD) 81 (13) 

MABP (1/3 SBP+2/3DBP), mmHg, mean (SD) 99 (13) 

HbA1c mean, mmol/mol, (SD) 
 

53 (18) 

Total Cholesterol, mean, mmol/L (SD) 3.92 (1.18) 

HDL, mean, mmol/L (SD) 1.33 (0.45) 

LDL, mean, mmol/L (SD) 2.28 (0.97) 

Troponin, mean, mmol/L (SD) 17.8 (28.9) 

CRP, mean, mmol/L (SD) 9.5 (35.6) 

Pack Years, mean (SD) 39.8 (35.0) 

CVD, n (%) 100 (41.5) 

Diabetes mellitus, n (%) 93 (39) 

            Type1, n (%) 13 (5) 

            Type2, n (%) 80 (33) 

Insulin, n (%) 29 (31) 

Previous CVA, n (%) 19 (8) 

Antihypertensives, n (%) 83 (35) 

Hypoglycaemics, n (%) 68 (29) 

Statins, n (%) 164 (69) 

Diuretics, n (%) 63 (27) 

NSAIDs, n (%) 12 (5) 

Vitamin supplements, n (%) 48 (20) 

Rheumatoid arthritis, n (%) 10 (9) 

Hypertension Treatment, n (%)  

         None 78 (33) 

         <5 years         54 (23) 

          5-10 years  38 (16) 

         >10 years 64 (27) 

Smoking, n (%)  

         Never 119 (49) 

         Ex 87 (36) 

         Current 35 (15) 

Alcohol, n (%)  

          none 134 (56) 

          1-5 units 38 (16) 

          6-10 units 28 (12) 

          15-20 units 25 (10) 

          >25 units 12 (5) 

QRISK2 score, n (%)  

         1 38 (34) 

         2 35 (31) 

         3 38 (34) 

Table 5.2. Participant characteristics SD, standard deviation; eGFR, estimated glomerular 

filtration rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MABP, mean 

arterial blood pressure; HbA1c, Glycated haemoglobin A1c; HDL, high density lipoprotein; 

LDL, low density lipoprotein; CRP, C reactive protein; CVD, cardiovascular disease; CVA, 

cerebrovascular accident; NSAIDs, non-steroidal anti-inflammatory drugs. 
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67 ml/min/1.73m2 (SD 25) with 27% of the population using diuretics. Smoking status 

indicated 15% of participants as current smokers and 49% as having never smoked. 

5.3.1 Retinal thickness 

Mean retinal thickness values are presented according to the ETDRS grid 

configuration (Figure 5.5, Table 5.3). A descriptive map of individual retinal layers 

for reference can be found in the consensus statement of the INOCT group65. Mean 

retinal thickness was significantly lower in the nasal, superior and annulus 1 inferior 

segments in participants with CKD stages 4-5.  There were no significant differences 

in retinal thickness between CKD categories for the central/foveal segment, nor for 

any of the annulus distal segments (data not shown).  

Odds ratios (OR)s and 95% confidence intervals (CI) were estimated for CKD per µm 

change in retinal thickness for the full, inner and outer retina according to the ETDRS 

segments of annulus 1 (Table 5.4). Stages 1-2 (defined as eGFR ≥ 60ml/min/1.73m2) 

were used as a reference category. For instance, the odds ratio for having CKD stage 

3 compared with 1-2 was 0.99 (95% CI 0.97, 1.01) per µm increase in N1 full retinal 

thickness, whilst the odds ratio for having CKD stage 4-5 compared with 1-2 was 0.96 

(95% CI 0.94, 0.98) per µm increase in N1 full retinal thickness. ORs for the full list 

of retinal layers by ETDRS segment are provided in supplementary Table S1. A thicker 

retina was negatively associated with CKD stages 4-5 for all annulus 1 segments. 

Retinal thickness was also negatively associated with CKD stages 4-5 in the temporal 

segment of annulus 2, but there was no significant association between full retinal 

thickness and CKD stages in any other segments.  

In analyses of the inner and outer retinal layers, a similar pattern of associations was 

observed between CKD stages 4-5 and the inner retinal layer (Table 5.4, Figure 5.6), 

i.e. a thicker retina in the proximal annulus was significantly associated with reduced 

risk of CKD stage 4-5. Outer retinal thickness was negatively associated with CKD 

only in the superior segment of annulus 2.  A full list of odds ratios for all segments is 

presented in supplementary Tables 5.S1 and 5.S2.  
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 Right eye       Left eye      

 

CKD stages 

1-2 

 CKD stage 

3  

CKD stage 

4-5 

 ANOVA CKD stages 

1-2 

 CKD stage 

3  

CKD stage 

4-5 

ANOVA 

ETDRS segment 

Mean 

thickness 

µm  (SD) 

 Mean 

thickness  

µm  (SD)  

Mean 

thickness 

µm  (SD) 

p  Mean 

thickness µm  

(SD) 

 Mean 

thickness  

µm  (SD)  

Mean 

thickness 

µm  (SD) 

p 

Full retinal 

thickness  

  

 

         

N1 342 (17) A  339 (21) A  324 (27) B  <0.001 343 (22) A  341 (26) A  327 (28) B 0.004 

S1 337 (18) A  336 (20) A  320 (26) B  <0.001 340 (20) A  336 (22) A  321 (28) B <0.001 

T1 326 (17)  324 (16)  317 (48)  0.14 328 (19) A  325 (19) A  313 (38) B 0.005 

I1 336 (17) A  332 (19) A  319 (28) B  <0.001 337 (21) A  333 (19) A  318 (27) B <0.001 

Inner Retinal Layer              

N1 261 (17) A   258 (19) A  244 (26) B  <0.001 262 (21) A  257 (19) B  248 (30) B 0.01 

S1 257 (17) A  256 (19) A  241 (25) B  <0.001 260 (20) A  255 (19) B  243 (30) B 0.001 

T1 246 (16)  244 (15)  238 (48)  0.19 248 (18) A  245 (18) B  235 (38) B 0.01 

I1 257 (17) A  253 (18) A  240 (28) B  <0.001 258 (20) A  254 (16) B  241 (27) B <0.001 

Outer Retinal Layer              

N1 81 (3)  81 (4)  80 (3)  0.47  81 (3)  83 (11)  80 (3) 0.06 

S1 80 (3)  80 (4)  79 (3)  0.45 80 (3)  81 (7)  79 (3) 0.08 

T1 80 (3)  80 (4)  79 (3)  0.29 80 (3)  80 (3)  79 (3) 0.35 

I1 79 (3)  79 (4)  79 (4)  0.91 79 (3)  80 (6)  78 (4) 0.15 

Table 5.3. Mean retinal, inner retinal and outer retinal thickness values for CKD stages 1-2, 3, and 4-5. ETDRS, Early Treatment Diabetic Retinopathy Study; 

OR, odds ratio; SD, standard deviation; CI, Confidence interval; F, fovea; S1, superior segment 1; N1, nasal segment 1; I1, inferior segment 1; T1, temporal 

segment 1. Footnotes A, B and C indicate groups that are significantly different from each other according to SNK test. 
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  Unadjusted  Adjusted 

  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2)  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2) 

ETDRS segment  OR 95% CI  p   OR 95% CI p   OR 95% CI p   OR 95% CI p  

Right eye                 

Full retinal thickness                 

N1  0.99 (0.97 , 1.01) 0.34  0.96 (0.94 , 0.98) <0.001*  1.00 (0.97 , 1.02) 0.89  0.97 (0.94 , 0.99) 0.02* 

S1  1.00 (0.98 , 1.01) 0.63  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.03) 0.76  0.97 (0.94 , 0.99) 0.01* 

T1  0.99 (0.98 , 1.01) 0.56  0.98 (0.96 , 1.00) 0.03*  1.00 (0.98 , 1.02) 0.80  0.99 (0.97 , 1.01) 0.33 

I1  0.99 (0.97 , 1.01) 0.26  0.96 (0.94 , 0.98) <0.001*  1.00 (0.97 , 1.02) 0.87  0.97 (0.95 , 1.00) 0.02* 

Inner Retinal Layer                 

N1  0.99 (0.97 , 1.01) 0.31  0.96 (0.94 , 0.98) <0.001*  1.00 (0.97 , 1.02) 0.70  0.97 (0.94 , 0.99) 0.01* 

S1  0.99 (0.97 , 1.01) 0.56  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.03) 0.87  0.97 (0.94 , 0.99) 0.01* 

T1  0.99 (0.98 , 1.01) 0.5  0.98 (0.96 , 1.00) 0.05  1.00 (0.98 , 1.02) 0.92  0.99 (0.96 , 1.01) 0.34 

I1  0.99 (0.97 , 1.01) 0.26  0.96 (0.94 , 0.98) <0.001*  1.00 (0.97 , 1.02) 0.80  0.97 (0.94 , 0.99) 0.02* 

Outer Retinal Layer                 

N1  1.02 (0.92 , 1.12) 0.72  0.93 (0.81 , 1.06) 0.27  1.08 (0.96 , 1.22) 0.22  1.01 (0.86 , 1.18) 0.93 

S1  1.04 (0.93 , 1.16) 0.53  0.93 (0.8 , 1.07) 0.32  1.07 (0.93 , 1.22) 0.34  1.00 (0.84 , 1.18) 0.96 

T1  1.04 (0.93 , 1.15) 0.51  0.91 (0.78 , 1.05) 0.19  1.10 (0.96 , 1.25) 0.19  1.01 (0.84 , 1.20) 0.94 

I1  1.00 (0.9 , 1.12) 0.95  0.97 (0.85 , 1.12) 0.68  1.05 (0.92 , 1.21) 0.46  1.05 (0.89 , 1.25) 0.54 

Left eye                 

Full retinal thickness                 

N1  0.99 (0.98 , 1.01) 0.47  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.01) 0.70  0.98 (0.95 , 1.00) 0.03* 

S1  0.99 (0.97 , 1.01) 0.36  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.01) 0.69  0.97 (0.95 , 0.99) 0.01* 

T1  0.99 (0.97 , 1.01) 0.35  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.02) 0.83  0.98 (0.96 , 1.00) 0.08 

I1  0.99 (0.97 , 1.01) 0.32  0.95 (0.93 , 0.97) <0.001*  1.00 (0.98 , 1.01) 0.73  0.97 (0.94 , 0.99) 0.01* 

Inner Retinal Layer                 

N1  0.99 (0.97 , 1.01) 0.21  0.97 (0.95 , 0.99) 0.002*  0.99 (0.97 , 1.01) 0.32  0.98 (0.95 , 1.00) 0.03* 

S1  0.99 (0.97 , 1.01) 0.20  0.96 (0.94 , 0.98) <0.001*  0.99 (0.98 , 1.01) 0.47  0.97 (0.95 , 0.99) 0.01* 
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T1  0.99 (0.97 , 1.01) 0.34  0.97 (0.95 , 0.99) 0.002*  1.00 (0.98 , 1.01) 0.71  0.98 (0.96 , 1.00) 0.09 

I1  0.99 (0.97 , 1.01) 0.19  0.95 (0.93 , 0.98) <0.001*  0.99 (0.97 , 1.01) 0.47  0.97 (0.94 , 0.99) 0.01* 

Outer Retinal Layer                 

N1  1.05 (0.98 , 1.13) 0.14  0.90 (0.79 , 1.03) 0.13  1.12 (0.99 , 1.28) 0.08  1.00 (0.85 , 1.17) 0.96 

S1  1.07 (0.98 , 1.16) 0.13  0.91 (0.78 , 1.05) 0.18  1.08 (0.96 , 1.21) 0.20  0.97 (0.83 , 1.13) 0.68 

T1  1.01 (0.89 , 1.14) 0.91  0.90 (0.78 , 1.04) 0.16  1.08 (0.93 , 1.26) 0.31  0.99 (0.82 , 1.18) 0.90 

I1  1.06 (0.97 , 1.15) 0.17  0.92 (0.8 , 1.06) 0.25  1.09 (0.96 , 1.23) 0.18  1.02 (0.88 , 1.18) 0.82 

Table 5.4. Odds ratios from multinomial logistic regression models for CKD stage 3 and stages 4-5 per µm increase in thickness of the full retina, inner retina 

and outer retina.  ETDRS, Early Treatment Diabetic Retinopathy Study; OR, odds ratio; SD, standard deviation; CI, Confidence interval; F, fovea; S1, superior 

segment 1; N1, nasal segment 1; I1, inferior segment 1; T1, temporal segment 1.*significant values. Adjustment for age, mean arterial blood pressure, diabetes 

status, low-density lipoprotein, body mass index, and sex. 
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Figure 5.6. Odds ratios from multinomial logistic regression models stages 4-5 per µm increase in thickness of retinal layers in the right eye. *significant 

values. Bars indicate 95% confidence intervals. Adjustment for age, mean arterial blood pressure, diabetes status, low-density lipoprotein, body mass index, 

and sex. S1, superior segment 1; N1, nasal segment 1; I1, inferior segment 1; T1, temporal segment 1. 
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Following adjustment for age, MABP, diabetes, LDL, BMI, and sex, greater retinal 

thickness was significantly associated with a lower OR for CKD stages 4-5 compared 

to CKD stages 1-2 for the nasal, superior and inferior annulus 1 segments. Retinal 

thickness was not significantly associated with CKD stages 4-5 in any other segments 

in the adjusted models.  

5.3.2  Associations between retinal thickness and the retinal microvascular supply 

ORs for CKD stages per µm change in retinal thickness are presented for layers 

primarily supplied by the retinal microvasculature (NFL, GCL, IPL, and INL) for the 

annulus 1 ETDRS segments in Table 5.5. For example, per µm increase in the 

thickness of the GCL in segment N1, the odds ratio for CKD stage 4 to 5, in the 

unadjusted analysis, was 0.93 times that for stage 1 to 2 (OR 0.93, 95% CI 0.87, 0.98). 

The associations detected between inner and complete retinal thickness and CKD arose 

from variation detected in those layers supported by the retinal microvasculature. 

Specifically, in models adjusted for age, MABP, diabetes status, LDL, BMI, and sex, 

greater thickness of the GCL (segments T1 and I1) and IPL (all segments of annulus 

1 and segment F) were associated with reduced risk of CKD stages 4-5. 

5.3.3 Associations between retinal thickness and the choroidal vasculature 

ORs for CKD were estimated per µm change for retinal layers supplied primarily by 

the choroidal vasculature (OPL, ONL, RPE) for annulus 1 ETDRS segments (Table 

5.6). For instance, in unadjusted analyses, per µm increase in thickness of the OPL in 

segment S1, the odds ratio for CKD stage 4 to 5 were 0.91 times that for stage 1 to 2 

(OR 0.91, 95% CI 0.83, 0.99). In unadjusted analyses, significant negative associations 

were detected between a thicker OPL (segment S1) and ONL (segments N1, I1, and 

F) and CKD stages 4-5. In the adjusted analyses, no significant associations were 

detected between CKD and any of the outer retinal layers in annulus 1 or 2. Thickness 

of the foveal segment of the outer nuclear area was negatively associated with risk of 

CKD stages 3-4 following adjustment for age, MABP, diabetes, LDL, BMI, and sex.    
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  Unadjusted  Adjusted 

  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2)  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2) 

ETDRS segment  OR 95% CI  p   OR 95% CI p   OR 95% CI p   OR 95% CI p  

Right eye                 

Nerve fibre layer 

N1  0.84 (0.72 , 0.99) 0.03*  1.05 (0.93 , 1.19) 0.44  0.99 (0.86 , 1.14) 0.88  0.88 (0.74 , 1.05) 0.15 

S1  0.99 (0.89 , 1.10) 0.86  1.06 (0.98 , 1.14) 0.16  1.05 (0.96 , 1.16) 0.27  1.00 (0.90 , 1.11) 0.97 

T1  1.09 (0.96 , 1.24) 0.20  1.01 (0.86 , 1.18) 0.89  0.83 (0.64 , 1.06) 0.14  1.04 (0.96 , 1.13) 0.35 

I1  0.91 (0.81 , 1.02) 0.10  0.97 (0.89 , 1.07) 0.58  0.97 (0.87 , 1.08) 0.58  0.94 (0.84 , 1.06) 0.31 

Ganglion cell layer 

N1  0.99 (0.94 , 1.04) 0.73  0.93 (0.88 , 0.98) 0.004*  1.02 (0.96 , 1.09) 0.48  0.93 (0.87 , 1.00) 0.04* 

S1  1.00 (0.95 , 1.05) 0.97  0.93 (0.88 , 0.98) 0.01*  1.02 (0.95 , 1.09) 0.60  0.92 (0.86 , 0.99) 0.02* 

T1  0.99 (0.94 , 1.04) 0.69  0.91 (0.86 , 0.96) <0.001*  1.01 (0.94 , 1.08) 0.87  0.89 (0.82 , 0.97) 0.01* 

I1  0.99 (0.94 , 1.05) 0.82  0.91 (0.86 , 0.96) <0.001*  1.02 (0.95 , 1.10) 0.57  0.90 (0.83 , 0.96) 0.004* 

Inner plexiform layer 

N1  0.96 (0.90 , 1.03) 0.28  0.89 (0.83 , 0.96) 0.002*  1.01 (0.92 , 1.11) 0.83  0.91 (0.82 , 1.00) 0.04* 

S1  0.98 (0.91 , 1.06) 0.61  0.89 (0.82 , 0.96) 0.004*  1.01 (0.92 , 1.12) 0.78  0.89 (0.80 , 0.99) 0.03* 

T1  0.97 (0.90 , 1.05) 0.43  0.88 (0.81 , 0.95) 0.002*  1.00 (0.90 , 1.11) 0.96  0.87 (0.78 , 0.98) 0.02* 

I1  0.95 (0.88 , 1.03) 0.23  0.84 (0.77 , 0.92) <0.001*  1.01 (0.90 , 1.12) 0.92  0.85 (0.76 , 0.96) 0.01* 

Inner nuclear layer 

N1  0.92 (0.84 , 1.00) 0.05*  0.88 (0.79 , 0.98) 0.02*  0.91 (0.82 , 1.02) 0.10  0.9 (0.79 , 1.02) 0.11 

S1  0.91 (0.84 , 0.99) 0.04*  0.87 (0.78 , 0.97) 0.02*  0.92 (0.83 , 1.02) 0.11  0.9 (0.80 , 1.01) 0.08 

T1  0.92 (0.83 , 1.01) 0.08  0.88 (0.78 , 0.99) 0.03*  0.91 (0.80 , 1.03) 0.14  0.87 (0.75 , 1.00) 0.06 

I1  0.94 (0.86 , 1.03) 0.17  0.93 (0.84 , 1.04) 0.22  0.96 (0.86 , 1.06) 0.42  0.96 (0.84 , 1.08) 0.49 

Left eye                 

Nerve fibre layer 

N1  1.02 (0.93 , 1.12) 0.62  1.02 (0.91 , 1.14) 0.71  1.01 (0.90 , 1.13) 0.93  1.00 (0.90 , 1.11) 0.95 

S1  1.06 (0.98 , 1.15) 0.18  0.97 (0.87 , 1.08) 0.58  1.03 (0.94 , 1.13) 0.52  0.99 (0.89 , 1.10) 0.85 

T1  1.09 (0.92 , 1.29) 0.32  1.21 (1.03 , 1.43) 0.02  0.95 (0.77 , 1.17) 0.63  1.14 (0.96 , 1.36) 0.14 

I1  1.00 (0.91 , 1.09) 0.92  0.99 (0.89 , 1.10) 0.84  1.02 (0.92 , 1.13) 0.70  1.00 (0.90 , 1.11) 0.94 
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Ganglion cell layer 

N1  0.97 (0.92 , 1.02) 0.26  0.93 (0.87 , 0.98) 0.01*  1.00 (0.94 , 1.07) 0.98  0.94 (0.87 , 1.01) 0.08 

S1  0.98 (0.92 , 1.04) 0.53  0.92 (0.87 , 0.99) 0.02*  1.01 (0.94 , 1.09) 0.75  0.95 (0.88 , 1.03) 0.18 

T1  0.98 (0.93 , 1.03) 0.50  0.91 (0.86 , 0.96) <0.001*  1.01 (0.95 , 1.07) 0.74  0.93 (0.87 , 0.99) 0.02* 

I1  0.98 (0.93 , 1.04) 0.51  0.89 (0.84 , 0.95) <0.001*  1.03 (0.96 , 1.10) 0.47  0.90 (0.84 , 0.97) 0.004* 

Inner plexiform layer 

N1  0.94 (0.87 , 1.02) 0.11  0.87 (0.80 , 0.95) 0.002*  0.99 (0.91 , 1.09) 0.90  0.90 (0.82 , 1.00) 0.04* 

S1  0.93 (0.86 , 1.02) 0.11  0.85 (0.77 , 0.94) 0.001*  0.99 (0.89 , 1.10) 0.81  0.88 (0.78 , 0.99) 0.03* 

T1  0.96 (0.89 , 1.04) 0.36  0.84 (0.76 , 0.92) <0.001*  1.03 (0.93 , 1.13) 0.61  0.89 (0.80 , 0.99) 0.03* 

I1  0.95 (0.87 , 1.03) 0.22  0.81 (0.74 , 0.89) <0.001*  1.02 (0.92 , 1.14) 0.66  0.82 (0.73 , 0.93) 0.002* 

Inner nuclear layer 

N1  0.93 (0.85 , 1.01) 0.08  0.92 (0.83 , 1.02) 0.10  0.90 (0.81 , 1.01) 0.07  0.96 (0.86 , 1.06) 0.42 

S1  0.91 (0.84 , 0.98) 0.02*  0.84 (0.76 , 0.92) <0.001*  0.92 (0.84 , 1.01) 0.09  0.88 (0.79 , 0.97) 0.01* 

T1  0.95 (0.87 , 1.04) 0.26  0.87 (0.79 , 0.97) 0.01*  0.93 (0.83 , 1.03) 0.17  0.88 (0.78 , 0.99) 0.03* 

I1  0.95 (0.87 , 1.03) 0.24  0.88 (0.79 , 0.98) 0.02*  0.93 (0.84 , 1.03) 0.16  0.89 (0.79 , 1.00) 0.06 

Table 5.5. Odds ratios from multinomial logistic regression models for CKD stage 3 and stages 4-5 per µm increase in thickness of retinal layers supplied by 

the retinal microvasculature. ETDRS, Early Treatment Diabetic Retinopathy Study; OR, odds ratio; SD, standard deviation; CI, Confidence interval; F, fovea; 

S1, superior segment 1; N1, nasal segment 1; I1, inferior segment 1; T1, temporal segment 1.*significant values. Adjustment for age, mean arterial blood 

pressure, diabetes status, low-density lipoprotein, body mass index, and sex
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  Unadjusted  Adjusted 

  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2)  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2) 

ETDRS segment  OR 95% CI  p   OR 95% CI p   OR 95% CI p   OR 95% CI p  

Right eye                 

Outer plexiform layer 

N1  1.03 (0.98 , 1.08) 0.25  1.02 (0.96 , 1.09) 0.47  1.03 (0.97 , 1.10) 0.33  1.03 (0.96 , 1.11) 0.45 

S1  1.00 (0.95 , 1.05) 0.88  0.91 (0.83 , 0.99) 0.04*  1.02 (0.96 , 1.09) 0.46  0.95 (0.86 , 1.04) 0.26 

T1  1.01 (0.93 , 1.11) 0.76  0.85 (0.74 , 0.99) 0.04*  1.07 (0.96 , 1.20) 0.22  0.93 (0.81 , 1.08) 0.34 

I1  1.02 (0.96 , 1.08) 0.56  1.03 (0.96 , 1.11) 0.38  1.01 (0.94 , 1.08) 0.78  1.05 (0.98 , 1.14) 0.18 

Outer nuclear layer 

N1  0.98 (0.95 , 1.01) 0.30  0.96 (0.92 , 0.99) 0.02*  0.98 (0.94 , 1.01) 0.22  0.95 (0.91 , 1.00) 0.05* 

S1  0.99 (0.96 , 1.03) 0.68  0.98 (0.94 , 1.02) 0.25  0.99 (0.95 , 1.03) 0.52  0.97 (0.92 , 1.02) 0.23 

T1  0.99 (0.96 , 1.03) 0.72  1.01 (0.97 , 1.04) 0.77  1.00 (0.96 , 1.04) 0.89  1.00 (0.97 , 1.04) 0.78 

I1  0.99 (0.95 , 1.02) 0.43  0.96 (0.92 , 1.00) 0.04*  0.99 (0.95 , 1.03) 0.68  0.96 (0.91 , 1.01) 0.10 

Retinal pigmented epithelium 

N1  0.87 (0.72 , 1.07) 0.19  0.88 (0.69 , 1.13) 0.31  1.02 (0.80 , 1.30) 0.88  1.00 (0.75 , 1.35) 0.98 

S1  0.94 (0.76 , 1.16) 0.57  0.87 (0.67 , 1.12) 0.28  1.09 (0.84 , 1.42) 0.51  0.97 (0.70 , 1.35) 0.87 

T1  0.91 (0.73 , 1.13) 0.38  0.88 (0.67 , 1.16) 0.38  1.04 (0.80 , 1.35) 0.79  1.05 (0.76 , 1.44) 0.78 

I1  0.88 (0.71 , 1.07) 0.20  0.91 (0.71 , 1.17) 0.48  0.94 (0.74 , 1.20) 0.63  1.00 (0.75 , 1.34) 0.99 

Left eye 
Outer plexiform layer 

N1  1.01 (0.96 , 1.07) 0.64  1.01 (0.95 , 1.08) 0.64  1.00 (0.94 , 1.07) 0.89  1.00 (0.93 , 1.08) 0.94 

S1  0.99 (0.95 , 1.03) 0.63  0.92 (0.87 , 0.99) 0.02*  1.00 (0.95 , 1.06) 0.93  0.93 (0.87 , 0.99) 0.03* 

T1  1.07 (0.99 , 1.15) 0.08  0.95 (0.86 , 1.05) 0.32  1.11 (1.02 , 1.22) 0.02*  1.01 (0.90 , 1.13) 0.84 

I1  1.05 (1.00 , 1.11) 0.06  1.08 (1.01 , 1.14) 0.02*  1.04 (0.97 , 1.12) 0.24  1.08 (1.01 , 1.16) 0.03* 

Outer nuclear layer 

N1  0.99 (0.97 , 1.02) 0.52  0.96 (0.93 , 0.99) 0.02*  0.99 (0.96 , 1.02) 0.35  0.97 (0.93 , 1.01) 0.10 

S1  0.99 (0.97 , 1.02) 0.63  0.99 (0.96 , 1.02) 0.44  0.99 (0.97 , 1.02) 0.45  0.99 (0.96 , 1.03) 0.61 

T1  0.98 (0.95 , 1.01) 0.21  0.98 (0.94 , 1.02) 0.26  0.98 (0.94 , 1.01) 0.20  0.98 (0.95 , 1.02) 0.42 

I1  0.97 (0.94 , 1.00) 0.06  0.94 (0.90 , 0.97) <0.001*  0.96 (0.92 , 1.00) 0.07  0.94 (0.89 , 0.98) 0.01* 
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Retinal pigmented epithelium 

N1  1.06 (0.96 , 1.18) 0.26  0.85 (0.67 , 1.08) 0.17  1.21 (0.96 , 1.53) 0.11  1.01 (0.76 , 1.35) 0.93 

S1  1.07 (0.97 , 1.17) 0.20  0.69 (0.52 , 0.90) 0.01*  1.13 (0.91 , 1.39) 0.26  0.77 (0.55 , 1.07) 0.11 

T1  0.90 (0.73 , 1.12) 0.34  0.84 (0.65 , 1.09) 0.19  1.09 (0.84 , 1.41) 0.53  1.01 (0.74 , 1.38) 0.96 

I1  1.06 (0.96 , 1.17) 0.24  0.87 (0.67 , 1.13) 0.30  1.09 (0.91 , 1.31) 0.34  0.99 (0.77 , 1.29) 0.96 

Table 5.6. Odds ratios from multinomial logistic regression models for CKD stage 3 and stages 4-5 per µm increase in thickness of retinal layers supplied by 

the choroidal vasculature. ETDRS, Early Treatment Diabetic Retinopathy Study; OR, odds ratio; SD, standard deviation; CI, Confidence interval; F, fovea; S1, 

superior segment 1; N1, nasal segment 1; I1, inferior segment 1; T1, temporal segment 1.*significant values. Adjustment for age, mean arterial blood pressure, 

diabetes status, low-density lipoprotein, body mass 

 

 Unadjusted model   Adjusted model  

 CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2)  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2) 

Variable OR 95% CI p   OR 95% CI p   OR 95% CI p   OR 95% CI p  

Choroidal vascularity 

index  0.85 (0.56 , 1.30) 0.46 

 

1.11 (0.68 , 1.80) 0.69 

 

1.37 (0.80 , 2.36) 0.25 

 

1.44 (0.78 , 2.67) 0.25 

Choroidal Volume 

(mm3) 0.55 (0.36 , 0.83) 0.005* 

 

0.61 (0.37 , 1.01) 0.05 

 

0.90 (0.55 , 1.46) 0.67 

 

0.76 (0.40 , 1.44) 0.40 

CRAE 0.95 (0.65 , 1.40) 0.79  0.63 (0.38 , 1.04) 0.07  0.92 (0.54 , 1.55) 0.75  0.66 (0.35 , 1.28) 0.22 

CRVE 0.67 (0.46 , 0.98) 0.04*  1.11 (0.66 , 1.87) 0.71  0.66 (0.41 , 1.06) 0.08  1.07 (0.55 , 2.07) 0.85 

AVR 1.54 (1.06 , 2.22) 0.02*  0.47 (0.25 , 0.91) 0.03*  1.67 (1.01 , 2.75) 0.05*  0.59 (0.27 , 1.26) 0.17 

LogFractalDimCa1 0.66 (0.45 , 0.98) 0.04*  0.44 (0.27 , 0.72) 0.001*  1.05 (0.62 , 1.79) 0.86  0.45 (0.24 , 0.84) 0.01* 

LogFractalDimCv1 0.78 (0.52 , 1.16) 0.22  0.49 (0.31 , 0.79) 0.003*  0.94 (0.58 , 1.54) 0.82  0.53 (0.29 , 0.94) 0.03* 

Table 5.7. Odds ratios for CKD stage 3 and stages 4-5 per standard deviation increase choroidal vascularity index (unit-less), Choroidal volume (mm3), AVR 

(unit-less), and fractal dimension. CI, Confidence interval; OR, odds ratio. *significant values. Adjustment for age, mean arterial blood pressure, diabetes status, 

low-density lipoprotein, body mass index, and sex. 
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5.3.4 Retinal microvascular and choroidal measures 

ORs for CKD per SD change in choroidal and retinal microvascular parameters are 

presented (Table 5.7). No significant associations were detected between CVI and 

CKD. Higher choroidal volumes were significantly associated with lower risk of CKD 

stage 3 in unadjusted analyses but the association was no longer significant following 

adjustment for age, MABP, diabetes, LDL, BMI and sex. Per SD increase in choroidal 

volume in the unadjusted analysis, the odds ratio for CKD stage 3 were 0.55 times that 

for stage 1 to 2 (OR 0.55, 95% CI 0.36, 0.83). 

Retinal microvascular changes were associated with CKD. Greater venular diameter 

(higher CRVE) was associated with lower OR for CKD stage 3 in the unadjusted 

analysis. Per SD increase in CRVE in the unadjusted analysis, the odds ratio for CKD 

stage 4 to 5 were 0.67 times that for stage 1 to 2 (OR 0.67, 95% CI 0.46, 0.98). No 

significant associations were detected between retinal arteriolar calibre (CRAE) and 

CKD. However, AVR (the ratio between arteriolar and venular calibre) was positively 

associated with CKD stage 3 in both unadjusted and adjusted analyses and CKD stages 

4-5 in the unadjusted model only. Arteriolar fractal dimension was negatively 

associated with risk of CKD stages 4-5 in both adjusted and unadjusted analyses, and 

CKD stage 3 in the unadjusted analysis only. Venular fractal dimension was not 

significantly associated with CKD stage 3 but was negatively associated with risk of 

CKD stages 4-5 in both adjusted and unadjusted analyses. 

 

5.4 Discussion 

We assessed associations between the thickness of the retinal layers measured using 

SD-OCT and CKD stages in a population with multiple comorbidities. Thinner retinas 

were associated with CKD stages 4-5. For example, per µm increase in thickness of 

the full retina in segment N1, the odds of CKD stage 4 to 5 were reduced by 4% per 

µm (i.e. OR of 0.96) compared with CKD stage 1-2. Differences in retinal thickness 

were primarily because of lower thickness of the inner retinal layers. In particular, 

thinner GCLs and IPLs were associated with CKD stages 4-5, with associations being 

largely limited to the proximal macular segments of annulus 1 as differentiated by the 

ETDRS grid. These associations were significant following adjustment for a range of 

important potential confounding factors such as age, blood pressure, diabetes status, 
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LDL, BMI, and sex and support and expand previously reported findings.18 Of note, 

significant associations were only with the retinal layers supported by a retinal 

microvascular blood supply, and not the layers with a choroidal blood supply. No 

significant associations were found bilaterally between retinal thickness and earlier 

stage CKD (CKD stage 3). This finding does not support the hypothesis that changes 

to retinal thickness may be detectable early in the progression of CKD. Taken together, 

these findings suggest that retinal thickness, and in particular thickness of the IPL and 

GCL, is lower in those with CKD stages 4-5 independent of diabetes, blood pressure 

and other potential confounding factors.  

Similar changes have been reported in studies of diabetes and its complications. 

Thinning of the inner retinal layers, specifically the IPL, INL, and GCL, within 

annulus 1 has previously been associated with diabetes in those with early stages of 

DR.30,66 Murine models of early diabetes have also shown thinning of the INL and IPL 

layers in association with reductions in retinal ganglion cell numbers coinciding with 

retinal neuronal and vascular apoptosis67, which may reflect the susceptibility of retinal 

vascular and neuronal tissues to similar noxious environments. Similar patterns of 

retinal apoptosis have also been observed in human retinas post mortem from 

individuals with diabetes, including those without retinal pathology.67  

Potential confounding factors such as age68–72, LDL72, MABP26, sex68,69,72–74, and 

BMI73 have all been previously associated with variation in retinal thickness and as 

such were considered within our adjusted analyses. These factors are also associated 

with vascular risk, and indeed vascular damage has been proposed as a mechanism 

that contributes to changes in retinal thickness in individuals with diabetes.  However, 

the cellular, biochemical and physiological mechanisms that lead to neural cell loss 

and vascular changes within the diabetic retina have still to be fully determined.75,76 

Given the cross-sectional nature of this study, the temporality of events relating to 

cause and effect in those with CKD stages 4-5 cannot be established and longitudinal 

data would be necessary to determine causality. However, this study provides novel 

evidence of these associations with individual retinal layers, and thus some insight into 

the mechanisms behind previously reported changes in retinal thickness in those with 

CKD. 18 
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Several studies have reported structural alterations in the retinal vasculature in 

association with CKD and reduced renal function,77–81. Furthermore, inflammation and 

hypoxia have been linked to impaired metabolism in Müller cells which help protect 

against ganglion cell apoptosis,82 supporting the hypothesis that retinal 

neurodegeneration in those with reduced renal function may result from vascular 

impairment. 

Vascular impairment may also explain the physical pattern of associations observed. 

The outer retinal layers receive nutrients via diffusion from the choroid, while the inner 

layers are serviced by the retinal microvasculature. Consequently, the inner retinal 

layers are more susceptible to hypoxic injury compared to the outer layers.83 Hypoxic 

damage has also been linked to retinal ganglion cell death mediated by inflammatory 

cytokines,83 consistent with the findings of lower GCL thickness in those with CKD 

stages 4-5. Indeed, all of the significant associations detected bilaterally were detected 

in layers primarily supplied by the retinal microvasculature and not the choroid. 

The proximal annulus 1, comprising segments S1, N1, I1, and T1, is in an area 

approaching the foveal avascular zone. Segments of the retina proximal to, but not 

within, the foveal segment, thus have a sparser retinal vasculature and are more likely 

to be affected. The absence of associations between foveal thickness and renal status 

may be as a consequence of its choroidal blood supply84 protecting this tissue from 

susceptibility to hypoxia from retinal vascular impairment. Associations will also be 

affected by the smaller size and partial coverage of the inner retinal layers over this 

area of the retina85.  

Retinal neurodegeneration in diabetes has been associated with NFL thinning related 

to capillary occlusion and retinal ganglion cell loss,86 and thinner NFLs have been 

reported in patients with CKD undergoing HD or peritoneal dialysis.87 It is therefore 

unclear why we did not observe lower NFL thickness in CKD stages 4-5, although a 

lack of significant variation in NFL thickness between CKD cases and healthy controls 

has previously been reported in earlier stages of CKD18. Interestingly, in regression 

analyses using eGFR as a continuous outcome variable, we found a significantly 

thicker NFL bilaterally in the distal temporal segment in association with higher eGFR 

(Table S2). In optic disc oedema, the NFL thickens at an early stage of the pathology 

but thins as the disease progresses.88 Given a lack of association between NFL and 
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CKD has been reported in a relatively healthy CKD sample previously,18 the negative 

association observed between eGFR and NFL thickness in this study population with 

a higher comorbidity burden may represent the early stages of neurodegeneration prior 

to significant axonal loss, and axonal loss may increase as the pathology develops. 

NFL thickening, without concomitant thickening of the other retinal layers (as in our 

study), has been reported in inflammatory optic neuropathies89 and is not without 

precedent, although the potential for a type-1 error must be considered. The temporal 

segments comprise an area of the retina that typically has less coverage of arterioles 

and venules, being distal from the optic disc, and further from the main branches of 

the retinal arcades, which may increase its susceptibility to vascular damage. 

We also assessed choroidal volume and CVI and detected an association between 

choroidal volume and CKD stage 3 in an unadjusted analysis, although this was no 

longer significant following adjustment for potential confounders. The association 

between choroidal volume may be explained by well-known CVD risk factors (age, 

sex, BMI, MABP, LDL, and diabetes) reflecting the vascular nature of this tissue. This 

finding is consistent with the possible role of the retinal microvasculature (as opposed 

to the choroidal circulation) in the inner retinal changes observed and the lack of outer 

retinal changes. Moreover, retinal microvascular branching patterns (measured as 

fractal dimension) were significantly associated with CKD stage. Those with more 

extensive microvascular branching had lower risk associated of CKD stages 4-5. 

This study had several strengths including the ability to control for major confounders 

such as age, sex, BMI, diabetes, LDL and MABP.  Given that many of the associations 

remained significant following adjustment, it may be that the observed associations, 

and previously reported unadjusted associations18, between retinal thickness and renal 

function manifest as a consequence of a CKD specific mechanistic pathway.   

The use of SD-OCT and the HEYEX semi-automated software provided highly 

reliable measures that enabled a more sensitive evaluation of the retinal and choroidal 

layers than previously reported. For example, the Heidelberg Spectralis SD-OCT has 

an optical axial resolution of 7µm (and a digital axial resolution of 3.5 µm/pixel) and 

thus allowed for associations between individual retinal layers and CKD to be 

assessed. Many older OCT systems only image at a resolution of 10–15-μm(90) and are 

therefore not well suited to detect differences the thickness of individual retinal layers. 
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Furthermore, the subsequent correction by graders blinded to participant 

characteristics reduced the influence of observer bias in this study. To the best of our 

knowledge, this was the first study to investigate the direct association between such 

a broad range of retinal and choroidal layers and eGFR. SD-OCT provided robust 

differentiation of the retinal layers that will help improve our understanding of the 

cellular pathways behind the associations observed.  SD-OCT-EDI enabled evaluation 

of choroidal measures including choroidal volume and CVI to improve the sensitivity 

of the choroidal measures18 that are frequently affected by unevenness of the 

choroidal-scleral interface. We have combined the choroidal measures with retinal 

microvascular assessment to provide insight into potential vascular mediation of 

retinal thickness associated with CKD. 

There were several limitations to this study. Although the use of SD-OCT and the 

HEYEX semi-automated software allowed for high resolution images capable of 

resolving individual retinal layers to be captured, the lack of significant associations 

in the thinner layers, the RPE and NFL, may result from their small thickness in 

relation to the axial resolution, 

The cross-sectional nature of this study does not allow for the determination of 

causality of association. eGFR is not a robust indicator of renal decline91, and so the 

clinical relevance of these findings require further consideration through longitudinal 

evaluation of changes in retinal thickness with declining kidney function as we age. 

Additionally, assessment of proteinuria, underlying CKD cause, and measures of 

systemic vascular health may help offer potential mechanisms and improve predictive 

capacity. The effects of the associations considered are not generalisable to the general 

population as recruitment was undertaken in a clinical setting. CKD is defined 

clinically as persistently decreased eGFR of less than 60 mL/min/1.73 m2 for at least 

three months, and/or persistent proteinuria.91 This differs from the definition we used 

in this study that relied solely on a single measure of renal function and associations 

may therefore be weaker than those in a study using stricter clinical CKD staging. 

Choroidal thickness exhibits diurnal variation and is affected by fluid intake.92 We did 

not record or control fluid intake and this may represent an unaccounted confounding 

influence. However, all measurements were made in the afternoon, and so diurnal 

variation is thought to have had little effect on the associations observed.  
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Finally, the issue of multiple testing was a limitation. The number of statistical 

associations evaluated provides an increased risk of type-1 error. However, we have 

limited our conclusions and discussion to reflect associations with bilateral 

significance only. Using a bonferonni-adjusted alpha value to correct for multiple 

comparison, associations between retinal layer thickness, RVP, and choroidal 

measures and CKD could be considered statistically significant when p values are 

below an aphla value of 0.001. Using this more stringent aphla, there were no 

statistically significant associations between retinal thickness and CKD common to 

both eyes. Therefore, the associations between associations between retinal layer 

thickness, RVP, and choroidal measures and CKD detected using the unadjusted alpha 

of 0.05 should be replicated in other populations. 

 

5.5 Concluding remarks  

Reduced retinal thickness, and in particular a thinner inner retinal layer, was found to 

be associated with CKD stage 4-5 independent of other important risk factors (age, 

MABP, diabetes status, LDL, BMI and sex). These associations were limited to retinal 

layers with retinal microvascular supply, and areas immediately surrounding the foveal 

zone. The null hypotheses that changes in retinal thickness are detectable at the earliest 

stages of CKD, (H01-8), could not be rejected. However, the findings highlight a 

distinct pattern of retinal changes detectable in CKD stages 4-5. In particular, IPL and 

GCL thickness are lower in those with CKD stages 4-5 and occur alongside changes 

to retinal microvascular AVR and fractal dimension. In addition, null hypotheses 

relating to choroidal measures, likewise, could not be rejected (H09 and H010). When 

associations between RVP and CKD were examined, null hypotheses H011-12 and 

H015 (relating to CRAE, CRVE, and tortuosity) could not be rejected. In contrast, there 

was evidence of an association between AVR and CKD stage 3 and between FD and 

CKD stages 4-5. Therefore there was some evidence to reject the null hypothesis.  
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  Unadjusted  Adjusted 

  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2)  CKD stage 3 (vs. stage 1-2)  CKD stage 4-5 (vs. stage 1-2) 

ETDRS segment  OR 95% CI  p   OR 95% CI p   OR 95% CI p   OR 95% CI p  

Right eye                 

Retinal pigmented epithelium 

F (aka C0)  0.93 (0.79 , 1.11) 0.44  1.06 (0.91 , 1.23) 0.45  1.04 (0.87 , 1.24) 0.69  1.12 (0.93 , 1.36) 0.24 

N1  0.87 (0.72 , 1.07) 0.19  0.88 (0.69 , 1.13) 0.31  1.02 (0.80 , 1.30) 0.88  1.00 (0.75 , 1.35) 0.98 

N2  0.81 (0.64 , 1.02) 0.07  0.83 (0.63 , 1.10) 0.20  0.85 (0.64 , 1.14) 0.29  0.87 (0.60 , 1.26) 0.46 

S1  0.94 (0.76 , 1.16) 0.57  0.87 (0.67 , 1.12) 0.28  1.09 (0.84 , 1.42) 0.51  0.97 (0.70 , 1.35) 0.87 

S2  0.99 (0.78 , 1.26) 0.95  0.81 (0.60 , 1.10) 0.18  1.01 (0.76 , 1.36) 0.92  0.83 (0.58 , 1.20) 0.33 

T1  0.91 (0.73 , 1.13) 0.38  0.88 (0.67 , 1.16) 0.38  1.04 (0.80 , 1.35) 0.79  1.05 (0.76 , 1.44) 0.78 

T2  1.06 (0.95 , 1.18) 0.28  0.76 (0.53 , 1.07) 0.11  1.02 (0.88 , 1.19) 0.79  0.82 (0.55 , 1.23) 0.34 

I1  0.88 (0.71 , 1.07) 0.20  0.91 (0.71 , 1.17) 0.48  0.94 (0.74 , 1.20) 0.63  1.00 (0.75 , 1.34) 0.99 

I2  0.91 (0.71 , 1.17) 0.47  0.81 (0.59 , 1.12) 0.20  0.92 (0.67 , 1.25) 0.58  0.83 (0.57 , 1.23) 0.36 

Outer retinal layer 

F (aka C0)  1.00 (0.95 , 1.06) 0.92  0.91 (0.83 , 1.00) 0.05  1.05 (0.96 , 1.15) 0.28  0.97 (0.86 , 1.10) 0.67 

N1  1.02 (0.92 , 1.12) 0.72  0.93 (0.81 , 1.06) 0.27  1.08 (0.96 , 1.22) 0.22  1.01 (0.86 , 1.18) 0.93 

N2  0.99 (0.88 , 1.12) 0.88  0.92 (0.78 , 1.08) 0.30  1.00 (0.85 , 1.17) 0.99  0.95 (0.78 , 1.17) 0.64 

S1  1.04 (0.93 , 1.16) 0.53  0.93 (0.80 , 1.07) 0.32  1.07 (0.93 , 1.22) 0.34  1.00 (0.84 , 1.18) 0.96 

S2  1.04 (0.92 , 1.18) 0.54  0.83 (0.71 , 0.98) 0.03*  1.00 (0.85 , 1.16) 0.96  0.85 (0.69 , 1.03) 0.10 

T1  1.04 (0.93 , 1.15) 0.51  0.91 (0.78 , 1.05) 0.19  1.10 (0.96 , 1.25) 0.19  1.01 (0.84 , 1.20) 0.94 

T2  1.09 (0.99 , 1.20) 0.08  0.88 (0.73 , 1.05) 0.14  1.09 (0.93 , 1.29) 0.27  0.93 (0.75 , 1.15) 0.50 

I1  1.00 (0.90 , 1.12) 0.95  0.97 (0.85 , 1.12) 0.68  1.05 (0.92 , 1.21) 0.46  1.05 (0.89 , 1.25) 0.54 

I2  1.02 (0.91 , 1.15) 0.69  0.82 (0.69 , 0.98) 0.03  1.02 (0.87 , 1.19) 0.85  0.85 (0.69 , 1.05) 0.14 

Inner plexiform layer 

F (aka C0)  0.97 (0.88 , 1.06) 0.46  0.81 (0.71 , 0.93) 0.002*  0.97 (0.87 , 1.09) 0.60  0.82 (0.7 , 0.96) 0.02* 

N1  0.96 (0.90 , 1.03) 0.28  0.89 (0.83 , 0.96) 0.002*  1.01 (0.92 , 1.11) 0.83  0.91 (0.82 , 10) 0.04 
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N2  1.02 (0.92 , 1.13) 0.77  0.94 (0.83 , 1.07) 0.38  1.08 (0.95 , 1.23) 0.23  0.93 (0.8 , 1.07) 0.31 

S1  0.98 (0.91 , 1.06) 0.61  0.89 (0.82 , 0.96) 0.004*  1.01 (0.92 , 1.12) 0.78  0.89 (0.8 , 0.99) 0.03* 

S2  1.06 (0.94 , 1.21) 0.33  0.90 (0.77 , 1.04) 0.16  1.10 (0.94 , 1.29) 0.23  0.91 (0.76 , 1.08) 0.26 

T1  0.97 (0.90 , 1.05) 0.43  0.88 (0.81 , 0.95) 0.002*  1.00 (0.9 , 1.11) 0.96  0.87 (0.78 , 0.98) 0.02* 

T2  0.97 (0.88 , 1.08) 0.63  0.94 (0.83 , 1.07) 0.39  1.01 (0.89 , 1.15) 0.82  0.98 (0.86 , 1.13) 0.83 

I1  0.95 (0.88 , 1.03) 0.23  0.84 (0.77 , 0.92) <0.001*  1.01 (0.9 , 1.12) 0.92  0.85 (0.76 , 0.96) 0.01* 

I2  0.99 (0.88 , 1.11) 0.83  0.95 (0.82 , 1.10) 0.47  1.06 (0.92 , 1.21) 0.45  0.96 (0.82 , 1.13) 0.65 

Full retinal thickness 

F (aka C0)  1.00 (0.98 , 1.01) 0.57  0.97 (0.95 , 0.99) 0.002*  0.99 (0.97 , 1.01) 0.53  0.97 (0.94 , 0.99) 0.01* 

N1  0.99 (0.97 , 1.01) 0.34  0.96 (0.94 , 0.98) <0.001*  1.00 (0.97 , 1.02) 0.89  0.97 (0.94 , 0.99) 0.02* 

N2  1.00 (0.98 , 1.02) 0.73  0.97 (0.95 , 0.99) 0.02*  1.01 (0.98 , 1.03) 0.50  0.98 (0.95 , 1.00) 0.11 

S1  1.00 (0.98 , 1.01) 0.63  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.03) 0.76  0.97 (0.94 , 0.99) 0.01* 

S2  1.01 (0.99 , 1.03) 0.4  0.97 (0.95 , 1.00) 0.05*  1.02 (0.99 , 1.04) 0.25  0.98 (0.95 , 1.01) 0.20 

T1  0.99 (0.98 , 1.01) 0.56  0.98 (0.96 , 1.00) 0.03*  1.00 (0.98 , 1.02) 0.80  0.99 (0.97 , 1.01) 0.33 

T2  1.00 (0.99 , 1.02) 0.74  1.00 (0.99 , 1.02) 0.61  1.01 (0.99 , 1.03) 0.43  1.01 (0.99 , 1.02) 0.54 

I1  0.99 (0.97 , 1.01) 0.26  0.96 (0.94 , 0.98) 0*  1.00 (0.97 , 1.02) 0.87  0.97 (0.95 , 1.00) 0.02* 

I2  1.00 (0.98 , 1.02) 0.87  0.99 (0.96 , 1.01) 0.27  1.00 (0.98 , 1.03) 0.72  0.99 (0.97 , 1.02) 0.56 

Inner retinal layer                 

F (aka C0)  1.00 (0.98 , 1.01) 0.60  0.97 (0.95 , 0.99) 0.01*  0.99 (0.97 , 1.01) 0.34  0.96 (0.94 , 0.99) 0.01* 

N1  0.99 (0.97 , 1.01) 0.31  0.96 (0.94 , 0.98) <0.001*  1.00 (0.97 , 1.02) 0.70  0.97 (0.94 , 0.99) 0.01* 

N2  1.00 (0.98 , 1.02) 0.77  0.97 (0.95 , 1.00) 0.02*  1.01 (0.98 , 1.03) 0.54  0.98 (0.95 , 1.00) 0.11 

S1  0.99 (0.97 , 1.01) 0.56  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.03) 0.87  0.97 (0.94 , 0.99) 0.01* 

S2  1.01 (0.99 , 1.03) 0.46  0.98 (0.95 , 1.00) 0.10  1.02 (0.99 , 1.05) 0.24  0.98 (0.95 , 1.01) 0.28 

T1  0.99 (0.98 , 1.01) 0.50  0.98 (0.96 , 1.00) 0.05*  1.00 (0.98 , 1.02) 0.92  0.99 (0.96 , 1.01) 0.34 

T2  1.00 (0.98 , 1.02) 0.98  1.01 (0.99 , 1.02) 0.50*  1.01 (0.99 , 1.03) 0.53  1.01 (0.99 , 1.02) 0.48 

I1  0.99 (0.97 , 1.01) 0.26  0.96 (0.94 , 0.98) <0.001*  1.00 (0.97 , 1.02) 0.80  0.97 (0.94 , 0.99) 0.02 

I2  1.00 (0.98 , 1.02) 0.84  0.99 (0.96 , 1.02) 0.47  1.00 (0.98 , 1.03) 0.72  0.99 (0.97 , 1.02) 0.71 

Nerve fibre layer 
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F (aka C0)  0.92 (0.79 , 1.06) 0.25  0.74 (0.62 , 0.90) 0.002*  0.92 (0.78 , 1.10) 0.37  0.79 (0.63 , 0.99) 0.04* 

N1  1.05 (0.93 , 1.19) 0.44  0.84 (0.72 , 0.99) 0.03*  0.99 (0.86 , 1.14) 0.88  0.88 (0.74 , 1.05) 0.15 

N2  1.02 (0.98 , 1.07) 0.29  0.96 (0.91 , 1.01) 0.13  1.01 (0.97 , 1.06) 0.57  0.98 (0.93 , 1.04) 0.49 

S1  1.06 (0.98 , 1.14) 0.16  0.99 (0.89 , 1.10) 0.86  1.05 (0.96 , 1.16) 0.27  1.00 (0.90 , 1.11) 0.97 

S2  1.03 (0.98 , 1.09) 0.24  1.00 (0.94 , 1.07) 0.97  1.03 (0.97 , 1.10) 0.34  1.00 (0.94 , 1.08) 0.92 

T1  1.01 (0.86 , 1.18) 0.89  1.09 (0.96 , 1.24) 0.20  0.83 (0.64 , 1.06) 0.14  1.04 (0.96 , 1.13) 0.35 

T2  1.13 (0.96 , 1.32) 0.13  1.17 (1.00 , 1.38) 0.05  1.03 (0.89 , 1.20) 0.68  1.06 (0.95 , 1.19) 0.31 

I1  0.97 (0.89 , 1.07) 0.58  0.91 (0.81 , 1.02) 0.10  0.97 (0.87 , 1.08) 0.58  0.94 (0.84 , 1.06) 0.31 

I2  1.00 (0.96 , 1.05) 0.89  0.97 (0.91 , 1.02) 0.26  0.99 (0.94 , 1.04) 0.71  0.96 (0.91 , 1.03) 0.24 

Outer plexiform layer 

F (aka C0)  1.02 (0.96 , 1.08) 0.52  0.96 (0.88 , 1.04) 0.31  1.02 (0.95 , 1.10) 0.55  0.98 (0.89 , 1.07) 0.59 

N1  1.03 (0.98 , 1.08) 0.25  1.02 (0.96 , 1.09) 0.47  1.03 (0.97 , 1.10) 0.33  1.03 (0.96 , 1.11) 0.45 

N2  1.08 (0.96 , 1.21) 0.21  0.99 (0.84 , 1.16) 0.89  1.13 (0.96 , 1.32) 0.14  1.00 (0.82 , 1.20) 0.97 

S1  1.00 (0.95 , 1.05) 0.88  0.91 (0.83 , 0.99) 0.04*  1.02 (0.96 , 1.09) 0.46  0.95 (0.86 , 1.04) 0.26 

S2  1.04 (0.92 , 1.17) 0.51  0.87 (0.72 , 1.04) 0.13  1.12 (0.96 , 1.30) 0.14  0.94 (0.77 , 1.14) 0.53 

T1  1.01 (0.93 , 1.11) 0.76  0.85 (0.74 , 0.99) 0.04*  1.07 (0.96 , 1.20) 0.22  0.93 (0.81 , 1.08) 0.34 

T2  0.98 (0.82 , 1.16) 0.78  0.90 (0.72 , 1.13) 0.38  1.08 (0.87 , 1.35) 0.47  1.05 (0.83 , 1.34) 0.67 

I1  1.02 (0.96 , 1.08) 0.56  1.03 (0.96 , 1.11) 0.38  1.01 (0.94 , 1.08) 0.78  1.05 (0.98 , 1.14) 0.18 

I2  1.09 (0.95 , 1.26) 0.21  1.07 (0.90 , 1.27) 0.44  1.12 (0.93 , 1.34) 0.23  1.09 (0.90 , 1.33) 0.37 

Inner nuclear layer 

F (aka C0)  1.00 (0.94 , 1.05) 0.93  1.00 (0.93 , 1.07) 0.99  0.95 (0.88 , 1.02) 0.16  0.98 (0.90 , 1.08) 0.72 

N1  0.92 (0.84 , 1.00) 0.05*  0.88 (0.79 , 0.98) 0.02*  0.91 (0.82 , 1.02) 0.10  0.90 (0.79 , 1.02) 0.11 

N2  0.99 (0.88 , 1.12) 0.87  0.99 (0.86 , 1.15) 0.94  1.04 (0.91 , 1.19) 0.58  1.03 (0.87 , 1.21) 0.72 

S1  0.91 (0.84 , 0.99) 0.04*  0.87 (0.78 , 0.97) 0.02*  0.92 (0.83 , 1.02) 0.11  0.90 (0.80 , 1.01) 0.08 

S2  1.01 (0.90 , 1.14) 0.82  0.96 (0.82 , 1.12) 0.60  1.09 (0.93 , 1.28) 0.29  1.00 (0.83 , 1.20) 1.00 

T1  0.92 (0.83 , 1.01) 0.08  0.88 (0.78 , 0.99) 0.03*  0.91 (0.80 , 1.03) 0.14  0.87 (0.75 , 1.00) 0.06 

T2  0.96 (0.85 , 1.08) 0.49  1.00 (0.87 , 1.14) 1.00  1.05 (0.90 , 1.22) 0.56  1.07 (0.92 , 1.24) 0.36 

I1  0.94 (0.86 , 1.03) 0.17  0.93 (0.84 , 1.04) 0.22  0.96 (0.86 , 1.06) 0.42  0.96 (0.84 , 1.08) 0.49 
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I2  0.97 (0.85 , 1.11) 0.64  1.13 (0.99 , 1.29) 0.06  1.02 (0.86 , 1.21) 0.84  1.16 (0.97 , 1.40) 0.10 

Outer nuclear 

layer         

 

       

F (aka C0)  0.99 (0.96 , 1.02) 0.55  0.94 (0.91 , 0.98) 0.001*  0.98 (0.94 , 1.02) 0.35  0.94 (0.89 , 0.98) 0.01* 

N1  0.98 (0.95 , 1.01) 0.30  0.96 (0.92 , 0.99) 0.02*  0.98 (0.94 , 1.01) 0.22  0.95 (0.91 , 1.00) 0.05* 

N2  0.97 (0.93 , 1.02) 0.22  0.94 (0.89 , 1.00) 0.04*  0.97 (0.92 , 1.02) 0.25  0.94 (0.88 , 1.00) 0.05 

S1  0.99 (0.96 , 1.03) 0.68  0.98 (0.94 , 1.02) 0.25  0.99 (0.95 , 1.03) 0.52  0.97 (0.92 , 1.02) 0.23 

S2  0.99 (0.94 , 1.04) 0.62  0.96 (0.90 , 1.02) 0.17  0.99 (0.93 , 1.05) 0.78  0.95 (0.89 , 1.03) 0.22 

T1  0.99 (0.96 , 1.03) 0.72  1.01 (0.97 , 1.04) 0.77  1.00 (0.96 , 1.04) 0.89  1.00 (0.97 , 1.04) 0.78 

T2  1.00 (0.97 , 1.04) 0.95  1.01 (0.99 , 1.04) 0.29  1.01 (0.96 , 1.05) 0.80  1.01 (0.98 , 1.04) 0.45 

I1  0.99 (0.95 , 1.02) 0.43  0.96 (0.92 , 1.00) 0.04*  0.99 (0.95 , 1.03) 0.68  0.96 (0.91 , 1.01) 0.10 

I2  0.98 (0.93 , 1.03) 0.46  0.98 (0.92 , 1.05) 0.58  1.00 (0.94 , 1.06) 0.95  1.00 (0.94 , 1.06) 0.97 

Ganglion cell layer 

F (aka C0)  0.98 (0.91 , 1.05) 0.53  0.95 (0.86 , 1.05) 0.35  0.98 (0.90 , 1.07) 0.71  0.98 (0.90 , 1.07) 0.60 

N1  0.99 (0.94 , 1.04) 0.73  0.93 (0.88 , 0.98) 0.004*  1.02 (0.96 , 1.09) 0.48  0.93 (0.87 , 1.00) 0.04* 

N2  1.01 (0.93 , 1.09) 0.83  0.92 (0.84 , 1.01) 0.09  1.06 (0.96 , 1.17) 0.28  0.88 (0.78 , 0.99) 0.04* 

S1  1.00 (0.95 , 1.05) 0.97  0.93 (0.88 , 0.98) 0.01*  1.02 (0.95 , 1.09) 0.60  0.92 (0.86 , 0.99) 0.02* 

S2  1.03 (0.93 , 1.14) 0.56  0.91 (0.81 , 1.01) 0.09  1.07 (0.94 , 1.21) 0.33  0.90 (0.78 , 1.04) 0.14 

T1  0.99 (0.94 , 1.04) 0.69  0.91 (0.86 , 0.96) <0.001*  1.01 (0.94 , 1.08) 0.87  0.89 (0.82 , 0.97) 0.01* 

T2  0.99 (0.91 , 1.06) 0.72  0.96 (0.88 , 1.06) 0.43  1.01 (0.92 , 1.11) 0.76  0.97 (0.87 , 1.09) 0.63 

I1  0.99 (0.94 , 1.05) 0.82  0.91 (0.86 , 0.96) <0.001*  1.02 (0.95 , 1.10) 0.57  0.90 (0.83 , 0.96) 0.004* 

I2  1.00 (0.91 , 1.10) 0.95  0.93 (0.82 , 1.05) 0.22  1.04 (0.93 , 1.17) 0.44  0.95 (0.83 , 1.08) 0.40 

Left eye 

Retinal pigmented epithelium 

F (aka C0)  1.04 (0.96 , 1.13) 0.32  0.99 (0.84 , 1.16) 0.88  1.08 (0.92 , 1.27) 0.32  1.05 (0.88 , 1.25) 0.60 

N1  1.06 (0.96 , 1.18) 0.26  0.85 (0.67 , 1.08) 0.17  1.21 (0.96 , 1.53) 0.11  1.01 (0.76 , 1.35) 0.93 

N2  1.06 (0.96 , 1.17) 0.23  0.92 (0.70 , 1.22) 0.58  1.06 (0.91 , 1.24) 0.44  0.95 (0.69 , 1.30) 0.76 

S1  1.07 (0.97 , 1.17) 0.20  0.69 (0.52 , 0.90) 0.01*  1.13 (0.91 , 1.39) 0.26  0.77 (0.55 , 1.07) 0.11 
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S2  1.09 (0.88 , 1.34) 0.43  0.75 (0.55 , 1.02) 0.06  1.11 (0.87 , 1.43) 0.39  0.71 (0.49 , 1.03) 0.07 

T1  0.90 (0.73 , 1.12) 0.34  0.84 (0.65 , 1.09) 0.19  1.09 (0.84 , 1.41) 0.53  1.01 (0.74 , 1.38) 0.96 

T2  1.08 (0.82 , 1.42) 0.61  0.94 (0.67 , 1.30) 0.70  1.20 (0.87 , 1.67) 0.27  1.08 (0.73 , 1.61) 0.70 

I1  1.06 (0.96 , 1.17) 0.24  0.87 (0.67 , 1.13) 0.30  1.09 (0.91 , 1.31) 0.34  0.99 (0.77 , 1.29) 0.96 

I2  1.00 (0.78 , 1.28) 0.98  0.91 (0.67 , 1.23) 0.52  0.99 (0.73 , 1.33) 0.93  0.92 (0.63 , 1.35) 0.68 

Outer retinal layer                 

F (aka C0)  1.01 (0.95 , 1.07) 0.77   (0.83 , 0.99) 0.04  1.09 (1.00 , 1.20) 0.06  0.99 (0.88 , 1.12) 0.91 

N1  1.05 (0.98 , 1.13) 0.14  0.90 (0.79 , 1.03) 0.13  1.12 (0.99 , 1.28) 0.08  1.00 (0.85 , 1.17) 0.96 

N2  1.05 (0.98 , 1.13) 0.18  0.97 (0.84 , 1.13) 0.73  1.05 (0.95 , 1.16) 0.38  0.99 (0.86 , 1.15) 0.90 

S1  1.07 (0.98 , 1.16) 0.13  0.91 (0.78 , 1.05) 0.18  1.08 (0.96 , 1.21) 0.20  0.97 (0.83 , 1.13) 0.68 

S2  1.12 (0.99 , 1.27) 0.07  0.83 (0.70 , 0.98) 0.03*  1.09 (0.93 , 1.28) 0.29  0.85 (0.70 , 1.04) 0.12 

T1  1.01 (0.89 , 1.14) 0.91  0.90 (0.78 , 1.04) 0.16  1.08 (0.93 , 1.26) 0.31  0.99 (0.82 , 1.18) 0.90 

T2  1.11 (0.96 , 1.28) 0.16  0.94 (0.79 , 1.11) 0.45  1.10 (0.92 , 1.32) 0.28  1.01 (0.82 , 1.23) 0.96 

I1  1.06 (0.97 , 1.15) 0.17  0.92 (0.80 , 1.06) 0.25  1.09 (0.96 , 1.23) 0.18  1.02 (0.88 , 1.18) 0.82 

I2  1.03 (0.90 , 1.17) 0.70  0.92 (0.78 , 1.08) 0.31  0.98 (0.83 , 1.15) 0.76  0.93 (0.77 , 1.12) 0.44 

Inner plexiform 

layer         

 

       

F (aka C0)  0.97 (0.88 , 1.07) 0.50  0.84 (0.74 , 0.96) 0.01*  0.97 (0.86 , 1.09) 0.59  0.84 (0.72 , 0.99) 0.04* 

N1  0.94 (0.87 , 1.02) 0.11  0.87 (0.80 , 0.95) 0.002*  0.99 (0.91 , 1.09) 0.90  0.90 (0.82 , 1.00) 0.04* 

N2  0.98 (0.89 , 1.08) 0.65  1.00 (0.89 , 1.12) 0.94  1.04 (0.93 , 1.16) 0.53  1.03 (0.92 , 1.17) 0.58 

S1  0.93 (0.86 , 1.02) 0.11  0.85 (0.77 , 0.94) 0.001*  0.99 (0.89 , 1.10) 0.81  0.88 (0.78 , 0.99) 0.03* 

S2  1.01 (0.90 , 1.15) 0.82  0.94 (0.81 , 1.08) 0.39  1.13 (0.98 , 1.31) 0.10  0.98 (0.84 , 1.16) 0.85 

T1  0.96 (0.89 , 1.04) 0.36  0.84 (0.76 , 0.92) <0.001*  1.03 (0.93 , 1.13) 0.61  0.89 (0.80 , 0.99) 0.03* 

T2  0.97 (0.87 , 1.08) 0.54  0.91 (0.80 , 1.03) 0.15  1.05 (0.93 , 1.19) 0.41  0.98 (0.85 , 1.12) 0.72 

I1  0.95 (0.87 , 1.03) 0.22  0.81 (0.74 , 0.89) <0.001*  1.02 (0.92 , 1.14) 0.66  0.82 (0.73 , 0.93) 0.002* 

I2  1.06 (0.94 , 1.18) 0.34  0.98 (0.86 , 1.13) 0.80  1.10 (0.96 , 1.25) 0.17  1.03 (0.88 , 1.20) 0.73 

Full retinal 

thickness         
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F (aka C0)  1.00 (0.99 , 1.01) 0.76  0.98 (0.96 , 1.00) 0.03*  1.00 (0.99 , 1.01) 0.75  0.98 (0.96 , 1.00) 0.09 

N1  0.99 (0.98 , 1.01) 0.47  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.01) 0.70  0.98 (0.95 , 1.00) 0.03* 

N2  1.00 (0.99 , 1.02) 0.86  0.98 (0.96 , 1.00) 0.07  1.00 (0.99 , 1.02) 0.83  0.99 (0.96 , 1.01) 0.28 

S1  0.99 (0.97 , 1.01) 0.36  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.01) 0.69  0.97 (0.95 , 0.99) 0.01* 

S2  1.00 (0.98 , 1.02) 0.92  0.97 (0.94 , 0.99) 0.02*  1.01 (0.99 , 1.03) 0.52  0.98 (0.95 , 1.01) 0.16 

T1  0.99 (0.97 , 1.01) 0.35  0.96 (0.94 , 0.98) <0.001*  1.00 (0.98 , 1.02) 0.83  0.98 (0.96 , 1.00) 0.08 

T2  0.99 (0.98 , 1.01) 0.60  1.00 (0.98 , 1.02) 0.87  1.00 (0.98 , 1.02) 0.74  1.00 (0.99 , 1.02) 0.71 

I1  0.99 (0.97 , 1.01) 0.32  0.95 (0.93 , 0.97) <0.001*  1.00 (0.98 , 1.01) 0.73  0.97 (0.94 , 0.99) 0.01* 

I2  1.00 (0.98 , 1.02) 0.93  0.99 (0.96 , 1.01) 0.36  1.00 (0.98 , 1.02) 0.83  1.00 (0.97 , 1.02) 0.81 

Inner retinal layer                 

F (aka C0)  1.00 (0.99 , 1.01) 0.78  0.99 (0.97 , 1.01) 0.19  0.99 (0.98 , 1.01) 0.45  0.99 (0.97 , 1.00) 0.12 

N1  0.99 (0.97 , 1.01) 0.21  0.97 (0.95 , 0.99) 0.002*  0.99 (0.97 , 1.01) 0.32  0.98 (0.95 , 1.00) 0.03* 

N2  1.00 (0.98 , 1.02) 0.81  0.98 (0.96 , 1.00) 0.08  1.00 (0.98 , 1.02) 0.97  0.99 (0.96 , 1.01) 0.3* 

S1  0.99 (0.97 , 1.01) 0.20  0.96 (0.94 , 0.98) <0.001*  0.99 (0.98 , 1.01) 0.47  0.97 (0.95 , 0.99) 0.01* 

S2  1.00 (0.98 , 1.02) 0.71  0.97 (0.95 , 1.00) 0.05  1.01 (0.98 , 1.03) 0.61  0.98 (0.96 , 1.01) 0.25 

T1  0.99 (0.97 , 1.01) 0.34  0.97 (0.95 , 0.99) 0.002*  1.00 (0.98 , 1.01) 0.71  0.98 (0.96 , 1.00) 0.09 

T2  0.99 (0.97 , 1.01) 0.53  1.00 (0.98 , 1.02) 0.99  1.00 (0.98 , 1.02) 0.83  1.00 (0.99 , 1.02) 0.71 

I1  0.99 (0.97 , 1.01) 0.19  0.95 (0.93 , 0.98) <0.001*  0.99 (0.97 , 1.01) 0.47  0.97 (0.94 , 0.99) 0.01* 

I2  1.00 (0.98 , 1.02) 0.93  0.99 (0.97 , 1.02) 0.53  1.00 (0.98 , 1.02) 0.78  1.00 (0.97 , 1.02) 0.94 

Nerve fibre layer  

F (aka C0)  0.98 (0.87 , 1.11) 0.77  0.98 (0.84 , 1.14) 0.79  0.98 (0.84 , 1.13) 0.77  0.98 (0.84 , 1.14) 0.78 

N1  1.02 (0.93 , 1.12) 0.62  1.02 (0.91 , 1.14) 0.71  1.01 (0.90 , 1.13) 0.93  1.00 (0.90 , 1.11) 0.95 

N2  1.03 (0.99 , 1.07) 0.13  0.97 (0.93 , 1.02) 0.29  1.03 (0.98 , 1.08) 0.21  0.98 (0.93 , 1.03) 0.48 

S1  1.06 (0.98 , 1.15) 0.18  0.97 (0.87 , 1.08) 0.58  1.03 (0.94 , 1.13) 0.52  0.99 (0.89 , 1.10) 0.85 

S2  1.02 (0.97 , 1.08) 0.38  0.98 (0.92 , 1.04) 0.43  1.02 (0.97 , 1.08) 0.45  0.98 (0.92 , 1.05) 0.57 

T1  1.09 (0.92 , 1.29) 0.32  1.21 (1.03 , 1.43) 0.02  0.95 (0.77 , 1.17) 0.63  1.14 (0.96 , 1.36) 0.14 

T2  1.12 (0.96 , 1.31) 0.14  1.16 (0.99 , 1.36) 0.06  1.02 (0.87 , 1.19) 0.83  1.06 (0.95 , 1.18) 0.33 

I1  1.00 (0.91 , 1.09) 0.92  0.99 (0.89 , 1.10) 0.84  1.02 (0.92 , 1.13) 0.70  1.00 (0.90 , 1.11) 0.94 
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I2  1.01 (0.96 , 1.05) 0.77  1.00 (0.95 , 1.06) 1.00  1.01 (0.96 , 1.07) 0.65  1.00 (0.94 , 1.06) 0.92 

Outer plexiform layer 

F (aka C0)  1.05 (0.99 , 1.12) 0.09  0.99 (0.92 , 1.08) 0.88  1.05 (0.97 , 1.13) 0.20  0.99 (0.90 , 1.08) 0.82 

N1  1.01 (0.96 , 1.07) 0.64  1.01 (0.95 , 1.08) 0.64  1.00 (0.94 , 1.07) 0.89  1.00 (0.93 , 1.08) 0.94 

N2  1.06 (0.93 , 1.20) 0.38  0.97 (0.82 , 1.15) 0.74  1.06 (0.89 , 1.26) 0.51  1.00 (0.82 , 1.22) 1.00 

S1  0.99 (0.95 , 1.03) 0.63  0.92 (0.87 , 0.99) 0.02*  1.00 (0.95 , 1.06) 0.93  0.93 (0.87 , 0.99) 0.03 

S2  0.94 (0.84 , 1.05) 0.26  0.74 (0.62 , 0.89) 0.001*  1.02 (0.89 , 1.17) 0.80  0.82 (0.68 , 0.99) 0.04 

T1  1.07 (0.99 , 1.15) 0.08  0.95 (0.86 , 1.05) 0.32  1.11 (1.02 , 1.22) 0.02*  1.01 (0.90 , 1.13) 0.84 

T2  1.08 (0.93 , 1.25) 0.30  0.87 (0.71 , 1.06) 0.17  1.22 (1.01 , 1.46) 0.04*  1.02 (0.82 , 1.26) 0.87 

I1  1.05 (1.00 , 1.11) 0.06  1.08 (1.01 , 1.14) 0.02  1.04 (0.97 , 1.12) 0.24  1.08 (1.01 , 1.16) 0.03* 

I2  1.11 (0.97 , 1.27) 0.15  1.02 (0.85 , 1.23) 0.81  1.13 (0.91 , 1.40) 0.25  1.08 (0.86 , 1.35) 0.53 

Inner nuclear 

layer         

 

       

F (aka C0)  1.01 (0.96 , 1.07) 0.58  1.07 (1.02 , 1.12) 0.01*  0.98 (0.92 , 1.05) 0.61  1.04 (0.98 , 1.11) 0.23 

N1  0.93 (0.85 , 1.01) 0.08  0.92 (0.83 , 1.02) 0.10  0.90 (0.81 , 1.01) 0.07  0.90 (0.79 , 1.02) 0.11 

N2  0.97 (0.87 , 1.08) 0.59  0.98 (0.86 , 1.12) 0.75  1.01 (0.9 , 1.15) 0.83  1.05 (0.91 , 1.20) 0.51 

S1  0.91 (0.84 , 0.98) 0.02*  0.84 (0.76 , 0.92) <0.001*  0.92 (0.84 , 1.01) 0.09  0.88 (0.79 , 0.97) 0.01 

S2  0.95 (0.84 , 1.07) 0.40  0.90 (0.78 , 1.05) 0.18  1.04 (0.90 , 1.21) 0.60  0.96 (0.82 , 1.14) 0.67 

T1  0.95 (0.87 , 1.04) 0.26  0.87 (0.79 , 0.97) 0.01*  0.93 (0.83 , 1.03) 0.17  0.88 (0.78 , 0.99) 0.03 

T2  0.94 (0.83 , 1.06) 0.32  1.03 (0.92 , 1.15) 0.57  1.01 (0.88 , 1.16) 0.85  1.07 (0.95 , 1.21) 0.28 

I1  0.95 (0.87 , 1.03) 0.24  0.88 (0.79 , 0.98) 0.02*  0.93 (0.84 , 1.03) 0.16  0.89 (0.79 , 1.00) 0.06 

I2  1.00 (0.89 , 1.12) 0.98  1.08 (0.97 , 1.2) 0.18  1.02 (0.89 , 1.17) 0.74  1.11 (0.97 , 1.27) 0.12 

Outer nuclear 

layer         

 

       

F (aka C0)  1.00 (0.98 , 1.02) 0.87  0.93 (0.90 , 0.97) <0.001*  0.99 (0.97 , 1.01) 0.40  0.93 (0.89 , 0.97) 0.001* 

N1  0.99 (0.97 , 1.02) 0.52  0.96 (0.93 , 0.99) 0.02*  0.99 (0.96 , 1.02) 0.35  0.97 (0.93 , 1.01) 0.10 

N2  0.97 (0.93 , 1.01) 0.18  0.95 (0.90 , 1.00) 0.07  0.97 (0.93 , 1.02) 0.27  0.96 (0.91 , 1.02) 0.20 

S1  0.99 (0.97 , 1.02) 0.63  0.99 (0.96 , 1.02) 0.44  0.99 (0.97 , 1.02) 0.45  0.99 (0.96 , 1.03) 0.61 
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S2  0.99 (0.95 , 1.03) 0.52  0.98 (0.93 , 1.03) 0.41  0.99 (0.95 , 1.03) 0.53  0.98 (0.92 , 1.04) 0.54 

T1  0.98 (0.95 , 1.01) 0.21  0.98 (0.94 , 1.02) 0.26  0.98 (0.94 , 1.01) 0.20  0.98 (0.95 , 1.02) 0.42 

T2  0.97 (0.93 , 1.02) 0.28  1.01 (0.97 , 1.04) 0.71  0.98 (0.93 , 1.03) 0.34  1.01 (0.97 , 1.04) 0.73 

I1  0.97 (0.94 , 1.00) 0.06  0.94 (0.90 , 0.97) <0.001*  0.96 (0.92 , 1.00) 0.07  0.94 (0.89 , 0.98) 0.01* 

I2  0.97 (0.93 , 1.02) 0.28  0.97 (0.91 , 1.03) 0.30  0.98 (0.94 , 1.03) 0.44  0.98 (0.92 , 1.04) 0.50 

Ganglion cell 

layer         

 

       

F (aka C0)  1.02 (0.95 , 1.09) 0.57  1.02 (0.95 , 1.11) 0.57  1.03 (0.94 , 1.12) 0.54  1.02 (0.93 , 1.12) 0.65 

N1  0.97 (0.92 , 1.02) 0.26  0.93 (0.87 , 0.98) 0.01*  1.00 (0.94 , 1.07) 0.98  0.94 (0.87 , 1.01) 0.08 

N2  0.98 (0.9 , 1.06) 0.62  0.94 (0.85 , 1.04) 0.24  1.03 (0.93 , 1.14) 0.56  0.97 (0.86 , 1.08) 0.55 

S1  0.98 (0.92 , 1.04) 0.53  0.92 (0.87 , 0.99) 0.02*  1.01 (0.94 , 1.09) 0.75  0.95 (0.88 , 1.03) 0.18 

S2  0.99 (0.90 , 1.09) 0.81  0.96 (0.86 , 1.08) 0.50  1.07 (0.95 , 1.19) 0.26  0.99 (0.87 , 1.12) 0.86 

T1  0.98 (0.93 , 1.03) 0.50  0.91 (0.86 , 0.96) 0.001*  1.01 (0.95 , 1.07) 0.74  0.93 (0.87 , 0.99) 0.02* 

T2  0.97 (0.90 , 1.05) 0.43  0.92 (0.84 , 1.01) 0.09  1.04 (0.95 , 1.13) 0.45  0.95 (0.86 , 1.06) 0.38 

I1  0.98 (0.93 , 1.04) 0.51  0.89 (0.84 , 0.95) <0.001*  1.03 (0.96 , 1.10) 0.47  0.90 (0.84 , 0.97) 0.004* 

I2  1.03 (0.93 , 1.13) 0.57  0.93 (0.83 , 1.04) 0.22  1.08 (0.97 , 1.21) 0.17  0.97 (0.85 , 1.11) 0.71 

Table 5.S1. Odds ratios from multinomial logistic regression models for CKD stage 3 and stages 4-5 per µm increase in thickness of retinal layers supplied by 

the retinal microvasculature. ETDRS, Early Treatment Diabetic Retinopathy Study; OR, odds ratio; SD, standard deviation; CI, Confidence interval; F, fovea; 

S1, superior segment 1; N1, nasal segment 1; I1, inferior segment 1; T1, temporal segment 1.*significant values. Adjustment for age, mean arterial blood 

pressure, diabetes status, low-density lipoprotein, body mass index, and sex. 
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 Right eye  Left eye 

 Unadjusted model  Adjusted model  Unadjusted model  Adjusted model 

ETDRS 

segment β  95% CI 

 

p   

 

β 95% CI 

 

p   β 95% CI 

 

p   

 

β 95% CI 

 

p  

Full retinal thickness 

N1 0.32 (0.16 , 0.48) <0.001*  0.22 (0.05 , 0.39) 0.01*  0.19 (0.06 , 0.33) 0.01*  0.12 (-0.01 , 0.25) 0.07 

S1 0.27 (0.11 , 0.43) 0.001*  0.18 (0.01 , 0.36) 0.04*  0.25 (0.10 , 0.39) 0.001*  0.14 (0.01 , 0.28) 0.04* 

T1 0.15 (0.003 , 0.29) 0.05*  0.07 (-0.08 , 0.21) 0.35  0.21 (0.06 , 0.35) 0.01*  0.11 (-0.03 , 0.25) 0.12 

I1 0.33 (0.16 , 0.49) <0.001*  0.22 (0.05 , 0.39) 0.01*  0.27 (0.13 , 0.42) 0.02*  0.17 (0.03 , 0.31) 0.02* 

Inner Retinal Layer 

N1 0.31 (0.15 , 0.48) <0.001*  0.23 (0.05 , 0.41) 0.01*  0.19 (0.05 , 0.34) 0.008  0.13 (-0.01 , 0.27)  0.07 

S1 0.27 (0.11 , 0.44) 0.001*  0.19 (0.01 , 0.37) 0.03*  0.25 (0.10 , 0.39) 0.001*  0.15 (0.01 , 0.29) 0.04* 

T1 0.14 (-0.01 , 0.29) 0.07  0.07 (-0.08 , 0.22) 0.37  0.19 (0.04 , 0.34) 0.01*  0.11 (-0.03 , 0.24) 0.14 

I1 0.32 (0.15 , 0.48) <0.001* 
 0.23 (0.05 , 0.40) 0.01*  0.27 (0.12 , 0.42) 0.001* 

 0.17 (0.02 , 0.32) 0.02* 

Outer Retinal Layer 

N1 0.59 (-0.33 , 1.52) 0.21  0.04 (-0.93 , 1.00) 0.94  0.09 (-0.51 , 0.69) 0.77  -0.04 (-0.60 , 0.53) 0.90 

S1 0.37 (-0.68 , 1.43) 0.48  0.01 (-1.08 , 1.09) 0.99  0.12 (-0.71 , 0.95) 0.77  0.04 (-0.74 , 0.83) 0.92  

T1 0.54 (-0.48 , 1.57) 0.30  -0.11 (-1.19 , 0.97) 0.83  0.87 (-0.26 , 2.01) 0.13  0.11 (-1.08 , 1.29) 0.86  

I1 0.46 (-0.56 , 1.48) 0.38  -0.02 (-1.13 , 1.09) 0.97  0.27 (-0.60 , 1.13) 0.55  0.03 (-0.81 , 0.87) 0.94  

Nerve fibre layer             

N1 0.23 (-0.94 , 1.39) 0.70  0.24 (-0.93 , 1.40) 0.69  -0.39 (-1.32 , 0.54) 0.41  -0.29 (-1.16 , 0.57) 0.50 

S1 -0.65 (-1.41 , 0.11) 0.09  -0.7 (-1.44 , 0.05) 0.07  -0.20 (-1.02 , 0.62) 0.64  -0.16 (-0.94 , 0.62) 0.68 

T1 -0.82 (-1.51 , -0.13) 0.02* 
 -0.69 (-1.33 , -0.04) 0.04*  -1.79 (-3.12 , -0.46) 0.009*  -1.36 (-2.61 , -0.11) 0.03* 

I1 0.39 (-0.4 , 1.18) 0.33  0.17 (-0.62 , 0.96) 0.68  0.079 (-0.75 , 0.91) 0.85  -0.28 (-1.08 , 0.52) 0.49 

Ganglion cell layer              

N1 0.56 (0.13 , 1.00) 0.01*  0.27 (-0.21 , 0.76) 0.27  0.72 (0.24, 1.21) 0.004*  0.35 (-0.16 , 0.86) 0.18 
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S1 0.52 (0.07 , 0.98) 0.03*  0.34 (-0.16 , 0.84) 0.18  0.64 (0.08, 1.19) 0.03*  0.25 (-0.31 , 0.82) 0.37 

T1 0.70 (0.23 , 1.17) 0.003*  0.55 (0.03 , 1.08) 0.04*  0.66 (0.20, 1.11) 0.01*  0.35 (-0.12 , 0.82) 0.14 

I1 0.75 (0.29 , 1.21) 0.001*  0.57 (0.07 , 1.08) 0.03*  
0.90 (0.42, 1.38) <0.001* 

 0.53 (0.03 , 1.02) 0.04* 

Inner plexiform layer            

N1 0.99 (0.37, 1.60) 0.002*  0.51 (-0.19 , 1.2) 0.15  1.25 (0.56, 1.95) <0.001*  0.70 (-0.02 , 1.42) 0.06 

S1 0.93 (0.26, 1.59) 0.01*  0.56 (-0.15 , 1.28) 0.12  1.32 (0.54, 2.10) 0.001*  0.71 (-0.12 , 1.53) 0.09 

T1 1.04 (0.37, 1.71) 0.003* 
 0.72 (-0.04 , 1.48) 0.06  

1.34 (0.01, 2.06) <0.001* 
 0.69 (-0.05 , 1.43) 0.07 

I1 1.36 (0.69, 2.20) <0.001*  0.90 (0.16 , 1.64) 0.02*  1.65 (0.91, 2.39) <0.001*  1.06 (0.28 , 1.83) 0.01* 

Inner nuclear layer              

N1 1.09 (0.33, 1.85) 0.01*  0.81 (0.00, 1.61) 0.05*  0.97 (0.19, 1.75) 0.02*  0.70 (-0.10 , 1.50) 0.09 

S1 1.20 (0.50, 1.91) 0.001* 
 

0.84 (0.13, 1.55) 0.02* 
 

1.57 (0.92, 2.22) <0.001* 
 1.05 (0.41 , 1.70) 0.001* 

T1 1.40 (0.58, 2.23) 0.001*  

1.35 (0.48, 2.23) 0.003

*  1.05 (0.24, 1.86) 0.01*  0.94 (0.15 , 1.73) 

0.02* 

I1 0.76 (-0.02, 1.54) 0.06   0.57 (-0.21, 1.35) 0.15  0.97 (0.20, 1.73) 0.01*  0.76 (0.01 , 1.51) 0.05* 

Outer plexiform layer             

N1 -0.31 (-0.80 , 0.18) 0.21  -0.26 (-0.73 , 0.21) 0.28  -0.10 (-0.62 , 0.43) 0.71  -0.06 (-0.55 , 0.44) 0.83 

S1 0.59 (0.13 , 1.06) 0.01  0.23 (-0.26 , 0.72) 0.36  0.50 (0.11 , 0.90) 0.01  0.33 (-0.06 , 0.72) 0.09 

T1 0.58 (-0.27 , 1.43) 0.18  0.03 (-0.83 , 0.88) 0.95  0.10 (-0.63 , 0.84) 0.79  -0.15 (-0.85 , 0.54) 0.66 

I1 -0.39 (-0.96 , 0.18) 0.18  -0.28 (-0.83 , 0.27) 0.31  -0.80 (-1.34 , -0.26) 0.004*  -0.62 (-1.16 , -0.08) 0.02* 

Outer nuclear layer             

N1 0.38 (0.10 , 0.67) 0.01*  0.40 (0.11 , 0.68) 0.01*  0.12 (-0.08 , 0.31) 0.24  0.12 (-0.06 , 0.31) 0.19 

S1 0.10 (-0.20 , 0.41) 0.50  0.21 (-0.10 , 0.51) 0.19  0.02 (-0.19 , 0.23) 0.83  0.04 (-0.16 , 0.23) 0.71 

T1 0.002 (-0.28 , 0.29) 0.99  -0.003 (-0.27 , 0.27) 0.98  0.14 (-0.10 , 0.38) 0.26  0.11 (-0.11 , 0.33) 0.33 

I1 0.43 (0.10 , 0.75) 0.01*  0.31 (-0.01 , 0.63) 0.06  0.33 (0.10 , 0.57) 0.01*  0.29 (0.06 , 0.52) 0.01* 

Retinal pigmented epithelium             

N1 1.77 (-0.03 , 3.57) 0.05  0.52 (-1.37 , 2.41) 0.59  -0.02 (-0.66 , 0.63) 0.96  0.01 (-0.57 , 0.59) 0.96  
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S1 1.44 (-0.48 , 3.37) 0.14  0.60 (-1.42 , 2.63) 0.56  0.36 (-0.59 , 1.31) 0.45  0.22 (-0.65 , 1.10) 0.62  

T1 1.32 (-0.69 , 3.33) 0.20  0.30 (-1.80 , 2.40) 0.78  0.28 (-0.79 , 1.34) 0.61  0.68 (-1.39 , 2.75) 0.52  

I1 1.90 (0.07 , 3.73) 0.04  1.04 (-0.79 , 2.86) 0.26  2.17 (0.18 , 4.16) 0.03  0.21 (-0.77 , 1.19) 0.67  

Table 5.S2. Regression coefficients (β) between thickness (µm) of the retinal layers with eGFR (ml/min/1.73m2) for ETDRS grid annulus 1. ETDRS, Early 

Treatment Diabetic Retinopathy Study; β, Regression coefficients; CI, Confidence interval; F, fovea; S1, superior segment 1; N1, nasal segment 1; I1, inferior 

segment 1; T1, temporal segment 1.*significant values. Adjustment for age, mean arterial blood pressure, diabetes status, low-density lipoprotein, body mass 

index, and sex. 
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Chapter 6  

Renal function and Alzheimer’s 

disease. 
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6.1 Introduction 
 

6.1.1 Introduction to Alzheimer’s disease 

Alzheimer's disease (AD) is the most common dementia subtype accounting for nearly 

80% of all cases with the number of those affected likely to rise considerably with 

increasing life expectancy.1 There are currently more than 815,000 people with 

dementia in the UK (about 1.3% of the population) and 1 in 14 persons >65 years have 

AD.2 Higher prevalence rates have also been reported in the United States of America, 

with 1 in 9 individuals aged 65 years or more diagnosed with AD, increasing to 1 in 3 

persons over the age of 85 years.3 

6.1.2 Amyloid-β and Alzheimer’s disease 

Amyloid-β (Aβ) is the hallmark constituent of AD plaques, which, along with 

neurofibrillary tangles are a defining characteristic of AD. Aβ is a breakdown product 

of amyloid precursor protein (APP) produced by cleavage of APP by β-secretase (and 

subsequent removal of the C terminus by γ–secretase) and via cleavage by other 

enzymes during non-canonical processing.4 APP is a member of a group of membrane-

bound proteins that function as cell-adhesion molecules and have roles in synapse 

formation, axonal growth and guidance, formation of neuromuscular junctions and 

synaptic plasticity (integral to memory formation).4  

Aβ overabundance and plaque formation are believed to play a key role in the 

pathogenesis of AD (Figure 1). Individuals with Aβ overabundance from different 

causes experience AD symptoms. Individuals carrying the APOE4 variant of the 

APOE gene have reduced cerebral clearance of Aβ,5 greater plaque burden6 and a 

greatly increased risk of AD.7 In Down’s syndrome (trisomy of chromosome 21) 

individuals commonly suffer AD associated with accumulation of Aβ plaques. The 

amyloid precursor protein (APP) gene is located on chromosome 21.  In Down’s 

syndrome where trisomy is partial (and does not include replication of the APP gene), 

individuals are much less likely to develop AD related to Aβ plaque burden.8 Similarly, 

missense mutations of the APP gene, such as A673T, reduce β-secretase cleavage of 

Aβ, and aggregation of Aβ, and reduce AD risk.9 Aβ oligomers are also thought to 

play a role in tau hyperphosphorylation and the formation of neurofibrillary tangles.10 
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Figure 6.1. Key pathological processes in Alzheimer’s disease,11 the accumulation of 

amyloid-β (Aβ) plaques, and tau oligomers. Image from Lim, J. K. H. et al. The Eye 

As a Biomarker for Alzheimer’s Disease. Front. Neurosci. 10, (2016). 

 

6.1.3 Renal clearance of Amyloid-β 

Homeostatic regulation of Aβ is thought to involve the clearance of Aβ from the brain 

across the blood-brain barrier (BBB),12–14 which comprises the specialised cells 

(pericytes and endothelial cells) of the cerebral vasculature which selectively allow 

entry and exit of metabolites into the cerebrospinal fluid. Aβ is thought to be removed 

from the brain across the BBB and into the systemic circulation via several 

mechanisms including low-density lipoprotein receptor-related protein-1 (LRP-1) 

mediated transport. LRP-1 is a vascular cell surface receptor which binds Aβ and is 

expressed on the endothelium of the cerebral microvasculature and causes endocytosis 

and activates a range of signalling pathways when bound to a ligand such as Aβ.14 

LRP-1 is thought to regulate efflux of Aβ across the BBB.13–15 

Renal clearance of systemic Aβ has been proposed as a mechanism that aids the 

removal of cerebral Aβ.16 An imbalance between the processes of production and 
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clearance leads to Aβ accumulation and AD development and has become a 

therapeutic target of disease-modifying agents.17 Chronic kidney disease (CKD) 

patients undergoing dialysis are reported to have serum Aβ levels similar to cognitively 

intact controls, while those with CKD not receiving dialysis had relatively higher 

serum Aβ levels that were negatively correlated with eGFR.18 Systemic reduction in 

serum Aβ following haemodialysis has also been demonstrated19 with associated 

improvement in cognitive function.20 Furthermore, animal studies have shown renal 

clearance of peripheral Aβ led to reduced cerebral levels in mice.21 Reduced renal 

function may increase systemic and cerebral Aβ concentrations and result in an 

increased risk of AD. 

6.1.4 Alzheimer’s disease and retinal microvascular parameters.  

Both the kidneys and brain are susceptible to vascular damage with similar 

haemodynamic and physiological characteristics and risk factors that include diabetes 

mellitus, hypertension and hyperlipidaemia.22,23  Renal dysfunction also accelerates 

vascular ageing and calcification, manifesting in structural alterations and increased 

risk of cerebrovascular disease.24 

Retinal vascular changes have been reported in AD previously. Retinal arterial and 

venular pulsations have been found to differ between individuals with AD and those 

with low neocortical amyloid load.25 Greater amplitude retinal arterial pulsations and 

lower amplitude venous pulsation were associated with reduced risk of AD.25 Of note, 

retinal vessel pulsation amplitude has a linear positive association with vessel diameter 

for both arterioles and venules.26 However, inconsistent associations have been found 

between AD and a range of RVP, including central retinal arteriolar equivalent 

(CRAE) and central retinal venular equivalent (CRVE),27 FD26,28 and tortuosity.27 

Arteriolar length-to-diameter ratio  has been found to be higher in healthy individuals 

with high plaque burden.29 It is unclear therefore whether AD is associated with 

specific changes in RVP. There are potential mechanistic links between CKD and AD 

as outlined in this chapter. AD may be a potential confounder on any associations 

between CKD and RVP.  
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6.2 Study aims 

The objective of this study was to compare renal function, determined by eGFR, 

between individuals with AD and cognitively intact controls, controlling for potential 

confounding factors. The study tested the following null hypothesis: 

H0: There is no association between CKD and AD in the study population 

 

6.2 Methods 
 

6.2.1 Study design and recruitment 

A cross-sectional, case-control study design was used to compare prevalent AD cases 

to cognitively intact controls. All recruitment and testing was undertaken between 

August 2006 and 2008 by one investigator (MW) and has been described elsewhere.28 

An opportunistic recruitment strategy was used with probable AD cases identified in 

a non-systematic fashion as they appeared in a hospital memory clinic or from records 

of previous attendees diagnosed with probable AD by a senior clinician using the 

National Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer's Disease and Related Disorders Association (NINCDS ADRDA) criteria. 

Other dementia types such as vascular or mixed dementia were not included. 

Participants with AD were not excluded on the basis of a history of cerebrovascular 

disease. 

A variety of recruitment strategies were employed in the enrolment of controls from 

several sources. Firstly, carers of patients attending any outpatient clinic in the study 

hospital were approached. Secondly, a university press release invited participation in 

the study. Thirdly, a series of talks given to AD patient-support groups in the region 

led to further volunteers coming forward. All participants provided informed consent 

prior to their entry into the study. Exclusion criteria for controls included age under 65 

years or a Mini-Mental State Examination (MMSE) score below 26 out of 30. Ethics 

and governance approval was obtained prior to commencement of the study, which 

adhered to the tenets of the Declaration of Helsinki.  

6.2.1 Data collection 

Upon enrolment, all study participants underwent an assessment that involved 
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measuring blood pressure, drawing a blood sample and performing a MMSE. The final 

component of the assessment involved the completion of questionnaires via interviews 

with the subject, as well as their carer when appropriate.  

Blood taken from participants using standard venepuncture was used to measure serum 

creatinine for eGFR using the CKD-EPI equation and for DNA extraction to determine 

APOE e4 genotype using a ‘Sequenom IPlex assay’ as well as other blood measures. 

A family history of AD, medication use and all co-morbid health conditions were 

documented as present or absent as determined by self-report or consultation of 

medical notes. Smoking history was measured as a cumulative dose in pack-years. 

6.2.3 Statistical Analysis 

Summary statistics for continuous variables and relative frequencies by group were 

calculated.  Independent t-tests (for continuous variables) or chi-square tests (for 

categorical variables) were used to compare participant characteristics between cases 

and controls. Pearson’s correlation coefficients were performed to identify 

associations between cognitive indices with age and other continuous variables.  

Logistic regression models with dementia status (AD or control) as the outcome and 

eGFR as a continuous explanatory variable, were used to calculate odds ratios (OR) 

for AD with 95% confidence intervals (CI), per unit increase in eGFR.  ORs were 

calculated before and after adjustment for confounders.  In the adjusted analysis, 

variables were eligible for inclusion in the final regression model if a significant 

association was found (p < 0.05) following univariate analysis or if there was sufficient 

prior plausibility for their association with AD.  

To determine the final model, a backward selection procedure was undertaken and 

only variables significantly associated with the dependent variable (AD) were retained. 

Following this procedure the final model used to calculate adjusted ORs contained age, 

number of APOE e4 alleles, systolic blood pressure (SBP), smoking pack-years 

(calculated as the product of total years and average cigarettes per day) and educational 

attainment (recorded as leaving school before age fourteen or stayed in education 

beyond 14), and use of beta-blockers.  
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To examine the association between AD severity and eGFR, a sensitivity analysis was 

undertaken using multinomial logistic regression. AD severity was categorised by 

MMSE score: Severe: 0-9; Moderate: 10-20; Mild: 21-26; and pre-mild ≥ 27. Pre-mild 

AD was used as the reference category. The sensitivity analysis was adjusted for age, 

number of APOE e4 alleles, SBP, smoking pack-years, educational attainment and use 

of beta-blockers.  All statistical analyses were performed using SPSS statistics version 

23 (IBM Corp., Armonk, NY). 

 

6.3 Results 

6.3.1 Population characteristics 

Demographic and clinical characteristics of the study population (n=570) are presented 

in Table 1 for both cases (n = 253) and controls (n = 317).  AD patients were more 

likely to be older than controls (80.2 vs. 76.5 years; p<0.001), with at least one APOE 

e4 allele (69% vs. 25%; p < 0.001). There was no significant difference in gender 

between cases and controls, with males constituting 36% of cases and 39% of controls. 

Cases with AD had a significantly lower MMSE score (18.0 vs. 28.8; p < 0.001) and 

lower SBP (134 mmHg vs. 144 mmHg; p < 0.001) compared to control subjects. Of 

the AD cases, 26 (10%) were categorised with severe AD (MMSE 0-9), 103 (41%) 

with moderate AD (MMSE 10-20), 81 (32%) with mild AD (MMSE 21-26), and 7 

(3%) with pre-mild (MMSE ≥ 27). Markedly higher proportions of patients with AD 

had left school at or before 14 years of age (58% vs. 45%; p < 0.01) compared to 

cognitively intact controls. Furthermore, on average patients with AD had 

accumulated twice as many smoking pack-years as participants in the control group 

(17.7 vs. 10.0 pack-years; p < 0.01). No significant differences were detected between 

AD cases and controls for history of diabetes mellitus, cardiovascular disease, 

cerebrovascular disease, or hypercholesterolaemia (Table 1).  A significantly greater 

proportion of AD patients were taking aspirin and / or clopidogrel (48% vs. 39%; 

p=0.02) and non-thiazide diuretics (14% vs. 8%; p=0.03), than controls (Table 1). No 

difference in renal function was found between cases and controls (37.3 

ml/min/1.73m2 vs 37.4 ml/min/1.73m2; p= 0.94).   
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Characteristic 
All  

(n=570) 

Controls 

(n=317) 

Cases 

(n=253) 
P-value 

Mean age, yrs. (SD) 78.1 (7.4) 76.5 (6.7) 80.2 (7.7) <0.001 

Male, n (%) 216 (38) 125 (39) 91 (36) 0.40 

Mean MMSE (SD) 24.4 (6.8) 28.8 (1.2) 18.0 (6.5) <0.001 

Presence of APOE e4 allele, n 

(%) 
240 (45) 71 (25) 169 (69) <0.001 

Mean systolic blood pressure, 

mmHg (SD) 
139 (18) 144 (18) 134 (18) <0.001 

Mean eGFR CKD-EPI,  

ml/min/1.73m2 (SD) 
37.4 (8.9) 37.3 (8.4) 37.4 (9.4) 0.94 

Education –left school at 14, n 

(%) 
274 (48) 138 (45) 136 (58) <0.01 

Never smoked, n (%) 321 (59) 191 (62) 130 (54) 0.10 

Diabetes mellitus, n (%) 59 (10) 37 (12) 22 (9) 0.28 

Hypertension, n (%) 221 (39) 131 (43) 90 (38) 0.25 

Cardiovascular disease, n (%) 129 (23) 76 (25) 53 (22) 0.47 

Cerebrovascular disease, n (%) 70 (12) 38 (12) 32 (13) 0.74 

Hypercholesterolaemia, n (%) 216 (38) 124 (41) 92 (39) 0.68 

Aspirin and / or clopidogrel, n 

(%)* 
229 (40) 116 (39) 113 (48) 0.03 

Antacids, n (%)* 144 (27) 71 (24) 73 (31) 0.06 

Thiazide, n (%)* 100 (19) 54 (19) 46 (20) 0.70 

Non-thiazide diuretics, n (%)* 57 (11) 24 (8) 33 (14) 0.03 

NSAIDs, n (%)* 33 (6) 22 (7) 11 (5) 0.20 

Thyroxine, n (%)* 59 (11) 30 (10) 29 (12) 0.39 

CCBs, n (%)* 62 (12) 28 (10) 34 (15) 0.08 

Beta-blockers, n (%)* 118 (23) 75 (26) 43 (19) 0.05 

Table 6.1. Summary statistics of subject characteristics. Abbreviations: SD, standard 

deviation; MMSE, Mini-Mental State Examination; eGFR CKD-EPI, Estimated glomerular 

filtration rate calculated using the CKD-EPI equation; NSAIDs, non-steroidal anti-

inflammatory drugs; CCBs, calcium channel blockers. *Medications recorded with a 

frequency >5%. 
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6.3.2 Association between renal function and Alzheimer’s disease and renal 

function. 

In a multivariate logistic regression (Table 2) there was no significant difference in 

eGFR between those with AD and cognitively intact controls following adjustment for 

APOE genotype, age, SBP, smoking status, educational status and beta-blocker use 

(OR = 1.01; CI: 0.98-1.04; p = 0.50).  In the sensitivity analysis of AD severity in cases 

only (categorised by MMSE score), no associations were reported between eGFR and 

AD severity categories following adjustment for APOE genotype, age, SBP, smoking 

status, educational status and beta-blockers (data not shown). 

Variable  Odds ratio (95% CI) p-value 

   

APOE e4 alleles 5.85 (3.82 – 8.95) <0.001 

Age (years) 1.08 (1.04 - 1.12) <0.001 

Systolic blood pressure 0.97 (0.96 - 0.99) <0.001 

Smoking (pack-years) 1.01 (1.00 - 1.02) 0.02 

Education > 14 years 1.67 (1.05 - 2.67) 0.03 

Beta-blockers 2.07 (1.16 – 3.68 0.01 

eGFR (CKD-EPI) 1.01 (0.98 - 1.04) 0.50 

Table 6.2. Estimated glomerular filtration rate association in subjects with Alzheimer’s 

disease and controls Abbreviations: SD, standard deviation; OR, odds ratio; CI, 

confidence intervals; eGFR (CKD-EPI), Estimated glomerular filtration rate 

calculated using the CKD-EPI equation. 

*Multiple logistic regression analysis adjusted for age (years), number of APOE e4 

alleles, smoking (pack-years), systolic blood pressure (mmHg), education (leaving 

school at or before 14), beta-blockers. 
 

6.4 Discussion 

We found no significant association between eGFR and AD in this case-control study 

of 570 participants in an analysis adjusted for established AD risk factors.  

Additionally, we found no association between eGFR and disease severity as defined 

by MMSE score in AD cases only.  Our findings support previous reports that showed 

no association between eGFR and cognitive impairment,30–33 but contrast several 

studies that did report a significant association.22,34–42 In addition, other studies also 
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reported significant associations between renal impairment characterised by the 

presence of microalbuminuria and cognitive impairment.23,31,32,44 A recent meta-

analysis of five population-based prospective studies including 27,805 participants, 

demonstrated a non-significant increased risk of cognitive impairment or dementia in 

those with an eGFR <60 ml/min/1.73m2, with a significant association found only in 

those with albuminuria.45 

Unlike previous studies that examined cognitive impairment or dementia, we focused 

specifically on eGFR in AD. In an earlier study with a smaller sample size and better 

renal function (eGFR >60 ml/min/1.73m2), an association between lower eGFR in 83 

AD cases was identified compared to cognitively intact controls which remained 

significant following adjustment for known risk factors.46 Other case-control studies 

of similar size have also reported lower eGFR in AD cases compared to controls47,48 

providing some support for the hypothesis that reduced renal function contributes to 

impaired Aβ clearance and increased cerebral plaque deposition.16–20,20,21,49 Our 

current findings support data from the Cardiovascular Health Cognition Study in 3,349 

individuals, where an association with serum creatinine and vascular dementia was 

identified but not in those with AD.50 Our findings were based on a largely clinically 

derived sample of older participants (mean age 78) with unexpectedly poor renal 

function compared to the same age group in other cohorts51 for both cases and controls 

(eGFR = 37 ml/min/1.73m2). Rates of hypertension and diabetes were not higher than 

expected in cases or controls. The low renal function observed in this study may result 

in part from the sampling method used. Any sampling bias favouring the inclusion of 

participants with poor renal function would have increased the risk of type 2 error in 

this study. Recruitment of carers may have resulted in higher proportions of first-

degree relatives and spousal recruitment. Spousal concordance of health risks and 

behaviours has been reported for many diseases, including CKD and other conditions 

influenced by renal risk factors, such as cardiovascular disease, hypertension, 

metabolic syndrome, and elevated fasting glucose levels.52,53 

We used a serum creatinine-based equation to estimate renal function and eGFR.54 

Other studies have shown that cystatin-C may be a more accurate indicator of GFR 

than serum creatinine in populations with more extensive co-morbidities.55 In addition, 

cystatin-C accumulates in the blood of those with CKD and may reduce AD risk by 
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binding Aβ and inhibiting its deposition in the brain.56 This may provide a mechanism 

for any association between AD and renal function measured using cystatin-C. 

Major strengths of the present study were its reasonable sample size and extensive 

characterisation of the study population that enabled adjustment for major potential 

confounders. However, there are several potential limitations to our study. First, there 

may be residual confounding factors not measured in our sample that influence renal 

function but which have not been controlled for in our data. Second, any causal and 

temporal relationships between eGFR and AD cannot be determined due to the cross-

sectional nature of our study, which prevents the inference of any causal or 

chronological relationship.  Thirdly, the absence of direct measures of glomerular 

filtration rate limits the assumptions inferred from the eGFR formula which was based 

on a single laboratory measurement.  Fourth, the potential for confounding bias may 

have been introduced through differences in the strategies for recruiting cases and 

controls.  Fifth, the definition used for cognitively normal controls, MMSE ≥ 26, may 

have resulted in the inclusion of a small number of individuals with prodromal AD.  

Finally, other methodological issues may further complicate the interpretation of our 

data. While convenience sampling was instrumental in the recruitment of 570 

participants in a timely manner, this approach may have inhibited subject 

demographics and limited the generalisability of conclusions.  Future studies should 

aim to adopt a truly random approach to recruitment, using population records for 

identifying controls and a comprehensive AD patient database to sample cases.  

The H0 could not be rejected in this study. This study, therefore, provides cross-

sectional evidence in a large sample that eGFR is not associated with AD in an elderly 

white population with poor renal function. These findings do not support the inclusion 

of Alzheimer’s disease diagnosis in models assessing associations between renal 

disease and RVP. 
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Chapter 7 

Retinal microvascular parameters are 

not associated with cognitive function 

and albuminuria in the UK Biobank: A 

cross-sectional case-control study. 
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7.1. Introduction 

Worldwide, dementia affects approximately 6% of adults aged 60 years or older,1 a 

prevalence similar to other non-communicable diseases such as diabetes (prevalent in 

7% of adults in England2 and 9% in the US3). Dementia risk increases with age even 

into the 9th decade of life (see Figure 7.1.),4 with prevalence rising to more than 40% 

of individuals who survive beyond their 9th decade in Western Europe.1 In the USA 

and Europe, dementia prevalence may be relatively stable with slight variations in 

some countries4,5 (see Figures 7.1. and 7.2.), which may indicate improvements in 

cognitive health in later years in these countries.6 Despite such improvements in 

developed nations, dementia is one of the commonest causes of death worldwide7 and 

international dementia prevalence8 and mortality7 rates are forecast to increase in the 

coming decades, particularly in low and middle-income countries.8 Moreover, as a 

result of increasing global mean age, and the absence of curative treatments, the 

commonest form of dementia, Alzheimer’s dementia (AD), is forecast to overtake 

diabetes, lung cancer, diarrhoeal diseases, road injuries, malaria, AIDS, tuberculosis 

and other causes of death, to become the 6th commonest cause of death by 2040.7  

 

Figure 7.1. Dementia rate plotted against age. Data from population based studies in 

Spain, Sweden, and the Netherlands.4 Image adapted from Wu, Y.-T. et al. Dementia 

in western Europe: epidemiological evidence and implications for policy making. 

Lancet Neurol. 15, 116–124 (2016). 
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Figure 7.2. Dementia prevalence over time. Data from population based studies in 

Spain, Sweden, the Netherlands, and the UK.4 Image adapted from Wu, Y.-T. et al. 

Dementia in western Europe: epidemiological evidence and implications for policy 

making. Lancet Neurol. 15, 116–124 (2016). 

7.1.1. Dementia and cognitive impairment subtypes  

Dementia has several subtypes. AD is the commonest form of dementia and is 

estimated to account for 62% of dementia cases in the UK.1 Vascular dementia is the 

second commonest dementia subtype and is estimated to account for 17% of dementia 

cases while mixed dementia is thought to account for around 10% of cases.1 The term 

mixed dementia describes dementia cases believed to have both AD and vascular 

dementia as contributory factors.9 Other dementia subtypes, such as dementia with 

Lewy bodies, frontotemporal dementia, and Parkinson’s dementia, each account for 

less than 5% of dementia cases.1 

AD and its pathology are described in Chapter 6. Briefly, AD pathology is 

characterised by cerebral extracellular accumulation of amyloid-β (Aβ) plaques and 

neurofibrillary tangles caused by intracellular hyperphosphorylated tau protein.10 

There is no consensus as to what pathological criteria define vascular dementia.11 

O’Brien and Thomas provided a summary of vascular dementia subtypes and 
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associated cerebral vascular pathologies (see Table 7.1. below) that highlights the 

multiple forms of vascular damage that may affect various brain regions. 

Cerebrovascular pathologies can affect aspects of cognition and brain function without 

necessarily affecting memory, and some diagnostic criteria for vascular dementia now 

recognise that dementia-causing pathology does not necessarily affect memory.12  

 

Vascular dementia subtype Cerebral observation 

Multi-infarct dementia (cortical vascular 

dementia) 

Multiple cortical infarcts 

Small vessel dementia (subcortical 

vascular dementia) 

Sub-clinical infarctions (lacunae), 

extensive white matter lesions; 

pathologically, infarcts, demyelination, 

and gliosis 

Strategic infarct dementia Infarct in strategic location (e.g., 

thalamus) 

Hypoperfusion dementia Watershed infarcts, white matter 

lesions; pathologically, incomplete 

infarcts in white matter 

Haemorrhagic dementia Haemorrhagic changes, may be 

associated with amyloid angiopathy 

Hereditary vascular dementia (cerebral 

autosomal dominant arteriopathy with 

subcortical infarcts and 

leukoencephalopathy) 

Multiple lacunae and white matter 

lesions, temporal lobe white matter 

affected 

Alzheimer’s disease with cardiovascular 

disease 

Combination of vascular changes and 

atrophy, especially medial temporal 

lobe; pathologically, mixture of vascular 

and degenerative (amyloid-β plaques 

and neurofibrillary tangles) pathology 

Table 7.1. Vascular dementia subtypes and cerebral vascular pathologies. 11 

 

The term mild cognitive impairment (MCI), describes a state of cognitive impairment 

at an intermediate stage between healthy ageing with slight changes in cognitive 

function and more severe cognitive dysfunction meeting diagnostic criteria for 

dementia.13 Indeed, structural changes to the brain associated with AD and vascular 

dementia, such as Aβ deposition  measured by positron emission tomography and 

white matter lesions, are also associated with MCI.14 The reported prevalence of MCI 

varies widely, ranging from 7.7% and 16.1% in Italy to 42% in France, with most MCI 

prevalence estimates in the region of 20%.13 MCI is more than conceptually related to 
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dementia, over 5 years of follow-up, approximately 25% of those with MCI develop 

dementia.  

 

7.1.2. Mortality resulting from dementia and cognitive impairment 

Dementia is associated with an increased mortality rate and, as noted, there are 

currently no curative treatments for AD15 or vascular dementia.11 The number of years 

of life lost as a result of various forms of dementia has been estimated, for men and 

women respectively, as 10.3 and 12.7 years for vascular dementia, 9.2 and 9.8 years 

for AD, 10 and 10.5 years for mixed dementia, and 5.2 and 7.8 years for MCI.16 The 

relative survival of individuals diagnosed with various forms of cognitive decline is 

displayed in Figure 7.3. 

 

Figure 7.3. Survival from time of diagnosis for subtypes of cognitive decline.16 SCD: 

subjective cognitive decline; MCI: mild cognitive impairment; AD: Alzheimer’s 

disease; VaD: vascular dementia; DLB/PDD: dementia with Lewy bodies and 

Parkinson’s disease dementia. Image from Strand, B. H. et al. Survival and years of 

life lost in various aetiologies of dementia, mild cognitive impairment (MCI) and 

subjective cognitive decline (SCD) in Norway. PLOS ONE. 13, e0204436 (2018). 
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7.1.3. The financial burden of dementia and cognitive impairment  

The estimated annual direct care costs (costs not including the value of informal care) 

incurred by dementia, produced by the World Bank and the Global Burden of Disease 

study, calculated on a cost per capita basis for each country, was $817 billion US 

dollars globally, with the average per-capita costs as low as $939 in low income 

countries, and as high as $39,595 in high income countries.17 In the UK, care home 

costs per person have been estimated at £41,184  annually for residents with 

dementia.18 Estimates of annual formal care cost per person, from around Europe, vary 

widely and range from between €6,435 to €22,959 in France, to between €32,468 and 

€64,426 in the UK.19 Whilst the true cost of dementia is difficult to ascertain, estimates 

consistently show a considerable cost burden and highlight an economic imperative 

for improved detection, prevention and treatment. 

 

7.1.4. Symptoms and diagnosis of dementia 

Behavioural symptoms of AD can include impaired judgement, restlessness, impaired 

emotional regulation, disinhibition, aggressiveness, delusions and hallucinations, 

affective disturbance, changes to diurnal rhythm, and anxiety and phobias.20 Memory 

loss is a typical feature of AD but is not consistently a feature of vascular dementia12 

and in patients with similar levels of episodic memory loss (approximated by mini-

mental state examination [MMSE] score), semantic memory impairment, executive 

function, attentional functioning, and visuospatial function are more commonly 

impaired in patients with vascular dementia compared to AD.21 There is considerable 

overlap in the symptom profiles of AD and vascular dementia with behavioural 

symptoms of vascular dementia including apathy, irritability, agitation, aggression, 

depression, appetite abnormalities, anxiety, impaired motor function, disinhibition, 

delusions, hallucinations, and euphoria.22  

Although diagnostic categorisations are useful, post-mortem examination may provide 

the most reliable determination of aetiological pathology for dementia. Autopsy 

studies of dementia-related pathology indicate that mixed dementia prevalence may be 

underestimated by clinical grading criteria and that patients with intermediate levels 

of AD pathology include individuals with a range of degrees of cognitive dysfunction, 

including apparently normal function.23,24 Despite the requirement for confirmation 
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from pathology for true diagnosis of dementia type, autopsy studies indicate that 

clinical diagnosis of AD can have positive predictive value in the region of 90%.25 

7.1.5. Risk factors for, and prediction of, dementia and cognitive impairment 

Despite differing pathologies, AD and vascular dementia share several important risk 

factors. AD risk is increased by diabetes mellitus, hypertension and obesity 

(particularly in midlife), physical inactivity, smoking, less education and depression.26 

Likewise, vascular dementia risk is increased by depression,27 diabetes,28 

hypertension29, midlife overweight and obesity,30 physical inactivity,31 midlife 

smoking,32 and low education.33 Chronic kidney disease (CKD) shares several of these 

risk factors (obesity,34 diabetes,34 hypertension,34 smoking,34 education,34 and exercise 

capacity35) and may also impact dementia risk as a result of it effects of vascular 

remodelling (see Chapter 1, Section 1.2.2.) and Aβ clearance (see Chapter 6, Section 

6.1.3.). In addition to sharing risk factors with dementia, CKD also exerts a range of 

detrimental effects on the vascular system via abnormal bone mineral metabolism, 

inflammation, dyslipidaemia, endothelial dysfunction, and hypertension, and greatly 

increases the risk of cardiovascular disease (CVD) (see Chapter 1, Sections 1.1.3.3. 

and 1.2.). These factors likely increase the risk of vascular dementia and may 

contribute to impaired systemic Aβ clearance and AD.  

Given the high burden of mortality, and the effects of cognitive decline of those with 

dementia, early prediction and identification of novel risk factors and preventative 

strategies can be considered valuable. Due to the speed, non-invasive nature, and ease 

with which retinal imaging can be undertaken, the assessment of retinal microvascular 

parameters (RVP) from fundus images provides the potential for repeated in vivo 

assessment of the central nervous system. Moreover, overt retinal vascular changes 

used in diabetic retinopathy grading are associated with dementia and cognitive 

impairment,36 indicating an association between retinal vascular health and dementia. 

Quantitative measures of microvascular geometry, in particular, retinal microvascular 

fractal dimension and tortuosity, are likewise associated with dementia.37–39 These 

associations are interesting per se for their potential predictive value but also constitute 

an important source of confounding for associations between RVP and urinary 

albumin to creatinine ratio (ACR), especially given previously reported associations 

between albuminuria and cognitive impairment, AD, and vascular dementia.40 

Accurate assessment of the strength of association depends on adjustment of important 
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confounders. This study aimed to make use of population-based data from the UK 

Biobank (UKBB) dataset to assess associations between RVP and cognitive decline, 

and between albuminuria (ACR ≥3 mg/mmol) and cognitive decline, and to construct 

a model of the association between RVP and CKD adjusting for the potential 

confounding effects of cognitive decline.  

 

7.2. Methods 

7.2.1. Study design and case-control categorisation 

The study tested the following null hypotheses: 

H0: There is no association between ACR ≥3 mg/mmol and cognitive impairment in 

the UK Biobank population.A case-control study design was used. Participant data 

was obtained from the UKBB population. Data on 502,616 adults, aged 40-69, in the 

UK were collected as part of the UKBB study from 2006 – 2010.41,42 Cases were 

UKBB participants with ACR ≥3 mg/mmol, controls were participants with ACR <3 

mg/mmol. Urinary albumin and creatinine measured from urine samples collected 

during UKBB assessment centre visits were used to calculate ACR.  

7.2.2. Retinal image acquisition 

Macula-centred digital fundus images were captured using a Topcon 3D OCT 1000 

Mark 2 camera (Topcon Great Britain Medical Ltd., Berkshire, UK). RVP were 

calculated from fundus images using the Vessel Assessment and Measurement 

Platform for Images of the REtina (VAMPIRE) version 3.1 (VAMPIRE group, 

Universities of Dundee and Edinburgh, Scotland). RVP measured included the central 

retinal arteriolar equivalent (CRAE), central retinal venular equivalent (CRVE), retinal 

vascular fractal dimension and tortuosity. 

7.2.2. Summary of cognitive measures. 

The UKBB collected a wide range of cognitive measures. Data on four main cognitive 

domains were collected at baseline assessment centre visits. These were: fluid 

intelligence, visual short-term memory (VSTM), reaction time and prospective 

memory. Although the UKBB collected data on a wide range of other cognitive 
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measures, such as numeric memory etc., data were available for a far smaller subset of 

the UKBB population and therefor have not been included in the present analyses. 

Tests of cognitive function may assess various aspects of cognitive function and 

produce a single summary score or, alternatively, tests of individual aspects of 

cognitive function can be undertaken and, if desired, general intelligence scores, or g 

factors, can be constructed using principal components analysis (PCA). A g factor was 

constructed form the four main UKBB cognitive scores (fluid intelligence, VSTM, 

reaction time, and prospective memory). Furthermore, as each of the cognitive tests 

included in UKBB provide information about a unique aspect of cognitive function 

attributed to specific brain areas, associations with individual cognitive measures were 

also tested independently. 

Crystallised intelligence describes cognitive performance based upon skilled 

judgements enabled by prior learning.43 Fluid intelligence, in contrast, describes the 

ability to use inductive reasoning and requires the working memory to hold ideas, 

knowledge, and abstractions during the reasoning process.44 Fluid intelligence tends 

to degenerate in older age45 and is impaired by lesions resulting in reduced volume of 

the lateral-frontal, dorsomedial-frontal, and mid-parietal areas of the cortex.46 

Assessment of fluid intelligence was carried out using a series of 13 logic and 

reasoning questions as part of the touchscreen questionnaire administered at UKBB 

assessment centre visits. Participants were allowed up to two minutes to answer each 

question. 

Retrospective memory is the simple recollection of previously encountered 

information. In contrast, prospective memory involves the recollection of intended 

actions. Prospective memory is impaired in older age47 and its normal functioning 

depends on regions of the prefrontal lobes,48 including the right dorsolateral-

prefrontal, right ventromedial-prefrontal and the left dorsomedial-prefrontal cortex.49 

Prospective memory was tested as part of the touchscreen questionnaire. Prior to 

undertaking the cognitive assessments in the touchscreen questionnaire, participants 

were instructed to complete a simple task following the completion of the other 

cognitive tests and prospective memory was assessed as the participants’ ability to 

perform the simple task based on their recollection of the prior instruction. 
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Reaction time is the time taken for an individual to produce a set response to a given 

cue and has been used as an indicator of processing speed.50 A given reaction is reliant 

on the afferent transduction of action potentials from sensory neurons to the central 

nervous system and, following the processing of that sensory input by brain areas such 

as the somatosensory cortex and motor cortex, the efferent transduction of action 

potentials to elicit contraction of the appropriate motor units of the skeletal muscles 

needed for the predetermined response. Although damage to any part of the central or 

peripheral nervous system required for a given reaction may be expected to impair 

reaction speed or ability, frontal sub-cortical damage resulting from cerebral small-

vessel disease, in particular, appears to result in slowed processing speed.51 

Additionally, reaction speed tends to decrease with age,50,52 and may be an indicator 

of metabolic53 and general54 health. Reaction time was measured using a modified 

game of snap as part of the touchscreen questionnaire administered at UKBB 

assessment centre visits. 

VSTM is a memory function which allows information from visual stimuli to be stored 

for a few seconds facilitating its recall or use in other cognitive processes. VSTM 

appears to be dependent on parietal cortex function55 while the medial-temporal lobe 

can aid VSTM when VSTM capacity is exceeded.56 VSTM was measured using a pairs 

memory test as part of the UKBB touch-screen questionnaire. Participants were 

presented with two arrays of simple symbols with plain white backgrounds resembling 

playing cards. The first array of cards contained 3 pairs of cards and six cards in total. 

The second array contained 6 pairs of cards and 12 cards in total. Each array of cards 

was shown (for 3 seconds and 5 seconds for rounds 1 and 2 respectively) followed by 

the same cards face-down. The participants matched the location of the pairs by 

clicking on the face-down cards in the corresponding locations. The total number of 

errors made during the task was recorded. As with the other cognitive measures tested, 

VSTM may be a useful indicator of cognitive function. Following 3 and 6 second 

exposures, VSTM is impaired in older adults.57  

7.2.3. Statistical Analysis  

Statistical analyses were performed using Stata/1C version 14.2 (Timberlake 

Consultants Limited, Richmond upon Thames, UK). A g factor was calculated from 

individual cognitive scores using PCA. Components with Eigen values above 1 were 

retained. Individual cognitive scores with factor loadings less than 0.3 were dropped 
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from components. Multivariate linear regression was used to test associations between 

cognitive function and RVP, with each cognitive score as an independent variable and 

RVPs as the dependent variables. Binomial logistic regression models were used to 

test associations between cognitive scores (as independent variables) and ACR 

categorisation (as the dependent variable). Likewise, binomial logistic regression 

models were also used to test associations between each RVP (as independent 

variables) and ACR categorisation (as the dependent variable). Regression models 

were constructed to control for a variety of confounding factors. Model 1 tested the 

crude association with no adjustment for covariates. Model 2 adjusted for age and sex. 

Model 3 adjusted for age, sex, waist circumference, systolic blood pressure, blood 

pressure-lowering medication usage, presence of diabetes mellitus, smoking history 

(as a binary variable, ever smoked versus never smoked), ethnicity (as a binary 

variable, white ethnicity versus non-white ethnicity), and alcohol consumption (ever 

versus never). A fourth model, Model 4, was constructed for associations between 

RVP and ACR which included additional adjustment for cognitive scores. McFadden’s 

r2 was used to assess the fit of logistic regression models for associations between RVP 

and ACR. RVP were entered into regression models as z-scores (standardised scores 

where a single unit change represents a change equal to the standard deviation so that 

a score of one represents a value that is a single standard deviation above the mean, 

while a score of -2 represents a value two standard deviations below the mean).  

7.3. Results 

Study sample characteristics are summarised in Chapter 3, Section 3.3.1. Associations 

between measures of cognitive function and ACR ≥3 mg/mmol are shown in Chapter 

3, Section 3.3.2., Table 3.7.  

7.3.1. Regression models of associations between albuminuria and individual 

cognitive scores 

Associatins between cognitive scores and ACR ≥ 3 mg/mmol are shown in Table 7.2. 

Albuminuria (ACR ≥ 3 mg/mmol) was significantly associated with slower reaction 

time in Models 1, 2, and 3. However, although statistically significant, the effect size 

of the increase in reaction time was small. For example, in model 3, an ACR ≥ 3 

mg/mmol was associated with an increase in reaction time of 7.67 milliseconds, 95% 

confidence interval ([95% CI] 1.74, 13.61), compared to those without albuminuria, 
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less than one tenth of the approximately 100 millisecond standard deviation of reaction 

time. Albuminuria was not significantly associated with fluid intelligence, VSTM or 

prospective in unadjusted or adjusted analysis. 

 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Fluid intelligence -0.03 (-0.14, 0.07) -0.03 (-0.14, 0.07) 0.01 (-0.09, 0.12) 

VSTM 0.02 (-0.04, 0.08) 0.02 (-0.04, 0.08) 0.00 (-0.06, 0.06) 

Reaction time 8.74 (2.64, 14.84)* 8.59 (2.68, 14.49)* 7.67 (1.74, 13.61)* 

    

 OR (95% CI) OR (95% CI) OR (95% CI) 

Prospective memory 0.89 (0.73, 1.09) 0.89 (0.73, 1.09) 0.95 (0.76, 1.18) 

Table 7.2. Associations between ACR ≥ 3 mg/mmol and cognitive function from 

binary logistic regression models. Model 1: crude associations; Model 2: age and sex 

adjusted; Model 3: adjusted for age, sex, waist circumference, systolic blood pressure 

(BP), BP lowering medication use, diabetes mellitus, smoking status, ethnic 

background and alcohol consumption. OR: odds ratio; β: linear regression beta 

coefficient; 95% CI: 95% confidence interval; VSTM: Visual short-term memory. 

*significant at the p<0.05 level.  

Note: Fluid intelligence, VSTM, and reaction time are continuous variables and were 

analysed using linear regreassion models. Prospective memory is a binary variable and 

was analysed using logistic regression. 

 

7.3.2. Regression models of associations between retinal microvascular parameters 

and individual cognitive scores 

Associations between RVP and measures of cognitive function are presented in Table 

7.3. Greater arteriolar calibre (CRAE) was significantly associated with reduced fluid 

intelligence in model 3 (β = -0.03, 95% CI -0.05, 0.00). In the unadjusted analyses 

(Model 1), and model 2 (age and sex adjusted) greater retinal venular fractal dimension 

(FDv) was significantly associated with greater fluid intelligence (β = 0.04, 95% CI 

0.00, 0.08 for both model 1 and model 2). There was no significant association between 

FDv and fluid intelligence in model 3. RVPs were not associated with VSTM or 

reaction time in any model. 
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  Model 1 Model 2 Model 3 

RVP Cognitive measure β (95% CI) β (95% CI) β (95% CI) 

zCRAE     

 Fluid intelligence -0.04 (-0.17, 0.08) -0.04 (-0.17, 0.08) -0.13 (-0.26, -0.01)* 

 VSTM -0.05 (-0.12, 0.02) -0.05 (-0.12, 0.02) -0.03 (-0.10, 0.05) 

 Reaction time 2.49 (-4.88, 9.85) 0.80 (-6.34, 7.94) 4.60 (-2.26, 11.46) 

     

  OR (95% CI) OR (95% CI) OR (95% CI) 

 

Prospective 

memory 1.10 (0.85, 1.43) 1.09 (0.84, 1.42) 0.99 (0.75, 1.30) 

     

zCRVE  β (95% CI) β (95% CI) β (95% CI) 

 Fluid intelligence 0.01 (-0.10, 0.13) 0.01 (-0.10, 0.13) -0.05 (-0.16, 0.06) 

 VSTM -0.02 (-0.09, 0.04) -0.02 (-0.08, 0.04) -0.01 (-0.07, 0.06) 

 Reaction time -0.82 (-7.12, 5.48) 0.39 (-5.72, 6.50) 2.11 (-3.73, 7.95) 

     

  OR (95% CI) OR (95% CI) OR (95% CI) 

 

Prospective 

memory 1.04 (0.83, 1.3) 1.03 (0.82, 1.29) 0.99 (0.78, 1.26) 

     

zAVR  β (95% CI) β (95% CI) β (95% CI) 

 Fluid intelligence -0.04 (-0.19, 0.10) -0.05 (-0.19, 0.10) -0.05 (-0.19, 0.09) 

 VSTM 0.00 (-0.08, 0.09) 0.00 (-0.09, 0.08) 0.01 (-0.08, 0.09) 

 Reaction time -1.47 (-9.75, 6.82) -3.83 (-11.88, 4.22) -4.43 (-12.14, 3.29) 

     

  OR (95% CI) OR (95% CI) OR (95% CI) 

 

Prospective 

memory 1.12 (0.82, 1.53) 1.12 (0.82, 1.53) 1.10 (0.79, 1.54) 

     

zFDa  β (95% CI) β (95% CI) β (95% CI) 

 Fluid intelligence 0.02 (-0.12, 0.15) 0.02 (-0.12, 0.15) -0.01 (-0.15, 0.12) 

 VSTM 0.02 (-0.06, 0.10) 0.02 (-0.06, 0.10) 0.03 (-0.06, 0.11) 

 Reaction time 5.57 (-2.36, 13.50) 5.83 (-1.86, 13.53) 5.70 (-1.34, 12.75) 

     

  OR (95% CI) OR (95% CI) OR (95% CI) 

 

Prospective 

memory 0.97 (0.71, 1.31) 0.97 (0.71, 1.31) 0.95 (0.68, 1.33) 

     

zFDv  β (95% CI) β (95% CI) β (95% CI) 

 Fluid intelligence 0.19 (0.02, 0.37)* 0.19 (0.02, 0.37)* 0.14 (-0.03, 0.31) 

 VSTM 0.00 (-0.10, 0.09) 0.00 (-0.09, 0.09) 0.01 (-0.08, 0.10) 

 Reaction time -1.79 (-12.36, 8.77) 

-0.32 (-10.64, 

10.00) 1.27 (-7.91, 10.45) 

     

  OR (95% CI) OR (95% CI) OR (95% CI) 
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Prospective 

memory 0.84 (0.59, 1.19) 0.82 (0.57, 1.17) 0.78 (0.53, 1.13) 

     

zATort  β (95% CI) β (95% CI) β (95% CI) 

 Fluid intelligence 0.01 (-0.09, 0.11) 0.01 (-0.09, 0.12) 0.00 (-0.10, 0.10) 

 VSTM 0.03 (-0.03, 0.08) 0.02 (-0.03, 0.08) 0.03 (-0.03, 0.09) 

 Reaction time 0.16 (-5.77, 6.08) -0.02 (-5.76, 5.73) 1.05 (-4.37, 6.47) 

     

 

Prospective 

memory OR (95% CI) OR (95% CI) OR (95% CI) 

  1.11 (0.13, 9.56) 0.94 (0.83, 1.08) 0.93 (0.82, 1.05) 

     

zVTort  β (95% CI) β (95% CI) β (95% CI) 

 Fluid intelligence 0.03 (-0.07, 0.13) 0.03 (-0.07, 0.14) 0.04 (-0.06, 0.15) 

 VSTM 0.04 (-0.02, 0.10) 0.04 (-0.02, 0.09) 0.04 (-0.02, 0.10) 

 Reaction time 1.08 (-4.85, 7.01) 0.38 (-5.37, 6.13) 1.43 (-4.17, 7.02) 

     

  OR (95% CI) OR (95% CI) OR (95% CI) 

 

Prospective 

memory 0.92 (0.81, 1.03) 0.93 (0.82, 1.05) 0.92 (0.81, 1.04) 

Table 7.3. Associations between retinal microvascular parameters and cognitive 

function. Model 1: crude associations; Model 2: age and sex adjusted; Model 3: 

adjusted for age, sex, waist circumference, systolic blood pressure (BP), BP lowering 

medication use, diabetes mellitus, smoking status, ethnic background and alcohol 

consumption. OR: odds ratio; β: linear regression beta coefficient; 95% CI: 95% 

confidence interval; CRAE: central retinal arteriolar equivalent; CRVE central retinal 

venular equivalent; AVR: arteriovenous ratio; FDa/v: arteriolar and venular fractal 

dimension; A/VTort: arteriolar/venular tortuosity; VSTM: Visual short-term memory. 

*significant at the p<0.05 level.  

 

7.3.3. Regression models of associations between retinal microvascular parameters 

and albuminuria adjusted for individual cognitive scores 

In Table 7.4., adjusted models are shown for the associations between RVP and ACR 

≥ 3 mg/mmol (see Chapter3, Section 3.3.2., Table 3.7., Model 3) with additional 

adjustment for measures of cognitive function. Neither McFadden’s pseudo r2, a 

measure of the fit of logistic regression models, nor the odds ratios (OR) indicating 

risk of ACR ≥3 mg/mmol, were substantively affected by additional adjustment for 

any cognitive score. Additional adjustment for cognitive function, therefore, did not 

alter the effect size or improve the fit of the adjusted models.  As with associations in 

Models 1 to 3 (see Chapter 3, Section 3.3.2.), significant associations were found 

between greater arteriolar and venular FD and odds of ACR ≥ 3 mg/mmol after 

additional adjustment for fluid intelligence, incorrect matches, prospective memory, 
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and reaction time. For example, a standard deviation increase in arteriolar fractal 

dimension was significantly associated with 0.87 (95% CI, 0.76, 0.99) times the risk 

of ACR ≥ 3 mg/mmol following adjustment for fluid intelligence in Model 4. There 

were no significant associations between any other RVP (CRAE, CRVE, AVR, or 

tortuosity) and ACR ≥ 3 mg/mmol. 

  Model 4  

RVP Cognitive measure OR (95% CI) McFadden’s r2 

zCRAE Model 3 1.08 (0.96, 1.21) 0.03 
 Fluid intelligence 1.10 (0.97, 1.24) 0.04 
 VSTM 1.08 (0.96, 1.22) 0.04 
 Prospective memory 1.08 (0.96, 1.21) 0.04 
 Reaction time 1.08 (0.96, 1.21) 0.04 
    

zCRVE Model 3 1.03 (0.93, 1.14) 0.04 
 Fluid intelligence 1.02 (0.92, 1.14) 0.04 
 VSTM 1.02 (0.92, 1.14) 0.04 
 Prospective memory 1.03 (0.92, 1.14) 0.04 
 Reaction time 1.03 (0.93, 1.14) 0.04 
    

zAVR Model 3 1.09 (0.95, 1.24) 0.03 
 Fluid intelligence 1.09 (0.95, 1.26) 0.04 
 VSTM 1.09 (0.95, 1.25) 0.04 
 Prospective memory 1.09 (0.95, 1.25) 0.04 
 Reaction time 1.08 (0.94, 1.24) 0.04 
    

zFDa Model 3 0.86 (0.75, 0.98)* 0.04 
 Fluid intelligence 0.87 (0.76, 0.99)* 0.04 
 VSTM 0.86 (0.76, 0.98)* 0.04 
 Prospective memory 0.86 (0.75, 0.97)* 0.04 
 Reaction time 0.87 (0.76, 0.99)* 0.04 
    

zFDv Model 3 0.80 (0.68, 0.94)* 0.06 
 Fluid intelligence 0.81 (0.68, 0.96)* 0.07 
 VSTM 0.80 (0.68, 0.95)* 0.07 

 Prospective memory 0.80 (0.68, 0.95)* 0.06 

 Reaction time 0.80 (0.68, 0.95)* 0.07 
    

zATort Model 3 1.01 (0.92, 1.11) 0.04 
 Fluid intelligence 1.01 (0.91, 1.11) 0.04 
 VSTM  1.01 (0.92, 1.12) 0.04 
 Prospective memory 1.01 (0.92, 1.12) 0.04 
 Reaction time 1.01 (0.92, 1.12) 0.04 
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zVTort Model 3 1.04 (0.94, 1.15) 0.04 
 Fluid intelligence 1.05 (0.95, 1.17) 0.04 
 VSTM 1.05 (0.95, 1.16) 0.04 
 Prospective memory 1.04 (0.94, 1.16) 0.04 
 Reaction time 1.04 (0.94, 1.15) 0.04 

Table 7.4. Associations between retinal microvascular parameters and ACR ≥ 3 

mg/mmol from binary logistic regression models adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption, 

with additional adjustment for intake of listed dietary components (Model 3) with 

additional adjustment for cognitive function. OR: Odds ratio; 95% CI: 95% confidence 

interval; CRAE: central retinal arteriolar equivalent; CRVE central retinal venular 

equivalent; AVR: arteriovenous ratio; FDa/v: arteriolar and venular fractal dimension; 

A/VTort: arteriolar/venular tortuosity; VSTM: Visual short-term memory. *significant 

at the p<0.05 level.  

7.3.4. Creation of a combined cognitive score using principal component analysis. 

Principal components analysis of the main UKBB cognitive variables (fluid 

intelligence, VSTM, prospective memory, and reaction time) identified four 

components (See Table 7.5.). Three components (components 2, 3, and 4) had Eigen 

values below 1 and were discarded. Similarly, only component 1 was above the 

breakpoint of the scree plot (see Figure 7.4.). Component 1, referred to as the combined 

cognitive score hereafter, had an Eigen value of 1.60, and explained approximately 

40% of the variance of the included individual cognitive scores.  No variables in the 

combined cognitive score had factor loadings below the threshold for exclusion from 

the component (factor loading < 0.3). 

Variable Component 1 Component 2 Component 3 Component 4 

Eigenvalue 1.60 0.88 0.85 0.67 

Variance explained (%) 40 22 21 17 

 

Factor loadings for cognitive variables 

Fluid intelligence 0.57 -0.02 0.40 0.72 

VSTM  -0.43 -0.65 0.63 -0.03 

Prospective memory 0.56 0.09 0.45 -0.69 

Reaction time -0.42 0.76 0.49 0.08 

Table 7.5. Components (combined cognitive scores) identified using principal 

components analysis. VSTM: Visual short-term memory 
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Figure 7.4. Scree plot for components identified using principal components analysis 

(x-axis). PCA: Principal components analysis. 

 

7.3.5. Regression models of associations between albuminuria and the combined 

cognitive scores 

Associations between the combined cognitive score and ACR ≥ 3 mg/mmol are shown 

in Table 7.6. ACR ≥ 3 mg/mmol was not significantly associated with combined 

cognitive score in unadjusted or adjusted analysis. 

 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Combined cognitive variable -0.06 (-0.12, 0.00) -0.06 (-0.12, 0.00) -0.03 (-0.09, 0.02) 

Table 7.6. Associations between ACR ≥3 mg/mmol and the combined cognitive score from 

binary logistic regression models. Model 1: crude associations; Model 2: age and sex adjusted; 

Model 3: adjusted for age, sex, waist circumference, systolic blood pressure (BP), BP lowering 

medication use, diabetes mellitus, smoking status, ethnic background and alcohol 

consumption. β: linear regression beta coefficient; 95% CI: 95% confidence interval. 

*significant at the p<0.05 level. 
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7.3.6. Regression models of associations between retinal microvascular parameters 

and the combined cognitive score 

Associations between RVP and the combined cognitive score are presented in Tables 

7.7. No retinal microvascular parameters were associated with the combined cognitive 

score in any of the models tested.  

 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

zCRAE 0.00 (-0.07, 0.08) 0.01 (-0.06, 0.08) -0.05 (-0.12, 0.02) 

zCRVE 0.02 (-0.04, 0.09) 0.01 (-0.05, 0.08) -0.02 (-0.08, 0.04) 

zAVR 0.00 (-0.08, 0.09) 0.02 (-0.07, 0.10) 0.01 (-0.07, 0.09) 

zFDa -0.04 (-0.12, 0.04) -0.04 (-0.12, 0.04) -0.05 (-0.12, 0.02) 

zFDv 0.04 (-0.06, 0.14) 0.03 (-0.06, 0.13) 0.00 (-0.09, 0.09) 

zATort -0.01 (-0.07, 0.04) -0.01 (-0.07, 0.05) -0.02 (-0.08, 0.03) 

zCVTort -0.01 (-0.06, 0.05) 0.00 (-0.06, 0.06) -0.01 (-0.06, 0.05) 

Table 7.7. Associations between retinal microvascular parameters and cognitive 

function assessed via the combined cognitive score. Model 1: crude associations; 

Model 2: age and sex adjusted; Model 3: adjusted for age, sex, waist circumference, 

systolic blood pressure (BP), BP lowering medication use, diabetes mellitus, smoking 

status, ethnic background and alcohol consumption. β: linear regression beta 

coefficient; 95% CI: 95% confidence interval; CRAE: central retinal arteriolar 

equivalent; CRVE central retinal venular equivalent; AVR: arteriovenous ratio; FDa/v: 

arteriolar and venular fractal dimension; A/VTort: arteriolar/venular tortuosity. 

*significant at the p<0.05 level.  

 

7.3.7. Regression models of associations between retinal microvascular parameters 

and albuminuria adjusted for the combined cognitive score 

In Table 7.8., adjusted models are shown for the associations between RVP and ACR 

≥3 mg/mmol (see Chapter3, Section 3.3.2., Table 3.7., Model 3) with additional 

adjustment for the combined cognitive score. Neither McFadden’s pseudo r2, a 

measure of the fit of logistic regression models, nor the OR indicating risk of ACR ≥3 

mg/mmol, were substantively affected by additional adjustment for the combined 

cognitive score. Additional adjustment for cognitive function, therefore, did not alter 

the effect size or improve the fit of the adjusted models. As with associations in Models 

1 to 3 (see Chapter3, Section 3.3.2.), significant associations were found between 

greater arteriolar and venular FD and odds of ACR ≥ 3 mg/mmol after additional 

adjustment for the combined cognitive score. For example, a standard deviation 

increase in arteriolar fractal dimension was significantly associated with 0.87 (95% 
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CI, 0.76, 0.99) times the risk of ACR ≥ 3 mg/mmol. There were no significant 

associations between any other RVP (CRAE, CRVE, AVR, or tortuosity) and ACR ≥ 

3 mg/mmol 

 Model 3  Model 4  

 

OR (95% CI) McFadden’s 

r2 OR (95% CI) 
McFadden’s 

r2 

zCRAE 1.08 (0.96, 1.21) 0.03 1.09 (0.97, 1.23) 0.04 

zCRVE 1.03 (0.93, 1.14) 0.04 1.03 (0.93, 1.15) 0.04 

zAVR 1.09 (0.95, 1.24) 0.03 1.08 (0.94, 1.25) 0.04 

zFDa 0.86 (0.75, 0.98)* 0.04 0.87 (0.76, 0.99)* 0.04 

zFDv 0.80 (0.68, 0.94)* 0.06 0.81 (0.69, 0.96)* 0.07 

zATort 1.01 (0.92, 1.11) 0.04 1.01 (0.92, 1.11) 0.04 

zVTort 1.04 (0.94, 1.15) 0.04 1.05 (0.95, 1.17) 0.04 

Table 7.8. Associations between retinal microvascular parameters and ACR ≥ 3 

mg/mmol from binary logistic regression models adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption, 

with additional adjustment for the combined cognitive score. OR: Odds ratio; 95% CI: 

95% confidence interval; CRAE: central retinal arteriolar equivalent; CRVE central 

retinal venular equivalent; AVR: arteriovenous ratio; FDa/v: arteriolar and venular 

fractal dimension; A/VTort: arteriolar/venular tortuosity. *significant at the p<0.05 

level.  

 

7.4. Discussion 

This cross-sectional case-control study, in a subset of the UKBB population, explored 

the potential confounding influence of cognitive impairment on associations between 

RVP and ACR. Additionally, associations between ACR and cognitive function were 

assessed and the relationship between RVP, as non-invasive measures of vascular 

health, and cognitive function was modelled.   

Greater risk of albuminuria was found to be significantly associated with slower 

reaction time following adjustment for age, sex, waist circumference, systolic blood 

pressure, blood pressure-lowering medication usage, presence of diabetes mellitus, 

smoking history, ethnicity, and alcohol consumption. Although statistically 

significant, the effect size of the association was small, only equating to a difference 

of around 8 milliseconds, with the standard deviation around 100 milliseconds. 

Similarly, ACR ≥ 3 mg/mmol was not significantly associated with fluid intelligence, 

VSTM, prospective memory or a combined cognitive score (g factor). 



241 

 

There has been considerable interest in the association between renal health and 

cognitive function since the conception of the present analyses. In 2017, two meta-

analyses of observational studies showed consistent associations between higher 

albuminuria and poorer cognitive function and dementia. Moreover, both AD and 

vascular dementia risk were increased with albuminuria. In contrast, no association 

between estimated glomerular filtration rate (eGFR) and cognitive function was 

found.40,58 These findings contrast the null findings in the present analysis. More 

recently, several studies have confirmed the findings of these meta-analyses. In the 

Maastricht study, albuminuria (but not eGFR) was associated with slower processing 

speed.59 Poorer  memory after 12 years of follow-up was predicted by albuminuria in 

the AusDiab study.60 Likewise, data from the Finnish Health 2000 survey indicated 

albuminuria was associated with impaired word-list learning and a slower reaction in 

a cross-sectional analysis, and with a greater decline in word-list learning after 11 years 

of follow-up.61  In a Chinese clinical population, MMSE scores were associated with 

albuminuria, especially in older aged individuals and in those with diabetes.62 In 

contrast, in a study of community-dwelling individuals in Japan, cognitive function 

was negatively associated with both eGFR and albuminuria.63 Similarly, data from the 

SPRINT trial indicated that both eGFR and albuminuria were associated with 

cognitive function,64 and in the NHANES data, eGFR and albuminuria were associated 

with poorer scores on the Digit Symbol Substitution Test of the Wechsler Adult 

Intelligence Scale III.65 Interestingly, in the BRINK study, eGFR, in line with findings 

from meta-analyses, was not associated with cognitive function in general, but was, 

however, associated with cognitive function in those with albuminuria,66 suggesting 

that damage resulting in albuminuria may increase the susceptibility of the brain to 

damage resulting from reduced renal function. Moreover, albuminuria has also been 

associated with physical signs of cerebral damage, including cortical thinning,67 

reduction in grey matter volume,68,69 and increased white matter lesions.67,69 Overall 

the recent literature provides strong support for associations between albuminuria and 

cognitive impairment and contrasts the present findings. The UKBB population 

provides a possible explanation for the null findings presented in the present analyses. 

The UKBB dataset is composed of relatively healthy adults from around the UK with 

a mean age of 57 years.70 Previously, albuminuria was found to be associated with 

cognitive function predominantly in older participants with diabetes.62 It may be that 
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the relative health of the UKBB population resulted in the lack of association observed 

in contrast to recent findings.  

For associations between RVP and cognitive measures, greater arteriolar calibre 

(CRAE) was significantly associated with reduced fluid intelligence (Model 3: β = -

0.13, 95% CI -0.26, -0.01) and in both the unadjusted analysis and age and sex adjusted 

analysis, and greater FDv was also significantly associated with greater fluid 

intelligence (β = 0.19, 95% CI 0.02, 0.37 for both model 1 and model 2). However, 

following adjustment for age, sex, waist circumference, systolic blood pressure, blood 

pressure-lowering medication usage, presence of diabetes mellitus, smoking history, 

ethnicity, and alcohol consumption, there was no significant association between FDv 

and fluid intelligence indicating that associations with fluid intelligence may be 

explained by known confounding factors such as blood pressure (BP) and DM. 

Moreover, although the association between arteriolar calibre (CRAE) and fluid 

intelligence was statistically significant, the effect size was small and not likely to be 

of use clinically with a standard deviation increase in CRAE being associated with 

approximately 1 tenth of one point reduction in fluid intelligence on a 13 point test. 

Likewise, RVP were not significantly associated with VSTM, prospective memory 

reaction time or the combined cognitive score (g factor) in any of the tested models.  

A systematic review from 2013 showed consistent associations between overt retinal 

microvascular changes (retinopathy) and both cognitive impairment (specifically 

reduced processing speed) and cerebral pathology (lacunar and subcortical infarcts),71 

and highlighted findings from the Rotterdam study showing an association between 

venular widening and dementia.71 Such findings support the proposed utility of RVP 

as markers of cerebrovascular damage relevant to cognitive impairment and dementia. 

A more recent meta-analysis from 2016 found significant associations between 

retinopathy and both dementia and vascular dementia, but no significant association 

between retinopathy and AD.37 In addition, associations between measures of retinal 

microvascular calibre (CRAE and CRVE) and AD were not significant, indicating that 

RVP may not provide information on dementia risk.37 However, this data was pooled 

from only three studies, with high heterogeneity (I2 = 96% and 95% for CRAE and 

CRVE respectively) with results from two of the three included studies showing 

significant associations for both CRAE and CRVE, highlighting the need for further 

research into associations between RVP and cognitive function.37 Associations 
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between fractal dimension and AD in this meta-analysis were likewise drawn from 

only three studies and were non-significant,37 again highlighting the value of further 

research in this area. 

Several other recent studies have reported results relating to associations between RVP 

and cognitive function. In newly diagnosed type 2 diabetes, higher venular tortuosity 

was associated with cognitive impairment72,73 and smaller arteriolar fractal dimensions 

were associated with vascular cognitive impairment (but not AD) in a small study of 

around 60 participants.74 While another small study reported that patients with AD had 

lower retinal microvascular FD.39 In larger studies, results have been inconclusive. In 

the Pittsburgh Epidemiology of Diabetes Complications Study, a rapid reduction in 

CRAE during the preceding years was associated with cognitive impairment. This 

might indicate that the speed of change in microvascular health is important, a 

possibility that should be considered in future longitudinal studies.75 In the ARIC 

study, retinopathy was associated with faster cognitive decline over 20-year period.76 

and CRAE was associated with all-cause dementia77  and the Epidemiology of 

Dementia in Singapore study found that sparser retinal microvascular networks 

(reduced fractal dimensions) were associated with poorer verbal memory, 

visuoconstruction and visuomotor speed.78 In contrast, and consistent with the present 

study, findings from the Lothian Birth Cohort in Lowland Scotland, a region included 

in the UKBB study, showed only nominally significant associations between RVP and 

cognitive function.79 This may indicate that, in the UK population, there is little 

association between RVP and cognition. Compared to the US populations of the ARIC 

and Pittsburgh Epidemiology of Diabetes Complications studies, UK populations may 

differ considerably with regards to genetic traits, retinal pigmentation, and prevalence 

of comorbidities relevant to RVP, cognitive function and albuminuria.  

In addition to associations with cognitive impairment, recent studies have also reported 

associations between RVP and cerebral pathology. In obese adolescents, larger retinal 

arteriole diameter was associated with less cerebral atrophy and larger hippocampal 

volumes. This may indicate the utility of retinal measures of vascular health in 

adolescents and young adults with sufficient vascular risk.80 However, similarly to 

their findings with cognitive function, only nominal associations were found between 

RVP and white matter hyperintensities (a.k.a. leukoaraiosis) in the Lothian Birth 

Cohort.81 In contrast, overt microvascular changes, as seen in retinopathy, are 
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associated with white matter damage (leukoaraiosis and incident subclinical infarcts) 

resulting from small vessel disease.82 These findings may indicate that the alterations 

in retinal microvascular geometry measured by RVP reflect early vascular alterations 

that may or may not progress to overt vascular complications. 

The present study also explored the potential confounding influence of cognitive 

impairment on associations between RVP and ACR. Confounding variables are 

variables associated with both the dependent and independent variable of interest. 

Given the lack of association between ACR and cognitive function, the present 

analysis did not support the hypothesised role for cognitive function as a confounding 

influence for associations between RVP and ACR. As such, associations between RVP 

and ACR > 3 mg/mmol were not affected substantially in either their effect size, 

significance level or pseudo r2 (see Tables 7.4. and 7.8., and Chapter 3, Section 3.3.2., 

Table 3.7., Model 3). 

7.4.1 Strengths 

The strengths of this study included a large study sample (total n = 6998, with retinal 

measurements for n=1,877) and sufficient statistical power to detect associations 

between RVP and ACR ≥ 3 mg/mmol. A range of RVP were assessed, allowing for 

novel associations to be tested. The RVP provided a non-invasive in vivo 

microvascular assessment using widely available imaging equipment. Inter-grader 

reliability, which was assessed using ICCs, for RVP was excellent (see Chapter 3, 

Section 3.2.2., Table 3.2.). The cognitive tests used covered a variety of cognitive 

domains including VSTM, prospective memory, fluid intelligence and reaction 

time/processing speed. In addition, a combined cognitive score, or g factor, was 

calculated using PCA which had an Eigen value of 1.60 and explained around 40% of 

the variance observed in the cognitive variables. Previous studies based on g factors 

derived from PCA of the cognitive measures within the UKBB similarly found a single 

factor with an Eigen value of 1.60 which explained 40% of variance observed in the 

UKBB data.83 Use of data from the UKBB study allowed for adjustment for important 

potential confounding variables in the regression models constructed such as waist 

circumference, systolic BP, use of blood pressure-lowering medication and presence 

of diabetes. Obesity and central obesity during midlife are associated with greater 

dementia risk,84–86 hypertension is associated with pathological vascular and 

cerebrovascular changes87 as well as increased risk of demetia,88–90 in all but the oldest 
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of adults.91 Similarly, diabetes is associated with increased risk of dementia,92 even 

with diagnosis at a senior age.93 The dementia risk conferred by diabetes differs 

between men and women, with women being particularly susceptible to vascular 

dementia with diabetes.92  

7.4.2. Limitations 

This study assessed cross-sectional data only and prospective and retrospective 

associations could not, therefore, be assessed. Cases and controls were selected based 

on the clinical ACR thresholds (ACR ≥ 3 mg/mmol being inclusive of albuminuria 

stages A2 and A3).94 While this provides a useful indication of renal damage 

associated with increased mortality, clinical diagnosis of renal disease also includes 

measurement eGFR < 60 ml/min/1.73m² and the associations found in this study may 

not extend to individuals identified based on eGFR. Secondly, to avoid misdiagnosis, 

clinical diagnosis requires two measurements of ACR conducted at least 3 months 

apart. However, categorising study participants has been common practice in 

epidemiological research due to the impracticality and increased costs required for 

additional ACR and eGFR measurements.  

As noted in Chapter 3, Section 3.2.2., macula centred images were used. VAMPIRE 

software was optimised for use with optic disc centred images. Additionally, the 

UKBB image acquisition protocol limited image acquisition time and resulted in a 

high proportion of images of inferior quality unsuitable for use with VAMPIRE. These 

issues led to a high rejection rate which has been discussed further in Chapter 3, 

Section 3.3.1. However, the study was well-powered, despite the level of image 

rejection. 

On the other hand, multiple testing may have increased the risk of type-1 error. Using 

a bonferonni-adjusted alpha value to correct for multiple comparison, associations 

between cognitive scores and ACR could be considered statistically significant when 

p values are below an aphla value of 0.01 and associations between RVP and cognitive 

scores could be considered statistically significant when p values are below an aphla 

value of 0.001. Using these more stringent criteria, no statistically significant 

associations were detected for any associations tested after adjustment in models 3 and 

4. Therefore, the associations between reaction time and albuminuria detected using 

the unadjusted alpha of 0.05 should be replicated in other populations. 
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Clinical assessment of dementia relies on tests such as the MMSE, Montreal Cognitive 

Assessment (MoCA) and General Practitioner Assessment of Cognition (GPCOG) etc. 

The UKBB used a variety of brief cognitive assessments but did not conduct these 

standard clinical assessments in their main dataset. As a result of the use of non-clinical 

cognitive assessments, the findings of the present study may not be generalisable to 

clinical definitions of cognitive function and dementia. Replication of the present 

findings in population-based studies with more commonly used cognitive tests such as 

the MMSE, MoCA, GPCOG, Mini-cog, and Addenbrooke’s Cognitive Examination 

(ACE-R) would provide for more generalisable associations using better-validated 

questionnaires.95  Moreover, it has been noted previously that the VSTM assessment 

used in the UKBB carries a higher degree of measurement error than other cognitive 

tests and may bias results toward the null.83 The measures of cognitive function used 

by the UKBB study therefore limit the generalisability and clinical applicability of the 

findings.  

7.5. Concluding remarks  

In this nested, cross-sectional, case-control sub-study within the UKBB, we found an 

association between reaction time and albuminuria (ACR ≥ 3 mg/mmol) but found no 

significant associations between albuminuria and fluid intelligence, prospective 

memory, or VSTM. Greater arteriolar calibre (CRAE) was nominally significantly 

associated with reduced fluid intelligence following adjustment for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption. 

There was some evidence, therefore, in support of rejecting the null hypothesis. In 

binary logistic regression models evaluating association of albuminuria with RVP as 

the independent variables of interest, additional adjustment for cognition did not 

substantively alter the model outcomes. Taken together, the results of the present study 

do not provide sufficient evidence that future studies assessing associations between 

RVP and renal function should include cognitive measures. 
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8.1 Introduction 

Diet and nutritional intake are associated with important risk factors for chronic kidney 

disease (CKD) including type 2 diabetes1 and hypertension,2 yet dietary guidelines for 

the prevention of CKD are lacking due to a dearth of evidence. Dietary habits have 

also shown associations with RVP in a number of studies (see Chapter 9 for further 

details) and therefore constitute an important potential confounder for associations 

between renal function and RVP. 

8.1.1 Introduction to dietary requirements for health. 

Dietary intake of a range of substances is required to maintain life. These essential 

nutrients (see Table 8.1) are substances normally obtained from the diet that cannot be 

synthesised endogenously and include water, nine essential amino acids,3 two essential 

fatty acids,4 several vitamins and a range of chemical elements.5 Failure to obtain any 

of these substances is associated with specific deficiency disorders.6 Each essential 

nutrient is also associated with harmful effects or toxicity when accumulated in 

excess.7 The effects of diet on health are, however, more complex than maintenance 

of essential nutrient intake. In addition to the essential nutrients, there are a variety of 

conditionally essential nutrients which are normally synthesised endogenously but 

cannot be synthesised in sufficient quantities in certain circumstances. For example, 

creatine, which can normally be synthesised endogenously, has recently been proposed 

as conditionally essential in CKD as a result of reduced production of the requisite 

enzyme, arginine: glycine amidinotransferase, by the kidneys.8 Moreover, foods are 

complex mixtures of molecules which also contain non-essential nutrients and non-

nutrients.  

Nutrient digestion and absorption are affected by the presence of other nutrients, non-

nutrients, food preparation methods and disease states. Several nutrients are liable to 

heat,9 or freeze-thaw cycles,10 while water-soluble vitamins can dissolve from foods 

into the water during boiling and are often discarded. Moreover, the specific matrix 

provided by the food containing a given vitamin alters its liability to degradation.9,10 

Conversely, consumption of fat-soluble vitamins with fats and oils has been shown to 

improve absorption11 while other vitamins and coenzymes aid absorption of various 

nutrients. One notable example is vitamin C aiding the absorption of iron.12 Several 

vitamins and minerals share absorption mechanisms and high intakes of one element 
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may increase the risk of deficiency of another. High iron intakes, for example, may 

inhibit zinc absorption.12 

Non-nutrient molecules in food can also inhibit absorption. Phytates, present in fibrous 

whole-grains, are examples of substances which bind to a variety of essential elements 

and prevent their absorption.13 On the other hand, fibre aids digestive health,14 while 

high dietary intake of substances such as curcumin (a.k.a. diferuloylmethane, from 

turmeric), isothiocyanates (from cruciferous vegetables) and polyphenols (a diverse 

group of bioactive molecules present in highest quantities in various herbs, spices, tea, 

chocolate and red wine) act on inflammatory pathways and have been associated with 

reduced risk of a range of conditions including cardiovascular disease (CVD) and 

diabetes.15,16  

Complex mixtures of nutrient and non-nutrient molecules are present in all foods with 

the exception of highly refined products such as white sugar and white flour. When 

these facts are superimposed onto the food culture of a region, including common 

preparation and storage methods, some of the difficulties in assessing the effects of 

diet on human populations can be understood. As a result of these complex 

interactions, studies of single nutrients or foods are problematic and are often unlikely 

to reflect associations with dietary interventions in free-living populations. Similarly, 

public health messaging and patient advice cannot account for the totality of 

interactions between nutrient and non-nutrient constituents of the diet.  

8.1.2 Diet and chronic kidney disease 

8.1.2.1 Dietary protein 

Reductions in renal function are related to a variety of dietary concerns including 

dietary intake of protein, phosphate, salt, potassium and calcium. In those with CKD, 

excessive protein intake can lead to the accumulation of uraemic toxins as a result of 

the reduced renal clearance rate. In those with reduced renal function (eGFR in range 

55-80 ml/min/1.73 m2) for instance, greater protein intake has been associated with 

greater reductions in renal function over a 4 year period.17 With non-dairy animal 

protein intake having the greatest effect.17 It is not known why protein from dairy 

sources should have differing associations from meat in this context. Dairy proteins 

contain similar proportions of amino acids to meat proteins but dairy also contains 
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several factors which help regulate glycaemic control,18 a fact that highlights the 

complex interactions between food constituents in the diet. Despite the association 

between high protein consumption and CKD progression, the potential effects of 

protein restriction beyond typical dietary levels in those with reduced renal 

function appear to be limited. The modification of diet in renal disease (MDRD) 

study19 studied the effects of low protein diets on those with CKD using a 

randomised controlled trial design. In subjects with a GFR of 25-55 ml/min/1.73 

m2, low protein intake (0.58 g/kg/day) did not significantly alter reduction in renal 

function over 2 years in comparison to normal protein intakes (1.3 g/kg/day).19  
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Essential nutrient class Essential nutrient 

Essential amino acids Phenylalanine 

Valine 

Threonine 

Tryptophan 

Methionine 

Leucine 

Lysine 

Isoleucine 

Histidine 

Essential fatty acids Omega-3, specifically, alpha-linolenic acid. 

Omega-6, specifically, linolenic acid. 

Vitamins Vitamin A (retinol and related compounds) 

Vitamin B1 (thiamine) 

Vitamin B2 (riboflavin) 

Vitamin B3 (niacin) 

Vitamin B5 (pantothenic acid) 

Vitamin B6 (pyridoxal 5’-phosphate and related compounds) 

Vitamin B7 (biotin) 

Vitamin B9 (folate) 

Vitamin B12 (cobalamin) 

Vitamin C (ascorbic acid) 

Vitamin D (cholecalciferol and related compounds) 

Vitamin E (tocopherols, tocotrienols and related compounds) 

Vitamin K (phylloquinone and related compounds) 

Elements Include, but are not limited to: 

Sulphur 

Potassium  

Chlorine (as chloride) 

Sodium  

Calcium 

Phosphorus 

Magnesium 

Iron 

Zinc 

Manganese 

Copper 

Iodine 

Chromium 

Molybdenum 

Selenium 

Cobalt 

Table 8.1. Essential nutrients 
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Likewise, in subjects with GFR of 13-24 ml/min/1.73 m2, a very low protein diet 

0.28 g/kg/day plus supplementation with keto-amino acids) did not significantly alter 

reductions in renal function compared to a low protein diet 0.58 g/kg/day but was 

associated with an increased mortality rate.19 Meta-analyses of randomised controlled 

trials assessing the effects of low protein diets on CKD progression have shown a small 

reduction in risk with a very low protein diet,20–24 with a 2018 Cochrane review 

reporting no difference in mortality or progression to end stage renal disease (ESRD) 

in those on a low protein diet compared to normal protein diet,24 but a reduced risk of 

ESRD in individuals on a very low protein diet compared to a low protein diet with no 

significant change in mortality rate.24  

8.1.2.2 Dietary salt and potassium 

In the absence of contraindications, salt intake is recommended to be reduced to < 5g 

per day in those with CKD.25 Greater salt intake is associated with  increased blood 

pressure26–29 and albuminuria,26,29–31 and is therefore likely to drive loss of renal 

function. Reductions in dietary potassium may also be recommended to individuals 

with ESRD, especially when hyperkalaemia is present.32 In ESRD, hyperkalaemia 

becomes an important source of cardiovascular risk as a result of the inability to 

excrete potassium via the urine.32 However, in the general population potassium 

supplementation is associated with reduced blood pressure,28 and may, therefore, be 

protective against CKD. 

8.1.2.3 Dietary calcium, phosphate and vitamin D. 

Although vascular calcification is an important complication in CKD, there appears to 

be no association between serum calcium and mortality in individuals with CKD stages 

1-4,33 and current guidelines do not acknowledge target serum calcium levels due to a 

lack of evidence.25  

The richest sources of phosphate in the diet are meat (especially fish and offal), dairy, 

legumes, chocolate and phosphate-containing food additives.34 Serum phosphate is 

associated with increased vascular calcification,35
 and mortality33 and individuals 

with renal function lower than a GFR of < 45 ml/min/1.73 m2 are recommended to 

have advice and treatment to ensure serum phosphate levels are maintained at 

normal levels defined by local laboratories.25  
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Vitamin D deficiency is common in both CKD and the general population,36,37 with 

those with ESRD at particular risk,38 and is associated with CVD mortality.37,39 

Supplementation is, however, not advised without suspected or recorded deficiency.25 

 

8.1.2.4 Dietary bicarbonate 

Those with CKD often have reduced bicarbonate production and greater net 

endogenous acid production.40 Individuals with CKD and serum bicarbonate < 22 

mmol/l are advised to supplement bicarbonate orally to obtain normal serum levels.25 

In the Multi-Ethnic Study of Ageing (MESA) study, one standard deviation decrease 

in serum bicarbonate was associated with ~10% odds of a reduction in renal function 

exceeding 5% annually.41 A number of foods contain bicarbonate (leavened baked 

foods, effervescent drinks, and food colourants all contain bicarbonate) while a range 

of foods favour endogenous bicarbonate production or increase endogenous acid load 

and may act to reduce serum bicarbonate levels. Dietary acid load, which is an estimate 

of the endogenous production of acid resulting from eaten foods rather than the pH of 

those foods, has also been positively associated with ESRD incidence in the NHANES 

cohort.42  

8.1.2.5 Dietary pattern analysis and chronic kidney disease 

To better understand healthy dietary intake in target populations, a dietary pattern-

based approach may prove more informative than studies of individual nutrients as 

dietary patterns consider the complex milieu of consumed nutrients and account for 

synergistic and competitive interactions between dietary components of both known, 

and as yet unknown, mechanistic action.43 Indeed, recent guidelines for the prevention 

and management of CKD-related conditions such as cardiovascular disease and 

diabetes have focused on dietary pattern-based recommendations.43,44 

Associations between dietary patterns and CKD have been investigated previously. 

Most studies to date have focused on a-priori derived dietary patterns, a score based 

approach which indicates adherence to a particular predefined diet.  Using this a-priori 

based approach, the DASH (Dietary Approaches to Stop Hypertension) and the 

Mediterranean diet have both been studied in the context of CKD.45–51 A DASH-style 

diet has previously been reported to lower the risk of cardiovascular disease,52 type 2 
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diabetes,1 stroke,53 and cancer,54 and reduce the risk of kidney stone formation.55 

Consumption of a Mediterranean style diet has also been associated with lower risk of 

diabetes and cardiovascular disease.56 Previous studies have reported associations 

between increased adherence to the DASH diet and reduced risk of estimated 

glomerular filtration rate (eGFR) decline45 and CKD.46,47,57 Greater adherence to a 

Mediterranean style diet has also been associated with improved creatinine 

clearance,48 reductions in CKD,49,50,58 rate of eGFR decline,49 and albuminuria.51 

Furthermore, a recent meta-analysis of dietary pattern studies has shown that among 

individuals with CKD, healthy dietary patterns are associated with lower mortality, 

but no reduction in risk of ESRD.59 

In contrast to the a-priori approach, an a-posteriori approach using factor analysis to 

identify existing dietary patterns within a study population can also be used. Such a-

posteriori derived dietary patterns have been examined in relation to renal function 

and damage in a limited number of studies based in the US45,60,61 and China,62 but there 

is a lack of evidence in European populations. Of those conducted in the US, the 

Nurses’ Health Study found that consumption of a “Western” dietary pattern was 

associated with albuminuria while a “Prudent” dietary pattern was not associated with 

albuminuria or reduced renal function.45 Similarly, in the MESA study, dietary patterns 

characterised by consumption of low-fat dairy, wholegrains, fruits and vegetables were 

associated with lower urinary albumin/creatinine ratio.60  In contrast, the Reasons for 

Geographic and Racial Differences in Stroke study identified a more diverse set of 

dietary patterns that reflected the South-Eastern US locality of the study.61 They found 

no associations with ESRD but reported higher mortality rates in those with CKD who 

were consuming a “Southern” dietary pattern, characterised by greater intake of fried 

food, organ meats, and sweetened beverages, and lower rates in those consuming a 

“Plant-based” dietary pattern. Another study, based in China, noted that the 

associations between dietary patterns and CKD were heavily influenced by industrial 

pollutants, with conceptually healthy traditional diets being associated with increased 

CKD risk,62 further highlighting the importance of locally relevant dietary pattern 

identification. 

Population-specific dietary patterns have the advantage of cultural specificity 

and may facilitate a better understanding of the importance of specific foods/food 

groups present or absent in other healthy dietary patterns such as the Mediterranean 
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and DASH diets. The aim of this study was to examine the association between a-

posteriori dietary patterns and renal function identified within a highly specific cohort 

of older women with relatively stable and restricted lifestyle behaviours. The study 

tested the following null hypothesis: 

H01: There is no association between a-posteriori derived dietary patterns and 

reduced renal function (< 60 mL/min/1.73m2) in the INES study. 

8.2 Methods 

8.2.1 Study design and population 

The current study used data collected as part of the Irish Nun Eye Study (INES), a 

cross-sectional study which primarily examined potential associations between age-

related macular degeneration (AMD) and light exposure in Irish nuns, a well-

characterised and homogenous population. Participants were recruited from 126 

convents across Ireland between 2007 and 2009.  For inclusion, participants had to be 

of Irish descent, white ethnicity, aged ≥55 years, and resident in a convent for 25 years 

or more. This research was conducted in line with the Declaration of Helsinki. The 

Office for Research Ethics Committee Northern Ireland granted ethical approval prior 

to the commencement of research and informed written consent was obtained from all 

participants. The study design and sampling procedures have been previously 

described.63–65 

8.2.2 Variables and data collection. 

All measurements were carried out within the convents by trained researchers. Food 

intake was estimated using the validated semi-quantitative food frequency 

questionnaire (FFQ) of the Scottish Collaborative Group.66 Participants recorded the 

frequency of consumption of 170 foods of specified portion sizes during the 2-3 

months preceding the completion of the questionnaire. Food portion size photographs 

were also used to aid portion size estimation. Only complete FFQs were included for 

analysis. FFQ data were subsequently converted into grams using the standardised 

Food Portion Sizes.67  

Blood samples were obtained from participants and frozen at -80◦C until analysis. 

Renal function was measured as eGFR calculated from serum creatinine values using 

the CKD-EPI equation.68 Those with eGFR < 60 ml/min/1.73 m2 were classified as 
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having CKD. Renal function was further divided into moderately reduced renal 

function, eGFR < 60 ml/min/1.73 m2 but greater than 30 ml/min/1.73 m2, and severely 

reduced renal function, eGFR < 30 ml/min/1.73 m2.  

A structured interview was conducted to obtain lifestyle and demographic data, 

including age, alcohol intake, smoking history, and self-reported disease status. Height 

and weight were measured and body mass index (BMI) calculated as weight (kg) / 

height (m2). 

8.2.3 Statistical analyses 

Statistical analyses were conducted on IBM SPSS v24 (Chicago, Illinois, USA). 

Continuous variables were summarised using means and standard deviations, all 

continuous variables were normally distributed. Categorical variables were 

summarised using frequencies and percentages. The dietary pattern analysis has 

previously been described by Neville et al.65 In brief, the food items present in the FFQ 

were manually grouped into 38 food groups based on macronutrient content and food 

type (Supplementary Table S1). Dietary patterns were generated from the food groups 

using principal component analysis with Varimax rotation.69,70 

Factors above the breakpoint on the scree plot were retained. Food groups with factor 

loadings greater than 0.2 were included in further analysis. Weighted factor scores 

were computed for each participant by summing the intakes of food groups and 

weighting by their factor loading. Dietary pattern scores generated from principal 

component analysis were analysed according to fifths of adherence to the dietary 

pattern, with the lowest fifth (reference category) reflecting lowest adherence to the 

dietary pattern and highest fifth reflecting highest adherence to the dietary pattern. 

One way analysis of variance (ANOVA) was used to test for differences in means 

between fifths for continuous variables. Student-Neuman-Keuls (SNK) post-hoc test 

was used for comparison between fifths controlling for multiple comparisons. Kruskal-

Wallis test was used to examine differences between fifths for categorical variables. 

Post-hoc pairwise comparisons were conducted using Mann-Whitney U tests to 

determine the location of any differences.  

Multivariable linear regression was used to calculate the difference in mean eGFR (and 

95% CIs) between fifths of dietary pattern adherence and to calculate differences in 



266 

 

means adjusted for covariates described below. Logistic regression was used to 

calculate odds ratios (and 95% CIs) for the association between dietary pattern 

adherence and risk of CKD (based upon eGFR < 60 ml/min/1.73 m2) and calculate 

ORs adjusted for the covariates described below. For multivariable linear and logistic 

regression analyses three models were used: Model 1: unadjusted model; Model 2: 

adjusted for age and BMI and Model 3: adjusted for age, BMI, alcohol intake, smoking 

history, presence of diabetes, history of cerebrovascular accident, clinical diagnosis of 

hypertension, and history of ischaemic heart disease. Variables included within 

adjusted models were known associated CKD risk factors. 

8.3 Results 

8.3.1 Population characteristics 

FFQ data were obtained for 1,033 participants. Principal component analysis identified 

two major dietary patterns that were labelled as ‘healthy’ (factor 1) and ‘unhealthy’ 

(factor 2) and which together accounted for 16% of the sample variance. These dietary 

patterns comprise foods for which intake is most closely correlated and constitute 

naturally occurring dietary patterns. The factor loadings for both dietary patterns are 

presented in Table 8.2.  The ‘healthy’ dietary pattern was defined (in decreasing order 

of factor loadings) by lutein/zeaxanthin-rich vegetables, green leafy vegetables, 

alliums, vegetables, fruit, tomatoes, legumes, nuts, oily fish, low fat dairy products, 

pizza, dressings/sauces/condiments, wholegrain breakfast cereal and red meat. The 

‘unhealthy’ dietary pattern was defined (in decreasing order of factor loadings) by 

crisps, chips, alcohol, high fat dairy products, soups, desserts, sugars and sweets, 

wholegrains, dressings/sauces/condiments, processed meat, potatoes, eggs, refined 

grains, refined breakfast cereal, chocolate, vegetables, red meat, white fish and 

shellfish.   

The mean age of participants was 76 years (standard deviation [SD]: 8; Table 8.3), and 

according to BMI classification 41% (n = 421) were of normal weight. Approximately 

3% (n = 31) had diabetes, hypertension had been clinically diagnosed in 60% (n = 566) 

of participants, and 61% (n = 557) of participants had CKD stage 3-5 (eGFR < 

60ml/min/1.73m2). 

Significant differences in age (p < 0.001) and BMI (p = 0.03) were observed across 

the fifths of the healthy dietary pattern (Table 8.3). Those who adhered least to the 
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healthy diet (lowest fifth) were significantly older, whereas those who adhered most 

to the healthy dietary pattern (highest fifth) were significantly younger. There were no 

differences in the prevalence of hypertension, ischaemic heart disease, cerebrovascular 

accident, diabetes, alcohol status, or smoking status across fifths of the healthy dietary 

pattern and no differences were found in the prevalence of CKD stage 3-5, moderately 

reduced renal function, or severely reduced renal function across the categories. 

For the unhealthy dietary pattern, significant differences across categories were 

observed for age (p = 0.01), smoking history (p = 0.03), alcohol use (p < 0.001), and 

diabetes mellitus (p = 0.007). No other significant differences were observed.  The 

prevalence of CKD stage 3-5 differed across categories of the unhealthy dietary pattern 

with pairwise comparisons indicating fewer participants in the lowest fifth, i.e. less 

adherence to an unhealthy diet, with CKD stage 3-5 compared to all other categories 

(Table 8.4). 

8.3.2 Associations between dietary patterns and renal function 

There was no evidence of a difference in the mean eGFR by category of healthy dietary 

pattern adherence before or after adjustment for covariates (Table 8.3 and Figure 8.1). 

In contrast, there was evidence of a significant difference in the mean eGFR by 

adherence category to the unhealthy dietary pattern (Table 8.4 and Figure 8.2) with an 

association of lower eGFR in Model 1 (unadjusted, p for trend < 0.001), Model 2 

(adjusted for age and BMI p = 0.002), and Model 3 (adjusted for age, BMI, alcohol 

intake, smoking history, presence of diabetes, history of cerebrovascular accident, 

clinical diagnosis of hypertension, and history of ischaemic heart disease, p < 0.001). 

Specifically those in the highest fifth of the unhealthy dietary pattern, i.e. greatest 

adherence, had significantly lower mean eGFR than those in the lowest fifth in the 

unadjusted model by an average 7 ml/min/1.73m2 (60 ml/min/1.73m2 for lowest fifth 

versus 53 ml/min/1.73m2 for highest fifth, p < 0.001, Table 8.4) and this remained 

significant following adjustment for confounding variables (Models 2 and 3). 

Specifically, in the fully adjusted model, the difference in renal function between those 

in the highest and lowest fifths for the unhealthy dietary pattern was 6 ml/min/1.73m2 

(95% confidence interval [CI] -9, -3, p < 0.001, Table 8.4). 
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 Dietary Patterns Identified by principal 

component analysis 

 Healthy Unhealthy 

Food groups (factor 1) (factor 2) 

   

Red meat  0.263 0.234 

Processed meat  - 0.369 

White fish and 

shellfish - 0.224 

Oily fish 0.375 - 

Refined grains  - 0.302 

Wholegrains  - 0.385 

Potatoes - 0.359 

Chips - 0.511 

Crisps  - 0.554 

Pizza  0.297 - 

Low-fat dairy 0.305 - 

High-fat dairy - 0.466 

Eggs  - 0.356 

Dressings  0.29 0.382 

Desserts  - 0.436 

Chocolate  - 0.252 

Sugars and sweets  - 0.415 

Nuts 0.386 - 

Soups - 0.452 

Alcohol  - 0.482 

Fruit 0.517 - 

Vegetables  0.558 0.243 

Lutein-/zeaxanthin 

rich vegetables  0.714 - 

Green leafy 

vegetables  0.696 - 

Legumes  0.429 - 

Alliums  0.59 - 

Tomato 0.454 - 

Refined breakfast 

cereal  - 0.256 

Wholegrain breakfast 

cereal  0.274  - 

Table 8.2. Factor loadings for food groups in dietary pattern analysis. Factor loadings under 

0.2 were suppressed to highlight the main food groups in each factor. 
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Healthy Dietary Pattern Sample 

n= 1,033 

Q1 

n = 206 

Q2 

 n = 208 

Q3 

n = 206 

Q4 

n = 207 

Q5 

n = 206 

P 

Age, years (SD) 76.3 (8.0) 79.1 (8.1)a 77.4 (7.9)b 76.3 (7.61)b 75.9 (7.8)b 73.1 (7.4)c <0.001† 

BMI, kg/m2 (SD) 24.6 (5.1) 23.7 (4.5)a 24.3 (5.6)ab 25.4 (5.3)ab 24.5 (5.1)ab 24.9 (4.8)b 0.03† 

Hypertension, n (%) 566 (60.1) 108 (60.7) 117 (59.1) 104 (59.4) 126 (64.3) 111 (57.2) 0.69 

Alcohol, n (%) 77 (8.2) 13 (7.3) 19 (9.6) 10 (5.7) 16 (8.2) 19 (9.8) 0.60 

Ever smoked n (%) 35 (3.7) 4 (2.2) 9 (4.5) 7 (3.4) 6 (3.1) 9 (4.7) 0.70 

IHD, n (%) 107 (11.4) 14 (7.9) 25 (12.6) 19 (10.9) 27 (13.8) 22 (11.4) 0.46 

CVA, n (%) 30 (3.2) 7 (3.9) 8 (4.0) 6 (3.4) 7 (3.6) 2 (1) 0.43 

Diabetes mellitus [any] n (%) 31 (3.3) 4 (2.2) 7 (3.5) 4 (2.3) 8 (4.1) 8 (4.1) 0.74 

Type 2 diabetes, 28 (3) 2 (1.1) 6 (3) 4 (2.3) 8 (4.1) 8 (4.1) 0.39 

eGFR < 60 ml/min/1.73 m2 n (%) 557 (60.6) 114 (65.9) 109 (56.5) 112 (65.5) 117 (61.3) 105 (55.0) 0.10 

eGFR < 60 & ≥ 30 ml/min/1.73 m2 n (%) 534 (58.1) 108 (62.4) 105 (54.4) 107 (62.6) 113 (59.2) 101 (52.9) 0.20 

eGFR < 30 ml/min/1.73 m2 n (%) 23 (2.5) 6 (3.5) 4 (2.1) 5 (2.9) 4 (2.1) 4 (2.1) 0.88 

Table 8.3. Sample mean values and frequencies, for total sample and by fifths of adherence to the Healthy Dietary Pattern. SD, standard deviation; IHD, 

ischaemic heart disease; CVA, cerebrovascular accident; BMI, body mass index; eGFR, estimated glomerular filtration rate; Q1-5, fifths of dietary pattern 

adherence (Q1 lowest fifth, Q5 highest fifth). *significant difference from lowest fifth in pairwise comparison for categorical variables via Mann-Whitney U 

test. † P-value from ANOVA. a, b, c Where ANOVA P-value is significant, groups which are not significantly different from each other (by Student-Newman-

Keuls) have been given the same subscript whereas groups which are different have been given different subscripts. 
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Unhealthy Dietary Pattern Sample 

n= 1,033 

Q1 

n = 207 

Q2 

n = 206 

Q3 

n = 206 

Q4 

n = 207 

Q5 

n = 207 

P 

Age, years (SD) 76.3 (8.0) 74.5 (7.6)a 76.5 (7.7)b 77.2 (8.1) b 77.0 (8.1) b 76.4 (8.2) b 0.01† 

BMI, kg/m2 (SD) 24.6 (5.1) 24.5 (4.7) 24.5 (5.3) 24.2 (4.9) 24.9 (5.4) 24.7 (5.2) 0.75† 

Hypertension, n (%) 566 (60.1) 111 (57.8) 116 (62.7) 120 (64.5) 104 (55.9) 115 (59.9) 0.43 

Alcohol, n (%) 77 (8.2) 5 (2.6) 6 (3.2) 16 (8.6)* 18 (9.7)* 32 (16.7)* <0.001 

Ever smoked n (%) 35 (3.7) 3 (1.6) 3 (1.6) 8 (4.3) 13 (7.0)* 8 (4.2) 0.03 

IHD, n (%) 107 (11.4) 24 (12.6) 24 (13.0) 16 (8.6) 24 (12.9) 19 (9.9) 0.56 

CVA, n (%) 30 (3.2) 6 (3.1) 7 (3.8) 6 (3.2) 5 (2.7) 6 (3.1) 0.99 

Diabetes mellitus [any] n (%) 31 (3.3) 5 (2.6)  14 (7.6) * 5 (2.7) 2 (1.1) 5 (2.6) 0.007 

Type 2 diabetes 28 (3) 5 (2.6) 12 (6.5) 5 (2.7) 2 (1.1) 4 (2.1) 0.03 

eGFR < 60 ml/min/1.73 m2 n (%) 557 (60.6) 84 (45.9) 118 (64.8)* 108 (59.3)* 116 (63.4)* 131 (69.3)* <0.001 

eGFR < 60 & ≥ 30 ml/min/1.73 m2 n (%) 534 (58.1) 81 (44.3) 111 (61.0)* 103 (56.6)* 112 (61.2)* 127 (67.2)* <0.001 

eGFR < 30 ml/min/1.73 m2 n (%) 23 (2.5) 3 (1.6) 7 (3.8) 5 (2.7) 4 (2.2) 4 (2.1) 0.71 

Table 8.4. Sample mean values and frequencies, for total sample and by fifths of adherence to the Unhealthy Dietary Pattern. SD, standard deviation; IHD, 

ischaemic heart disease; CVA, cerebrovascular accident; BMI, body mass index; eGFR, estimated glomerular filtration rate; Q1-5, fifths of dietary pattern 

adherence (Q1 lowest fifth, Q5 highest fifth). *significant difference from lowest fifth in pairwise comparison for categorical variables via Mann-Whitney U 

test. † P-value from ANOVA. a, b, c Where ANOVA P-value is significant, groups which are not significantly different from each other (by Student-Newman-

Keuls) have been given the same subscript whereas groups which are different have been given different subscripts. 
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Figure 8.1. Number of participants in renal function categories by 5ths of adherence to the 

healthy dietary pattern. 

 

Figure 8.2. Number of participants in renal function categories by 5ths of adherence to the 

unhealthy dietary pattern. 

 

In relation to CKD stage 3-5 risk, there was no significant association for odds of CKD 

across the healthy dietary pattern adherence categories (Table 8.6 and Figure 8.2). In 

contrast, greater adherence to an unhealthy dietary pattern was associated with greater 

risk of CKD stage 3-5 in both the unadjusted and adjusted models (fully adjusted odds 
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ratio in the highest fifth compared with the lowest fifth: 2.62; 95% CI: 1.65, 4.15, p 

for trend < 0.001). 

8.4 Discussion 

We identified two dietary patterns in the current population which we named ‘healthy’ 

and ‘unhealthy’. There was a significant association between the unhealthy dietary 

pattern and both lower eGFR and increased odds of CKD stage 3-5. No significant 

relationship between adherence to a healthy dietary pattern and renal function was 

observed. Individuals in the category with the greatest adherence to the unhealthy 

dietary pattern had a mean eGFR that was 6 ml/min/1.73m2 lower than the category 

whose diet least resembled the unhealthy dietary pattern. If causal, this difference is 

equivalent to the mean decline in renal function over a period of approximately 14 

years based on the renal decline of older adults in the Cardiovascular Health Study.71 

Based on these findings, the null hypothesis, that here is no association between a-

posteriori derived dietary patterns and and reduced renal function (< 60 

mL/min/1.73m2) in the INES study, could be rejected. 

The unhealthy dietary pattern identified in the current study bore similarities to 

unhealthy “Western” type dietary patterns used in other studies which similarly 

included greater consumption of red and/or processed meat and refined grains, 

increased consumption of sweets, desserts, high-fat dairy, sugar, fast foods such as 

chips, and low intakes of fruits and vegetables.2,72,73 The unhealthy dietary pattern 

components/characteristics identified in this study support the external validity of our 

findings with comparisons to other populations consuming similar unhealthy Western-

style diets.  
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 Q1 

(ref category) 

Q2 

 

Q3 

 

Q4 

 

Q5 

 (Most adherent) 

P 

(p for trend) 

Healthy n = 206 n = 208 n = 206 n = 207 n = 206  

  Mean eGFR, (ml/min/1.73 m2) (SD)   

Unadjusted 

 

54 (17) 57 (17) 55 (15) 57 (16) 58 (16)  

Mean difference in eGFR ( in ml/min/1.73 m2) from reference category (95% CI): 

Unadjusted Ref. +3.17 (0.18, 6.53)  +0.98 (-2.47, 4.44) +2.68 (-0.68, 6.05) +3.62 (0.25, 6.98) 0.17 (0.09) 

Model 2 Ref. +2.17 (-0.98, 5.32) +0.02 (-3.25, 3.29) +0.79 (-2.37, 3.96) -0.37 (-3.60, 2.86) 0.51 (0.53) 

Model 3 Ref. +2.33 (-0.82, 5.47) +0.21 ( -3.04, 3.46) +1.35 ( -1.81, 4.51) +0.01 (-3.22, 3.24) 0.49 (0.75) 

       

Unhealthy: n = 207 n = 206 n = 206 n = 207 n = 207  

  Mean eGFR, (ml/min/1.73 m2)  (SD)   

Unadjusted 

 

60 (16) 

 

56 (18) 

 

57 (16) 

 

55 (16) 

 

53 (15) 

 

 

Mean difference in eGFR ( in ml/min/1.73 m2) from reference category (95% CI): 

Unadjusted Ref. -4.08 (-7.41, -0.75) -3.72 (-7.05, -0.38) -5.08 (-8.41, -1.75) -7.03 (-10.33, -3.73)  0.001 (<0.001) 

Model 2 Ref. -2.01 (-5.14, 1.11) -1.38 (-4.51, 1.75) -2.52 (-5.65, 0.61) -5.22 (-8.32, -2.12) 0.02 (0.002) 

Model 3 Ref. -1.71 (-4.82, 1.41) -1.57 (-4.70, 1.56) -3.09 (-6.24, 0.05) -5.68 (-8.81, -2.55) 0.007 (<0.001) 

       

       
Table 8.5. Unadjusted and adjusted mean for healthy and unhealthy dietary patterns in participants of the Irish Nun Eye Study. Ref., reference category; Q1-5, 

fifths of dietary pattern adherence (Q1 lowest fifth, Q5 highest fifth); SD, standard deviation; 95% CI, 95% confidence interval; eGFR, estimated glomerular 

filtration.  Model 1 unadjusted; Model 2 adjusted for age and body mass index (BMI); Model 3 adjusted for age, BMI, presence of diabetes, presence of 

hypertension, ever smoking, presence/history of ischaemic heart disease, presence/history of cerebrovascular accident and ever alcohol. CI; confidence 

interval.  
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 Odds Ratio (95% CI)  

 Q1 

(ref category) 

Q2 

 

Q3 

 

Q4 

 

Q5 

  (Most adherent) 

P for trend 

Healthy: n = 206 n = 208 n = 206 n = 207 n = 206 

 

 

Unadjusted Ref. 0.67 (0.44, 1.03) 0.98 (0.63, 1.53) 0.82 (0.53, 1.26) 0.63 (0.41, 0.97) 0.12 

Model 2 Ref. 0.71 (0.45, 1.12) 1.07 (0.66, 1.73) 0.96 (0.61, 1.52) 0.90 (0.57, 1.44) 0.76 

Model 3 Ref. 0.69 (0.43, 1.09) 1.04 (0.64, 1.69) 0.90 (0.56,1.43) 0.87 (0.54, 1.39) 0.97 

       

Unhealthy: n = 207 n = 206 n = 206 n = 207 n = 207 

 

 

Unadjusted Ref. 2.17 (1.43, 3.31) 1.72 (1.14, 2.60) 2.04 (1.34, 3.10) 2.66 (1.74, 4.07) <0.001 

Model 2 Ref. 1.88 (1.21, 2.94) 1.39 (0.90, 2.16) 1.70 (1.09, 2.65) 2.38 (1.52, 3.73) 0.001 

Model 3 Ref. 1.84 (1.17, 2.89) 1.44 (0.92, 2.25) 1.87 (1.19, 2.95) 2.62 (1.65, 4.15) <0.001 

       
Table 8.6. Odds ratios (95% confidence intervals) of chronic kidney disease across healthy and unhealthy dietary patterns. Ref., reference category; 95% CI, 

95% confidence interval;  Model 1 unadjusted; Model 2 adjusted for age and body mass index (BMI); Model 3 adjusted for age, BMI, presence of diabetes, 

presence of hypertension, ever smoking, presence/history of ischaemic heart disease, presence/history of cerebrovascular accident and ever alcohol. 
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Western-style dietary patterns have previously been associated with type 2 diabetes72 

and have been implicated in the development of hypertension.73 Hypertension and 

diabetes are the leading causes of CKD worldwide74 and offer hypothetical 

mechanisms for the negative effects associated with Western diets. In our data, no 

significant associations were found between hypertension and unhealthy dietary 

pattern, while only 3% of our sample had type 2 diabetes. Furthermore, as with other 

studies examining the association between dietary patterns and renal function,45–51 we 

controlled for diabetes and hypertension in our analyses and the associations observed 

between the unhealthy dietary pattern and poorer renal function remained significant 

after adjustment, suggesting independence from hypertension and diabetes.  

Similarly, both smoking75 and alcohol76 consumption influence CKD risk and although 

the prevalence of both was low in this population, they were more commonly found in 

those with an unhealthy dietary pattern. Nevertheless, the associations reported 

remained significant following adjustment for these potential confounding variables. 

High BMI has been previously associated with CKD77 and unhealthy dietary 

patterns.78,79 In our sample, BMI was not associated with an unhealthy dietary pattern 

and the associations between the unhealthy dietary pattern and renal function remained 

significant in models adjusting for BMI. BMI, therefore, does not appear to explain 

the relationship observed in this instance and for which the mechanism remains to be 

determined.  

The healthy dietary pattern we identified had considerable overlap with the 

Mediterranean and DASH diets, as well as various national dietary guidelines. Both 

Mediterranean and DASH dietary patterns are characterised by comparatively high 

intakes of vegetables, fish, whole grains, and low consumption of red and processed 

meats, sugar-sweetened, high-fat, and high-sodium foods compared to modernised 

Western diets.73 Cross-sectional studies have previously reported that adherence to a 

Mediterranean diet is associated with higher creatinine clearance,48 while adherence 

to a DASH diet is associated with reduced risk of CKD.46 Similarly, a cross-sectional 

association between eGFR < 60ml/min/1.73m2 and poorer adherence to a modified 

Healthy Eating Index for Australia, that had considerable overlap with both the DASH 

and Mediterranean diets, has been reported.80 Longitudinal studies also support the 

association between such healthy dietary patterns and improved renal function. 

Mediterranean dietary pattern studies with up to 10 years follow-up showed lower risk 
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of CKD,49,50 while the DASH diet has been associated with both slowing the rate of 

eGFR decline by > 30% over 11 years45 and reduced CKD risk over 23 years of follow-

up.47 Based on this evidence and the similarity of foods present within the a-priori and 

a-posteriori defined dietary patterns, it is unclear why we failed to observe an 

association between the healthy dietary pattern and renal function.46 A larger sample 

size may have reduced the risk of a false-negative finding. Previously, Lin and 

colleagues reported significant associations between the DASH diet and eGFR but 

similarly found no association between an a-posteriori derived healthy eating pattern 

and eGFR in the same study.45 They suggest that the weightings given to food types in 

their a-posteriori derived dietary patterns do not accurately represent those food 

groups that are most important for eGFR decline compared to those for the DASH 

diet.45 Interestingly, a meta-analysis published around the time of publication of the 

analysis presented in this chapter found that healthy dietary patterns were not 

associated with altered risk of ESRD but were associated with reduced all-cause 

mortality in CKD.81  

The association observed between increased adherence to an unhealthy dietary pattern 

and a reduced renal function in this study is of particular relevance as a potential source 

of collinearity and confounding between RVP and CKD given that, in the same study 

population, individuals with greater adherence to the same unhealthy dietary pattern 

had reduced retinal arteriolar calibre and increased venular equivalent calibre.(62) 

Similarly, consistent with theorised collinearity between RVP, CKD and dietary 

intake, adherence to the healthy dietary pattern in the Irish Nun Eye Study, which was 

not associated with CKD in the present study, was also not associated with RVP in the 

same population previously.(62) 

 

This study had several strengths. It provides novel evidence of the association between 

dietary patterns and CKD in a large European population, and data collection was 

standardised and collected for a wide range of potential confounding variables. The 

uniformity of lifestyles within the convent setting of this study minimised the risk of 

potential confounding. We used a culturally appropriate FFQ, designed for use in 

British and Irish populations. The FFQ comprised a large number of food items (n = 

170), which improved the accuracy of dietary data collection and reduced the risk of 
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under-reporting of consumption of local foods. The foods consumed by this population 

are thought to more closely and consistently reflect traditional regional diets.  

Examining dietary patterns rather than isolated nutrients or foods confers benefits in 

comparison to studies which examined individual nutrients, the effects of which are 

prone to interact with other dietary factors.82,83 Conversely, this approach does not 

account for the effects of individual nutrients of interest e.g. phosphorus. The use of 

a-posteriori dietary patterns derived specifically from the study sample may also 

increase the applicability of the findings to the context and culture of regional 

populations. Furthermore, the a-posteriori approach used to identify the dietary 

patterns was not based on predetermined hypotheses linking diet and health outcomes. 

Limitations of the study include its cross-sectional design which prevents causal 

inference and measurement of associations between dietary patterns and CKD over 

time. In addition, any effect of CKD diagnosis on dietary intake likewise could not be 

assessed. A longitudinal study assessing CKD incidence would best address these 

weaknesses. 

The study setting may limit the generalisability of our findings. The population was 

all female and dietary associations with CKD may differ in men. The cloistered and 

highly homogenous lifestyle of the study population may also limit the applicability 

of our findings to the general population. Furthermore, the regional food choices and 

use of a region-specific FFQ also limit the generalisability of the study to other regions. 

Renal function was estimated using the CKD-EPI equation which provides better 

accuracy than estimation via the earlier “MDRD” equation, particularly for eGFR 

values > 60 ml/min/1.73m2.68 CKD was categorised on the basis of a single serum 

creatinine measurement using a renal function cut-off value of 60 ml/min/1.73m2. This 

differs from the clinical definition of CKD which assumes an eGFR < 

60ml/min/1.73m2 for 3 months or more in the absence of persistent albuminuria, or 

any eGFR in the presence of persistent albuminuria of ≥ 3mg/mmol. Therefore, the 

strength of the associations between dietary patterns and individuals defined as having 

CKD in this study may not necessarily reflect associations with clinically diagnosed 

CKD in general.  

Inherent error is common with FFQs, particularly in relation to the accuracy of portion 

size and frequency of consumption.84 As a result, FFQs are considered to be a more 
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accurate tool for assessing the types of food consumed rather than the quantity of food 

consumed. However, the regimented lifestyles of the participants are likely to have 

minimised dietary variability. While energy intake was not measured as part of the 

dietary analysis, the risk of misreporting portion sizes in the FFQ was minimised by 

the use of visual aids and standardised photographs of food portions of commonly 

consumed foods. Use of a regionally appropriate FFQ helped reduce the potential for 

under-reporting and misreporting of dietary intake.  

The creation of food groups for inclusion in principal component analysis relies on 

informed decision making by research staff and may not have reflected food groupings 

most pertinent to CKD. The dietary patterns used in this study accounted for only 16% 

of dietary variance. This variance is consistent with studies conducted in other Western 

populations but highlights that relevant unidentified dietary patterns may exist. Dietary 

patterns are intimately linked to lifestyle and socioeconomic contexts and there may 

have been important confounding variables we failed to consider within our model. 

Our study sample was drawn from a population with relatively homogenous 

socioeconomic status and this is therefore unlikely to be an important confounder. 

Furthermore, the ranges of factor scores for the healthy and unhealthy dietary pattern 

were similar, indicating affordability of a healthy dietary pattern did not explain the 

lack of association.  

A further limitation of dietary pattern analysis is that while this method provides an 

indication of the type of foods/food groups consumed within a specific dietary pattern, 

it does not provide any information on the amount of each food consumed. In addition, 

multiple comparisons were performed, including between quartile comparisons, which 

increased the risk of type-1 error. However, using a more stringent bonferonni-

adjusted aphla of 0.005 to correct for multiple comparison greater adherence to an 

unhealthy dietary pattern remained statistically significantly associated with CKD.  

 

The results of this study provide support for the role of diet in CKD. In this population, 

an unhealthy dietary pattern was independently associated with lower eGFR and an 

increased risk of CKD. The lack of association of renal function with a healthy dietary 

pattern suggests that inclusion of healthy foods in the diet may not necessarily afford 

protection from renal decline but rather highlights the potential detrimental effects 
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exerted by unhealthy dietary patterns, suggesting minimising the intake of certain 

foods may be required. Further longitudinal research is necessary in order to establish 

whether change in overall dietary intake over time can ameliorate or exacerbate CKD 

risk and eGFR decline.  
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Chapter 8  

Dietary patterns and chronic kidney 

disease in the Irish Nun Eye Study 
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8.1 Introduction 

Diet and nutritional intake are associated with important risk factors for chronic kidney 

disease (CKD) including type 2 diabetes1 and hypertension,2 yet dietary guidelines for 

the prevention of CKD are lacking due to a dearth of evidence. Dietary habits have 

also shown associations with RVP in a number of studies (see Chapter 9 for further 

details) and therefore constitute an important potential confounder for associations 

between renal function and RVP. 

8.1.1 Introduction to dietary requirements for health. 

Dietary intake of a range of substances is required to maintain life. These essential 

nutrients (see Table 8.1) are substances normally obtained from the diet that cannot be 

synthesised endogenously and include water, nine essential amino acids,3 two essential 

fatty acids,4 several vitamins and a range of chemical elements.5 Failure to obtain any 

of these substances is associated with specific deficiency disorders.6 Each essential 

nutrient is also associated with harmful effects or toxicity when accumulated in 

excess.7 The effects of diet on health are, however, more complex than maintenance 

of essential nutrient intake. In addition to the essential nutrients, there are a variety of 

conditionally essential nutrients which are normally synthesised endogenously but 

cannot be synthesised in sufficient quantities in certain circumstances. For example, 

creatine, which can normally be synthesised endogenously, has recently been proposed 

as conditionally essential in CKD as a result of reduced production of the requisite 

enzyme, arginine: glycine amidinotransferase, by the kidneys.8 Moreover, foods are 

complex mixtures of molecules which also contain non-essential nutrients and non-

nutrients.  

Nutrient digestion and absorption are affected by the presence of other nutrients, non-

nutrients, food preparation methods and disease states. Several nutrients are liable to 

heat,9 or freeze-thaw cycles,10 while water-soluble vitamins can dissolve from foods 

into the water during boiling and are often discarded. Moreover, the specific matrix 

provided by the food containing a given vitamin alters its liability to degradation.9,10 

Conversely, consumption of fat-soluble vitamins with fats and oils has been shown to 

improve absorption11 while other vitamins and coenzymes aid absorption of various 

nutrients. One notable example is vitamin C aiding the absorption of iron.12 Several 

vitamins and minerals share absorption mechanisms and high intakes of one element 
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may increase the risk of deficiency of another. High iron intakes, for example, may 

inhibit zinc absorption.12 

Non-nutrient molecules in food can also inhibit absorption. Phytates, present in fibrous 

whole-grains, are examples of substances which bind to a variety of essential elements 

and prevent their absorption.13 On the other hand, fibre aids digestive health,14 while 

high dietary intake of substances such as curcumin (a.k.a. diferuloylmethane, from 

turmeric), isothiocyanates (from cruciferous vegetables) and polyphenols (a diverse 

group of bioactive molecules present in highest quantities in various herbs, spices, tea, 

chocolate and red wine) act on inflammatory pathways and have been associated with 

reduced risk of a range of conditions including cardiovascular disease (CVD) and 

diabetes.15,16  

Complex mixtures of nutrient and non-nutrient molecules are present in all foods with 

the exception of highly refined products such as white sugar and white flour. When 

these facts are superimposed onto the food culture of a region, including common 

preparation and storage methods, some of the difficulties in assessing the effects of 

diet on human populations can be understood. As a result of these complex 

interactions, studies of single nutrients or foods are problematic and are often unlikely 

to reflect associations with dietary interventions in free-living populations. Similarly, 

public health messaging and patient advice cannot account for the totality of 

interactions between nutrient and non-nutrient constituents of the diet.  

8.1.2 Diet and chronic kidney disease 

8.1.2.1 Dietary protein 

Reductions in renal function are related to a variety of dietary concerns including 

dietary intake of protein, phosphate, salt, potassium and calcium. In those with CKD, 

excessive protein intake can lead to the accumulation of uraemic toxins as a result of 

the reduced renal clearance rate. In those with reduced renal function (eGFR in range 

55-80 ml/min/1.73 m2) for instance, greater protein intake has been associated with 

greater reductions in renal function over a 4 year period.17 With non-dairy animal 

protein intake having the greatest effect.17 It is not known why protein from dairy 

sources should have differing associations from meat in this context. Dairy proteins 

contain similar proportions of amino acids to meat proteins but dairy also contains 
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several factors which help regulate glycaemic control,18 a fact that highlights the 

complex interactions between food constituents in the diet. Despite the association 

between high protein consumption and CKD progression, the potential effects of 

protein restriction beyond typical dietary levels in those with reduced renal 

function appear to be limited. The modification of diet in renal disease (MDRD) 

study19 studied the effects of low protein diets on those with CKD using a 

randomised controlled trial design. In subjects with a GFR of 25-55 ml/min/1.73 

m2, low protein intake (0.58 g/kg/day) did not significantly alter reduction in renal 

function over 2 years in comparison to normal protein intakes (1.3 g/kg/day).19  



284 

 

Essential nutrient class Essential nutrient 

Essential amino acids Phenylalanine 

Valine 

Threonine 

Tryptophan 

Methionine 

Leucine 

Lysine 

Isoleucine 

Histidine 

Essential fatty acids Omega-3, specifically, alpha-linolenic acid. 

Omega-6, specifically, linolenic acid. 

Vitamins Vitamin A (retinol and related compounds) 

Vitamin B1 (thiamine) 

Vitamin B2 (riboflavin) 

Vitamin B3 (niacin) 

Vitamin B5 (pantothenic acid) 

Vitamin B6 (pyridoxal 5’-phosphate and related compounds) 

Vitamin B7 (biotin) 

Vitamin B9 (folate) 

Vitamin B12 (cobalamin) 

Vitamin C (ascorbic acid) 

Vitamin D (cholecalciferol and related compounds) 

Vitamin E (tocopherols, tocotrienols and related compounds) 

Vitamin K (phylloquinone and related compounds) 

Elements Include, but are not limited to: 

Sulphur 

Potassium  

Chlorine (as chloride) 

Sodium  

Calcium 

Phosphorus 

Magnesium 

Iron 

Zinc 

Manganese 

Copper 

Iodine 

Chromium 

Molybdenum 

Selenium 

Cobalt 

Table 8.1. Essential nutrients 
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Likewise, in subjects with GFR of 13-24 ml/min/1.73 m2, a very low protein diet 

0.28 g/kg/day plus supplementation with keto-amino acids) did not significantly alter 

reductions in renal function compared to a low protein diet 0.58 g/kg/day but was 

associated with an increased mortality rate.19 Meta-analyses of randomised controlled 

trials assessing the effects of low protein diets on CKD progression have shown a small 

reduction in risk with a very low protein diet,20–24 with a 2018 Cochrane review 

reporting no difference in mortality or progression to end stage renal disease (ESRD) 

in those on a low protein diet compared to normal protein diet,24 but a reduced risk of 

ESRD in individuals on a very low protein diet compared to a low protein diet with no 

significant change in mortality rate.24  

8.1.2.2 Dietary salt and potassium 

In the absence of contraindications, salt intake is recommended to be reduced to < 5g 

per day in those with CKD.25 Greater salt intake is associated with  increased blood 

pressure26–29 and albuminuria,26,29–31 and is therefore likely to drive loss of renal 

function. Reductions in dietary potassium may also be recommended to individuals 

with ESRD, especially when hyperkalaemia is present.32 In ESRD, hyperkalaemia 

becomes an important source of cardiovascular risk as a result of the inability to 

excrete potassium via the urine.32 However, in the general population potassium 

supplementation is associated with reduced blood pressure,28 and may, therefore, be 

protective against CKD. 

8.1.2.3 Dietary calcium, phosphate and vitamin D. 

Although vascular calcification is an important complication in CKD, there appears to 

be no association between serum calcium and mortality in individuals with CKD stages 

1-4,33 and current guidelines do not acknowledge target serum calcium levels due to a 

lack of evidence.25  

The richest sources of phosphate in the diet are meat (especially fish and offal), dairy, 

legumes, chocolate and phosphate-containing food additives.34 Serum phosphate is 

associated with increased vascular calcification,35
 and mortality33 and individuals 

with renal function lower than a GFR of < 45 ml/min/1.73 m2 are recommended to 

have advice and treatment to ensure serum phosphate levels are maintained at 

normal levels defined by local laboratories.25  



286 

 

Vitamin D deficiency is common in both CKD and the general population,36,37 with 

those with ESRD at particular risk,38 and is associated with CVD mortality.37,39 

Supplementation is, however, not advised without suspected or recorded deficiency.25 

 

8.1.2.4 Dietary bicarbonate 

Those with CKD often have reduced bicarbonate production and greater net 

endogenous acid production.40 Individuals with CKD and serum bicarbonate < 22 

mmol/l are advised to supplement bicarbonate orally to obtain normal serum levels.25 

In the Multi-Ethnic Study of Ageing (MESA) study, one standard deviation decrease 

in serum bicarbonate was associated with ~10% odds of a reduction in renal function 

exceeding 5% annually.41 A number of foods contain bicarbonate (leavened baked 

foods, effervescent drinks, and food colourants all contain bicarbonate) while a range 

of foods favour endogenous bicarbonate production or increase endogenous acid load 

and may act to reduce serum bicarbonate levels. Dietary acid load, which is an estimate 

of the endogenous production of acid resulting from eaten foods rather than the pH of 

those foods, has also been positively associated with ESRD incidence in the NHANES 

cohort.42  

8.1.2.5 Dietary pattern analysis and chronic kidney disease 

To better understand healthy dietary intake in target populations, a dietary pattern-

based approach may prove more informative than studies of individual nutrients as 

dietary patterns consider the complex milieu of consumed nutrients and account for 

synergistic and competitive interactions between dietary components of both known, 

and as yet unknown, mechanistic action.43 Indeed, recent guidelines for the prevention 

and management of CKD-related conditions such as cardiovascular disease and 

diabetes have focused on dietary pattern-based recommendations.43,44 

Associations between dietary patterns and CKD have been investigated previously. 

Most studies to date have focused on a-priori derived dietary patterns, a score based 

approach which indicates adherence to a particular predefined diet.  Using this a-priori 

based approach, the DASH (Dietary Approaches to Stop Hypertension) and the 

Mediterranean diet have both been studied in the context of CKD.45–51 A DASH-style 

diet has previously been reported to lower the risk of cardiovascular disease,52 type 2 
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diabetes,1 stroke,53 and cancer,54 and reduce the risk of kidney stone formation.55 

Consumption of a Mediterranean style diet has also been associated with lower risk of 

diabetes and cardiovascular disease.56 Previous studies have reported associations 

between increased adherence to the DASH diet and reduced risk of estimated 

glomerular filtration rate (eGFR) decline45 and CKD.46,47,57 Greater adherence to a 

Mediterranean style diet has also been associated with improved creatinine 

clearance,48 reductions in CKD,49,50,58 rate of eGFR decline,49 and albuminuria.51 

Furthermore, a recent meta-analysis of dietary pattern studies has shown that among 

individuals with CKD, healthy dietary patterns are associated with lower mortality, 

but no reduction in risk of ESRD.59 

In contrast to the a-priori approach, an a-posteriori approach using factor analysis to 

identify existing dietary patterns within a study population can also be used. Such a-

posteriori derived dietary patterns have been examined in relation to renal function 

and damage in a limited number of studies based in the US45,60,61 and China,62 but there 

is a lack of evidence in European populations. Of those conducted in the US, the 

Nurses’ Health Study found that consumption of a “Western” dietary pattern was 

associated with albuminuria while a “Prudent” dietary pattern was not associated with 

albuminuria or reduced renal function.45 Similarly, in the MESA study, dietary patterns 

characterised by consumption of low-fat dairy, wholegrains, fruits and vegetables were 

associated with lower urinary albumin/creatinine ratio.60  In contrast, the Reasons for 

Geographic and Racial Differences in Stroke study identified a more diverse set of 

dietary patterns that reflected the South-Eastern US locality of the study.61 They found 

no associations with ESRD but reported higher mortality rates in those with CKD who 

were consuming a “Southern” dietary pattern, characterised by greater intake of fried 

food, organ meats, and sweetened beverages, and lower rates in those consuming a 

“Plant-based” dietary pattern. Another study, based in China, noted that the 

associations between dietary patterns and CKD were heavily influenced by industrial 

pollutants, with conceptually healthy traditional diets being associated with increased 

CKD risk,62 further highlighting the importance of locally relevant dietary pattern 

identification. 

Population-specific dietary patterns have the advantage of cultural specificity 

and may facilitate a better understanding of the importance of specific foods/food 

groups present or absent in other healthy dietary patterns such as the Mediterranean 
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and DASH diets. The aim of this study was to examine the association between a-

posteriori dietary patterns and renal function identified within a highly specific cohort 

of older women with relatively stable and restricted lifestyle behaviours. The study 

tested the following null hypothesis: 

H01: There is no association between a-posteriori derived dietary patterns and 

reduced renal function (< 60 mL/min/1.73m2) in the INES study. 

8.2 Methods 

8.2.1 Study design and population 

The current study used data collected as part of the Irish Nun Eye Study (INES), a 

cross-sectional study which primarily examined potential associations between age-

related macular degeneration (AMD) and light exposure in Irish nuns, a well-

characterised and homogenous population. Participants were recruited from 126 

convents across Ireland between 2007 and 2009.  For inclusion, participants had to be 

of Irish descent, white ethnicity, aged ≥55 years, and resident in a convent for 25 years 

or more. This research was conducted in line with the Declaration of Helsinki. The 

Office for Research Ethics Committee Northern Ireland granted ethical approval prior 

to the commencement of research and informed written consent was obtained from all 

participants. The study design and sampling procedures have been previously 

described.63–65 

8.2.2 Variables and data collection. 

All measurements were carried out within the convents by trained researchers. Food 

intake was estimated using the validated semi-quantitative food frequency 

questionnaire (FFQ) of the Scottish Collaborative Group.66 Participants recorded the 

frequency of consumption of 170 foods of specified portion sizes during the 2-3 

months preceding the completion of the questionnaire. Food portion size photographs 

were also used to aid portion size estimation. Only complete FFQs were included for 

analysis. FFQ data were subsequently converted into grams using the standardised 

Food Portion Sizes.67  

Blood samples were obtained from participants and frozen at -80◦C until analysis. 

Renal function was measured as eGFR calculated from serum creatinine values using 

the CKD-EPI equation.68 Those with eGFR < 60 ml/min/1.73 m2 were classified as 
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having CKD. Renal function was further divided into moderately reduced renal 

function, eGFR < 60 ml/min/1.73 m2 but greater than 30 ml/min/1.73 m2, and severely 

reduced renal function, eGFR < 30 ml/min/1.73 m2.  

A structured interview was conducted to obtain lifestyle and demographic data, 

including age, alcohol intake, smoking history, and self-reported disease status. Height 

and weight were measured and body mass index (BMI) calculated as weight (kg) / 

height (m2). 

8.2.3 Statistical analyses 

Statistical analyses were conducted on IBM SPSS v24 (Chicago, Illinois, USA). 

Continuous variables were summarised using means and standard deviations, all 

continuous variables were normally distributed. Categorical variables were 

summarised using frequencies and percentages. The dietary pattern analysis has 

previously been described by Neville et al.65 In brief, the food items present in the FFQ 

were manually grouped into 38 food groups based on macronutrient content and food 

type (Supplementary Table S1). Dietary patterns were generated from the food groups 

using principal component analysis with Varimax rotation.69,70 

Factors above the breakpoint on the scree plot were retained. Food groups with factor 

loadings greater than 0.2 were included in further analysis. Weighted factor scores 

were computed for each participant by summing the intakes of food groups and 

weighting by their factor loading. Dietary pattern scores generated from principal 

component analysis were analysed according to fifths of adherence to the dietary 

pattern, with the lowest fifth (reference category) reflecting lowest adherence to the 

dietary pattern and highest fifth reflecting highest adherence to the dietary pattern. 

One way analysis of variance (ANOVA) was used to test for differences in means 

between fifths for continuous variables. Student-Neuman-Keuls (SNK) post-hoc test 

was used for comparison between fifths controlling for multiple comparisons. Kruskal-

Wallis test was used to examine differences between fifths for categorical variables. 

Post-hoc pairwise comparisons were conducted using Mann-Whitney U tests to 

determine the location of any differences.  

Multivariable linear regression was used to calculate the difference in mean eGFR (and 

95% CIs) between fifths of dietary pattern adherence and to calculate differences in 
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means adjusted for covariates described below. Logistic regression was used to 

calculate odds ratios (and 95% CIs) for the association between dietary pattern 

adherence and risk of CKD (based upon eGFR < 60 ml/min/1.73 m2) and calculate 

ORs adjusted for the covariates described below. For multivariable linear and logistic 

regression analyses three models were used: Model 1: unadjusted model; Model 2: 

adjusted for age and BMI and Model 3: adjusted for age, BMI, alcohol intake, smoking 

history, presence of diabetes, history of cerebrovascular accident, clinical diagnosis of 

hypertension, and history of ischaemic heart disease. Variables included within 

adjusted models were known associated CKD risk factors. 

8.3 Results 

8.3.1 Population characteristics 

FFQ data were obtained for 1,033 participants. Principal component analysis identified 

two major dietary patterns that were labelled as ‘healthy’ (factor 1) and ‘unhealthy’ 

(factor 2) and which together accounted for 16% of the sample variance. These dietary 

patterns comprise foods for which intake is most closely correlated and constitute 

naturally occurring dietary patterns. The factor loadings for both dietary patterns are 

presented in Table 8.2.  The ‘healthy’ dietary pattern was defined (in decreasing order 

of factor loadings) by lutein/zeaxanthin-rich vegetables, green leafy vegetables, 

alliums, vegetables, fruit, tomatoes, legumes, nuts, oily fish, low fat dairy products, 

pizza, dressings/sauces/condiments, wholegrain breakfast cereal and red meat. The 

‘unhealthy’ dietary pattern was defined (in decreasing order of factor loadings) by 

crisps, chips, alcohol, high fat dairy products, soups, desserts, sugars and sweets, 

wholegrains, dressings/sauces/condiments, processed meat, potatoes, eggs, refined 

grains, refined breakfast cereal, chocolate, vegetables, red meat, white fish and 

shellfish.   

The mean age of participants was 76 years (standard deviation [SD]: 8; Table 8.3), and 

according to BMI classification 41% (n = 421) were of normal weight. Approximately 

3% (n = 31) had diabetes, hypertension had been clinically diagnosed in 60% (n = 566) 

of participants, and 61% (n = 557) of participants had CKD stage 3-5 (eGFR < 

60ml/min/1.73m2). 

Significant differences in age (p < 0.001) and BMI (p = 0.03) were observed across 

the fifths of the healthy dietary pattern (Table 8.3). Those who adhered least to the 
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healthy diet (lowest fifth) were significantly older, whereas those who adhered most 

to the healthy dietary pattern (highest fifth) were significantly younger. There were no 

differences in the prevalence of hypertension, ischaemic heart disease, cerebrovascular 

accident, diabetes, alcohol status, or smoking status across fifths of the healthy dietary 

pattern and no differences were found in the prevalence of CKD stage 3-5, moderately 

reduced renal function, or severely reduced renal function across the categories. 

For the unhealthy dietary pattern, significant differences across categories were 

observed for age (p = 0.01), smoking history (p = 0.03), alcohol use (p < 0.001), and 

diabetes mellitus (p = 0.007). No other significant differences were observed.  The 

prevalence of CKD stage 3-5 differed across categories of the unhealthy dietary pattern 

with pairwise comparisons indicating fewer participants in the lowest fifth, i.e. less 

adherence to an unhealthy diet, with CKD stage 3-5 compared to all other categories 

(Table 8.4). 

8.3.2 Associations between dietary patterns and renal function 

There was no evidence of a difference in the mean eGFR by category of healthy dietary 

pattern adherence before or after adjustment for covariates (Table 8.3 and Figure 8.1). 

In contrast, there was evidence of a significant difference in the mean eGFR by 

adherence category to the unhealthy dietary pattern (Table 8.4 and Figure 8.2) with an 

association of lower eGFR in Model 1 (unadjusted, p for trend < 0.001), Model 2 

(adjusted for age and BMI p = 0.002), and Model 3 (adjusted for age, BMI, alcohol 

intake, smoking history, presence of diabetes, history of cerebrovascular accident, 

clinical diagnosis of hypertension, and history of ischaemic heart disease, p < 0.001). 

Specifically those in the highest fifth of the unhealthy dietary pattern, i.e. greatest 

adherence, had significantly lower mean eGFR than those in the lowest fifth in the 

unadjusted model by an average 7 ml/min/1.73m2 (60 ml/min/1.73m2 for lowest fifth 

versus 53 ml/min/1.73m2 for highest fifth, p < 0.001, Table 8.4) and this remained 

significant following adjustment for confounding variables (Models 2 and 3). 

Specifically, in the fully adjusted model, the difference in renal function between those 

in the highest and lowest fifths for the unhealthy dietary pattern was 6 ml/min/1.73m2 

(95% confidence interval [CI] -9, -3, p < 0.001, Table 8.4). 
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 Dietary Patterns Identified by principal 

component analysis 

 Healthy Unhealthy 

Food groups (factor 1) (factor 2) 

   

Red meat  0.263 0.234 

Processed meat  - 0.369 

White fish and 

shellfish - 0.224 

Oily fish 0.375 - 

Refined grains  - 0.302 

Wholegrains  - 0.385 

Potatoes - 0.359 

Chips - 0.511 

Crisps  - 0.554 

Pizza  0.297 - 

Low-fat dairy 0.305 - 

High-fat dairy - 0.466 

Eggs  - 0.356 

Dressings  0.29 0.382 

Desserts  - 0.436 

Chocolate  - 0.252 

Sugars and sweets  - 0.415 

Nuts 0.386 - 

Soups - 0.452 

Alcohol  - 0.482 

Fruit 0.517 - 

Vegetables  0.558 0.243 

Lutein-/zeaxanthin 

rich vegetables  0.714 - 

Green leafy 

vegetables  0.696 - 

Legumes  0.429 - 

Alliums  0.59 - 

Tomato 0.454 - 

Refined breakfast 

cereal  - 0.256 

Wholegrain breakfast 

cereal  0.274  - 

Table 8.2. Factor loadings for food groups in dietary pattern analysis. Factor loadings under 

0.2 were suppressed to highlight the main food groups in each factor. 
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Healthy Dietary Pattern Sample 

n= 1,033 

Q1 

n = 206 

Q2 

 n = 208 

Q3 

n = 206 

Q4 

n = 207 

Q5 

n = 206 

P 

Age, years (SD) 76.3 (8.0) 79.1 (8.1)a 77.4 (7.9)b 76.3 (7.61)b 75.9 (7.8)b 73.1 (7.4)c <0.001† 

BMI, kg/m2 (SD) 24.6 (5.1) 23.7 (4.5)a 24.3 (5.6)ab 25.4 (5.3)ab 24.5 (5.1)ab 24.9 (4.8)b 0.03† 

Hypertension, n (%) 566 (60.1) 108 (60.7) 117 (59.1) 104 (59.4) 126 (64.3) 111 (57.2) 0.69 

Alcohol, n (%) 77 (8.2) 13 (7.3) 19 (9.6) 10 (5.7) 16 (8.2) 19 (9.8) 0.60 

Ever smoked n (%) 35 (3.7) 4 (2.2) 9 (4.5) 7 (3.4) 6 (3.1) 9 (4.7) 0.70 

IHD, n (%) 107 (11.4) 14 (7.9) 25 (12.6) 19 (10.9) 27 (13.8) 22 (11.4) 0.46 

CVA, n (%) 30 (3.2) 7 (3.9) 8 (4.0) 6 (3.4) 7 (3.6) 2 (1) 0.43 

Diabetes mellitus [any] n (%) 31 (3.3) 4 (2.2) 7 (3.5) 4 (2.3) 8 (4.1) 8 (4.1) 0.74 

Type 2 diabetes, 28 (3) 2 (1.1) 6 (3) 4 (2.3) 8 (4.1) 8 (4.1) 0.39 

eGFR < 60 ml/min/1.73 m2 n (%) 557 (60.6) 114 (65.9) 109 (56.5) 112 (65.5) 117 (61.3) 105 (55.0) 0.10 

eGFR < 60 & ≥ 30 ml/min/1.73 m2 n (%) 534 (58.1) 108 (62.4) 105 (54.4) 107 (62.6) 113 (59.2) 101 (52.9) 0.20 

eGFR < 30 ml/min/1.73 m2 n (%) 23 (2.5) 6 (3.5) 4 (2.1) 5 (2.9) 4 (2.1) 4 (2.1) 0.88 

Table 8.3. Sample mean values and frequencies, for total sample and by fifths of adherence to the Healthy Dietary Pattern. SD, standard deviation; IHD, 

ischaemic heart disease; CVA, cerebrovascular accident; BMI, body mass index; eGFR, estimated glomerular filtration rate; Q1-5, fifths of dietary pattern 

adherence (Q1 lowest fifth, Q5 highest fifth). *significant difference from lowest fifth in pairwise comparison for categorical variables via Mann-Whitney U 

test. † P-value from ANOVA. a, b, c Where ANOVA P-value is significant, groups which are not significantly different from each other (by Student-Newman-

Keuls) have been given the same subscript whereas groups which are different have been given different subscripts. 
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Unhealthy Dietary Pattern Sample 

n= 1,033 

Q1 

n = 207 

Q2 

n = 206 

Q3 

n = 206 

Q4 

n = 207 

Q5 

n = 207 

P 

Age, years (SD) 76.3 (8.0) 74.5 (7.6)a 76.5 (7.7)b 77.2 (8.1) b 77.0 (8.1) b 76.4 (8.2) b 0.01† 

BMI, kg/m2 (SD) 24.6 (5.1) 24.5 (4.7) 24.5 (5.3) 24.2 (4.9) 24.9 (5.4) 24.7 (5.2) 0.75† 

Hypertension, n (%) 566 (60.1) 111 (57.8) 116 (62.7) 120 (64.5) 104 (55.9) 115 (59.9) 0.43 

Alcohol, n (%) 77 (8.2) 5 (2.6) 6 (3.2) 16 (8.6)* 18 (9.7)* 32 (16.7)* <0.001 

Ever smoked n (%) 35 (3.7) 3 (1.6) 3 (1.6) 8 (4.3) 13 (7.0)* 8 (4.2) 0.03 

IHD, n (%) 107 (11.4) 24 (12.6) 24 (13.0) 16 (8.6) 24 (12.9) 19 (9.9) 0.56 

CVA, n (%) 30 (3.2) 6 (3.1) 7 (3.8) 6 (3.2) 5 (2.7) 6 (3.1) 0.99 

Diabetes mellitus [any] n (%) 31 (3.3) 5 (2.6)  14 (7.6) * 5 (2.7) 2 (1.1) 5 (2.6) 0.007 

Type 2 diabetes 28 (3) 5 (2.6) 12 (6.5) 5 (2.7) 2 (1.1) 4 (2.1) 0.03 

eGFR < 60 ml/min/1.73 m2 n (%) 557 (60.6) 84 (45.9) 118 (64.8)* 108 (59.3)* 116 (63.4)* 131 (69.3)* <0.001 

eGFR < 60 & ≥ 30 ml/min/1.73 m2 n (%) 534 (58.1) 81 (44.3) 111 (61.0)* 103 (56.6)* 112 (61.2)* 127 (67.2)* <0.001 

eGFR < 30 ml/min/1.73 m2 n (%) 23 (2.5) 3 (1.6) 7 (3.8) 5 (2.7) 4 (2.2) 4 (2.1) 0.71 

Table 8.4. Sample mean values and frequencies, for total sample and by fifths of adherence to the Unhealthy Dietary Pattern. SD, standard deviation; IHD, 

ischaemic heart disease; CVA, cerebrovascular accident; BMI, body mass index; eGFR, estimated glomerular filtration rate; Q1-5, fifths of dietary pattern 

adherence (Q1 lowest fifth, Q5 highest fifth). *significant difference from lowest fifth in pairwise comparison for categorical variables via Mann-Whitney U 

test. † P-value from ANOVA. a, b, c Where ANOVA P-value is significant, groups which are not significantly different from each other (by Student-Newman-

Keuls) have been given the same subscript whereas groups which are different have been given different subscripts. 
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Figure 8.1. Number of participants in renal function categories by 5ths of adherence to the 

healthy dietary pattern. 

 

Figure 8.2. Number of participants in renal function categories by 5ths of adherence to the 

unhealthy dietary pattern. 

 

In relation to CKD stage 3-5 risk, there was no significant association for odds of CKD 

across the healthy dietary pattern adherence categories (Table 8.6 and Figure 8.2). In 

contrast, greater adherence to an unhealthy dietary pattern was associated with greater 

risk of CKD stage 3-5 in both the unadjusted and adjusted models (fully adjusted odds 
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ratio in the highest fifth compared with the lowest fifth: 2.62; 95% CI: 1.65, 4.15, p 

for trend < 0.001). 

8.4 Discussion 

We identified two dietary patterns in the current population which we named ‘healthy’ 

and ‘unhealthy’. There was a significant association between the unhealthy dietary 

pattern and both lower eGFR and increased odds of CKD stage 3-5. No significant 

relationship between adherence to a healthy dietary pattern and renal function was 

observed. Individuals in the category with the greatest adherence to the unhealthy 

dietary pattern had a mean eGFR that was 6 ml/min/1.73m2 lower than the category 

whose diet least resembled the unhealthy dietary pattern. If causal, this difference is 

equivalent to the mean decline in renal function over a period of approximately 14 

years based on the renal decline of older adults in the Cardiovascular Health Study.71 

Based on these findings, the null hypothesis, that here is no association between a-

posteriori derived dietary patterns and and reduced renal function (< 60 

mL/min/1.73m2) in the INES study, could be rejected. 

The unhealthy dietary pattern identified in the current study bore similarities to 

unhealthy “Western” type dietary patterns used in other studies which similarly 

included greater consumption of red and/or processed meat and refined grains, 

increased consumption of sweets, desserts, high-fat dairy, sugar, fast foods such as 

chips, and low intakes of fruits and vegetables.2,72,73 The unhealthy dietary pattern 

components/characteristics identified in this study support the external validity of our 

findings with comparisons to other populations consuming similar unhealthy Western-

style diets.  
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 Q1 

(ref category) 

Q2 

 

Q3 

 

Q4 

 

Q5 

 (Most adherent) 

P 

(p for trend) 

Healthy n = 206 n = 208 n = 206 n = 207 n = 206  

  Mean eGFR, (ml/min/1.73 m2) (SD)   

Unadjusted 

 

54 (17) 57 (17) 55 (15) 57 (16) 58 (16)  

Mean difference in eGFR ( in ml/min/1.73 m2) from reference category (95% CI): 

Unadjusted Ref. +3.17 (0.18, 6.53)  +0.98 (-2.47, 4.44) +2.68 (-0.68, 6.05) +3.62 (0.25, 6.98) 0.17 (0.09) 

Model 2 Ref. +2.17 (-0.98, 5.32) +0.02 (-3.25, 3.29) +0.79 (-2.37, 3.96) -0.37 (-3.60, 2.86) 0.51 (0.53) 

Model 3 Ref. +2.33 (-0.82, 5.47) +0.21 ( -3.04, 3.46) +1.35 ( -1.81, 4.51) +0.01 (-3.22, 3.24) 0.49 (0.75) 

       

Unhealthy: n = 207 n = 206 n = 206 n = 207 n = 207  

  Mean eGFR, (ml/min/1.73 m2)  (SD)   

Unadjusted 

 

60 (16) 

 

56 (18) 

 

57 (16) 

 

55 (16) 

 

53 (15) 

 

 

Mean difference in eGFR ( in ml/min/1.73 m2) from reference category (95% CI): 

Unadjusted Ref. -4.08 (-7.41, -0.75) -3.72 (-7.05, -0.38) -5.08 (-8.41, -1.75) -7.03 (-10.33, -3.73)  0.001 (<0.001) 

Model 2 Ref. -2.01 (-5.14, 1.11) -1.38 (-4.51, 1.75) -2.52 (-5.65, 0.61) -5.22 (-8.32, -2.12) 0.02 (0.002) 

Model 3 Ref. -1.71 (-4.82, 1.41) -1.57 (-4.70, 1.56) -3.09 (-6.24, 0.05) -5.68 (-8.81, -2.55) 0.007 (<0.001) 

       

       
Table 8.5. Unadjusted and adjusted mean for healthy and unhealthy dietary patterns in participants of the Irish Nun Eye Study. Ref., reference category; Q1-5, 

fifths of dietary pattern adherence (Q1 lowest fifth, Q5 highest fifth); SD, standard deviation; 95% CI, 95% confidence interval; eGFR, estimated glomerular 

filtration.  Model 1 unadjusted; Model 2 adjusted for age and body mass index (BMI); Model 3 adjusted for age, BMI, presence of diabetes, presence of 

hypertension, ever smoking, presence/history of ischaemic heart disease, presence/history of cerebrovascular accident and ever alcohol. CI; confidence 

interval.  
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 Odds Ratio (95% CI)  

 Q1 

(ref category) 

Q2 

 

Q3 

 

Q4 

 

Q5 

  (Most adherent) 

P for trend 

Healthy: n = 206 n = 208 n = 206 n = 207 n = 206 

 

 

Unadjusted Ref. 0.67 (0.44, 1.03) 0.98 (0.63, 1.53) 0.82 (0.53, 1.26) 0.63 (0.41, 0.97) 0.12 

Model 2 Ref. 0.71 (0.45, 1.12) 1.07 (0.66, 1.73) 0.96 (0.61, 1.52) 0.90 (0.57, 1.44) 0.76 

Model 3 Ref. 0.69 (0.43, 1.09) 1.04 (0.64, 1.69) 0.90 (0.56,1.43) 0.87 (0.54, 1.39) 0.97 

       

Unhealthy: n = 207 n = 206 n = 206 n = 207 n = 207 

 

 

Unadjusted Ref. 2.17 (1.43, 3.31) 1.72 (1.14, 2.60) 2.04 (1.34, 3.10) 2.66 (1.74, 4.07) <0.001 

Model 2 Ref. 1.88 (1.21, 2.94) 1.39 (0.90, 2.16) 1.70 (1.09, 2.65) 2.38 (1.52, 3.73) 0.001 

Model 3 Ref. 1.84 (1.17, 2.89) 1.44 (0.92, 2.25) 1.87 (1.19, 2.95) 2.62 (1.65, 4.15) <0.001 

       
Table 8.6. Odds ratios (95% confidence intervals) of chronic kidney disease across healthy and unhealthy dietary patterns. Ref., reference category; 95% CI, 

95% confidence interval;  Model 1 unadjusted; Model 2 adjusted for age and body mass index (BMI); Model 3 adjusted for age, BMI, presence of diabetes, 

presence of hypertension, ever smoking, presence/history of ischaemic heart disease, presence/history of cerebrovascular accident and ever alcohol. 
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Western-style dietary patterns have previously been associated with type 2 diabetes72 

and have been implicated in the development of hypertension.73 Hypertension and 

diabetes are the leading causes of CKD worldwide74 and offer hypothetical 

mechanisms for the negative effects associated with Western diets. In our data, no 

significant associations were found between hypertension and unhealthy dietary 

pattern, while only 3% of our sample had type 2 diabetes. Furthermore, as with other 

studies examining the association between dietary patterns and renal function,45–51 we 

controlled for diabetes and hypertension in our analyses and the associations observed 

between the unhealthy dietary pattern and poorer renal function remained significant 

after adjustment, suggesting independence from hypertension and diabetes.  

Similarly, both smoking75 and alcohol76 consumption influence CKD risk and although 

the prevalence of both was low in this population, they were more commonly found in 

those with an unhealthy dietary pattern. Nevertheless, the associations reported 

remained significant following adjustment for these potential confounding variables. 

High BMI has been previously associated with CKD77 and unhealthy dietary 

patterns.78,79 In our sample, BMI was not associated with an unhealthy dietary pattern 

and the associations between the unhealthy dietary pattern and renal function remained 

significant in models adjusting for BMI. BMI, therefore, does not appear to explain 

the relationship observed in this instance and for which the mechanism remains to be 

determined.  

The healthy dietary pattern we identified had considerable overlap with the 

Mediterranean and DASH diets, as well as various national dietary guidelines. Both 

Mediterranean and DASH dietary patterns are characterised by comparatively high 

intakes of vegetables, fish, whole grains, and low consumption of red and processed 

meats, sugar-sweetened, high-fat, and high-sodium foods compared to modernised 

Western diets.73 Cross-sectional studies have previously reported that adherence to a 

Mediterranean diet is associated with higher creatinine clearance,48 while adherence 

to a DASH diet is associated with reduced risk of CKD.46 Similarly, a cross-sectional 

association between eGFR < 60ml/min/1.73m2 and poorer adherence to a modified 

Healthy Eating Index for Australia, that had considerable overlap with both the DASH 

and Mediterranean diets, has been reported.80 Longitudinal studies also support the 

association between such healthy dietary patterns and improved renal function. 

Mediterranean dietary pattern studies with up to 10 years follow-up showed lower risk 
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of CKD,49,50 while the DASH diet has been associated with both slowing the rate of 

eGFR decline by > 30% over 11 years45 and reduced CKD risk over 23 years of follow-

up.47 Based on this evidence and the similarity of foods present within the a-priori and 

a-posteriori defined dietary patterns, it is unclear why we failed to observe an 

association between the healthy dietary pattern and renal function.46 A larger sample 

size may have reduced the risk of a false-negative finding. Previously, Lin and 

colleagues reported significant associations between the DASH diet and eGFR but 

similarly found no association between an a-posteriori derived healthy eating pattern 

and eGFR in the same study.45 They suggest that the weightings given to food types in 

their a-posteriori derived dietary patterns do not accurately represent those food 

groups that are most important for eGFR decline compared to those for the DASH 

diet.45 Interestingly, a meta-analysis published around the time of publication of the 

analysis presented in this chapter found that healthy dietary patterns were not 

associated with altered risk of ESRD but were associated with reduced all-cause 

mortality in CKD.81  

The association observed between increased adherence to an unhealthy dietary pattern 

and a reduced renal function in this study is of particular relevance as a potential source 

of collinearity and confounding between RVP and CKD given that, in the same study 

population, individuals with greater adherence to the same unhealthy dietary pattern 

had reduced retinal arteriolar calibre and increased venular equivalent calibre.65 

Similarly, consistent with theorised collinearity between RVP, CKD and dietary 

intake, adherence to the healthy dietary pattern in the Irish Nun Eye Study, which was 

not associated with CKD in the present study, was also not associated with RVP in the 

same population previously.65 

This study had several strengths. It provides novel evidence of the association between 

dietary patterns and CKD in a large European population, and data collection was 

standardised and collected for a wide range of potential confounding variables. The 

uniformity of lifestyles within the convent setting of this study minimised the risk of 

potential confounding. We used a culturally appropriate FFQ, designed for use in 

British and Irish populations. The FFQ comprised a large number of food items (n = 

170), which improved the accuracy of dietary data collection and reduced the risk of 

under-reporting of consumption of local foods. The foods consumed by this population 

are thought to more closely and consistently reflect traditional regional diets.  
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Examining dietary patterns rather than isolated nutrients or foods confers benefits in 

comparison to studies which examined individual nutrients, the effects of which are 

prone to interact with other dietary factors.82,83 Conversely, this approach does not 

account for the effects of individual nutrients of interest e.g. phosphorus. The use of 

a-posteriori dietary patterns derived specifically from the study sample may also 

increase the applicability of the findings to the context and culture of regional 

populations. Furthermore, the a-posteriori approach used to identify the dietary 

patterns was not based on predetermined hypotheses linking diet and health outcomes. 

Limitations of the study include its cross-sectional design which prevents causal 

inference and measurement of associations between dietary patterns and CKD over 

time. In addition, any effect of CKD diagnosis on dietary intake likewise could not be 

assessed. A longitudinal study assessing CKD incidence would best address these 

weaknesses. 

The study setting may limit the generalisability of our findings. The population was 

all female and dietary associations with CKD may differ in men. The cloistered and 

highly homogenous lifestyle of the study population may also limit the applicability 

of our findings to the general population. Furthermore, the regional food choices and 

use of a region-specific FFQ also limit the generalisability of the study to other regions. 

Renal function was estimated using the CKD-EPI equation which provides better 

accuracy than estimation via the earlier “MDRD” equation, particularly for eGFR 

values > 60 ml/min/1.73m2.68 CKD was categorised on the basis of a single serum 

creatinine measurement using a renal function cut-off value of 60 ml/min/1.73m2. This 

differs from the clinical definition of CKD which assumes an eGFR < 

60ml/min/1.73m2 for 3 months or more in the absence of persistent albuminuria, or 

any eGFR in the presence of persistent albuminuria of ≥ 3mg/mmol. Therefore, the 

strength of the associations between dietary patterns and individuals defined as having 

CKD in this study may not necessarily reflect associations with clinically diagnosed 

CKD in general.  

Inherent error is common with FFQs, particularly in relation to the accuracy of portion 

size and frequency of consumption.84 As a result, FFQs are considered to be a more 

accurate tool for assessing the types of food consumed rather than the quantity of food 

consumed. However, the regimented lifestyles of the participants are likely to have 
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minimised dietary variability. While energy intake was not measured as part of the 

dietary analysis, the risk of misreporting portion sizes in the FFQ was minimised by 

the use of visual aids and standardised photographs of food portions of commonly 

consumed foods. Use of a regionally appropriate FFQ helped reduce the potential for 

under-reporting and misreporting of dietary intake.  

The creation of food groups for inclusion in principal component analysis relies on 

informed decision making by research staff and may not have reflected food groupings 

most pertinent to CKD. The dietary patterns used in this study accounted for only 16% 

of dietary variance. This variance is consistent with studies conducted in other Western 

populations but highlights that relevant unidentified dietary patterns may exist. Dietary 

patterns are intimately linked to lifestyle and socioeconomic contexts and there may 

have been important confounding variables we failed to consider within our model. 

Our study sample was drawn from a population with relatively homogenous 

socioeconomic status and this is therefore unlikely to be an important confounder. 

Furthermore, the ranges of factor scores for the healthy and unhealthy dietary pattern 

were similar, indicating affordability of a healthy dietary pattern did not explain the 

lack of association.  

A further limitation of dietary pattern analysis is that while this method provides an 

indication of the type of foods/food groups consumed within a specific dietary pattern, 

it does not provide any information on the amount of each food consumed. In addition, 

multiple comparisons were performed, including between quartile comparisons, which 

increased the risk of type-1 error. However, using a more stringent bonferonni-

adjusted aphla of 0.005 to correct for multiple comparison greater adherence to an 

unhealthy dietary pattern remained statistically significantly associated with CKD.  

 

The results of this study provide support for the role of diet in CKD. In this population, 

an unhealthy dietary pattern was independently associated with lower eGFR and an 

increased risk of CKD. The lack of association of renal function with a healthy dietary 

pattern suggests that inclusion of healthy foods in the diet may not necessarily afford 

protection from renal decline but rather highlights the potential detrimental effects 

exerted by unhealthy dietary patterns, suggesting minimising the intake of certain 

foods may be required. Further longitudinal research is necessary in order to establish 
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whether change in overall dietary intake over time can ameliorate or exacerbate CKD 

risk and eGFR decline.  
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Cross-sectional associations between 

retinal microvascular parameters, 

dietary intake and albuminuria in UK 

Biobank: A case-control study. 
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9.1 Introduction 

Diet and nutrition influence the risk of the commonest causes of chronic kidney disease 

(CKD), viz. type 2 diabetes1 and hypertension.2 Associations between diet and the risk 

of hypertension and diabetes have been extensively studied, and dietary intake 

guidelines exist for the prevention and amelioration of both conditions.3,4 In contrast, 

primary prevention guidelines for dietary intake in CKD aim to reduce the risk of 

diabetes and hypertension as causes of CKD, whereas guidelines for tertiary 

prevention in CKD focus on dietary changes reducing intake of specific substances to 

modify the effects of biochemical changes associated with CKD5 (see Chapter 8, 

Section 8.1.2.). The role of the diet in the primary prevention of CKD, independent of 

its effects on diabetes mellitus (DM) and hypertension, is underexplored.  

In Chapter 8,  an association between renal function and an a-posteriori derived 

unhealthy dietary pattern (DP) was demonstrated (defined, in decreasing order of 

factor loadings, by relatively high consumption of crisps, chips, alcohol, high fat dairy 

products, soups, desserts, sugars and sweets, wholegrains, 

dressings/sauces/condiments, processed meat, potatoes, eggs, refined grains, refined 

breakfast cereal, chocolate, vegetables, red meat, white fish and shellfish) independent 

of DM, hypertension, ischaemic heart disease, cerebrovascular accident, body mass 

index (BMI), smoking and alcohol consumption. Similar associations, independent of 

DM and hypertension, have also been found between CKD and a-priori derived DPs 

such as the Dietary Approaches to Stop Hypertension (DASH) diet,6–8 Mediterranean 

diet9,10 and vegetarian diet.11,12 

Studies of single nutrients are unlikely to represent the effect of consumption in free-

living populations due to complex interactions of food types consumed and differing 

preparation and storage methods etc. (see Chapter 8, section 8.1.2.5.).  Dietary pattern 

analysis (DPA) provides a useful means of assessing the effects of dietary habits 

relevant to common local customs and issues (e.g. preparation methods, pollution 

issues, and interactions with commonly consumed foods). However, the UK Biobank 

(UKBB) data is unsuitable for DPA. Nevertheless, analysis of food group intake is 

possible with the UKBB data. Testing of associations between CKD and food groups 

may complement DPA and provide information on the contribution of food groups to 

previously detected associations with DPs, such as the associations observed in 
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Chapter 8 or those in studies of the Mediterranean diet and DASH diet etc. The UKBB 

provides an opportunity to assess food groups similar to those used in the construction 

of the DPs identified in the Irish Nun Eye Study (see Chapter 8), particularly given the 

similarities between food cultures in the UK and Ireland.  

Indeed, the UKBB collected data on the frequency of consumption of foods from 

several food groups that corresponded to the food groups used for DPA in Chapter 8 

and/or for which a rationale exists for their association with CKD. 

9.1.1. Fruit and Vegetable intake: cooked vegetables, raw vegetables, fresh fruit 

and dried fruit intake. 

Fruit and vegetable intake were considered together as a single category in the DPA in 

Chapter 8. UKBB participants were asked about their consumption of raw and cooked 

vegetables, and fresh and dried fruits separately. A wide variety of fruits and 

vegetables contain substances with antioxidant capacity13,14 including vitamins A, C 

and E, carotenoids, phenolics and others.  

Reduced endogenous antioxidant production has been reported in  individuals with 

ESRD requiring haemodialysis15, and antioxidant supplementation has been associated 

with reducing a decline in renal function,16 highlighting the potential benefit for 

exogenous antioxidant sources in those with CKD. Similarly, fruits and vegetables 

contain a wide variety of anti-inflammatory substances which regulate nitric oxide 

production, the cyclooxygenase pathway, prostaglandin production and macrophage 

function such as phenolics, triterpenoids, saponins and lectins etc.17 Recent findings 

suggest that, with ageing, common somatic mutations in haematopoietic stem cells 

accumulate in some individuals (in particular of the TET2, DNMT3A, ASXL1, PPMD1, 

SF3B1, SRSF2, TP53 and JAK2 genes), resulting in a population of non-leukaemic, 

non-malignant, mutated white blood cells in the circulation that result in a pro-

inflammatory state as a result of altered inflammatory regulation.18 This may suggest 

an increased value of exogenous anti-inflammatory agents from fruits and vegetables 

with advancing age.  

Conversely, the monosaccharide sugar fructose, characteristically found in high 

concentrations in fruits, has been implicated in renal damage. For example, in Central 

American countries, a high prevalence of CKD has been reported in agricultural 
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labourers (Mesoamerican nephropathy), above what would normally be expected in 

the general population and possibly due to rehydration from fructose-sweetened drinks 

following bouts of dehydration induced by manual labour in hot climates. Indeed, 

dehydration-induced endogenous fructose production has been found to increase renal 

inflammation and fibrosis in animal models,19 and low fructose diets in individuals 

with CKD have been reported to reduce blood pressure and inflammation.20 Mixed 

evidence has been reported in Nicaraguan individuals with Mesoamerican 

nephropathy, but not sugary beverage intake, was associated with reduced estimated 

glomerular filtration rate (eGFR).21 In light of these facts, the separate measurement 

of fruit intake and vegetable intake is of interest in the context of CKD. 

 

9.1.2. Oily fish 

Oily fish intake was a category used for DPA in Chapter 8 and was assessed as part of 

the UKBB food frequency questionnaire (FFQ). Oily fish are rich in long-chain, n-3 

polyunsaturated fatty acids which act on the cyclooxygenase pathway and arachidonic 

acid pathway to reduce the production of a variety of inflammatory mediators22 and 

may, therefore, provide a degree of protection against CKD. Conversely oily fish 

commonly contain pollutants such as polychlorinated biphenyls (PCBs)23 that have 

toxic effects in cultured kidney cells causing apoptosis,24 

 

9.1.3. Red meat: Beef, lamb, pork and processed meat 

Red meat and processed meat intake were assessed for DPA in Chapter 8. The UKBB 

collected data on processed meat and the individual types of red meat commonly 

consumed in the UK (beef, lamb and pork). Meat intake has been associated with 

increased end-stage renal disease (ESRD) incidence25 and in the Singapore Chinese 

Health Study, where red meat intake was considered separately from other protein 

sources, red meat, but not fish, poultry, eggs, or dairy intake, was associated with 

greater incidence of ESRD.26 Similar results were reported in the Atherosclerosis Risk 

in Communities (ARIC) study, where processed meats were considered as an 

additional, separate, category and both red and processed meats were associated with 

incident ESRD.27 
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9.1.4. Bread type consumed 

Consumption of wholegrains and refined grains was assessed for DPA in Chapter 8. 

The UKBB did not assess intake of these but did assess the type of bread normally 

eaten (e.g. wholegrain, or white). The process of refining grains, such as wheat, to 

produce white flour involves the removal of the fibrous but nutritious germ and bran 

of the grain, leaving only the starchy white endosperm. Bread and related products 

produced from wholegrains, in contrast, contain a range of essential elements (e.g. 

magnesium), vitamins (notably, B vitamins and vitamin E), and other beneficial 

dietary substances including various forms of fibre.28 Wholegrain intake has been 

associated with reduced hypertension incidence,28 and reduced risk of DM, obesity, 

and cardiovascular disease.29 Moreover, wholegrain products contain a variety of 

antioxidants14 and supplementation with soluble dietary fibre, as found in oats, reduces 

oxidation and inflammation in haemodialysis patients.30 

9.1.5. Salt added 

The frequency of meals to which salt was added was assessed in the UKBB FFQ. 

Although salt intake does not form part of the DPA in Chapter 8, salt intake is of 

interest for vascular health and CKD risk. Greater salt intake is associated with 

increases in both blood pressure31–34 and albuminuria,31,34–36 and is therefore likely to 

drive loss of renal function, and was, therefore, assessed in this study. 

9.1.6. Fluid intake: Water, tea and coffee 

Consumption of water, tea, and coffee were assessed by the UKBB FFQ. Although 

these were not assessed in the DPA in Chapter 8, water and fluid intake are of interest 

as correlates of CKD. Low total fluid intake is associated with increased CKD risk,37,38 

and data from the   National Health and Nutrition Examination Survey (NHANES) 

study indicated that although greater total fluid intake was associated with a large 

reduction in CKD risk and, when water intake alone was separated from other 

beverages, intake of fluid from other beverages as a whole, was not associated with 

CKD risk.39 Coffee and black tea intake have, however, been associated with reduced 

risk of CKD in observational studies.40,41  
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9.1.7. Alcohol intake frequency 

Alcohol consumption was measured for DPA in Chapter 8 and was also assessed in 

the UKBB touch-screen questionnaire. Increased frequency and amount of alcohol 

consumption are associated with reduced CKD risk42–45 despite associated increases in 

blood pressure.42 

2.1.8. Study aims 

This study aimed to test associations between dietary intake and renal function 

as determined by urinary albumin to creatinine ratio (ACR). Evaluation of associations 

between renal function and diet has merit but given previously identified associations 

between diet and retinal microvascular paremeters (RVP), dietary intake also 

constitutes an important potential confounding influence in associations between RVP 

and ACR. Therefore, this study also sought to evaluate associations between diet and 

RVP and to construct models for the association between RVP and ACR adjusted for 

dietary intake food groups. The study tested the following null hypothesis: 

H0: There is no association between dietary intake of a variety of dietary 

components and and reduced renal ACR ≥3 mg/mmol and cognitive 

impairment in the UK Biobank population 

9.2 Methods 

A cross-sectional, case-control study was carried out using data from the UKBB 

population. The UKBB population and data collection has been described previously 

(see Chapter 3, Section 3.2). Briefly, the UKBB study collected data on 502,616 adults 

aged 40-69 years in the UK between 2006 – 2010.46,47 ACR was calculated from 

albumin and creatinine values measured from urine samples collected at UKBB 

assessment centre visits. Cases and controls were selected based on clinical ACR 

thresholds. ACR ≥ 3 mg/mmol (ACR stages A2-A3) were categorised as cases and 

those with an ACR < 3 mg/mmol (ACR stage A1) were categorised as controls. 

Dietary intake was assessed via a FFQ as part of the touch-screen questionnaire 

completed at UKBB assessment centre visits. Participants were asked how often they 

consume certain food types and were presented with a list of options indicating the 

frequency. For example: never, less than once a week, once a week, 2-4 times a week 

etc.  
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In Chapter 8, DPs existing in a population of cloistered nuns in Ireland were identified 

using principal components analysis (PCA) from estimated food intake, in grams, of 

specific food groups calculated from responses to FFQ data. The data obtained by the 

UKBB FFQ was not suitable for estimating grams of food consumed and subsequent 

DPA using PCA. Instead, FFQ results were assessed as the frequency of intake of food 

type categories. 

Macula-centred digital fundus images were captured using a Topcon 3D OCT 1000 

Mark 2 camera (Topcon Great Britain Medical Ltd., Berkshire, UK). RVP were 

calculated from fundus images using the Vessel Assessment and Measurement 

Platform for Images of the REtina (VAMPIRE) version 3.1 (VAMPIRE group, 

Universities of Dundee and Edinburgh, Scotland). RVP measured included the central 

retinal arteriolar equivalent (CRAE), central retinal venular equivalent (CRVE), retinal 

vascular fractal dimension (FD) and tortuosity. RVP were entered into regression 

models as z-scores, i.e. a single unit difference in a given RVP represents a single 

standard deviation change. 

9.2.1 Statistical analysis 

Statistical analyses were performed using Stata/1C version 14.2 (Timberlake Consultants 

Limited, Richmond upon Thames, UK). Multivariate linear regression was used to test 

associations between diet and RVP, with the intake of dietary components as 

independent variables and RVPs as the dependent variables. Binomial logistic 

regression models were used to test associations between intake of dietary components 

(as independent variables) and ACR categorisation (as the dependent variable). 

Likewise, binomial logistic regression models were also used to test associations 

between each RVP (as independent variables) and ACR categorisation (as the 

dependent variable). Regression models were constructed to control for a variety of 

confounding factors. Model 1 tested the crude association with no adjustment for 

covariates. Model 2 adjusted for age and sex. Model 3 adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of DM, smoking history (as a binary variable, ever smoked versus never 

smoked), ethnicity (as a binary variable, white ethnicity versus non-white ethnicity), 

and alcohol consumption (ever versus never). Model 4 additionally adjusted for dietary 

change due to illness. Additional models were constructed for associations between 

RVP and ACR that included adjustment for intake of dietary components. McFadden’s 
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r2 was used to assess the fit of logistic regression models for associations between RVP 

and ACR. 

 

9.3 Results 

Study sample characteristics are summarised in Chapter 3, Section 3.3. Associations 

between intake of selected dietary components and ACR categories (ACR≥ 3 

mg/mmol VS ACR < 3 mg/mmol) are shown in Table 9.1. Higher intake of fresh fruit 

was significantly associated with ACR ≥ 3 mg/mmol in model 1 (unadjusted), 2 

(adjusted for age and sex), and 3 (adjusted for age, sex, waist circumference, systolic 

blood pressure, blood pressure-lowering medication usage, presence of DM, smoking 

history, ethnicity, and alcohol consumption). In model 3, a single category increase in 

fruit intake was associated with 5% increased risk of ACR ≥ 3 mg/mmol, 95% 

confidence interval (95% CI) (1.02, 1.08). Although intake of dried fruit was not 

associated with ACR ≥ 3 mg/mmol in models 1 or 2, after adjustment for age, sex, 

waist circumference, systolic blood pressure, blood pressure-lowering medication 

usage, presence of DM, smoking history, ethnicity, and alcohol consumption.  A 

greater intake of dried fruit was associated with increased risk of ACR ≥ 3 mg/mmol 

(OR 1.03, 95% CI 1.00, 1.06). Greater beef intake was associated with increased risk 

of ACR≥ 3 mg/mmol in models 1 and 2 (OR 1.06, 95% CI 1.01, 1.12 and OR 1.06, 

95% CI 1.01, 1.13 respectively). Greater frequency of salt intake was significantly 

associated with reduced risk of ACR ≥ 3 mg/mmol in all three models tested. In Model 

3, a single category increase in salt intake frequency was associated with 0.94 times the 

risk of ACR ≥ 3 mg/mmol, 95% CI 0.89, 1.00. Increased frequency of water and tea 

consumption were significantly associated with increased risk of ACR ≥ 3 mg/mmol in 

Models 1 to 3. In Model 3, a single category increase in water (for example, from one 

glass of water per day to two glasses of water per day) and tea intake frequency were 

associated with 1.07 (95% CI 1.05, 1.10) and 1.04 (95% CI 1.03, 1.06) times the risk 

of ACR ≥ 3 mg/mmol respectively. However, following additional adjustment for 

dietary change due to illness (Model 4), only water intake was significantly associated 

with ACR ≥ 3 mg/mmol (OR 1.07, 95% CI 1.05, 1.10). 
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 Model 1 Model 2 Model 3 Model 4 

 OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 

Cooked 

vegetables 
1.02 (1.00, 1.04) 1.02 (1.00, 1.04) 1.02 (1.00, 1.05) 1.02 (0.96, 1.09) 

Raw 

vegetables 
1.00 (0.98, 1.02) 1.00 (0.98, 1.02) 1.00 (0.98, 1.03) 1.02 (0.96, 1.07) 

Fresh fruit 1.04 (1.01, 1.08)* 1.05 (1.01, 1.08)* 1.05 (1.02, 1.08)* 1.00 (0.94, 1.07) 

Dried fruit 1.02 (0.99, 1.04) 1.02 (0.99, 1.05) 1.03 (1.00, 1.06)* 0.98 (0.91, 1.05) 

Oily fish 1.00 (0.95, 1.05) 1.00 (0.95, 1.05) 1.00 (0.95, 1.05) 1.06 (0.93, 1.20) 

Processed 

meat 
0.99 (0.95, 1.04) 0.99 (0.95, 1.04) 0.97 (0.93, 1.02) 1.03 (0.92, 1.14) 

Beef 1.06 (1.01, 1.12)* 1.06 (1.01, 1.13)* 1.04 (0.98, 1.11) 1.14 (0.99, 1.31) 

Lamb 0.99 (0.93, 1.05) 0.99 (0.93, 1.05) 0.97 (0.91, 1.04) 1.00 (0.87, 1.16) 

Pork 0.98 (0.93, 1.05) 0.98 (0.92, 1.05) 0.96 (0.90, 1.02) 0.98 (0.84, 1.14) 

Bread type 1.02 (0.97, 1.08) 1.02 (0.97, 1.08) 1.05 (0.99, 1.10) 1.01 (0.89, 1.15) 

Salt added 0.93 (0.88, 0.98)* 0.93 (0.88, 0.98)* 0.94 (0.89, 1.00)* 1.03 (0.89, 1.18) 

Tea 1.04 (1.03, 1.06)* 1.04 (1.03, 1.06)* 1.04 (1.03, 1.06)* 1.01 (0.97, 1.06) 

Coffee 1.00 (0.98, 1.02) 1.00 (0.98, 1.02) 1.00 (0.97, 1.02) 1.03 (0.97, 1.09) 

Water 1.07 (1.05, 1.10)* 1.08 (1.05, 1.10)* 1.07 (1.05, 1.10)* 1.11 (1.05, 1.17)* 

Alcohol 

frequency 
1.03 (1.00, 1.05) 1.03 (1.00, 1.06) 1.03 (0.99, 1.07) 1.01 (0.94, 1.08) 

Table 9.1. Associations between intake of selected dietary components and 

albuminuria from binary logistic regression models. Model 1: no adjustment for 

covariates; Model 2: adjusted for age and sex; Model 3: adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption. 

Model 4 included additional adjustment for dietary change due to illness. OR: odds 

ratio; 95% CI: 95% confidence interval. *significant at the p<0.05 level. 

 

Associations between intake of selected dietary components and CRAE are presented 

in Table 9.2. Greater salt intake was significantly associated with lower CRAE 

(narrower retinal arterioles). Following adjustment for age, sex, waist circumference, 

systolic blood pressure, blood pressure-lowering medication usage, presence of DM, 

smoking history, ethnicity, and alcohol consumption, a single category increase in salt 

intake, for example, from never/rarely to sometimes, was associated with a β 

coefficient of -0.07 (95% CI -0.14, -0.01) for arteriolar calibre. No other categories of 

dietary intake were significantly associated with CRAE. 
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  Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Cooked vegetables -0.02 (-0.04, 0.01) -0.02 (-0.04, 0.01) -0.01 (-0.04, 0.01) 

Raw vegetables 0.01 (-0.01, 0.03) 0.01 (-0.02, 0.03) 0.01 (-0.01, 0.03) 

Fresh fruit 0.04 (0.00, 0.07) 0.03 (0.00, 0.07) 0.03 (0.00, 0.07) 

Dried fruit 0.03 (-0.01, 0.07) 0.02 (-0.02, 0.06) 0.02 (-0.02, 0.06) 

Oily fish 0.05 (-0.01, 0.11) 0.04 (-0.02, 0.10) 0.04 (-0.02, 0.10) 

Processed meat 0.01 (-0.05, 0.06) 0.03 (-0.03, 0.08) 0.02 (-0.04, 0.07) 

Beef 0.01 (-0.06, 0.07) 0.01 (-0.05, 0.08) 0.01 (-0.05, 0.08) 

Lamb -0.02 (-0.09, 0.06) -0.01 (-0.09, 0.06) 0.00 (-0.08, 0.08) 

Pork 0.05 (-0.03, 0.12) 0.05 (-0.02, 0.13) 0.03 (-0.04, 0.11) 

Bread type 0.06 (0.00, 0.12) 0.04 (-0.02, 0.11) 0.03 (-0.03, 0.09) 

Salt added -0.08 (-0.15, -0.02)* -0.08 (-0.14, -0.01)* -0.07 (-0.14, -0.01)* 

Tea 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 

Coffee 0.02 (-0.01, 0.04) 0.02 (-0.01, 0.04) 0.01 (-0.01, 0.04) 

Water -0.02 (-0.04, 0.01) -0.02 (-0.04, 0.01) -0.01 (-0.04, 0.02) 

Alcohol frequency 0.02 (-0.01, 0.05) 0.02 (-0.02, 0.05) 0.03 (-0.01, 0.07) 

Table 9.2. Associations between intake of selected dietary components and central 

retinal arteriolar equivalent from multivariate linear regression models. Model 1: no 

adjustment for covariates; Model 2: adjusted for age and sex; Model 3: adjusted for 

age, sex, waist circumference, systolic blood pressure, blood pressure-lowering 

medication usage, presence of diabetes mellitus, smoking history, ethnicity, and 

alcohol consumption. 95% CI: 95% confidence interval. *significant at the p<0.05 

level. 

 

Associations between intake of selected dietary components and CRVE are presented 

in Table 9.3. Greater intake of cooked vegetables was significantly associated with 

smaller CRVE (narrower retinal venules). Following adjustment for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of DM, smoking history, ethnicity, and alcohol consumption, a single 

category increase in cooked vegetable intake, for example, from one portion per day 

to two portions per day, was associated with a β coefficient of -0.03 (95%  -0.05, 0.00) 

for venular calibre. Increased alcohol intake frequency was significantly associated 

with increased retinal venular calibre in Model 3 (β = 0.04, 95% CI 0.01, 0.08), but 

not in model 1 or 2. No other categories of dietary intake were significantly associated 

with CRVE. 
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 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Cooked vegetables -0.03 (-0.06, -0.01)* -0.03 (-0.06, -0.01)* -0.03 (-0.05, 0.00)* 

Raw vegetables -0.01 (-0.04, 0.01) -0.01 (-0.04, 0.01) -0.01 (-0.03, 0.01) 

Fresh fruit -0.02 (-0.05, 0.02) -0.02 (-0.05, 0.02) -0.01 (-0.04, 0.03) 

Dried fruit 0.00  (-0.03, 0.04) 0.01 (-0.03, 0.04) 0.01 (-0.03, 0.04) 

Oily fish -0.01 (-0.06, 0.05) 0.00  (-0.05, 0.05) 0.00  (-0.05, 0.05) 

Processed meat -0.01 (-0.06, 0.03) -0.01 (-0.06, 0.03) -0.04 (-0.09, 0.01) 

Beef 0.02 (-0.04, 0.08) 0.02 (-0.04, 0.08) 0.00  (-0.06, 0.06) 

Lamb -0.04 (-0.11, 0.03) -0.04 (-0.11, 0.03) -0.04 (-0.11, 0.02) 

Pork 0.01 (-0.05, 0.08) 0.02 (-0.05, 0.09) 0.00  (-0.07, 0.07) 

Bread type 0.00  (-0.05, 0.05) 0.00  (-0.05, 0.05) -0.01 (-0.06, 0.05) 

Salt added 0.02 (-0.04, 0.08) 0.02 (-0.04, 0.07) 0.02 (-0.04, 0.08) 

Tea -0.01 (-0.03, 0.01) -0.01 (-0.03, 0.01) -0.01 (-0.03, 0.01) 

Coffee 0.02 (-0.01, 0.04) 0.02 (-0.01, 0.04) 0.01 (-0.02, 0.03) 

Water -0.02 (-0.04, 0.01) -0.02 (-0.04, 0.00) -0.01 (-0.03, 0.01) 

Alcohol frequency 0.01 (-0.02, 0.04) 0.00  (-0.03, 0.03) 0.04 (0.01, 0.08)* 

Table 9.3. Associations between intake of selected dietary components and central 

retinal venular equivalent from multivariate linear regression models. Model 1: no 

adjustment for covariates; Model 2: adjusted for age and sex; Model 3: adjusted for 

age, sex, waist circumference, systolic blood pressure, blood pressure-lowering 

medication usage, presence of diabetes mellitus, smoking history, ethnicity, and 

alcohol consumption. 95% CI: 95% confidence interval. *significant at the p<0.05 

level. 

 

In Table 9.4., associations between intake of selected dietary components and 

arteriovenous ratio (AVR) are shown. Greater processed meat intake was significantly 

associated with lower AVR. In the fully model adjusted Model 3, an increase in 

processed meat intake by a single category, for example, from once per week to 2-4 

times per week, was associated with an increase of 0.07 (95%  0.01, 0.13) units of 

AVR, indicating relatively greater arterioles compared to venules. There were no other 

significant associations between dietary intake and AVR. 
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 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Cooked vegetables 0.02 (-0.01, 0.04) 0.01 (-0.01, 0.04) 0.01 (-0.02, 0.04) 

Raw vegetables 0.02 (-0.01, 0.05) 0.02 (-0.01, 0.05) 0.02 (-0.01, 0.05) 

Fresh fruit 0.02 (-0.03, 0.06) 0.01 (-0.03, 0.05) 0.01 (-0.03, 0.05) 

Dried fruit 0.00 (-0.05, 0.05) -0.01 (-0.06, 0.04) -0.01 (-0.05, 0.04) 

Oily fish 0.06 (-0.01, 0.12) 0.05 (-0.02, 0.11) 0.04 (-0.02, 0.11) 

Processed meat 0.04 (-0.01, 0.10) 0.06 (0.00, 0.12) 0.07 (0.01, 0.13)* 

Beef -0.03 (-0.10, 0.05) -0.03 (-0.11, 0.05) -0.03 (-0.1, 0.05) 

Lamb 0.00  (-0.09, 0.08) -0.01 (-0.09, 0.08) 0.00 (-0.09, 0.08) 

Pork 0.04 (-0.05, 0.12) 0.03 (-0.05, 0.12) 0.02 (-0.06, 0.11) 

Bread type 0.06 (-0.01, 0.12) 0.05 (-0.02, 0.12) 0.04 (-0.02, 0.11) 

Salt added -0.07 (-0.15, 0.00) -0.06 (-0.14, 0.01) -0.06 (-0.13, 0.02) 

Tea 0.01 (-0.02, 0.03) 0.01 (-0.02, 0.03) 0.01 (-0.02, 0.03) 

Coffee -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02) 0.00 (-0.03, 0.02) 

Water 0.01 (-0.02, 0.04) 0.01 (-0.02, 0.04) 0.00 (-0.03, 0.03) 

Alcohol frequency 0.00  (-0.03, 0.04) 0.00  (-0.03, 0.04) -0.02 (-0.07, 0.02) 

Table 9.4. Associations between intake of selected dietary components and 

arteriovenous ratio from multivariate linear regression models. Model 1: no adjustment 

for covariates; Model 2: adjusted for age and sex; Model 3: adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption. 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 
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No significant associations were found between dietary intake of selected dietary 

components and arteriolar fractal dimension (FDa) in any of the associations evaluated 

(see Table 9.5) 

 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Cooked vegetables 0.00 (-0.04, 0.04) 0.00 (-0.04, 0.04) 0.01 (-0.03, 0.04) 

Raw vegetables 0.01 (-0.02, 0.04) 0.01 (-0.02, 0.04) 0.01 (-0.02, 0.04) 

Fresh fruit -0.01 (-0.05, 0.03) -0.01 (-0.05, 0.03) -0.01 (-0.05, 0.03) 

Dried fruit 0.01 (-0.03, 0.06) 0.01 (-0.03, 0.06) 0.01 (-0.04, 0.06) 

Oily fish 0.05 (-0.02, 0.12) 0.05 (-0.01, 0.12) 0.05 (-0.02, 0.12) 

Processed meat -0.04 (-0.09, 0.02) -0.03 (-0.09, 0.03) -0.04 (-0.10, 0.02) 

Beef -0.04 (-0.12, 0.03) -0.04 (-0.12, 0.03) -0.04 (-0.12, 0.04) 

Lamb -0.02 (-0.10, 0.07) -0.01 (-0.10, 0.07) 0.00 (-0.09, 0.09) 

Pork -0.04 (-0.12, 0.05) -0.03 (-0.12, 0.05) -0.04 (-0.13, 0.05) 

Bread type 0.05 (-0.02, 0.11) 0.04 (-0.02, 0.11) 0.03 (-0.04, 0.10) 

Salt added 0.00 (-0.07, 0.07) 0.00 (-0.08, 0.07) 0.00 (-0.07, 0.08) 

Tea -0.01 (-0.03, 0.01) -0.01 (-0.03, 0.01) -0.01 (-0.04, 0.01) 

Coffee -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02) 

Water 0.00 (-0.02, 0.03) 0.00 (-0.02, 0.03) 0.01 (-0.02, 0.04) 

Alcohol frequency -0.03 (-0.07, 0.00) -0.04 (-0.08, 0.00) -0.04 (-0.09, 0.01) 

Table 9.5. Associations between intake of selected dietary components and arteriolar 

fractal dimension from multivariate linear regression models. Model 1: no adjustment 

for covariates; Model 2: adjusted for age and sex; Model 3: adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption. 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 

 

In Table 9.6., associations between intake of selected dietary components and venular 

fractal dimension (FDv) are shown. Greater fresh fruit intake was significantly 

associated with lower FDv. For example, in the fully adjusted model 3, an increase in 

fresh fruit intake by a single category, for example, from one piece of fresh fruit per 

day to two pieces of fresh fruit per day, was associated with -0.06 (95% -0.11, -0.00) 

units of FDv. In addition, greater frequency of alcohol intake was significantly 

associated with reduced FDv. In Model 3, a single category increase in alcohol intake, 

for example, from once or twice per week to three of four times per week, was 

associated with a beta estimate of -0.07 (95% CI -0.12, -0.01) units of FDv. There were 

no other significant associations between dietary intake and FDv.  
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 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Cooked vegetables -0.03 (-0.07, 0.01) -0.03 (-0.06, 0.01) -0.02 (-0.06, 0.02) 

Raw vegetables -0.02 (-0.05, 0.01) -0.02 (-0.05, 0.01) -0.02 (-0.05, 0.01) 

Fresh fruit -0.06 (-0.11, -0.01)* -0.06 (-0.11, -0.01)* -0.06 (-0.11, -0.00)* 

Dried fruit -0.06 (-0.11, 0.00) -0.05 (-0.11, 0.00) -0.05 (-0.11, 0.01) 

Oily fish 0.05 (-0.04, 0.13) 0.06 (-0.03, 0.15) 0.04 (-0.04, 0.13) 

Processed meat -0.01 (-0.08, 0.07) -0.01 (-0.08, 0.07) -0.02 (-0.10, 0.06) 

Beef 0.03 (-0.07, 0.12) 0.03 (-0.06, 0.12) 0.01 (-0.09, 0.11) 

Lamb 0.07 (-0.03, 0.17) 0.08 (-0.03, 0.18) 0.08 (-0.03, 0.19) 

Pork 0.04 (-0.06, 0.15) 0.05 (-0.06, 0.16) 0.03 (-0.08, 0.15) 

Bread type -0.02 (-0.10, 0.07) -0.02 (-0.11, 0.07) -0.03 (-0.12, 0.06) 

Salt added -0.04 (-0.13, 0.05) -0.05 (-0.13, 0.04) -0.04 (-0.13, 0.05) 

Tea -0.03 (-0.06, 0.00) -0.02 (-0.05, 0.01) -0.03 (-0.06, 0.00) 

Coffee 0.00 (-0.04, 0.03) 0.00(-0.04, 0.03) -0.01 (-0.04, 0.03) 

Water -0.01 (-0.04, 0.03) -0.01 (-0.05, 0.02) -0.01 (-0.04, 0.03) 

Alcohol frequency -0.06 (-0.11, -0.02)* -0.07 (-0.12, -0.02)* -0.07 (-0.12, -0.01)* 

Table 9.6. Associations between intake of selected dietary components and venular 

fractal dimension from multivariate linear regression models. Model 1: no adjustment 

for covariates; Model 2: adjusted for age and sex; Model 3: adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption. 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 

 

Associations between dietary intake and arteriolar tortuosity (ATort) are presented in 

Table 9.7. Greater coffee intake was significantly associated with arterioles that are 

more tortuous. In the fully adjusted model 3, a single category intake in coffee 

consumption (for example, from one cup of coffee per day to two cups of coffee per 

day) was associated with a beta coefficient of 0.04 (95% CI 0.02, 0.06) unit increase 

ATort. No other significant associations were found between dietary intake and ATort. 

No significant associations were found between dietary intake and venular tortuosity 

(VTort), see Table 9.8. 
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 Model 1 Model 2 Model 3 

 β (95% CI) β (95% CI) β (95% CI) 

Cooked vegetables 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.03) 

Raw vegetables 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 

Fresh fruit -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02) 

Dried fruit -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.03) 

Oily fish -0.03 (-0.08, 0.02) -0.03 (-0.08, 0.02) -0.01 (-0.06, 0.03) 

Processed meat 0.01 (-0.03, 0.06) 0.00 (-0.04, 0.04) -0.03 (-0.09, 0.02) 

Beef -0.01 (-0.06, 0.05) -0.01 (-0.07, 0.04) -0.03 (-0.08, 0.03) 

Lamb -0.03 (-0.1, 0.03) -0.05 (-0.11, 0.02) -0.05 (-0.11, 0.02) 

Pork -0.01 (-0.07, 0.06) -0.01 (-0.08, 0.05) -0.03 (-0.09, 0.04) 

Bread type -0.04 (-0.09, 0.01) -0.03 (-0.08, 0.02) -0.04 (-0.09, 0.02) 

Salt added 0.00 (-0.06, 0.05) -0.01 (-0.06, 0.05) 0.00 (-0.05, 0.06) 

Tea 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 

Coffee 0.04 (0.02, 0.07)* 0.04 (0.02, 0.07)* 0.04 (0.02, 0.06)* 

Water -0.02 (-0.04, 0.00) -0.01 (-0.03, 0.01) -0.01 (-0.03, 0.01) 

Alcohol frequency 0.00 (-0.03, 0.02) 0.00 (-0.03, 0.03) 0.01 (-0.03, 0.04) 

Table 9.7. Associations between intake of selected dietary components and arteriolar 

tortuosity from multivariate linear regression models. Model 1: no adjustment for 

covariates; Model 2: adjusted for age and sex; Model 3: adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption. 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 

 Model 1 Model 2 Model 3 

 Coef. (95% CI) Coef. (95% CI) Coef. (95% CI) 

Cooked vegetables -0.02 (-0.04, 0.01) -0.02 (-0.04, 0.01) -0.02 (-0.04, 0.00) 

Raw vegetables 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 0.00 (-0.02, 0.02) 

Fresh fruit 0.00 (-0.03, 0.03) 0.00 (-0.03, 0.03) 0.00 (-0.03, 0.03) 

Dried fruit 0.01 (-0.02, 0.04) 0.01 (-0.02, 0.04) 0.01 (-0.02, 0.04) 

Oily fish -0.04 (-0.09, 0.01) -0.04 (-0.09, 0.01) 0.02 (-0.02, 0.07) 

Processed meat 0.03 (-0.01, 0.08) 0.03 (-0.02, 0.07) -0.04 (-0.08, 0.01) 

Beef 0.00 (-0.05, 0.06) 0.00 (-0.06, 0.06) 0.01 (-0.05, 0.06) 

Lamb -0.03 (-0.09, 0.04) -0.04 (-0.10, 0.03) -0.03 (-0.10, 0.03) 

Pork -0.01 (-0.07, 0.06) -0.01 (-0.08, 0.05) -0.02 (-0.08, 0.05) 

Bread type 0.00 (-0.05, 0.05) 0.00 (-0.05, 0.05) 0.00 (-0.05, 0.05) 

Salt added 0.02 (-0.03, 0.08) 0.02 (-0.03, 0.08) 0.04 (-0.02, 0.09) 

Tea -0.01 (-0.02, 0.01) -0.01 (-0.03, 0.01) -0.01 (-0.03, 0.01) 

Coffee 0.02 (-0.01, 0.04) 0.02 (-0.01, 0.04) 0.02 (0.00, 0.04) 

Water -0.01 (-0.03, 0.01) 0.00 (-0.03, 0.02) 0.00 (-0.03, 0.02) 

Alcohol frequency 0.02 (-0.01, 0.05) 0.03 (0.00, 0.06) 0.03 (-0.01, 0.06) 

Table 9.8. Associations between intake of selected dietary components and venular 

tortuosity from multivariate linear regression models. Model 1: no adjustment for 

covariates; Model 2: adjusted for age and sex; Model 3: adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption. 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 
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In supplementary tables 9.S1. to 9.S7, adjusted models for the associations between 

RVP and albuminuria, with additional adjustment for dietary intake of food groups, 

are shown (for unadjusted and age and sex-adjusted models, Models 1 and 2, see 

Chapter 3, Section 3.3). Neither McFadden’s pseudo r2, a measure of the fit of logistic 

regression models, nor the odds ratios indicating risk of albuminuria, were 

substantively affected by additional adjustment for intake of any dietary components. 

Additional adjustment for dietary intake, therefore, did not alter the effect size or 

improve the fit of the adjusted models. As with associations in Models 1 to 3 (Chapter 

3, Section 3.3.), significant associations were found between greater arteriolar and 

venular FD and reduced odds of albuminuria after additional adjustment for intake of 

selected dietary components. For example, a standard deviation increase in arteriolar 

FD was significantly associated with a 14% reduction in risk of albuminuria in the 

fully adjusted model (Odds ratio = 0.86; 95% CI, 0.76, 0.98). No significant 

associations were found between CRAE, CRVE, AVR, or tortuosity and ACR≥ 3 

mg/mmol.  

 

9.4 Discussion 

In this cross-sectional case-control study, intake of several dietary components was 

found to be significantly associated with ACR ≥ 3 mg/mmol after adjustment for a 

range of potential confounding variables including age, sex, waist circumference, 

systolic blood pressure, blood pressure-lowering medication usage, presence of DM, 

smoking history, ethnicity, and alcohol consumption.  Increased intake of fresh fruit, 

water, and tea was associated with an increased risk of ACR ≥ 3 mg/mmol, while 

increased intake of salt was associated with reduced risk of ACR ≥ 3 mg/mmol. The 

direction of these associations was counter to expectations. However, following 

additional adjustment for self-reported dietary change due to illness, the associations 

of salt, tea, and fresh fruit with ACR≥ 3 mg/mmol were no longer significant, 

indicating that these counter-intuitive associations resulted from participants actively 

changing their diets in response to the cue of poor health. The association between 

increased water intake and increased risk of albuminuria remained significant 
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providing some evidence that the null hypothesis could be rejected with regards to 

water intake.  

Studies of DPs have found that diets low in fruits and vegetables are associated with 

poorer renal function48 and albuminuria49 in US and Irish populations and greater fruit 

and vegetable intake specifically has also been found to be associated lower incident 

albuminuria in rural Chinese50 and Korean51 populations. Furthermore, randomised 

controlled trials of fruit and vegetable consumption have reported that provision of 

free fruit and vegetables, reduces net endogenous acid production, is as effective as 

bicarbonate provision and results in slower eGFR decline than in controls receiving no 

bicarbonate supplementation or fruit and vegetable provision.52–54 A greater net 

endogenous acid production has been associated with higher risk of albuminuria in an 

observational study in Japanese subjects.55 It is unclear why higher fruit and vegetable 

consumption was not associated with a lower risk of renal impairment (ACR ≥ 3 

mg/mmol) in the present study, despite some supporting evidence in the literature. A 

15-year longitudinal study in the Netherlands found no association between fruit and 

vegetable intake and either ACR or eGFR,56 perhaps highlighting the importance of 

dietary cultural context. 

Likewise, in contrast to the present study, associations between CKD and red and 

processed meat, and oily fish have been described previously. Greater intake of oily 

fish has been associated with reduced risk of CKD and albuminuria in Australian and 

English population-based studies.57,58 Greater consumption of red and processed meat 

has been previously associated with increased risk of incident CKD27 and ESRD26. 

The lack of significant associations in the present analysis is unclear but may be 

partially explained by the relative health of the UKBB population that generally has a 

lower burden of disease compared to the general population, which may bias results 

towards the null. 

Salt and fluid intake, in particular, may be expected to associate with renal function 

given impaired excretion rates, and associated dysregulation of fluid volume. One 

possible explanation for the lack of association with salt intake frequency in the present 

study is that, in mild CKD, which constitutes the majority of CKD cases, associations 

may not be as significant as observed within individuals with ESRD. However, a 2015 

Cochrane review of salt restriction interventions found that albuminuria is consistently 
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reduced by salt restriction.34 The UKBB FFQ did not directly measure salt intake, or 

estimate salt intake based on participant self-reporting but instead recorded the 

frequency that salt was added to meals. The error resulting from this crude 

measurement method may explain the non-significant findings observed. Similarly, 

total fluid intake was not assessed, but the frequency of water, tea, coffee and alcohol 

consumption were measured. Greater water intake was associated with an increased 

risk of albuminuria. This association runs counter to previously reported protective 

effects of fluid and, in particular, water intake.37–39 Some studies have reported related 

findings. Greater urine volume has been reported in those with faster decline in renal 

function.59 The association between increased water intake and albuminuria in this 

study may be an artefact of the fluid intake assessment method that did not attempt to 

assess intake of fluid from all sources or quantify volumes of fluid from each source. 

Moreover, in a population that excluded young adults, frequency of water intake, as 

opposed to fluid from other beverages, may also associate with frequency of 

medication usage.  

Associations between dietary patterns and CKD were assessed in this chapter partly 

because of their potential role in explaining and confounding the associations between 

RVP and CKD which form the primary hypothesis of this thesis. Several dietary 

components were previously found to be associated with alterations to retinal 

microvascular geometry. Increased salt intake frequency was significantly associated 

with reduced arteriolar calibre, a vascular change associated with hypertension and 

DM.60,61 Increased cooked vegetable intake was associated with narrower retinal 

venules, and increased intake of processed meat was associated with a greater AVR. 

Increased intake of fresh fruit and alcohol were associated with less complex vascular 

branching patterns (lower FDv), and increased coffee intake was associated with more 

tortuous retinal arterioles.  

Diet has been related to RVP in previous studies. In the Irish Nun Eye Study, and the 

Australian Blue Mountain Eye Study, unhealthy DPs were associated with narrower 

retinal arterioles, and wider retinal venules,62,63 similar to changes observed in DM and 

hypertension.60,61 However, in an elderly population, from the EUREYE study, healthy 

and unhealthy DPs showed no association with retinal microvascular calibre.64 Few 

studies have assessed associations between intake of individual food groups and RVP, 

highlighting the novelty of the present findings. Greater oily fish consumption has 
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been associated with wider retinal vessels previously,65 a finding that was not 

replicated in the present analyses. 

The potential confounding influence of dietary intake on the associations between 

RVP and albuminuria was explored with logistic regression models constructed as in 

Chapter 3 with additional adjustment for intake of selected dietary intake. Adjustment 

for frequency of consumption of food groups did not substantially alter the associations 

observed in fully adjusted models (Tables 9.S1. to 9.S7.). The present study does not, 

therefore, provide evidence supporting the inclusion of dietary measures in the 

assessment of associations between RVP and renal function. 

This study had several strengths. Use of data from the UKBB study allowed for a large 

study sample (total n = 6998, with retinal measurements for n = 1,877) with sufficient 

statistical power to detect associations between RVP and ACR ≥ 3 mg/mmol. The 

study assessed novel associations between dietary components and both ACR and 

RVP in consideration of adjustment for important confounding variables. 

The study design imposed several limitations on the study. The cross-sectional study 

design did not allow associations between exposure to dietary intake and incidence of 

albuminuria, or changes in RVP to be assessed. Clinical diagnosis of renal disease can 

result from measurement of eGFR, with values <60 ml/min/1.73m² or ACR ≥ 3 

mg/mmol indicating CKD and requires two measurements exceeding the clinical 

thresholds at least 3 months apart, to avoid mis-diagnoses. Cases and controls in the 

present study were categorised using a single measure of ACR. The results of this 

study, therefore, may differ from associations in clinical CKD populations. 

The VAMPIRE software used for RVP measurement is optimised for use with images 

centred on the optic disc. Only macula centred images were available for the present 

study and the UKBB image acquisition protocol limited time for image collection 

resulting in a high rejection rate of inferior quality images (see Chapter 3, Section 3.3.1 

and Figure 3.5). However, because of the magnitude of UKBB, the study was well-

powered despite the level of image rejection.  

Dietary intake data was collected using FFQs. A DPA (PCA) based approach was used 

to test for association between diet and eGFR in Chapter 8. DP-based approaches to 

testing associations between diet and other measures of health provide a means of 

assessing such associations in the context of the complex interactions occurring 
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between nutrients and other dietary components in a culturally relevant context, and 

thus provides associations likely to be externally valid to free-living populations. The 

UKBB data was not suitable for PCA and so DP could not be assessed. However, data 

relating to several food groups used in the DPA in Chapter 8 were available from 

FFQs. Compared to food diaries of weighed food intake, FFQs are susceptible to a 

greater degree of error because of misreporting, double reporting and other such issues. 

The choice of dietary data collection methods in the UKBB was likely influenced by 

the time constraints necessitated by a study design intended to collect data on a vast 

array of health-related variables on a large number of participants. Indeed, assessment 

centre visits were limited to approximately 90 minutes66 restricting opportunities for 

more in-depth assessment methods. However, FFQs are a widely used dietary 

assessment tool and the FFQ used in the UKBB dietary has been found to rank 

participants by their intakes of food groups reliably.67 Furthermore, the food intake 

categories used in this study provided the potential to assess associations for intake of 

food groups relevant to those included in DP such as those proposed in Chapter 8. 

Water, tea, and coffee intake were assessed as part of the UKBB FFQ. These measures 

do not provide an accurate indication of total water or fluid intake which include food 

derived water and water derived from other beverages. Moreover, intake of specific 

drinks with important implications for CKD risk was not captured. For example, cola 

consumption has been associated with a greater risk of CKD, thought to result from 

acidification with phosphoric acid and calcific damage to the nephrons and collecting 

ducts resulting from excessive phosphoric acid consumption.68  

 

Due to regional differences in food and beverage preparation, pollutants present in the 

food chain, and other such factors, the external validity of dietary findings to 

populations in other countries should not be taken for granted, and the approaches of 

the present analyses should be replicated in populations with different food cultures. 

In addition, extensive multiple testing increased the risk of type-1 error. However, 

based on a bonferonni-adjusted alpha value of 0.003, associations between dietary 

intake and ACR remained statistically significant. However, based on a bonferonni-

adjusted alpha value of 0.0005, for the associations between intake of dietary 

components and ACR, and for associations between RVP and ACR with further 
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adjustment for dietary intake, no statistically significant associations were detected in 

adjusted models. Therefore, associations between intake of dietary components and 

ACR, and associations between RVP and ACR with further adjustment for dietary 

intake, detected using the unadjusted alpha of 0.05, should be replicated in other 

populations. 

9.5 Concluding remarks  

In this cross-sectional case-control study, the potential confounding influence of 

dietary intake on the associations between RVP and albuminuria was explored. Dietary 

consumption of foods from several food groups was found to be significantly 

associated with renal impairment as determined by an ACR ≥ 3 mg/mmol, after 

adjustment for a range of potential confounding variables including age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of DM, smoking history, ethnicity, and alcohol consumption. However, 

following additional adjustment for self-reported dietary change due to illness, only an 

association between higher water intake and increased risk of albuminuria remained 

significant. Consumption of several food groups was also found to be associated with 

small alterations to retinal microvascular geometry. However, logistic regression 

models for associations between RVP and ACR were not substantially altered by the 

inclusion of food group intake data. These data suggest that that future studies 

assessing associations between RVP and renal function do not need to include dietary 

measures. 

 

References 

1. Jannasch, F., Kröger, J. & Schulze, M. B. Dietary Patterns and Type 2 

Diabetes: A Systematic Literature Review and Meta-Analysis of Prospective Studies. 

J. Nutr. 147, 1174–1182 (2017). 

2. Wang, C.-J., Shen, Y.-X. & Liu, Y. Empirically Derived Dietary Patterns and 

Hypertension Likelihood: A Meta-Analysis. Kidney Blood Press. Res. 41, 570–581 

(2016). 



331 

 

3. National Institute for Health and Care Excellence. (2019). Recommendations 

Hypertension in adults: diagnosis and management Guidance. at: 

https://www.nice.org.uk/.  

4. National Institute for Health and Care Excellence. (2019). Recommendations 

Type 2 diabetes in adults: management. at: https://www.nice.org.uk/  

5. KDIGO CKD Work Group et al. KDIGO 2012 Clinical Practice Guideline for 

the Evaluation and Management of Chronic Kidney Disease. Kidney Int, 1 (2012). 

6. Rebholz, C. M. et al. DASH (Dietary Approaches to Stop Hypertension) Diet 

and Risk of Subsequent Kidney Disease. Am. J. Kidney Dis. 68, 853–861 (2016). 

7. Rebholz, C. et al. Adherence to the DASH Diet and Risk of Incident Chronic 

Kidney Disease: the Atherosclerosis Risk in Communities (ARIC) Study. FASEB J. 

29, 119.1 (2015). 

8. Lee, H. S. et al. DASH dietary pattern and chronic kidney disease in elderly 

Korean adults. Eur. J. Clin. Nutr. 71, 755–761 (2017). 

9. Huang, X. et al. Mediterranean Diet, Kidney Function, and Mortality in Men 

with CKD. Clin. J. Am. Soc. Nephrol. 8. 1548-1555 (2013).  

10. Khatri, M. et al. The Association between a Mediterranean-Style Diet and 

Kidney Function in the Northern Manhattan Study Cohort. Clin. J. Am. Soc. Nephrol. 

9, 1868–1875 (2014). 

11. Liu, H.-W., Tsai, W.-H., Liu, J.-S. & Kuo, K.-L. Association of Vegetarian 

Diet with Chronic Kidney Disease. Nutrients. 11, 279 (2019). 

12. Kim, H. et al. Plant-Based Diets and Incident CKD and Kidney Function. Clin. 

J. Am. Soc. Nephrol. 14, 682–691 (2019). 

13. Cao, G., Sofic, E. & Prior, R. L. Antioxidant Capacity of Tea and Common 

Vegetables. J. Agric. Food Chem. 44, 3426–3431 (1996). 

14. Velioglu, Y. S., Mazza, G., Gao, L. & Oomah, B. D. Antioxidant Activity and 

Total Phenolics in Selected Fruits, Vegetables, and Grain Products. J. Agric. Food 

Chem. 46, 4113–4117 (1998). 



332 

 

15. Roehrs, M. et al. The relationships between exogenous and endogenous 

antioxidants with the lipid profile and oxidative damage in hemodialysis patients. BMC 

Nephrol. 12, 59 (2011). 

16. Jun, M. et al. Antioxidants for chronic kidney disease. Cochrane Database 

Syst. Rev. CD008176 (2012).  

17. Zhu, F., Du, B. & Xu, B. Anti-inflammatory effects of phytochemicals from 

fruits, vegetables, and food legumes: A review. Crit. Rev. Food Sci. Nutr. 58, 1260–

1270 (2018). 

18. Libby, P. et al. Clonal Hematopoiesis: Crossroads of Aging, Cardiovascular 

Disease, and Cancer: JACC Review Topic of the Week. J. Am. Coll. Cardiol. 74, 567–

577 (2019). 

19. Roncal Jimenez, C. A. et al. Fructokinase activity mediates dehydration-

induced renal injury. Kidney Int. 86, 294–302 (2014). 

20. Brymora, A. et al. Low-fructose diet lowers blood pressure and inflammation 

in patients with chronic kidney disease. Nephrol. Dial. Transplant. 27, 608–612 

(2012). 

21. Raines, N. et al. Risk factors for reduced glomerular filtration rate in a 

Nicaraguan community affected by mesoamerican nephropathy. MEDICC Rev. 16, 

16–22 (2014). 

22. Calder, P. C. Polyunsaturated fatty acids and inflammation. Prostaglandins 

Leukot. Essent. Fatty Acids. 75, 197–202 (2006). 

23. Caspersen, I. H. et al. Dietary exposure to dioxins and PCBs in a large cohort 

of pregnant women: Results from the Norwegian Mother and Child Cohort Study 

(MoBa). Environ. Int. 59, 398–407 (2013). 

24. Ghosh, S. et al. Polychlorinated biphenyls (PCB-153) and (PCB-77) absorption 

in human liver (HepG2) and kidney (HK2) cells in vitro: PCB levels and cell death. 

Environ. Int. 36, 893–900 (2010). 

25. Motokawa, M. et al. Regional Differences in End-Stage Renal Disease and 

Amount of Protein Intake in Japan. J. Ren. Nutr. 17, 118–125 (2007). 



333 

 

26. Lew, Q.-L. J. et al. Red Meat Intake and Risk of ESRD. J. Am. Soc. Nephrol. 

28, 304–312 (2017). 

27. Haring, B. et al. Dietary Protein Sources and Risk for Incident Chronic Kidney 

Disease: Results From the Atherosclerosis Risk in Communities (ARIC) Study. J. Ren. 

Nutr. 27, 233–242 (2017). 

28. Flint, A. J. et al. Whole grains and incident hypertension in men. Am. J. Clin. 

Nutr. 90, 493–498 (2009). 

29. Cho, S. S., Qi, L., Fahey, G. C. & Klurfeld, D. M. Consumption of cereal fiber, 

mixtures of whole grains and bran, and whole grains and risk reduction in type 2 

diabetes, obesity, and cardiovascular disease. Am. J. Clin. Nutr. 98, 594–619 (2013). 

30. Xie, L.-M., Ge, Y.-Y., Huang, X., Zhang, Y.-Q. & Li, J.-X. Effects of 

fermentable dietary fiber supplementation on oxidative and inflammatory status in 

hemodialysis patients. Int. J. Clin. Exp. Med. 8, 1363–1369 (2015). 

31. Swift, P. A., Markandu, N. D., Sagnella, G. A., He, F. J. & MacGregor, G. A. 

Modest salt reduction reduces blood pressure and urine protein excretion in black 

hypertensives: a randomized control trial. Hypertens. 46, 308–312 (2005). 

32. Hoffmann, I. S. & Cubeddu, L. X. Increased blood pressure reactivity to dietary 

salt in patients with the metabolic syndrome. J. Hum. Hypertens. 21, 438–444 (2007). 

33. Iqbal, S., Klammer, N. & Ekmekcioglu, C. The Effect of Electrolytes on Blood 

Pressure: A Brief Summary of Meta-Analyses. Nutrients. 11, 1362 (2019). 

34. McMahon, E. J., Campbell, K. L., Bauer, J. D. & Mudge, D. W. Altered dietary 

salt intake for people with chronic kidney disease. Cochrane Database Syst. Rev. 

CD010070 (2015).  

35. Jones-Burton, C. et al. An In-Depth Review of the Evidence Linking Dietary 

Salt Intake and Progression of Chronic Kidney Disease. Am. J. Nephrol. 26, 268–275 

(2006). 

36. Jardine, M. J. et al. Dietary Sodium Reduction Reduces Albuminuria: A 

Cluster Randomized Trial. J. Ren. Nutr. Off. J. Counc. Ren. Nutr. Natl. Kidney Found. 

29, 276–284 (2019). 



334 

 

37. Strippoli, G. F. et al. Fluid and nutrient intake and risk of chronic kidney 

disease. Nephrology. 16, 326–334 (2011). 

38. Lotan, Y. et al. Impact of fluid intake in the prevention of urinary system 

diseases: a brief review. Curr. Opin. Nephrol. Hypertens. 22, S1 (2013). 

39. Sontrop, J. M. et al. Association between Water Intake, Chronic Kidney 

Disease, and Cardiovascular Disease: A Cross-Sectional Analysis of NHANES Data. 

Am. J. Nephrol. 37, 434–442 (2013). 

40. Jhee, J. H. et al. Effects of Coffee Intake on Incident Chronic Kidney Disease: 

A Community-Based Prospective Cohort Study.The American Journal of Medicine. 

131. 1482–1490 (2018) 

41. van Hasselt, T. J. et al. Effects of Tea Consumption on Renal Function in a 

Metropolitan Chinese Population: The Guangzhou Biobank Cohort Study. J. Ren. 

Nutr. 24, 26–31 (2014). 

42. Funakoshi, Y. et al. Association between frequency of drinking alcohol and 

chronic kidney disease in men. Environ. Health Prev. Med. 17, 199–204 (2012). 

43. Schaeffner, E. S. et al. Alcohol Consumption and the Risk of Renal 

Dysfunction in Apparently Healthy Men. Arch. Intern. Med. 165, 1048–1053 (2005). 

44. Koning, S. H. et al. Alcohol consumption is inversely associated with the risk 

of developing chronic kidney disease. Kidney Int. 87, 1009–1016 (2015). 

45. Matsumoto, A. et al. The association of alcohol and smoking with CKD in a 

Japanese nationwide cross-sectional survey. Hypertens. Res. 40, 771–778 (2017). 

46. Sudlow, C. et al. UK biobank: an open access resource for identifying the 

causes of a wide range of complex diseases of middle and old age. PLoS Med. 12, 

e1001779 (2015). 

47. Elliott, P., Peakman, T. C. & UK Biobank. The UK Biobank sample handling 

and storage protocol for the collection, processing and archiving of human blood and 

urine. Int. J. Epidemiol. 37, 234–244 (2008). 

48. Paterson, E. N. et al. Dietary patterns and chronic kidney disease: a cross-

sectional association in the Irish Nun Eye Study. Sci. Rep. 8, 6654 (2018). 



335 

 

49. Lin, J., Fung, T. T., Hu, F. B. & Curhan, G. C. Association of dietary patterns 

with albuminuria and kidney function decline in older white women: a subgroup 

analysis from the Nurses’ Health Study. Am. J. Kidney Dis. Off. J. Natl. Kidney 

Found. 57, 245–254 (2011). 

50. Wen, J. et al. Fresh fruit consumption and risk of incident albuminuria among 

rural Chinese adults: A village-based prospective cohort study. PloS One. 13, 

e0197917 (2018). 

51. Jhee, J. H. et al. A Diet Rich in Vegetables and Fruit and Incident CKD: A 

Community-Based Prospective Cohort Study. Am. J. Kidney Dis. Off. J. Natl. Kidney 

Found. Apr 27. S0272-6386 (2019).  

52. Goraya, N., Simoni, J., Jo, C.-H. & Wesson, D. E. Treatment of metabolic 

acidosis in patients with stage 3 chronic kidney disease with fruits and vegetables or 

oral bicarbonate reduces urine angiotensinogen and preserves glomerular filtration 

rate. Kidney Int. 86, 1031–1038 (2014). 

53. Goraya, N., Simoni, J., Jo, C. & Wesson, D. E. Dietary acid reduction with 

fruits and vegetables or bicarbonate attenuates kidney injury in patients with a 

moderately reduced glomerular filtration rate due to hypertensive nephropathy. Kidney 

Int. 81, 86–93 (2012). 

54. Goraya, N., Munoz-Maldonado, Y., Simoni, J. & Wesson, D. E. Fruit and 

Vegetable Treatment of Chronic Kidney Disease-Related Metabolic Acidosis Reduces 

Cardiovascular Risk Better than Sodium Bicarbonate. Am. J. Nephrol. 49, 438–448 

(2019). 

55. Kabasawa, K. et al. Association of estimated dietary acid load with albuminuria 

in Japanese adults: a cross-sectional study. BMC Nephrol. 20, 194 (2019). 

56. Herber-Gast, G.-C. M. et al. Consumption of whole grains, fruit and vegetables 

is not associated with indices of renal function in the population-based longitudinal 

Doetinchem study. Br. J. Nutr. 118, 375–382 (2017). 

57. Lee, C.-T. C. et al. Cross-sectional Association Between Fish Consumption 

and Albuminuria: The European Prospective Investigation of Cancer–Norfolk Study. 

Am. J. Kidney Dis. 52, 876–886 (2008). 



336 

 

58. Gopinath, B., Harris, D. C., Flood, V. M., Burlutsky, G. & Mitchell, P. 

Consumption of long-chain n-3 PUFA, α-linolenic acid and fish is associated with the 

prevalence of chronic kidney disease. Br. J. Nutr. 105, 1361–1368 (2011). 

59. Hebert, L. A., Greene, T., Levey, A., Falkenhain, M. E. & Klahr, S. High urine 

volume and low urine osmolality are risk factors for faster progression of renal disease. 

Am. J. Kidney Dis. Off. J. Natl. Kidney Found. 41, 962–971 (2003). 

60. Ding, J. et al. Retinal vascular caliber and the development of hypertension: a 

meta-analysis of individual participant data. J. Hypertens. 32, 207–215 (2014). 

61. Sabanayagam, C. et al. Retinal microvascular calibre and risk of diabetes 

mellitus: a systematic review and participant-level meta-analysis. Diabetologia. 58, 

2476–2485 (2015). 

62. Neville, C. E. et al. Dietary Patterns and Retinal Vessel Caliber in the Irish Nun 

Eye Study. J. Nutr. Health Aging. 22, 751–758 (2018). 

63. Gopinath, B. et al. Is quality of diet associated with the microvasculature? An 

analysis of diet quality and retinal vascular calibre in older adults. Br. J. Nutr. 110, 

739–746 (2013). 

64. McEvoy, C. T. et al. A posteriori-derived dietary patterns and retinal vessel 

caliber in an elderly population. Invest. Ophthalmol. Vis. Sci. 54, 1337–1344 (2013). 

65. Gopinath, B. et al. Pattern of omega-3 polyunsaturated fatty acid intake and 

fish consumption and retinal vascular caliber in children and adolescents: A cohort 

study. PloS One. 12, e0172109 (2017). 

66. Collins, R. UK Biobank Protocol. (2007). http://www.ukbiobank.ac.uk/ 

67. Bradbury, K. E., Young, H. J., Guo, W. & Key, T. J. Dietary assessment in UK 

Biobank: an evaluation of the performance of the touchscreen dietary questionnaire. J. 

Nutr. Sci. 7, (2018). 

68. Saldana, T. M., Basso, O., Darden, R. & Sandler, D. P. Carbonated Beverages 

and Chronic Kidney Disease. Epidemiol. 18, 501–506 (2007). 

 

  



337 

 

Supplementary tables 

  Adjusted  

 
 OR (95% CI) McFadden’s r2 

zCRAE Model 3 1.08 (0.96, 1.21) 0.03 

 Cooked vegetables 1.07 (0.95, 1.20) 0.04 

 Raw vegetables 1.07 (0.95, 1.21) 0.04 

 Fresh fruit 1.06 (0.94, 1.20) 0.04 

 Dried fruit 1.03 (0.91, 1.17) 0.04 

 Oily fish 1.08 (0.96, 1.21) 0.04 

 Processed meat 1.08 (0.96, 1.22) 0.04 

 Beef 1.09 (0.97, 1.23) 0.04 

 Lamb 1.09 (0.97, 1.22) 0.04 

 Pork 1.08 (0.96, 1.22) 0.04 

 Bread type 1.10 (0.97, 1.24) 0.04 

 Salt added 1.08 (0.96, 1.21) 0.04 

 Tea 1.09 (0.97, 1.23) 0.04 

 Coffee 1.08 (0.95, 1.22) 0.04 

 Water 1.09 (0.96, 1.23) 0.05 

 Alcohol frequency 1.08 (0.96, 1.22) 0.04 

Table 9.S1. Associations between central retinal arteriolar equivalent z-scores 

(zCRAE) and albuminuria from binary logistic regression models adjusted for age, 

sex, waist circumference, systolic blood pressure, blood pressure-lowering medication 

usage, presence of diabetes mellitus, smoking history, ethnicity, and alcohol 

consumption, with additional adjustment for intake of listed dietary components. OR: 

Odds ratios; 95% CI: 95% confidence interval *significant at the p<0.05 level. 
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  Adjusted  

  OR (95% CI) McFadden’s r2 

zCRVE Model 3 1.03 (0.93, 1.14) 0.04 
 Cooked vegetables 1.02 (0.92, 1.13) 0.04 
 Raw vegetables 1.01 (0.91, 1.13) 0.04 
 Fresh fruit 1.03 (0.93, 1.15) 0.04 
 Dried fruit 1.06 (0.95, 1.18) 0.04 
 Oily fish 1.02 (0.92, 1.13) 0.04 
 Processed meat 1.02 (0.92, 1.13) 0.04 
 Beef 1.03 (0.93, 1.14) 0.04 
 Lamb 1.02 (0.92, 1.13) 0.04 
 Pork 1.02 (0.92, 1.13) 0.04 
 Bread type 1.03 (0.93, 1.14) 0.04 
 Salt added 1.03 (0.92, 1.14) 0.04 
 Tea 1.02 (0.92, 1.14) 0.04 
 Coffee 1.01 (0.91, 1.12) 0.04 
 Water 1.05 (0.94, 1.16) 0.04 
 Alcohol frequency 1.02 (0.92, 1.13) 0.04 

Table 9.S2. Associations between central retinal venular equivalent z-scores (zCRVE) 

from binary logistic regression models adjusted for age, sex, waist circumference, 

systolic blood pressure, blood pressure-lowering medication usage, presence of 

diabetes mellitus, smoking history, ethnicity, and alcohol consumption, with additional 

adjustment for intake of listed dietary components. OR: Odds ratios; 95% CI: 95% 

confidence interval. *significant at the p<0.05 level. 
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  Adjusted  

  OR (95% CI) McFadden’s r2 

zAVR Model 3 1.09 (0.95, 1.24) 0.03 
 Cooked vegetables 1.08 (0.94, 1.25) 0.04 
 Raw vegetables 1.08 (0.94, 1.25) 0.04 
 Fresh fruit 1.07 (0.94, 1.23) 0.04 
 Dried fruit 1.04 (0.90, 1.19) 0.04 
 Oily fish 1.08 (0.95, 1.24) 0.04 
 Processed meat 1.10 (0.96, 1.26) 0.04 
 Beef 1.10 (0.96, 1.26) 0.04 
 Lamb 1.10 (0.95, 1.26) 0.04 
 Pork 1.10 (0.96, 1.26) 0.03 
 Bread type 1.08 (0.94, 1.24) 0.04 
 Salt added 1.09 (0.95, 1.25) 0.04 
 Tea 1.10 (0.96, 1.27) 0.03 
 Coffee 1.10 (0.95, 1.26) 0.03 
 Water 1.06 (0.92, 1.22) 0.04 
 Alcohol frequency 1.10 (0.96, 1.26) 0.04 

Table 9.S3. Associations between arteriovenous ratio z-scores (zAVR) and 

albuminuria from binary logistic regression models adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption, 

with additional adjustment for intake of listed dietary components. OR: Odds ratios; 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 
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  Adjusted  

  OR (95% CI) McFadden’s r2 

zFDa Model 3 0.86 (0.75, 0.98)* 0.03 
 Cooked vegetables 0.86 (0.76, 0.98)* 0.04 
 Raw vegetables 0.84 (0.73, 0.96)* 0.04 
 Fresh fruit 0.86 (0.75, 0.98)* 0.04 
 Dried fruit 0.83 (0.72, 0.95)* 0.04 
 Oily fish 0.86 (0.75, 0.98)* 0.04 
 Processed meat 0.86 (0.75, 0.97)* 0.04 
 Beef 0.86 (0.75, 0.98)* 0.04 
 Lamb 0.85 (0.75, 0.97)* 0.04 
 Pork 0.86 (0.76, 0.98)* 0.03 
 Bread type 0.85 (0.74, 0.97)* 0.04 
 Salt added 0.86 (0.76, 0.98)* 0.04 
 Tea 0.84 (0.74, 0.96)* 0.04 
 Coffee 0.83 (0.73, 0.95)* 0.03 
 Water 0.86 (0.75, 0.98)* 0.04 
 Alcohol frequency 0.86 (0.75, 0.98)* 0.04 

Table 9.S4. Associations between arteriolar fractal dimension z-scores (zFDa) and 

albuminuria from binary logistic regression models adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption, 

with additional adjustment for intake of listed dietary components. OR: Odds ratios; 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 
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  Adjusted  

  OR (95% CI) McFadden’s r2 

zFDv Model 3 0.80 (0.68, 0.94)* 0.06 

 Cooked vegetables 0.81 (0.69, 0.96)* 0.06 

 Raw vegetables 0.79 (0.66, 0.93)* 0.07 

 Fresh fruit 0.80 (0.68, 0.95)* 0.06 

 Dried fruit 0.80 (0.67, 0.95)* 0.07 

 Oily fish 0.80 (0.68, 0.95)* 0.06 

 Processed meat 0.80 (0.67, 0.94)* 0.07 

 Beef 0.79 (0.67, 0.94)* 0.07 

 Lamb 0.80 (0.67, 0.94)* 0.07 

 Pork 0.81 (0.69, 0.96)* 0.06 

 Bread type 0.81 (0.69, 0.96)* 0.07 

 Salt added 0.80 (0.68, 0.95)* 0.06 

 Tea 0.80 (0.67, 0.95)* 0.06 

 Coffee 0.76 (0.64, 0.91)* 0.06 

 Water 0.80 (0.68, 0.95)* 0.07 

 Alcohol frequency 0.80 (0.68, 0.95)* 0.06 

Table 9.S5. Associations between venular fractal dimension z-scores (zFDv) and 

albuminuria from binary logistic regression models adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption, 

with additional adjustment for intake of listed dietary components. OR: Odds ratios; 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 
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  Adjusted  

  OR (95% CI) McFadden’s r2 

zATort Model 3 1.01 (0.92, 1.11) 0.04 

 Cooked vegetables 1.01 (0.92, 1.11) 0.04 

 Raw vegetables 1.01 (0.92, 1.11) 0.04 

 Fresh fruit 1.02 (0.93, 1.12) 0.04 

 Dried fruit 1.03 (0.93, 1.14) 0.04 

 Oily fish 1.01 (0.92, 1.12) 0.04 

 Processed meat 1.01 (0.92, 1.11) 0.04 

 Beef 1.01 (0.92, 1.11) 0.04 

 Lamb 1.01 (0.92, 1.11) 0.04 

 Pork 1.01 (0.92, 1.11) 0.04 

 Bread type 1.02 (0.92, 1.12) 0.04 

 Salt added 1.01 (0.92, 1.11) 0.04 

 Tea 1.02 (0.93, 1.12) 0.04 

 Coffee 1.00 (0.91, 1.10) 0.04 

 Water 1.00 (0.90, 1.12) 0.04 

 Alcohol frequency 1.01 (0.92, 1.11) 0.04 

Table 9.S6. Associations between arteriolar tortuosity z scores (zATort) and 

albuminuria from binary logistic regression models adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption, 

with additional adjustment for intake of listed dietary components. OR: Odds ratios; 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 
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  Adjusted  

  OR (95% CI) McFadden’s r2 

zVTort Model 3 1.04 (0.94, 1.15) 0.04 
 Cooked vegetables 1.05 (0.95, 1.17) 0.04 
 Raw vegetables 1.05 (0.95, 1.17) 0.04 
 Fresh fruit 1.06 (0.95, 1.17) 0.04 
 Dried fruit 1.06 (0.95, 1.19) 0.04 
 Oily fish 1.05 (0.95, 1.16) 0.04 
 Processed meat 1.05 (0.95, 1.16) 0.04 
 Beef 1.05 (0.95, 1.16) 0.04 
 Lamb 1.05 (0.95, 1.16) 0.04 
 Pork 1.05 (0.95, 1.16) 0.04 
 Bread type 1.05 (0.95, 1.17) 0.04 
 Salt added 1.05 (0.95, 1.16) 0.04 
 Tea 1.04 (0.94, 1.16) 0.04 
 Coffee 1.04 (0.94, 1.16) 0.04 
 Water 1.04 (0.94, 1.16) 0.04 
 Alcohol frequency 1.05 (0.95, 1.16) 0.04 

Table 9.S7. Associations between venular tortuosity z-scores (zVTort) and 

albuminuria from binary logistic regression models adjusted for age, sex, waist 

circumference, systolic blood pressure, blood pressure-lowering medication usage, 

presence of diabetes mellitus, smoking history, ethnicity, and alcohol consumption, 

with additional adjustment for intake of listed dietary components. OR: Odds ratios; 

95% CI: 95% confidence interval. *significant at the p<0.05 level. 
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Chapter 10  

Thesis conclusion. 
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10.1 Introduction  

This thesis described a body of work examining associations between retinal 

biomarkers (retinal microvascular parameters [RVP] and retinal layer thickness 

measurements) and measures of renal function and damage (estimated glomerular 

filtration rate and urinary albumin to creatinine ratio). 

Biomarkers used for the diagnosis of chronic kidney disease (CKD) have limited 

sensitivity for the prediction of CKD progression. Hypertension and diabetes are 

strong risk factors for CKD and are often the causative conditions, but the majority of 

individuals with diabetes or hypertension do not have CKD and currently used 

biomarkers such as serum creatinine and urine protein measurements are not sensitive 

enough to identify early renal injury.  Consequently, various genetic and biochemical 

markers are under investigation for their predictive utility and the work described in 

this thesis has added to this body of evidence. Generalised vascular changes associated 

with renal dysfunction manifest prior to the clinical diagnosis of CKD. The studies 

described in this thesis tested whether such systemic vascular changes are detectable 

in the retinal neuronal and microvascular tissues. 

As a result of recent advances in retinal imaging technologies, and the routine 

collection of fundus photographs at diabetic eye screening clinics and high-street 

opticians, RVP measurement has become a potentially cost-effective source of 

structural information from the in vivo microvasculature that can be collected semi-

automatically and non-invasively as part of routine eye screening or measured from 

pre-existing fundus photographs. At a time of increasing financial pressure to the 

healthcare system, the repurposing of established technology in this manner may allow 

for improvements in the early prediction of symptomatic CKD, and/or progression of 

CKD, helping to target earlier treatment initiation, and facilitating new therapeutic 

avenues in a potentially cost-effective manner. 

 

10.2 Thesis aims 

This thesis aimed to provide new knowledge to the field by evaluating associations 

between retinal biomarkers and renal damage in relevant populations, and by exploring 

potentially important covariates (dietary intake and cognition) and their associations 
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with both CKD and RVP. The statistical analyses, therefore, tested the probability of 

the null hypotheses outlined in section 1.7, Thesis aims. 

To achieve these aims, retinal arteriolar and venular calibre, arterio-venous ratio 

(AVR), fractal dimension, and tortuosity were measured and their associations with 

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

(ACR) were tested in population-based and clinically derived populations (see Section 

10.3. below). Measurements of retinal thickness were also taken and their association 

with eGFR tested (see Section 10.3.4. below).  

 

10.3 Summary of thesis findings 

10.3.1 Chapter 2: Retinal microvascular calibre and reduced kidney function: a 

systematic review and participant-level meta-analysis. 

In Chapter 2 results from an aggregate data meta-analysis (ADMA) and an individual 

participant-level data meta-analyses (IPD-MA) of large population-based studies of 

retinal microvascular calibre in CKD was reported. CKD was defined as eGFR <60 

mL/min/1.73m2. Pooled estimates from AD-MA from eleven studies including 44,803 

participants showed that arteriolar calibre (CRAE) but not venular calibre (CRVE) was 

significantly associated with reduced renal function. However, regression models 

adjusted for study centre, age, gender, ethnicity, education, current smoking, diabetes, 

hypertension, BMI, total cholesterol and fellow vessel calibre indicated that the 

association between CRAE and CRVE could be explained by known covariates. Data 

from the IPD-MA, which pooled the data of 33,222 participants from nine studies, 

likewise showed no significant association between retinal calibre and eGFR. These 

findings indicate that there is no association between retinal vessel calibre and reduced 

renal function in the general population, independent of known covariates considered 

within this analysis. 

Subgroup analyses showed a significant inverse association between CRAE and CKD 

in individuals with diabetes, i.e. narrower arteriolar calibre was associated with 

reduced renal function. The effect size of this association was small, however, with a 

20 µm (approximately 1 standard deviation) reduction in CRAE being associated with 

an odds ratio of 0.88 (95% confidence interval 0.79, 0.98) for CKD. Given the number 
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of subgroups tested, replication of these findings in populations with diabetes should 

be considered. 

The population-based studies included in these meta-analyses represented a diverse set 

of regions and ethnic groups including populations from the USA, Europe, South East 

Asia, and Japan. Genetic and environmental differences among the participants of 

these studies may have contributed to variations in the individual findings of the 

included studies. Differences in retinal microvascular calibre between differently 

pigmented populations have been described previously1 and such inter-ethnic variation 

has been hypothesised to result from differences in melanin type and deposition within 

the retinal pigmented epithelium (RPE) leading to variation in the contrast levels 

between retinal vessels and the RPE in fundus photographs.1 Indeed, lower levels of 

retinal pigmentation improves the contrast between the retinal vessels and the 

underlying fundus, enabling more accurate vascular calibre estimates.2 However, 

although ethnic differences may provide insight into inter-study differences in retinal 

microvascular calibre, there was a low level of heterogeneity among the studies 

included indicating suitability for pooling and meta-analysis as a single population. 

The sub-group analyses reported in Chapter 2 failed to detect any associations between 

retinal vascular calibre and CKD according to ethnicity or racial subgroup and 

therefore the results of this study appear likely to represent associations in the general 

population globally.  

The analyses presented in Chapter 2 did not consider associations between retinal 

microvascular calibres and ACR. CKD can be diagnosed based on either eGFR or 

ACR thresholds and while there is considerable overlap between individuals identified 

using either biomarker, different populations are identified using ACR and eGFR 

thresholds.3 Therefore a comparable meta-analysis of associations between ACR and 

eGFR is recommended.  

 

10.3.2 Chapter 3: Retinal microvascular fractals are associated with albuminuria 

in the UK Biobank: a cross-sectional case-control study. 

Chapter 3 described a case-control sub-study of UK Biobank (UKBB) participants. 

The UKBB is a large-population-based study which collected retinal fundus images 
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for 68,544 participants from around the UK. A subset of 6,998 participants that had 

data for relevant variables and met inclusion criteria were designated as cases and 

controls according to their ACR. Poor image quality and image centring on the macula 

in the UKBB image set resulted in a high image rejection rate for RVP analysis 

previously. Consistent with this, a large number of participants had retinal images of 

insufficient quality for RVP generation (3,710) in this sub-study and the final analyses 

were conducted using data from 1,877 participants. 

Image rejection was more common for older, non-white, male participants with a 

history of smoking. This resulted in a sample with a lower burden of CKD risk factors. 

However, although statistically significant, the differences in study sample 

characteristics resulting from image rejection are unlikely to exert a large effect on the 

generalisability of the findings due to the small size of the differences. Mean age, for 

example, differed by less than 1 year, and the largest change in any categorical 

variables was that 3% fewer of those with an unhealthy ACR and available analysable 

images used blood pressure-lowering medication compared to those with unhealthy 

ACR in general.  

Associations between RVP (CRAE, CRVE, AVR, fractal dimension and tortuosity) 

and albuminuria (urinary albumin to creatinine ratio [ACR] > 3 mg/mmol) were tested. 

Although several studies had assessed associations between retinal microvascular 

calibre (CRAE, CRVE, and AVR) and ACR previously,4–12 there was a lack of 

evidence concerning associations between ACR and other geometric measures of the 

retinal microvasculature such as fractal dimension or tortuosity. Measures of retinal 

microvascular calibre (CRAE, CRVE, and AVR) were not significantly associated 

with ACR, nor was retinal microvascular tortuosity. Lower retinal microvascular 

fractal dimension (FD, i.e. less extensive arteriolar and venular branching) was 

significantly associated with increased odds of albuminuria independent of blood 

pressure, diabetes and other covariates (odds ratio 0.86 95% CI 0.75, 0.98 for arteriolar 

fractal dimension and OR 0.80, 95% CI 0.68, 0.94 for venular fractal dimension). 

Given the previously reported associations between retinal microvascular FD and a 

variety of metabolic disturbances affecting the systemic vasculature,4–26 retinal FD 

may be a useful indicator of systemic microvascular damage associated with 

albuminuria. 
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Overall, the findings from this case-control study provided novel evidence for non-

invasive, in vivo assessment of the microvasculature and indicated that reduced retinal 

FD, i.e. sparser retinal microvascular networks, are associated with albuminuria in a 

predominantly white population.  

 

10.3.3 Chapter 4: Retinal microvascular parameters and renal function in 

individuals with type 2 diabetes. 

In Chapter 4, longitudinal associations between RVP and renal functional decline 

(eGFR) are described. Using longitudinal data (with approximately 3 years of follow-

up) from the Genetics of Diabetes Audit and Research in Tayside Scotland 

(GoDARTS) study, a case-control study design was used to assess the prospective 

associations between RVP and risk of rapid eGFR decline in individuals with type 2 

diabetes.  

The GoDARTS study dataset made use of electronic data linkage from clinical records 

from all known consenting individuals with diabetes in the Tayside region of Scotland. 

The sample was therefore likely to be representative of individuals with type 2 diabetes 

generally, particularly for developed regions with populations of European ancestry. 

RVP were calculated from fundus photographs using the Vessel Assessment and 

Measurement Platform for Images of the REtina (VAMPIRE) software in a sample of 

905 participants. 

Several studies had previously reported associations between renal disease and retinal 

microvascular calibre in both type 1 and type 2 diabetes using albuminuria as the 

outcome variable of interest. Narrower retinal arterioles had been reported previously 

in prevalent diabetic nephropathy in cross-sectional studies of individuals with type 1 

diabetes13,14 and wider venular calibre had been reported to predict incidence of both 

albuminuria15,16 and renal insufficiency15 in type 1 diabetes. For type 2 diabetes, 

previously reported cross-sectional analyses17 and prospective analyses with 2-years 

of follow-up,18 found null associations between retinal microvascular calibre and 

eGFR. In contrast, a longer, 14-year, prospective study using data from the Wisconsin 

Epidemiological Study of Diabetic Retinopathy (WESDR) showed an association 

between wider venular calibre and the incidence of diabetic nephropathy19. These 
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previous investigations had largely been limited to the analysis of retinal vessel calibre, 

with only a single study in a paediatric population considering fractal dimensions20. 

The analyses presented in Chapter 4, therefore, provides novel evidence for 

longitudinal associations between both retinal microvascular fractal dimensions and 

tortuosity and CKD in diabetes. 

The analyses presented in Chapter 4 provided data on the predictive utility of RVP and 

eGFR in type 2 diabetes and, in particular, provided novel findings for measures of 

vascular spread (retinal vessel fractal dimension), tortuosity, and branching patterns in 

type 2 diabetes. Over approximately 3 years of follow-up, no association between 

baseline retinal microvascular calibre (CRAE, CRVE and AVR), fractal dimension, 

tortuosity or microvascular branching and change in eGFR was found. This study did 

not, therefore, provide evidence that RVP may predict eGFR decline over a 3-year 

follow-up in a white population with type 2 diabetes.  

The 3-year duration of follow-up may have been insufficient to detect associations 

between RVP and change in eGFR. The WESDR study reported significant 

associations between retinal microvascular calibre and eGFR over 14 years, and it may 

be that over a similar time-period significant associations may be detectable in the 

GoDARTS cohort. Alternatively, a study of individuals with baseline eGFR nearer the 

clinical threshold for CKD (60 ml/min/1.73m2 in the absence of persistent 

albuminuria) may have provided a larger sample of individuals progressing to 

clinically significant reductions in renal function.  

 

10.3.4 Chapter 5: Reduced thickness of inner retinal layers, in conjunction with 

reduced retinal microvascular fractal dimension in chronic kidney disease: A 

cross-sectional study.   

In Chapter 5 the results of a study of the association between the thickness of the retinal 

layers, choroidal volume, and choroidal vascularity index, and CKD stages is reported. 

Retinal thickness and choroidal variables measured using spectral-domain optical 

coherence tomography (SD-OCT) and enhanced depth imaging SD-OCT (EDI) 

respectively. The study made use of a clinical population of 241 participants with 
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multiple comorbidities, recruited from nuclear cardiology and renal medicine clinics 

at the Royal Victoria and Belfast City Hospitals in Belfast, Northern Ireland. 

Previously, an association was reported between reduced overall retinal thickness and 

CKD.21 However, the association was measured in a relatively healthy population and 

adjusted models were not reported.21 The analyses reported in Chapter 5 add new 

evidence to the field including associations between the thickness of the individual 

cellular layers which comprise the retina and eGFR adjusted for a variety of covariates 

in a population with a high burden of comorbidities.  

Thinner retinas were significantly associated with CKD stages 4 and 5 (eGFR <30 

mL/min/1.73m2). When the individual layers of the retina were examined, differences 

in retinal thickness were primarily as a consequence of lower thickness of the inner 

retinal layers. In particular, thinner ganglion cell layer (GCL) and inner plexiform layer 

(IPL) were associated with CKD stages 4-5, with associations being largely limited to 

the proximal macular segments of the Early Treatment Diabetic Retinopathy Study 

(ETDRS) grid. These associations were significant following adjustment for a range 

of important potential confounding factors such as age, blood pressure, diabetes status, 

low-density lipoprotein (LDL), body mass index (BMI), and sex. 

When considering the anatomical distribution of the reduced retinal layer thickness in 

CKD, it was noted that significant associations were only present for the retinal layers 

supported by a retinal microvascular blood supply, and not the layers with a choroidal 

blood supply. The outer retinal layers receive nutrients via diffusion from the choroid 

and were not significantly affected, while the inner layers, including the IPL and GCL, 

are serviced by the retinal microvasculature. The inner retinal layers are more 

susceptible to hypoxic injury compared to the outer layers22 and, consistent with the 

findings of lower GCL thickness in those with CKD stages 4-5, hypoxic damage has 

been linked to retinal ganglion cell death mediated by inflammatory cytokines22.  

Indeed, RVP were assessed for their associations with CKD and retinal microvascular 

branching patterns (arteriolar and venular fractal dimensions) were significantly 

associated with CKD stage. Those with more extensive microvascular branching had 

lower risk of CKD stages 4-5, similar to findings in Chapter 2 from the UKBB study. 

We also assessed choroidal volume and choroidal vascularity index and detected no 

significant associations with eGFR following adjustment for potential confounders. 
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This finding is consistent with the lack of significant associations in the outer retinal 

layer and the possible role of the retinal microvasculature (as opposed to the choroidal 

circulation) in the inner retinal changes observed.  

Similar retinal changes have been observed in early diabetic nephropathy wherein 

thinning the IPL, INL, and GCL, within annulus 1 has previously been reported.23,24 

Animal models of diabetes show reduced retinal ganglion cell numbers and apoptosis 

of retinal neuronal and vascular cells,25 similar to patterns of retinal apoptosis observed 

in post mortem human retinas from individuals with diabetes without diabetic 

retinopathy.25 The associations observed in the study conducted in Chapter 5, however, 

survived adjustment for diabetes and a range of other covariates. This indicated that 

the observed associations between retinal thickness and eGFR were not explained by 

diabetic changes. Despite associations between more advanced CKD (stages 4 and 5, 

eGFR <30 mL/min/1.73m2), no significant associations were found bilaterally 

between retinal thickness and earlier stage CKD (CKD stage 3). This finding does not 

support the hypothesis that changes to retinal thickness may be detectable early in the 

progression of CKD. Instead, taken together, the findings presented in Chapter 5 

suggest that retinal thickness, and, in particular, a distinct pattern of reduced thickness 

of the IPL and GCL, similar to that seen in diabetes, is present in those with CKD 

stages 4-5 independent of diabetes, blood pressure and other potential confounding 

factors and provide novel evidence that the retinal microvasculature, which supplies 

these inner retinal layers, is morphologically different in CKD stages 4-5 than in 

individuals with healthy renal function (eGFR ≥60 mL/min/1.73m2), with sparser 

microvascular branching patterns present in CKD stages 4-5. These findings provide 

some insight into the mechanisms behind previously reported changes in retinal 

thickness in those with CKD.21 

 

10.3.5 Chapter 6: Renal function and Alzheimer’s disease 

Chapter 6 describes a study of the association between renal function and Alzheimer’s 

disease (AD). Though the central question addressed throughout this thesis is that of 

the association between RVP and CKD, there are potential confounding influences 

which have not been addressed in the literature. Dementia has been associated with 

both CKD26,27 and RVP28 and constitutes potentially explanatory confounding 
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influences on associations between RVP and CKD. For this reason associations 

between AD, the commonest form of dementia, and eGFR were examined using a 

cross-sectional, case-control study of individuals with probable AD and cognitively 

normal controls (n= 253).  

Amyloid-β (Aβ) is the hallmark constituent of AD plaques, which, along with 

neurofibrillary tangles, are a defining characteristic of AD. Aβ overabundance and 

plaque formation play a key role in the pathogenesis of AD. Individuals with Aβ 

overabundance from different causes experience AD symptoms.29–34 

Despite basic research35,36 and findings from haemodialysis patients37–39 previously 

providing evidence that renal clearance of Aβ may be important for cognitive function 

in AD populations, no significant association between eGFR and prevalent AD were 

found in this case-control study. Additionally, no association was found between 

eGFR and disease severity as defined by mini-mental state examination (MMSE) score 

in AD. 

Unlike previous studies that examined cognitive impairment or dementia, we focused 

specifically on eGFR in AD. Several small studies, including better renal function 

(eGFR >60 ml/min/1.73m2), had previously reported lower eGFR in AD cases 

compared to controls40–42 providing some support for the hypothesis that reduced renal 

function contributes to impaired Aβ clearance and increased cerebral plaque 

deposition. Our findings were based on a largely clinically derived sample of older 

participants (mean age 78) with unexpectedly poor renal function compared to the 

same age group in other cohorts43 for both cases and controls (eGFR = 37 

ml/min/1.73m2). It may be that studies in populations with better renal function may 

confer greater sensitivity to tests of association between AD and eGFR. However, it 

may be that associations between CKD and dementia do not extend to AD specifically. 

Data from the Cardiovascular Health Cognition Study in 3,349 individuals, found a 

significant association between serum creatinine and vascular dementia but not with 

AD.44 Moreover, cystatin-C accumulates in the blood of those with CKD and may 

reduce AD risk by binding Aβ and inhibiting its deposition in the brain.45  

Overall, this study did not provide evidence of an association between eGFR and AD 

in a large cross-sectional sample. Furthermore, the findings do not support the 



354 

 

inclusion of AD diagnosis in models assessing associations between renal disease and 

RVP. 

 

10.3.6 Chapter 7: No cross-sectional association between retinal microvascular 

parameters, cognitive function and albuminuria in the UK Biobank: A case-

control study. 

In Chapter 7 a cross-sectional case-control study, designed to explore the potential 

confounding influence of cognitive impairment on associations between RVP and 

ACR, was described. The study made use of data collected as part of the UKBB and 

was also used to test associations between ACR and cognitive function and the 

relationship between RVP, as non-invasive measures of vascular health, and cognitive 

function. A large study sample of 1,877 UKBB participants with RVP measurements 

and data for other relevant covariates was used. The main UKBB cognitive tests, 

collected for the greatest number of participants at assessment centre visits, were 

utilised. These measured fluid intelligence, visual short-term memory (VSTM), 

reaction time and prospective memory. In addition, a combined cognitive score, or g 

factor, was created using principal components analysis (PCA). This combined 

cognitive score had an Eigen value of 1.60 and explained around 40% of the variance 

observed in the cognitive variables, matching g factors previously derived from UKBB 

cognitive measures.46  

For associations between albuminuria and cognitive function, albuminuria (ACR ≥ 3 

mg/mmol) was found to be significantly associated with slower reaction time 

following adjustment for a range of potential confounding variables. Although 

statistically significant, the effect size of the association was small, equating to a 

difference of around 8 milliseconds, with the standard deviation around 100 

milliseconds. Similarly, ACR ≥ 3 mg/mmol was not significantly associated with the 

other cognitive measures (fluid intelligence, VSTM, and prospective memory) or the 

combined cognitive score (g factor). 

For associations between RVP and cognitive measures, wider arteriolar calibre 

(CRAE) and a higher degree of vascular branching (higher venular fractal dimension) 

were significantly associated with reduced fluid intelligence. However, there was no 
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significant association between venular fractal dimension and fluid intelligence 

following adjustment of the linear regression model for waist circumference, systolic 

blood pressure, blood pressure-lowering medication usage, presence of diabetes 

mellitus, smoking history, ethnicity, and alcohol consumption. The association with 

fluid intelligence, therefore, appeared to be explained by known confounding factors 

such as blood pressure and diabetes. Moreover, although the association between 

arteriolar calibre (CRAE) and fluid intelligence was statistically significant, the effect 

size was small and unlikely to be of use clinically. RVP were not significantly 

associated with the other measures of cognitive function tested (visual short term 

memory, prospective memory reaction time or the combined cognitive score).  

The present study also explored the potential confounding influence of cognitive 

impairment on associations between RVP and ACR by constructing binary logistic 

regression models for associations between RVP and ACR ≥ 3mg/mmol, using ACR 

as the outcome variable. After additional adjustment for cognitive variables, the 

associations between RVP and ACR ≥ 3 mg/mmol described in Chapter 3, were not 

affected substantially in their effect size, significance level or the amount of variation 

in ACR describe by the model (assessed by pseudo r2). This finding, in addition to the 

lack of association between either ACR and cognitive function, or RVP and cognitive 

function, provides no support for the hypothesised role of cognitive function as a 

confounding influence for associations between RVP and ACR.  

Since the conception of these analyses, there has been considerable interest in the 

association between renal health and cognitive function. In contrast to the findings 

presented in this thesis, two meta-analyses of observational studies, published in 2017, 

showed consistent associations between higher albuminuria and poorer cognitive 

function, AD and vascular dementia,26,27 and several subsequent studies have 

supported these.47–54 This body of evidence suggests that renal damage resulting in 

albuminuria may increase the susceptibility of the brain to damage resulting from 

reduced renal function. Moreover, albuminuria has also been associated with physical 

signs of cerebral damage, including cortical thinning,55 reduction in grey matter 

volume,56,57 and increased white matter lesions.55,57 Overall the recent literature 

provides strong support for associations between albuminuria and cognitive 

impairment and contrasts the present findings.  
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The UKBB population provides a possible explanation for the null findings presented 

in the present analyses. The UKBB dataset is composed of relatively healthy adults 

from around the UK with a mean age of 57 years.58 Previously, albuminuria was found 

to be associated with cognitive function predominantly in older participants with 

diabetes.50 It may be that the relative health and youth of the UKBB population 

resulted in the lack of association observed.  

In addition, the UKBB used a variety of brief cognitive assessments but did not 

conduct recognised clinical tests in their main dataset. Clinical assessment of dementia 

relies on tests such as the MMSE, Montreal Cognitive Assessment (MoCA) and 

General Practitioner Assessment of Cognition (GPCOG) etc. As a result of the use of 

non-clinical cognitive assessments, the findings of the present study may not be 

generalisable to clinical definitions of cognitive function and dementia. Replication of 

the present findings in population-based studies with more commonly used cognitive 

tests such as the MMSE, MoCA, GPCOG, Mini-cog, and Addenbrooke’s Cognitive 

Examination (ACE-R) would provide for more generalisable, and clinically 

applicable, associations using better-validated questionnaires.59  

With regards to associations between RVP and cognitive function. Although overt 

retinal microvascular changes have been associated with cognitive impairment, 

vascular dementia and cerebral pathology (lacunar and subcortical infarcts),60 28 

recently conducted meta-analyses provided inconclusive evidence to support 

associations between measures of retinal microvascular calibre (CRAE and CRVE) 

and AD.28  The findings, however, were based on only three studies, with high 

heterogeneity, with results from two of the three studies included reporting significant 

associations for both CRAE and CRVE.28 Associations between fractal dimension and 

AD in this meta-analysis were likewise drawn from only three studies and were non-

significant.28 These findings highlighted the need for further evidence on associations 

between RVP and cognitive function.  

Taken together, the results of the present study do not provide sufficient evidence that 

future studies assessing associations between RVP and renal function should include 

cognitive measures. 
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10.3.7 Chapter 8: Dietary patterns and chronic kidney disease in the Irish Nun Eye 

Study 

Chapter 8 describes a study of the association between dietary intake, assessed using 

dietary patterns analysis, and renal function (eGFR). Although the central question 

addressed throughout this thesis is that of the association between RVP and CKD, 

there are potential confounding influences which have not been addressed in the 

literature. Dietary intake is linked to both CKD61–67 and RVP68,69 and constitutes a 

potentially explanatory confounding influence on associations between RVP and 

CKD. For this reason, associations between dietary intake and eGFR were examined 

using a cross-sectional, case-control study in a population with relatively stable dietary 

intake. 

A population of 1,243 Irish nuns was used to examine the association between dietary 

patterns and CKD stages 3-5 (eGFR < 60 mL/min/1.73m2). To better understand 

healthy dietary intake in target populations, a dietary pattern-based approach may 

prove more informative than studies of individual nutrients as dietary patterns consider 

the complex milieu of consumed nutrients and account for synergistic and competitive 

interactions between dietary components of both known, and as yet unknown, 

mechanistic action.70 Indeed, recent guidelines for the prevention and management of 

CKD-related conditions such as cardiovascular disease and diabetes have focused on 

dietary pattern-based recommendations.70,71 This study used an a-posteriori approach 

and identified dietary patterns existing in the study population using dietary pattern 

analysis (DPA). We identified two dietary patterns present in the participants of the 

Irish Nuns Eye Study (INES). One of the identified dietary patterns bore similarities 

to “Western” type dietary patterns described in other studies with high consumption 

of red and/or processed meat, sweets, desserts, high-fat dairy, sugar, and fast foods 

such as chips.72–74 This was named the ‘unhealthy’ dietary pattern. A ‘healthy’ dietary 

pattern, with considerable overlap with the Mediterranean and DASH diets was also 

identified, characterised by comparatively high intakes of vegetables, oily fish, and 

low consumption of red and processed meats, sugar-sweetened, high-fat dairy, and 

high-sodium foods compared to modernised Western diets and the unhealthy diet 

identified.74  
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The unhealthy dietary pattern was significantly associated with both lower eGFR and 

increased risk of CKD stage 3-5. No significant association was found between healthy 

dietary pattern adherence and renal function. Individuals in the category with the 

greatest adherence to the unhealthy dietary pattern had a mean eGFR that was 6 

mL/min/1.73m2 lower than the category whose diet least resembled the unhealthy 

dietary pattern. If causal, this difference is equivalent to the mean decline in renal 

function over a period of approximately 14 years based on the renal decline of older 

adults in the Cardiovascular Health Study.75 As with studies examining the association 

between a priori dietary patterns and renal function,61–63,65,76–78 this study of a 

posteriori dietary patterns controlled for diabetes and hypertension in the analyses and 

the associations observed between the unhealthy dietary pattern and poorer renal 

function remained significant after adjustment, suggesting independence from 

hypertension, diabetes and other important confounding influences.  

This study made use of a culturally appropriate food frequency questionnaire (FFQ), 

designed for use in British and Irish populations and may therefore, be generalisable 

to Irish and British populations. The uniformity of lifestyles within the convent setting 

of the study population minimised the risk of potential confounding and limited the 

variability of the diets consumed by this population. Conversely, the study setting may 

limit the generalisability of our findings. The population was regional, all-female and 

the cloistered and highly homogenous lifestyle of the study population may also limit 

the applicability of our findings to the general population.  

This study provides novel evidence of the association between dietary patterns and 

CKD in a large European population. The results of this study provide support for the 

role of diet in CKD prevention. In this population, an unhealthy dietary pattern was 

independently associated with lower eGFR and an increased risk of CKD. The lack of 

association of renal function with a healthy dietary pattern suggests that inclusion of 

healthy foods in the diet may not necessarily afford protection from renal decline but 

rather highlights the potential detrimental effects exerted by unhealthy dietary patterns, 

suggesting minimising dietary intake of certain foods may be a recommendation. 

Further longitudinal research and interventional studies are necessary to establish 

whether changes in overall dietary intake over time can ameliorate or exacerbate CKD 

risk and eGFR decline.  
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10.3.8 Chapter 9: Cross-sectional associations between retinal microvascular 

parameters, dietary intake and albuminuria in the UKBB: A case-control study. 

In Chapter 9 a cross-sectional case-control study designed to explore the potential 

confounding influence of dietary intake on associations between RVP and ACR was 

described. The study made use of data collected as part of the UKBB and was also 

used to test associations between ACR and dietary intake and the relationship between 

RVP, as non-invasive measures of vascular health, and dietary intake. A large study 

sample of 1,877 UKBB participants with RVP measurements and data for other 

relevant covariates was used. Dietary intake was assessed using the UKBB food 

frequency questionnaire (FFQ) data.  

A dietary pattern analysis (principal components analysis) based approach was used 

to test for association between diet and eGFR in Chapter 8. Dietary pattern-based 

approaches to testing associations between diet and other measures of health provide 

a means of assessing such associations in the context of the complex interactions 

occurring between nutrients and other dietary components in a culturally relevant 

context and thus provide associations likely to be externally valid to free-living 

populations. The UKBB dietary data collected was not sufficiently detailed to enable 

principal components analysis and so dietary patterns could not be assessed. However, 

data relating to several food groups used in the dietary pattern analysis in Chapter 8 

were available from FFQs.  

In this cross-sectional case-control study, dietary intake of several dietary components 

was significantly associated with ACR ≥ 3 mg/mmol after adjustment for a range of 

potential confounding variables including age, sex, waist circumference, systolic 

blood pressure, blood pressure-lowering medication usage, presence of diabetes 

mellitus, smoking history, ethnicity, and alcohol consumption. Increased intake of 

fresh fruit, water, and tea was associated with an increased risk of ACR ≥ 3 mg/mmol, 

while increased intake of salt was associated with reduced risk of ACR ≥ 3 mg/mmol. 

The direction of these associations was counter to expectations. However, following 

additional adjustment for self-reported dietary change due to illness, the associations 

of salt, tea, and fresh fruit with ACR ≥ 3 mg/mmol were no longer significant, 

suggesting these counter-intuitive associations may have resulted from participants 
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actively changing their diets in response to the cue of poor health. The association 

between increased water intake and increased risk of albuminuria remained significant.  

Water, tea, and coffee intake were assessed as part of the UKBB FFQ. These data do 

not provide a true indication of total water or fluid intake which include food-derived 

water and water derived from other beverages. Moreover, intake of specific drinks 

with important implications for CKD risk was not captured. For example, cola 

consumption has been associated with a greater risk of CKD, thought to result from 

acidification with phosphoric acid and calcific damage to the nephrons and collecting 

ducts resulting from excessive phosphoric acid consumption.79  

Due to regional differences in food and beverage preparation, pollutants present in the 

food chain, and other such factors, the external validity of dietary findings to 

populations in other countries should not be taken for granted, and the findings of the 

present analyses should be replicated in populations with different food cultures. 

Regarding associations between dietary intake and RVP in the UKBB population, 

although a-priori69 and a-posteriori68 dietary patterns have been associated with RVP 

in other large studies previously, in the present study, associations between dietary 

intake and RVP were only nominally significant, having small effect sizes.  

The potential confounding influence of dietary intake on the associations between 

RVP and albuminuria was also explored. Results from logistic regression models for 

associations between RVP and ACR were not affected substantially in their effect size, 

significance level or the amount of variation in ACR determined by the model 

(assessed by pseudo r2). The present study does not, therefore, provide evidence that 

future studies assessing associations between RVP and renal function should include 

dietary measures. 

10.3.9 Thesis findings in relation to the overall hypothesesThe primary aim of the work 

described in this thesis was to test the hypothesis that there is an association between 

non-invasive retinal biomarkers and chronic kidney disease. The statistical analyses 

tested the probability of the primary null hypotheses: 

Overall H01: There is no association between RVP and chronic kidney disease. 

Where RVP refers to the following retinal microvascular measures; CRAE, 

CRVE, AVR, FD and tortuosity, and chronic kidney disease was assessed 
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using eGFR and ACR as either continuous variables or categories according to 

clinically relevant cut-off values. 

Overall H02: There is no association between retinal layer thickness and 

chronic kidney disease. Where chronic kidney disease was assessed using 

eGFR as either a continuous variable or categories according to clinically 

relevant cut-off values. 

The overall H01 was tested using several study specific and RVP specific null 

hypotheses in chapters 2, 3, 4, and 5. Overall, these null hypotheses could not be 

rejected with regards to measures of retinal microvascular calibre. Meta-analytic data 

showed no significant association between renal function and microvascular calibre 

independent of known confounding influences. Likewise, no evidence was found for 

associations between retinal microvascular tortuosity and CKD and the tortuosity-

specific null hypotheses could not be rejected. In Chapters 3 and 5 microvascular 

fractal dimension was significantly associated with CKD in a general worried-well 

population (the UKBB population) and in a separate population with a high burden of 

comorbidities in Chapter 5. However, associations with CKD were not detected in a 

longitudinal analysis in a population of individuals with diabetes (GoDARTS). 

Therefore, this thesis describes moderate evidence that the chapter-specific null 

hypotheses relating to fractal dimension could be rejected in populations not 

charachterised by having diabetes.  

The overall H02 was assessed using chapter-specific null hypotheses in chapter 5. 

Retinal thickness and the thickness of the ganglion cell layer and inner plexiform layer 

were associated with renal function. There was therefore evidence to reject the overall 

null hypothesis H02. 

To assess the value of adjustment for covariates which may confound associations 

between RVP and CKD, the work described in this thesis examined two related 

covariates of CKD and retinal biomarkers, specifically dietary intake and cognitive 

function. As such, the following oveall null hypotheses were tested as secondary aims: 

Overall H03: There is no association between chronic kidney disease and 

Alzheimer’s disease or cognitive impairment. Where chronic kidney disease 

was assessed using eGFR and ACR as either continuous variables or categories 

according to clinically relevant cut-off values 
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Overall H04: There is no association between chronic kidney disease and 

dietary intakes or dietary pattern adherence. Where chronic kidney disease was 

assessed using eGFR and ACR as either continuous variables or categories 

according to clinically relevant cut-off values 

In Chapter 6, no evidence was found for associations between CKD and Alzheimer’s 

disease. The chapter therefore provided no evidence to support rejecting the chapter-

specific, or overall null hypotheses. In Chapter 7, although the cognitive domain of 

reaction time was associated with ACR, ACR was not significantly associated with 

combined cognitive score in unadjusted or adjusted analysis. There was only weak 

evidence that the study-specific null hypothesis could be rejected and the overall null 

hypothesis, H03, could not be rejected. 

In Chapter 8, an unhealthy dietary pattern identified a posteriori and existing in the 

population, was found to be associated with a moderate reduction in renal function. In 

contrast, in Chapter 9, assessment of individual dietary components returned no 

evidence of a significant association between dietary intake and CKD. The work 

described in this thesis therefore returned mixed evidence in relation to the overall null 

hypothesis H04. 

10.4 Strengths and limitations 

There were a number of strengths and limitations common to several of the included 

studies. These are acknowledged below.  

10.4.1 Strengths relating to the size and design of studies included 

Large population-based studies such as the UKBB and GoDARTS studies provide 

well-powered datasets which allow for good generalisability of results and a 

minimised risk of false null findings (type-2 errors). In Chapters 3, 7, and 9, nested 

case-control sub-studies of the UKBB population are described. The UKBB recruited 

502,616 participants to undergo assessments at sites across the UK, of which 68,544 

had available retinal images. The sample size of our nested studies was greatly 

reduced, as a consequence of the significant number of images with poorer quality 

captured on undilated eyes, perhaps as a result of the limited time available for retinal 

image analysis, leading to a high image rejection rate and a reduced number of 

participants with data available for the variables of interest. Likewise, the GoDARTS 
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study identified and recruited participants from individuals with type 2 diabetes on 

general practitioner lists in Tayside in Scotland and allowed for a similarly large 

sample of 1,072 participants for the analyses in this thesis. The INES study, a study of 

cloistered nuns throughout the island of Ireland, was another large study (n=1,242) 

with data collected for a rich variety of variables. The sample sizes and resultant 

statistical power made possible by use of these datasets could not have been achieved 

by a local study during the course of a PhD project, given the time and costs required. 

Moreover, these large, well-funded studies collected a wide variety of variables 

allowing for regression models to be constructed to adjust for a variety of important 

confounding variables. 

In addition to making use of large population-based studies, the analyses described in 

this thesis also made use of relevant clinical populations with pertinent comorbidities. 

Diabetes, one of the primary causes of CKD, commonly co-exists with CKD. In the 

GoDARTS cohort, longitudinal associations between RVP and eGFR were assessed. 

Diabetes is associated with changes to RVP and, given the frequent coexistence of 

diabetes and CKD in individuals with either condition, the question as to whether 

pathological changes to RVP associated with CKD can be detected in those with 

diabetes is of importance if RVP are to be considered as a potential biomarker for 

CKD. Similarly, associations between OCT and eGFR were assessed in a population 

recruited from renal medicine, and nuclear cardiology clinics. Patients are referred to 

these clinics with suspected renal disease or cardiovascular disease respectively. 

Cardiovascular disease is, perhaps, the most important consequence of CKD, 

accounting for the largest proportion of mortality in those with CKD.80 CVD has also 

been associated with a range of retinal microvascular changes.81,82 This study allowed 

for the detection of associations in a clinically relevant population and showed that 

these associations are detectable in a population with a high burden of comorbidities.  

 

10.4.2 Strengths relating to the novelty of the outcome measure and associations 

tested 

The studies outlined in this thesis aimed to answer the question as to whether a range 

of retinal biomarkers were associated with CKD. Measures of retinal microvascular 

calibre have been extensively studied with inconclusive results. The meta-analyses 
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described in Chapter 2 provided the most definitive assessment of the relationship 

between retinal microvascular calibre and eGFR to date (See Section 10.3 above, and 

Chapter 2). Several studies have likewise sought to assess associations between RVP 

and ACR. This is an important and separate hypothesis given the small overlap of 

individuals identified via glomerular filtration rates and albuminuria.3 This thesis 

added to this body of literature by assessing these associations in a large subset of 

1,877 participants of the UKBB population. 

Few studies had examined associations between retinal microvascular FD or tortuosity 

and renal function. The results presented in Chapter 3, 4, and 5 provided new evidence 

regarding these RVP. In Chapter 5, associations between retinal thickness and CKD 

were tested. This has added to recently published findings by providing data and 

associations for individual retinal layers, and by modelling associations with 

adjustment for important confounding variables. This allowed for the location of 

changes to retinal thickness to be determined. This data, in combination with analysis 

of the structure of the choroid and retinal microvasculature, allowed for a more in-

depth hypothesis to be advanced for the mechanisms behind the physical changes to 

the retina in CKD. In Chapters 6 through 8 two important but underexplored sources 

of confounding were assessed. Both dementia and dietary intake have both been 

associated with measures of renal health and RVP previously. Prior to the work 

described in this thesis, the confounding influence of cognitive function and nutrition 

on associations between RVP and renal function had not been reported to the author’s 

knowledge. 

 

10.4.3 Cross-sectional study designs 

The analyses presented in Chapters 2, 3, 5, 6, 7, 8, and 9 were based on cross-sectional 

data. This allowed for associations between retinal biomarkers and CKD to be tested 

but did not allow for true predictive capacity to be assessed. For this reason, future 

studies should make use of prospective study designs when possible, to assess whether 

retinal changes precede CKD.  
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10.4.4 Limitations pertaining to the outcome measure: 

EGFR and ACR were the primary outcome variables in the analyses described 

throughout this thesis. Clinical CKD categorisation is described in Chapter 1, Section 

1.1.4. Clinical thresholds for CKD stage 3 (eGFR < 60 mL/min/1.73m2) and CKD 

stage A2 & 3 (ACR > 3mg/mmol) were used throughout this thesis. However, clinical 

diagnosis of CKD requires persistence of these measures exceeding the clinical 

thresholds over a 3 month period to avoid misdiagnosis. Additional measurements of 

serum creatinine, urinary albumin, and urinary creatinine, required for eGFR and ACR 

calculation, after a 3-month interval, are time and cost-intensive in large studies and 

have not been carried out in most population-based investigations. Future analyses of 

retinal biomarkers for CKD would benefit from access to data from studies with 

multiple measurements of renal function to allow for detection of incident CKD 

meeting clinical definitions. 

Measurements of eGFR are less accurate at values above 60 mL/min/1.73m2.83 This 

may result in an increased risk of false null findings (type-2 error) for comparisons 

between eGFR ≥ 60 mL/min/1.73m2 and eGFR < 60 mL/min/1.73m2. Future studies 

should consider performing analyses with groupings similar to those used in Chapter 

5, where retinal thickness in individuals with eGFR ≥ 60 mL/min/1.73m2 was also 

compared to retinal thickness in individuals with eGFR < 30 mL/min/1.73m2. 

 

10.4.5 Limitations relating to the primary predictor variables, retinal 

microvascular parameters. 

RVP were measured using VAMPIRE for several of the studies described in this thesis. 

Although studies have assessed retinal microvascular calibre using manual vessel 

tracing of retinal fundus photographs, this is a time and labour intensive process and 

has been carried out only in a few studies several decades ago. More recently, semi-

automatic, and automatic vessel tracing from digital and digitised fundus photographs 

has allowed for the assessment of RVP in a large number of studies including 

thousands of participants, far larger than the investigations that used manual vessel 

tracing. Several software packages have been developed to measure RVP such as 

ARIA, IVAN, QUARTZ, REVIEW, and SiVA. Validation studies of the algorithms 
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used in these studies indicate some inaccuracy compared to manual measurement by 

multiple experts for optic disc localisation, size estimation, vessel tracing, artery-vein 

classification, and vessel segmentation. However, automated vessel assessment 

programmes may have better inter-grader reliability than manual vessel tracing84–87 

and requires less expertise. Overall, current vessel tracing software packages allow for 

greater sample sizes providing improved statistical power and better inter-grader 

reliability, making retinal vessel analysis a viable option for population-based 

screening. However, the comparatively low accuracy of automated and semi-

automated retinal vessel analysis compared to manual analysis by experts introduces 

error and may increase the risk of null findings and reduce the sensitivity and 

specificity of categorisations using RVP, somewhat countering the benefits of the 

increased sample size made possible by automation.  

10.5 Future directions  

10.5.1 Health technology assessment 

Health technology assessment processes are carried out by organisations such as the 

National Institute for Health and Care Excellence (NICE) in the UK and the National 

Institute of Health’s, National Information Center on Health Services Research and 

Healthcare Technology (NICHSR) in the USA. Formal health technology assessments 

by organisations such as NICE and NICHSR provide guidance for policy and decision 

making for regulatory agencies, governmental departments, hospitals, health 

technology companies, investors, lawmakers, research agencies and clinicians.88 As 

such, an awareness of the processes of health technology assessment by such 

organisations is useful to contextualise current findings and guide future research 

direction. According to the NICHSR health technology assessment framework, the 

assessment of RVP from fundus photographs using VAMPIRE as potential novel 

biomarkers for CKD may fall under the healthcare purpose of “screening”, and the 

“Investigational” (for VAMPIRE) and “Established” (for fundus photography) stages 

of healthcare technology diffusion.88  

Health technology assessment complements an evidence-based medicine approach to 

healthcare, encouraging the use of current best evidence in healthcare. Health 

technology assessment is not limited to the assessment of a screening technology’s 

positive predictive value and related capabilities but goes beyond the assessment of 
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efficacy and effectiveness to include safety as well as legal, ethical, economic, clinical, 

professional and social implications of the use of a given technology.88 The retinal 

imaging technologies central to this thesis, SD-OCT and fundus photography, are 

already in widespread use in diabetic eye screening clinics and high-street opticians 

and so these technologies are already well established and carry minimal ethical, legal, 

and safety concerns. 

The efficacy and effectiveness of screening and risk prediction tools can differ 

considerably. Ideally, screening tools for risk prediction should be effective under 

variable conditions in heterogeneous populations and should be executable by a range 

of users with minimal training. OCT and fundus photography have proven useful in a 

variety of contexts in appropriate settings, and the work described in this thesis has 

tested associations between retinal biomarkers and renal health in a variety of relevant 

populations. 

Beyond associations modelled using regression analyses, key health outcomes to 

assess the efficacy and effectiveness of a health technology include mortality rates, 

morbidity/disease rates, adverse event rate and type, quality of life, functional status, 

and patient satisfaction.88 The analyses reported in this thesis centred on associations 

with prevalent disease, and disease progression, i.e. measures of morbidity, but may 

also be relevant as predictors of mortality, adverse events, and reductions in quality of 

life and functional status within CKD populations. Where possible, future studies may 

also consider these as outcome measures. 

Risk prediction models from new technologies should be considered in comparison to 

established risk prediction models. 

In addition, it is not known whether the increases in risk indicated by a novel 

biomarker, for example, the increased risk associated with reduced inner retinal 

thickness, are indicative of processes which can be targeted by existing therapies. The 

decision to adopt a new healthcare technology ideally considers relative risk reduction 

and the absolute risk reduction relating to the use of a technology and should be 

considered and the number needed to screen to obtain a given benefit should be 

calculated.88 The appropriate treatments indicated by risks associated with changes in 

retinal biomarkers are yet to be established. 
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10.5.1.1 Establishing performance and biomarker cut-off values. 

Biomarker based tests for risk prediction (or diagnosis) are commonly defined as 

satisfactory or unsatisfactory using cut-off values, e.g. an eGFR < 60 mL/min/1.73m2 

or an ACR > 3 mg/mmol for the diagnosis of CKD. Several statistical approaches can 

be used to establish the performance of a screening tool/predictive test and optimise 

biomarker cut-off values. Sensitivity (true positive rate), specificity (true negative 

rate), positive predictive value (the probability that individuals with positive test 

results are truly positive) and negative predictive value (the probability that individuals 

with negative test results are truly negative) provide indicators of test performance and 

sensitivity and specificity can be used in the construction of a receiver operating 

characteristic or C statistic to provide an additional measure of performance. The 

optimal cut-off point can then be determined, accounting for the consequences of a 

false-positive or false-negative result. 

Ideally, incident CKD and CKD progression should be assessed using clinically 

relevant thresholds in large longitudinal samples and the performance of retinal 

biomarkers such as inner retinal thickness and retinal microvascular fractal dimensions 

should be assessed. 

10.5.2 Cost-effectiveness analysis 

An important consideration in health technology assessment and prior to the adoption 

of a new screening technology or biomarker is that of the economic merits of the tool. 

Cost data can be collected during trials and several metrics can be used to assess cost. 

The cost of an intervention should be considered alongside its benefit and in 

comparison to established practice or best practice alternatives over a relevant time 

horizon.89 Marginal costs may also be of interest to assess the potential for repeated 

screening.89 If longitudinal studies confirm the value of retinal biomarkers, such as 

inner retinal thickness measurements, the risk associated with retinal biomarkers for 

CKD may or may not be treatable with current interventions. This must be established 

in future work before a cost-benefit analysis can be undertaken. Cost-effectiveness 

analysis, cost per unit outcome, cost-benefit analysis, and/or cost-utility analysis 

should form part of future investigations into retinal biomarkers following 

identification of risk reducing therapies.89 The cost of interventions with equivalent 

outcomes can be compared in cost-minimisation analysis to compare the cost-between 
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retinal imaging-based risk prediction and other predictive methods.89 Finally, budget-

impact analysis may be performed by organisations interested in making use of a given 

screening tool89. Given that OCT and fundus photography are widely used and widely 

available technologies and require minimal training for RVP analysis, it may be that 

cost-effectiveness assessments are limited in scope. 

 

10.5.2 Emerging technologies  

A variety of technological advancements are currently expanding the toolset for retinal 

analysis. Several notable examples of these are described below. 

10.5.2.1 Machine and deep learning 

Machine learning, as a field, involves the construction of computer systems which 

improve through experience. Typically machine learning algorithms aim to categorise 

data e.g. CKD or no CKD, based on a query (for example a retinal image, or a set of 

values for given variables).90 Machine learning algorithms are often trained using 

retrospectively labelled training datasets in a process known as supervised learning.90 

A trained algorithm can then be used on a dataset similar to the training data.  

A variety of machine learning and deep learning algorithms have already been 

developed to allow for retinal vessel detection and measurement from fundus 

photographs.73,91–94 Deep learning and neural network algorithms (as subsets of 

machine learning algorithms) have been used for automatic detection of diabetic 

retinopathy from fundus photographs.95 Algorithms such as these may allow for highly 

reliable, highly accurate, rapid assessments of large image sets, without the need for 

human correction or manual intervention for feature extraction, thus minimising the 

likelihood of false-negative findings and reducing the labour costs of any study or 

screening programme utilising retinal microvascular analysis.  

 

10.5.2.2 Ultra-widefield imaging. 

Although not yet widely available, ultra-widefield cameras such as the OPTOS 

Optomap allow for retinal images to be captured with a field of view of 200o (see 

Figure 10.1). This has proven useful for diabetic retinopathy detection where 
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retinopathy grading of ultra-widefield images (UWFI) provide greater sensitivity than 

standard wide-field cameras thanks to identification of pathology in the peripheral 

retina.96 RVP have also been assessed across the peripheral retina using UWFI,97 

which may be of particular interest for measures such as retinal microvascular fractal 

dimension and microvascular width gradients which can be measured over a greater 

proportion of their extent using UWFI.98 Ultra-widefield OCT is also now available 

making assessment of retinal thickness in the peripheral, as well as the central, retina 

practical.99 Measurement of the thickness of peripheral retinal layers may be of 

interests given its differing composition peripherally and centrally.98 

 

Figure 10.1. An ultra-widefield retinal image acquired using Optomap (Optos PLC, 

Dunfermline, Fife, Scotland, UK).98 Image from Quinn, N. et al. The clinical relevance 

of visualising the peripheral retina. Prog. Retin. Eye Res. 68, 83–109 (2019). 
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Optical coherence tomography angiography 

In addition to the quantification of retinal layer thicknesses, in recent years, OCT has 

also been purposed to image and quantify the retinal and choroidal blood supplies. 

OCT angiography (OCT-A), detects laser light reflectance patterns characteristic of 

red blood cells in motion and thus avoids the need for dyes used in fluorescein 

angiography. OCT-A is capable of producing quantitative analysis of the retinal 

microvasculature across three dimensions with greater spatial resolution and improved 

contrast between vessels and background than is possible with standard fundus 

cameras, thus allowing imaging of the capillary networks invisible in standard OCT 

and fundus photographs.100 In addition, OCT-A produces information on blood flow 

rates which may provide important information relating to the metabolic changes 

resulting in morphological retinal, and retinal microvascular alterations (see Figure 

10.2.).100 

  



372 

 

 

 

Figure 10.2. A partial OCT angiograph of the central retina showing retinal capillaries 

and surrounding areas coloured according to blood flow rates, with blue representing 

areas without detectable flow.100 Image from Pichi, F. et al. The application of optical 

coherence tomography angiography in uveitis and inflammatory eye diseases. Prog. 

Retin. Eye Res. 59, 178–201 (2017). 
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Visible light optical coherence tomography and optical coherence tomography 

oximetry 

Most OCT devices make use of near-infrared light which provided non-destructive 

penetrance suitable for retinal imaging. Recent advances in supercontinuum light 

sources have rendered visible-light optical coherence tomography (vis-OCT) viable.101 

As a result of the different scattering and absorption of visible wavelengths of light 

compared to near-infrared light by tissues, vis-OCT provides images which convey 

different information than traditional OCT with better axial resolution but poorer 

imaging depth, and imaging speed.101 Vis-OCT also allows for oximetry via 

quantitative evaluation of in vivo blood oxygen saturation in the retinal 

microvasculature, information which, when combined with blood flow velocity 

measurement and retinal microvascular diameter measurement, can be used to quantify 

retinal metabolic rate of oxygen, oxygen delivery and oxygen extraction fraction.101 

Of relevance to the future development of retinal microvascular analysis, vis-OCT 

oximetry also provides information (vessel oxygen saturation quantification, see 

Figure 10.3.) which may be useful for improved reliability of artery-vein classification 

by retinal vessel analysis software applications.101 
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Figure 10.3. A partial retinal fundus image with the oxygen saturation of each vessel, 

as measured using visible light OCT oximetry overlaid.101 Image from Shu, X., 

Beckmann, L. J. & Zhang, H. F. Visible-light optical coherence tomography: a review. 

J. Biomed. Opt. 22, 121707 (2017). 

10.5.2.3 Photoacoustic imaging of peripheral vasculature. 

Photoacoustic imaging provides an alternative non-invasive imaging modality for 

peripheral vasculature. Developed for breast cancer screening, photoacoustic imaging 

allows an image resolution of 0.5 mm at depths of up to 10 mm and makes use of non-

ionising lasers to induce ultrasonic energy emission by the target tissue allowing a 3D 

image to be captured.102 Photoacoustic imaging of peripheral tissues has recently been 

demonstrated in human hands where it allowed the measurement of palmar digital 

arterial tortuosity, which was found to be higher in older subjects (see Figure 10.4).102 
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Figure 10.4. An image of the blood vessels of the palm taken using a photoacoustic 

imaging system and near-infrared light (wavelength: 795 nm).102 Image from 

Matsumoto, Y. et al. Label-free photoacoustic imaging of human palmar vessels: a 

structural morphological analysis. Sci. Rep. 8, 1–8 (2018). 

 

 

10.6 Concluding statement  

CKD is a common condition, with prevalence similar to better-known conditions such 

as diabetes. A high burden of morbidity and mortality is associated with CKD with 

cardiovascular risk being greatly increased with renal functional decline. Moreover, 

CKD is predicted to become the 5th leading cause of death globally in coming years. 

Retinal biomarkers for the early prediction of CKD were explored throughout this 

thesis. Retinal microvascular calibre, fractal dimension and tortuosity were assessed 
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in association with eGFR and ACR. These retinal microvascular parameters can be 

assessed using images acquired from widely available fundus cameras and from 

existing fundus photographs. Twin meta-analyses, which pooled data from large 

population-based studies, found no evidence of association between either CRAE or 

CRVE and eGFR < 60mL/min/1.73m2. In a cross-sectional analysis of the UKBB 

population, sparser retinal microvascular networks (lower arteriolar and venular fractal 

dimensions) were associated with an increased risk of ACR > 3mg/mmol, and in the 

prospective GoDARTS study, RVPs did not predict reductions in renal function in 

individuals with type 2 diabetes. These findings do not provide evidence for 

associations between measures of retinal microvascular calibre and CKD or for the 

predictive value of RVP for the progressive loss of renal function in diabetes. 

Longitudinal studies of the associations between retinal microvascular fractal 

dimension and renal health may, however, be warranted in relevant populations.  

Associations between both renal health and RVP and two potential confounding 

factors (diet and cognitive function) were also assessed and models of the association 

between RVP and ACR were constructed to adjust for these factors. 

The findings reported in this thesis and the associated publications will enhance the 

existing literature and identify novel associations with less commonly used retinal 

parameters such as fractal dimension, tortuosity, and branching coefficients. Retinal 

thickness is also sensitive to retinal vascular changes and novel associations between 

renal function and the thicknesses of the cellular layers of the retina will be assessed 

via optical coherence tomography (OCT). In addition, potential confounding 

associated with dietary measures and cognitive function will be considered, given 

previously reported associations between AD and retinal measures. The results of these 

analyses did not provide evidence for association between AD and eGFR 

< 60mL/min/1.73m2, nor a clinically significant association between cognitive 

function and ACR > 3 mg/mmol. Consistent with this, models of the association 

between RVP and ACR were not altered following adjustment for cognitive function. 

In the Irish Nun Eye Study, adherence to an unhealthy dietary pattern was associated 

with poorer renal function but no association between the dietary intake of various 

food groups and ACR was found in the UKBB population and associations between 

RVP and ACR were not altered following adjustment for dietary intake. The work 

presented in this thesis did not, therefore, provide sufficient evidence that either 
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cognitive function or dietary intake warrant inclusion as confounding variables in 

future studies of RVP in CKD. Finally, novel associations between inner retinal layers 

and eGFR < 30 mL/min/1.73m2 were found in conjunction with altered fractal 

dimensions in the retinal microvasculature which supplies the inner retinal layers. 

Longitudinal analysis of this association may be warranted to assess the predictive 

potential of retinal thickness measurements for CKD.  
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