
Computerised Image Analysis of Retinal Vascular Network Geometry and its Relationship to Cognition
A thesis submitted to the University of Manchester for the degree of MD
 in the faculty of Medical and Human Sciences.

2006

Niall Patton
School of Medicine
List of Contents

Chapter 1
Introduction and review of the Literature
Introduction

Section 1.1
Quantifiable parameters of retinal vascular network geometry and evidence of their changes in cardiovascular disease
Section 1.2
Evidence of the association between cognitive function and cerebrovascular disease

Section 1.3
Homology between the retinal and cerebral circulation
Section 1.4 
Hypothesis and objectives

Chapter 2
The 1921 Lothian Birth Cohort Population
Introduction

Section 2.1
History and background of the 1921 Lothian Birth Cohort population

Section 2.2
Methods of cognitive assessment of this population

Chapter 3
Computerised Analysis and Quantification of Retinal Vascular Network Geometry 
Introduction

Section 3.1
Basic Principles of Computerised Image Analysis
Section 3.2
Development of the computerised analysis software using Matlab® Image-processing toolbox


Section 3.21
Measurement of retinal vessel widths using computerised analysis techniques

Section 3.22
Measurement of angles between retinal arterioles using computerised analysis techniques
Chapter 4
Reliability of measures of Retinal Vascular Network Geometry Measurements using Image-Processing Techniques
Introduction

Section 4.1
A Review of Statistical Strategies to Assess Reliability in Ophthalmology
Section 4.2
A Study of the Reliability of Retinal Vascular Network Geometry Measurements using Image-Processing Techniques

Section 4.21
Intraobserver / Interobserver Reliability of the AVR measurements


Section 4.22
Intraobserver / Interobserver Reliability of the degree of angle between two branch retinal arterioles


Section 4.23
Intraobserver / Interobserver Reliability of the median branching coefficient between the five most proximal retinal arteriolar junctions for each fundal image
Chapter 5
A Study on the effect of image processing on measuring retinal vessels at junctions
Section 5.1
A comparative study on retinal vessel measurements using either the greyscale conversion from RGB, or the Green channel only of the RGB

Section 5.11
Methods


Section 5.12
Results
Section 5.2
A comparative study on retinal vessel measurements using three different contrast enhancement techniques (i) Histogram Equalisation, (ii) Linear Stretch or (iii) Contrast-limited Adaptive Histogram Equalisation

Section 5.21
Methods


Section 5.22
Results
Section 5.3
A comparative study of the “single-Gaussian” versus the “double-Gaussian” models to fit vessel width profile data in a sample of the LBC1921 population.

Section 5.31
Methods


Section 5.32
Results


Section 5.33
Discussion
Chapter 6
Development of an “optimal” formulation to summarise retinal vascular diameters
Introduction

Section 6.1
Methods

Section 6.2
Results of formulae

Section 6.3
Discussion

Chapter 7
The association of Retinal Vascular Network Geometry and Cognitive Function in the Lothian Birth Cohort of 1921
Introduction
Section 7.1
Methods

Section 7.2
Results

Section 7.3
Discussion
Chapter 8
Conclusions of thesis and future directions
References
Appendix

Word Count: (Main Text) 45, 414
List of Tables and Figures
Chapter 1

Figure 1: Schematic diagram of internal eye vergence related to image magnification from retinal photography.

Table 1 summarises the main associations found between retinal microvascular changes and stroke, cognitive impairment, cerebral white matter lesions and cerebral atrophy. 

Figure 2: Greyscale image of a peripheral vascular junction. Do = diameter of parent vessel: D1 and D2 represent diameters of the two daughter vessels. D0X = D1X + D2X, where x = junctional exponent.


Figure 3: Graph of power losses, drag, volume and surface area costs for junctional exponents (X) and angles at bifurcations. Note, as Murray predicted, power losses and volume are minimised when X approximates to 3, and the angle at bifurcations is approximately 75 degrees. 

Figure 4: Graph showing the relationship between β (an area ratio  D12/D22,  alternatively known as the branching coefficient) and A (angle between D1 and D2), for the costs of power losses, drag, volume and surface area. 


Table 2: Outline classification of vascular cognitive impairment

Figure 5: Schematic diagram of the mechanical and metabolic components of the blood-brain and blood-retinal barriers and the influence of glial cells on these barriers.

Figure 6: Schematic diagram of the (a) retinal and (b) cerebral microvessel (not drawn to scale).

Figure 7: Schematic diagram of the myogenic (via pericytes / vascular smooth muscle) and metabolic components of vascular autoregulation of the retinal and cerebral microvasculature.
Chapter 3

Figure 1: An example of an arteriolar angle bifurcation (i): having selected the centreline of the trunk vessel, a line is drawn that is continuous with the trunk vessel beyond the nodal point of the angle.

Figure 2: An example of an angle arteriolar bifurcation (ii): a second point on the centreline of a branch vessel (the more obtuse branch) would be selected and the line drawn through the nodal point and beyond. 


Figure 3: An example of an angle arteriolar bifurcation (iii): demonstration of the Cosine Rule used to calculate the angle subtended by the two arteriolar branch vessels.

Figure 4: An example of a retinal arteriolar bifurcation angle (iv): demonstrating the poor approximation of the angle subtended by the two branch vessels by choosing a segment of trunk vessel too far from the nodal point which does not take into account the contour of the trunk vessel as it approaches the junction (the measurement is exaggerated to explain the point). 


Figure 5: An example of a retinal arteriolar bifurcation angle (v): the same angle (as iv) is now correctly measured by choosing a segment of vessel that is closer to the nodal point and thus reflects the contour of the trunk vessel. 

Chapter 4


Figure 1: Scatterplot diagram of hypothetical results of axial length measurements using B-scan Ultrasound from Observer A and Observer B. 


Table 1: Hypothetical comparison of two different techniques for measuring IOP (Goldmann tonometry vs tonopen). 

Figure 2: Hypothetical Bland-Altman plot (i) of IOP recorded by Goldmann tonometry and tonopen. 


Figure 3: Hypothetical Bland-Altman plot (ii) of IOP recorded by Goldmann tonometry and tonopen. 


Figure 4: Hypothetical Bland-Altman plot (iii) of IOP recorded by Goldmann tonometry and tonopen. 

Table 2: Hypothetical r x c array of observed frequencies between two raters on a scale (A, B, C in increasing order). 

Figure 5: Scatterplot of intraobserver reliability of AVR (n=20)


Figure 6: Bland-Altman plot of AVR intraobserver reliability (n=20).


Figure 7: Scatterplot of interobserver reliability of AVR (Observer 1 vs Observer 2) (n=14).


Figure 8: Bland-Altman plot of interobserver reliability of AVR (Observer 1 vs Observer 2) (n=14). 


Figure 9: Scatterplot of median angle measurements 1 & 2 for intraobserver reliability (n=20). 


Figure 10: Bland-Altman plot of Intraobserver Reliability of Median angle of Measurements 1 & 2. 


Figure 11: Scatterplot of Median angle of measurement for Observer 1 and 2 (n=14). 


Figure 12: Bland-Altman plot of Median angle of measurement of Observer 1 and 2 (n=14).


Figure 13: Scatterplot diagram of intraobserver reliability of median BC (Branching Coefficient) (n=20). 


Figure 14: Bland-Altman plot of median BC measurements 1 & 2 for intraobserver reliability (n=20).

Figure 15: Scatterplot of intraobserver reliability of median optimality measurement (n=14). 


Figure 16: Bland-Altman plot of median BC for measurements 1 & 2 using micrometric measurement technique.

Figure 17: Scatterplot of interobserver Median BC measurements (n=14).

Figure 18: Bland-Altman plot of interobserver reliability for median BC for Observers 1 & 2. 
Chapter 5

Figure 1: Bland-Altman plot of BC using the Green Channel and the Greyscale Conversion


Figure 2: Bland-Altman plot analysis of trunk vessel width (pixels) using the Green Channel and the Greyscale Conversion.


Figure 3: A greyscale composite image showing the original RGB to greyscale conversion using the “luminance” formula (top left), and the equivalent image having undergone contrast linear stretch (top right), histogram equalisation (bottom right) and contrast limited adaptive histogram equalisation (bottom left).


Figure 4: Bland-Altman plot of BC for unenhanced (Grey) image and CLAHE-enhanced image (n=18). 

Figure 5: Bland-Altman plot of trunk vessel diameters using either “normal” greyscale image (unenhanced) or CLAHE-enhanced image.


Figure 6: Bland-Altman plot analysis of BC comparing normal “grey” unenhanced image and image enhancement using the HE technique.


Figure 7: Bland-Altman plot analysis of trunk vessel measurement using either the unenhanced “grey” image or the Histogram Equalisation (HE)


Figure 8: Bland-Altman plot analysis of BCs comparing normal “grey” unenhanced image and image enhancement using the LS (linear stretch) technique.


Figure 9: Bland-Altman plot analysis of trunk vessel measurement using either the unenhanced “grey” image or the Linear Stretch (LS) technique. 

Figure 10: A typical intensity profile of a retinal blood vessel. The red points represent the grey level of the image at various points along the vessel width, and the blue line represents the best fit single gaussian curve function. 


Figure 11: A typical intensity profile from a retinal vessel demonstrating the central “dip” form the central light reflex. This also conforms to a gaussian curve function, described by f2(x).

Figure 12: The line demonstrates the two points which were selected to measure the intensity profile of the vessel width. This line persists after vessel measurement so that the operator can choose the exact same two points for subsequent measurements.


Figure 13: The figure has a seemingly good fit using a single gaussian curve function, although because of the variation in background intensity, the adjusted R squared values are moderate at 0.7982. 

Figure 14: A further double gaussian model curve fit. Note the reasonable fit for the actual blood vessel, but because of variable background intensity levels, the goodness-of-fit statistics are moderate.


Table 1: Descriptive statistics for the mean single and double gaussian model fits.

 
Figure 15: The plot illustrates a systematic increase of measurements using the double versus the single Gaussian model.   

Table 2: Table demonstrating the results of the student t test for the two gaussian models.


Figure16: The two figures illustrate discrepancies in the background intensity levels leading to errors in the second peak “identification” of the double gaussian function.

Table 3: Descriptive statistics of the single and double gaussian models without the two extreme outliers.


Table 4: Table illustrating the student t test results of the difference between the two gaussian models with the two extreme outliers removed.


Figure 17: Bland-Altman plot analysis of the Coefficient of Variation for the two gaussian models.

Figure 18: Bland-Altman plot analysis of the Coefficient of Variation for the two gaussian models with the two extreme outliers removed.


Table 5: Descriptive statistics of the coefficients of variation using the two gaussian models (extreme outliers removed).


Table 6: Table illustrating the student t test of the differences between the coefficient of variation of the two gaussian models (two outliers removed).


Figure 19: Scatterplot of mean versus standard deviation (SD) of vessel widths showing no pattern of trend between the two variables.


Figure 20: A Bland-Altman plot analysis illustrating the “goodness-of-fit” adjusted R squared statistics for the two gaussian models. The figure above is with the excluded 2 outliers.

Table 7: Descriptive statistics of the arterioles only

Table 8: Differences between the two gaussian models for arterioles only. 


Table 9: Differences between the two gaussian models for arterioles only (two extreme outliers removed).

Table 10: Descriptive statistics of the difference between the the two gaussian models (venules only).


Table 11: Differences between the two gaussian models for venules only. 


Figure 21: Curve of best fit demonstrating the double-gaussian model over-estimating the vessel width.


Figure 22: Curve of best fit demonstrating the single-gaussian model under-estimating the vessel width.
Chapter 6

Table 1: Table demonstrating the mean branching coefficient, asymmetry index, angle between the two branches, and degree of eccentricity for the arteriolar branching points of both the “training” and “testing” group, as well as the venular branching points of the “testing” group. 


Table 2: Table demonstrating the mean difference, range of difference and standard deviation of the differences between the calculated and measured arteriolar trunk vessel widths using the three different summarising formulae.


Chapter 7

Figure 1: The histogram above shows the distribution of MMSE scores in the LBC1921 group. 

Figure 2: Flow diagram illustrating the passage of participants throughout the study.

Table 1: Descriptive statistics of cognitive scores in the LBC1921 population that had retinal image analysis


Table 2: Descriptive statistics of cognitive scores in the LBC1921 population that did not have retinal image analysis


Table 3: Differences between the analysed and un-analysed individuals (for retinal parameters), in terms of their cocgnitive scores (student t test). 

Table 4: Descriptive statistics of the retinal vascular network parameters. 

Table 5: Pearson’s correlation coefficients for measures of vessel width with the components of logical memory.

Table 6: Pearson’s correlation coefficients for measures of vessel width with the components of verbal fluency.

Table 7: Pearson’s correlation coefficients for measures of vessel width with Raven’s progressive matrices. 

Table 8: Pearson’s correlation coefficients for measures of vessel width with the remaining components of cognition.

Table 9: Partial correlation coefficients for measures of vessel width with the components of verbal fluency.

Table 10: Partial correlation coefficients for measures of vessel width with the Raven’s progressive matrices.

Table 11: Partial correlation coefficients for measures of vessel width other cognitive measures. 

Figure 3: Histogram distribution of deviation of root mean square of median BC from 1.26 (optimality).


Figure 4: Square root transformation of root mean square deviation of the median BC from 1.26 (optimality).


Figure 5: Histogram distribution of root mean square deviation of the angle from 75 degrees (optimality).


Figure 6: Histogram distribution of square root transform of root mean square of deviation of angle from 75 degrees.

Table 12: Pearson’s correlation coefficients of association between the square root transforms of the measures of arteriolar junctions (BC and angles) and the cognitive tests. 


Table 13: Partial correlation coefficients of association between the square root transforms of the measures of arteriolar junctions (BC and angles) and the cognitive tests. 

The University of Manchester
Abstract of Thesis submitted by Niall Patton for the degree of MD and entitled Computerised Image Analysis of Retinal Vascular Network Geometry and its Relationship to Cognitive Function in an Elderly Population.

April, 2006. 
The retinal microcirculation is the only vasculature that can be visualised and photographed in vivo in humans. A large number of epidemiological studies have utilised computerised image analysis to detect associations between the retinal microvasculature and systemic cardiovascular disease. Based on the homology between the retinal and cerebral microcirculations and that cognition relates to the state of the cerebral vasculature, this thesis developed and validated a computerised retinal image analysis program to measure different aspects of retinal vascular network geometry and their association with cognition. To improve the ability to detect an association, the reliability of the measurements of retinal vascular network geometry are optimised, and a new summary measure of “central retinal arterial equivalent”, incorporating the degree of asymmetry between branch vessel widths to calculate the trunk vessel diameter is described. 

Employing the above techniques, an association between the degree of deviation from optimality (based on the principle of minimum work across the retinal microvasculature) of the retinal arteriolar bifurcation angles and the memory domain of cognition was detected in the unique 1921 Lothian Birth Cohort, who have had cognition measured in 1932. This association persisted when controlling for previous cognitive function (aged 11), gender, mean arterial blood pressure, social class category and length of full-time formal education. No other parameters of retinal vascular network geometry (arteriovenous ratio, central retinal arterial equivalent, central retinal venous equivalent, and median branching coefficient of arteriolar junctions) were associated with cognition in this cohort. 
Parameters of retinal vascular network geometry other than vessel widths have been under-utilised in epidemiological studies. Resulting from this thesis, studies evaluating the relationship between retinal vascular network geometry and systemic cardiovascular disease should incorporate the measurement of retinal arteriolar angles at bifurcations, as these may be a more sensitive indicator of altered retinal blood flow than measures of retinal calibre, particularly in smaller studies. In addition, based on this thesis, studies measuring summary measures of retinal arteriolar widths should incorporate the degree of asymmetry between the branch arterioles. 

No portion of the work referred to in the thesis has been submitted in support of an application for another degree or qualification for another degree or qualification of this or any other university or other institute of learning.

Niall Patton

April 2006

Copyright Statement

(i) Copyright in text of this thesis rests with the author. Copies (by any process) either in full, or of extracts, may be made only in accordance with instructions given by the author and lodged in the John Rylands University Library of Manchester. Details may be obtained from the Librarian. This page must form part of any such copies made. Further copies (by any process) of copies made in accordance with such instructions may not be made without the permission (in writing) of the author.

(ii) The ownership of any intellectual property rights which may be described in this thesis is vested in The University of Manchester, subject to any prior agreement to the contrary, and may not be made available for use by third parties without the written permission of the University, which will prescribe the terms and conditions of any such agreement.

(iii) Further information on the conditions under which disclosures and exploitation may take place is available from the Head of School of Medicine.

Publications and presentations related to this thesis:

Peer-reviewed publications:

1
Asymmetry of retinal arteriolar branch widths at junctions affects ability of formulae to predict trunk arteriolar widths. 

N Patton, TM Aslam, T MaccGillivray, B Dhillon, IJ Constable. Invest Ophthalmol Vis Sci (in Press).

2
Retinal Image Analysis: Principles, Applications and Potential. 

N Patton, TM Aslam, T MacGillivary, IJ Deary, B Dhillon, RH Eikelboom, K Yogesan, IJ Constable. Progress Retinal Eye Research (in Press)

3
Effect of axial length and retinal network geometry. 

N Patton, R Maini, T MacGillivary, TM Aslam, IJ Deary, B Dhillon. Am J Ophthalmology (in Press)
4
Reply to G Liew et al.

N Patton, T Aslam, B Dhillon. Am J Ophthalmology (in Press)
5
Statistical methods to assess reliability in Ophthalmology. 

N Patton, TM Aslam, G Murray. Eye (in Press)

6
Retinal Vasculature as a marker of cerebrovascular disease: a rationale based on homology between the retinal and cerebral circulation. 

N Patton, TM Aslam, T MacGillivary, A Pattie, IJ Deary, B Dhillon. J Anatomy 2005, 206(4); 319-348
Book Chapter:

1
Retinal Vascular Image Analysis in “Teleophthalmology”: 

N Patton, TM Aslam. In Teleophthalmology, Editors: Kanagasingham Yogesan, Sajeesh Kumar, Leonard Goldschmidt, Jorge Cuadros. Publishers: Springer, Verlag, Dec’ 2005.

Oral Presentation:

1 An “optimal” retinal vascular network. 

N Patton, British and Eire Association of vitreoretinal Surgeons, Cheltenham, Nov ’05.

Poster Presentation:

1 Space-filling properties of retinal vessels and axial length

N Patton, T MacGillivray, B Dhillon.

[European Association for Vision and Eye Research (EVER), Villamoura, Oct ‘05].

Chapter 1

Introduction and review of the literature

Introduction
The retinal vasculature is known to be affected by a wide range of systemic pathology and is unique in that it is the only human vasculature that can be photographed in vivo. This allows it to be subject to modern computerised analysis using image processing and analytical techniques. In this introductory chapter, I outline what parameters of the retinal vasculature can be quantifiably measured using these techniques, I describe the evidence that cognitive function reflects the state of the cerebrovasculature and I describe how the retinal and cerebral microvasculatures can be considered homologous. These considerations form the basis of this thesis, namely to explore the quantifiable parameters of retinal vascular network geometry and their association with change in cognitive function.

Section 1.1
Quantifiable parameters of retinal vascular network geometry and evidence of their changes in cardiovascular disease

An important role of retinal digital image analysis is the ability to perform quantitative objective measurements from retinal colour photographs. However, the effect of image magnification resultant from fundal photography has to be overcome, either incorporating an adjusted measurement to take the magnification into account, or to use dimensionless measurements so that results between patients can be compared.  

Magnification effect of fundal photography:

Magnification is defined as the image height divided by the actual object height. For images that are close to the ocular optical axis, the “actual” retinal size (t) is related to the image size (s) by the formula:

t = p * q * s, 

where (p) is a camera factor, and (q) an ocular factor. 

Therefore, both (a) camera factors and (b) ocular factors will have a bearing on the degree of magnification obtained from fundal photography. Other factors that may need to be taken into consideration include the degree of eccentricity of the measured object from the optical axis1, 2and camera-eye distance3-8. 
Camera Factors: 

The magnification effect of the camera relates the angle emergent from the first principal point of Gullstrand’s schematic eye to the image size (s) of the retinal feature, expressed as a quotient9. For any particular fundal camera, this ratio will be a constant, and therefore if attempting to make between-patient comparisons of exact measurements from fundal photographs correcting for magnification, the camera constant of each camera used needs to be known. 

Ocular Factors: 

Ocular magnification is solely related to the vergence of the internal axis of the eye7(Figure 1). 
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Figure 1: Schematic diagram of internal eye vergence related to image magnification from retinal photography. (Reproduced and adapted from Garway-Heath et al, Br J Ophthalmol, 1998;82:643-649 with permission from BMJ Publishing Group.)

Thus ocular magnification (q) is directly proportional to the distance between the second principal point and the fovea. Several strategies exist to calculate q from ocular biometric factors. The most accurate technique is to use ray tracing to calculate q, knowing the axial length of the eye, the anterior and posterior radii of curvature of both the cornea and the lens, the asphericity of these curvatures, corneal and lenticular thickness, anterior chamber depth, the refractive indices of the all ocular elements involved in light transmission, and the eccentricity of the retinal feature being measured9. Because of the impractality of gathering all of the above information, summarising formulae that make certain assumptions of the eye can be used to obtain an accurate estimate of the ocular effect of magnification. Techniques used include those based solely on spectacle refraction8, ametropia and keratometry8, 10, axial length only2, 8, axial length and ametropia11, 12, and those utilising all of axial length, anterior chamber depth, lens thickness, keratometry and ametropia2. Garway-Heath et al9 found the abbreviated axial length method employed by Bennett et al2 differs little from the more detailed calculations using keratometry, ametropia, anterior chamber depth, and lens thickness. They found that Littman’s technique10 based on keratometry and ametropia to be the least accurate.

Dimensionless measures of retinal topography:

Whilst all the above techniques make assumptions about the optics of the eye, they serve as reasonable estimates for calculating true retinal features from retinal photographic images. However, in studies collecting large numbers of patients, it may be difficult to acquire such information. Hence, studies have sought dimensionless measures, thus nullifying any magnification effect and allowing measurements between subjects to be compared. Such dimensionless entities that have been used include the arteriovenous ratio (AVR), junctional exponents, angles at vessel bifurcations, measures of vascular tortuosity, length: diameter ratios and fractal dimensions. 

 “The AVR”

The AVR was first suggested as a good parameter to investigate retinal vascular geometry by Stokoe and Turner in 196613. It was developed as a general measure of the ratio between the average diameters of the arterioles with respect to the venules. It is comprised of two components, the Central Retinal Artery Equivalent (CRAE) and the Central Retinal Vein Equivalent (CRVE), expressed as a quotient. The CRAE was first devised by Parr and co-workers14, 15, who developed an estimation from arteriolar trunk and branch vessels around a pre-defined zone concentric with the optic disc. Each individual vessel was measured, and paired vessels were combined to estimate the trunk vessels, and then paired trunk vessels were combined, and this iterative process was continued until all vessels had been combined into a summary measure of the mean CRAE. The formula that Parr et al devised to calculate the calibre of the trunk vessel from the two branch vessels is detailed below:

For Arterioles: Wc = √ (0.87Wa2 + 1.01Wb2 – 0.22WaWb -10.76)

Wc = calibre of trunk arteriole; Wa = calibre of the smaller branch arteriole; Wb = calibre of the larger branch arteriole. 

The Parr approach to calculate the CRAE was dependent on carefully tracing out the individual paired vessels, and was labour-intensive and time-consuming. 

Hubbard and colleagues16 developed a similar measure to calculate the CRVE, again using a selection of young normotensive individuals and calculating a formula that would best describe the relationship between the trunk retinal venule and its branches. 

For Venules: Wc = √ (0.72Wa2 + 0.91 Wb2 + 450.05)

Wc = calibre of trunk venule; Wa = calibre of the smaller branch venule; Wb = calibre of the larger branch venule. 

A further development by Hubbard et al was to allow vessels to be paired according to an arbitrary pattern, where the largest vessel was combined with the smallest vessel and the second largest with the second smallest, etc17. This was continued until all vessels had been combined. If there were an odd number of vessels, the residual vessel was carried over to the next iteration. This technique offered clear advantages by being less time-consuming and in an analysis of ten eyes correlated well with the original Parr technique, with no evidence of fixed or proportional systematic bias. Thus the AVR was calculated based on the calibres of all arterioles and venules passing through a concentric ring, which was defined as between half and one disc diameters from the optic disc margin. This was chosen as it was felt that retinal blood vessels at the margins of the disc may be of an arterial configuration, whereas they are unambiguously arteriolar approximately half to one disc diameter from the disc margin17, 18. Other amendments were made based on the individual calibre of vessels (if vessel calibre was > 80 μm, then the branches were considered, rather than the vessel itself and if vessels were < 25μm, then they were not included in the calculations). The Atherosclerosis Risks in Communities (ARIC) study was the first to utilise an objective, semi-automated AVR as a measure of generalised retinal arteriolar narrowing in response to systemic disease17. The AVR was felt to be a good measure of generalised arteriolar attenuation, as there was evidence that arterioles would be much more affected by narrowing in response to cardiovascular disease than corresponding venules17, 19. 

The AVR has been used in a large number of epidemiological studies, such as the ARIC Study, the Blue Mountains Eye Study, the Wisconsin Epidemiologic Study of Diabetic Retinopathy, the Cardiovascular Health Study, the Beaver Dam Eye Study and Rotterdam Study. It has proved to be a useful measure of generalised arteriolar attenuation (Table 1). In addition, there is good evidence that the AVR correlates well between right and left eyes20, 21.
Table 1 summarises the main associations found between retinal microvascular changes and stroke, cognitive impairment, cerebral white matter lesions and cerebral atrophy. 

	
	Generalised Arteriolar Narrowing
	Focal Arteriolar Narrowing
	Focal Retinopathy (Microaneurysms, Haemorrhages, Exudates, Cotton wool spots)

	Cognitive  Impairment (ARIC)
	1.1 (0.8 – 1.5)
	0.6 (0.4 – 0.9)
	2.6 (1.7 – 4.0)

	Stroke

(a) CHS

(b) ARIC†

(c) BMES
	1.1 (0.7 – 1.8)

1.2 (0.7 – 2.3)

3.0 (1.1 – 8.2)
	1.2 (0.6 – 2.4)

1.2 (0.7 – 1.9)

2.6 (1.5 – 4.4)
	2.0 (1.1 – 3.6)

2.6 (1.6 – 4.2)

3.0 (1.9 – 5.2)

	Cerebral White Matter Lesions

(a) ARIC

(b) Kwa et al
	1.2 (0.8 – 1.9)

2.3 (1.1 – 4.6)*
	2.1 (1.4 – 3.1)

Not assessed
	2.5 (1.5 – 4.0)

3.4 (1.5 – 8.1)

	Cerebral Atrophy (ARIC)
	1.0 (0.7 – 1.4)
	1.1 (0.8 – 1.6)
	1.9 (1.2 – 3.0)


Table 1: Associations (Odds Ratios + 95% confidence intervals) between cerebrovascular diseases and retinal microvascular changes.

ARIC = Atherosclerosis Risk in Communities Study; CHS = Cardiovascular Health Study; BMES = Blue Mountains Eye Study.

† = Prospective study; Relative Risk data.

* = Generalised narrowing subjectively assessed by ophthalmologist. 

Table 1: Associations (Odds Ratios + 95% confidence intervals) between cerebrovascular diseases and retinal microvascular changes.

However, there are some conflicting results regarding AVR, particularly in its association with atherosclerosis22-27, which may reflect different populations between the various studies. In an elderly population, after controlling for age, gender, race, mean arterial blood pressure and antihypertensive medication, the AVR was not associated with prevalence of coronary heart disease, stroke, myocardial infarction, or presence of carotid disease22. The ARIC study did find an association between AVR and carotid plaque, but not with any other markers of atherosclerosis, either clinical (cardiovascular disease or stroke) or subclinical (carotid artery or popliteal thickness, lower limb peripheral vascular disease), serum cholesterol24 or incidence of congestive cardiac failure28. Furthermore, it is unclear whether using measures such as the AVR from retinal image analysis provides additional information regarding future risk of these systemic disease, over and above current standardised methods of clinical assessment29. 

Central Retinal Artery Equivalent and Central Retinal Vein Equivalent
A limitation of the AVR is that venules and arterioles may have a different response to different pathologies, for example the venules may be dilated in response to an inflammatory condition, whereas the arterioles are attenuated due to underlying hypertension. Hence, the independent use of the CRAE and CRVE may provide information regarding vessel changes in certain pathological states that would otherwise be undetected by using the combined AVR.  Whilst the CRAE and CRVE are not dimensionless measurements, studies have reported these measurements of retinal vascular calibre in association with systemic disease19, 25, 30-34. A few of these studies had refractive data in order to partially adjust for magnification effect from retinal photography20, 35. The Beaver Dam Eye Study20 found that myopic refraction was associated with smaller retinal vessel diameters and highlight the need for future studies with axial length data to explore more precisely its impact on retinal vascular diameters and their association with systemic cardiovascular disease. Such a study was performed by the author prior to this thesis study, using an edge detector algorithm to detect and measure retinal vessel widths. No association between axial length and measures such as the AVR, the angle between bifurcating retinal arterioles or peripheral junctional exponents in a pseudophakic population with pre-existing axial length measurements was identified36. This study however did reveal a trend of narrower arterioles and venules with increasing axial length. The Blue Mountains Eye Study35also found that smaller arterioles and venules (as determined by the CRAE and CRVE) were associated with myopic refraction. After correction for magnification using the Bengtsson37 formula, there was no association between retinal vessel diameters and refraction. 
“Revised” AVR:

A limitation of the Parr-Hubbard formula is the measurements are converted from pixels to micrometers, and therefore direct pixel calculations can not be performed. An estimate of the pixel-to-micrometer ratio is calculated based on an average optic disc diameter of 1850 micrometers17. Another limitation is that the number of vessels measured has a significant impact on the overall AVR calculation38. Knudtson et al38 developed a revised measure of AVR formula based on the six largest arterioles and venules passing through the previously defined zone B (concentric area between 0.5 and 1 Disc Diameter (DD), centred on the disc), which is independent of the units of scale, and less dependent of the number of vessels measured. This revised Parr-Hubbard formula correlated strongly with the previous formula, but was found to be independent of the number of vessels measured, unlike the previous Parr-Hubbard formula (p<0.05). They arbitrarily chose to measure the six largest arterioles and venules and calculate a “branching coefficient” based on vessel widths between the trunk vessel and the two branch vessels; 

Branching coefficient = (w12 + w22)/ W2 

W = width of trunk vessel, w1 and w2 are the two branch vessels.

In a sample of 44 healthy young normotensive subjects, measuring a total of 187 arteriolar junctions, the branching coefficient was found to be 1.28 (95% confidence intervals 1.25 to 1.32). This compared well with a theoretical value of 1.26 (based on a dichotomous symmetrical vessel bifurcation – see Figure 3 below)39. 
From 151 venular junctions, the branching coefficient was calculated as 1.11 (95% confidence intervals 1.08 to 1.14). Thus, by placing the calculated values into the above formula, they calculated that:

For Arterioles: W = 0.88 * (w12 + w22) 

[0.88 = √(1/1.28)]

For venules: W = 0.95 * (w12 + w22) 

[0.95 = √(1/1.11)]

By then using the same iterative procedure combining the largest and smallest vessels in each pairing, they calculated an equivalent CRAE and CRVE, and the quotient expressed as the AVR. Because there were only six vessels to be measured, only five iterations each need to be performed to arrive at the CRAE / CRVE. The revised Parr-Hubbard formulae were found to predict a reduced AVR (mean 0.69 versus 0.85) than the previously established technique, but the authors felt this was more in keeping with original calculations by Kagan et al40. A further advantage of the revised AVR is the greater ease and accuracy with which larger vessels can be calculated. Furthermore, Knudtson et al38 undertook reanalysis of some of the previously published analyses using the revised formulae, and noted overall associations were still detected but with tighter confidence intervals. Based on these findings, the revised Parr-Hubbard formula should be regarded as the new reference standard for the measurement of AVR. Studies are now employing the revised AVR to determine retinal vessel changes in cardiovascular disease25, 33, 41. 

The AVR is a useful device for obtaining an estimate of generalised arteriolar width. However, it has limitations, other than its dependence on the number of retinal vessels measured and the presence of formulaic constants requiring measurements to be performed in micrometers. The AVR was constructed by producing a formula that minimised the observed spread of values for retinal vascular branching points using a least-squares strategy15. For the CRAE, this was done using micrometric methods, which have been shown to be less reliable than modern microdensitometric techniques42. The theoretical optimum for the branching coefficient of a dichotomous, symmetrical junction is 1.26 [(2)1/3] 39, 43. The original Parr study found a branching coefficient of 1.2 for vascular junctions, compared to Knudtson’s calculated value of 1.28 which is much closer to the theoretical value38 and both groups employed a healthy, young, normotensive population. Parr found a difference in root mean square deviation between their formula and their calculated branching coefficient of 0.45μm (mean parent widths both 83 μm), which may be considered marginal. It is unclear from Parr’s original paper how much difference would have existed if the Parr formula had been compared with theoretically optimum values of branching coefficients. In addition, all images were considered to have a magnification of 2.5, with no correction for magnification considered, although the subjects’ refractions ranged from -3.5 to +2 DS. Whilst the Parr-Hubbard formula has served well as a calculation of the AVR, the ‘new’ revised formula of Knudtson et al38 based on branching coefficients may have greater power to detect smaller associations between the AVR and systemic factors. However, the majority of studies to date using AVR, CRAE and CRVE measurements have been large epidemiological studies and it is unclear how sensitive these measures are in smaller studies. Thus, any measures to improve the predictability of the summary formulae of the CRAE and CRVE are needed.  
Optimality at vascular junctions:

Vascular topographical geometry, far from being a totally random network, has a tendency to conform to some ‘optimal’ principals, in order to minimise physical properties such as power losses and volume across the vascular network 39, 44-48. In 1926, Murray calculated the most efficient circulation across a vascular network can be achieved if blood flow is proportional to the cubed power of the vessel’s radius (known eponymously as Murray’s law). This was deduced from the assumption of blood acting as a Newtonian fluid (flow rate is proportional to the pressure difference across the vessel, and excluding any effect of gravity and kinetic energy) and Poiseuille’s law (resistance to fluid in a vessel is proportional to the fourth power of the vessel radius, and inversely proportional to the vessel length) and assuming that the viscosity of blood is constant, and metabolism of the blood and vessel tissue remain constant throughout the vascular system. The power required to maintain flow is greatly reduced by small increments in vessel radius (proportional to the fourth power of the vessel radius), but the power to maintain metabolism is increased by small increments in the vessel radius (proportional to the square of the vessel radius). By differential calculus, it can be shown that for flow across a vascular network to be constant requires it to be proportional to the cube of the vessel radius39. 

If we consider the relationship between the diameter of the parent vessel (D0) and the diameter of the two daughter vessels (D1 & D2) (figure 2), then the following relationship exists in vascular junctions:

D0X = D1X + D2X, where x = junctional exponent. 
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Figure 2: Greyscale image of a peripheral vascular junction. Do = diameter of parent vessel: D1 and D2 represent diameters of the two daughter vessels. D0X = D1X + D2X, where x = junctional exponent.

Thus according to Murray, theoretical values for the value of X (junctional exponent) approximate to the value of 3 in healthy vascular networks in order to minimise power losses and intravascular volume (Figure 3). 
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Figure 3: Graph of power losses, drag, volume and surface area costs for junctional exponents (X) and angles at bifurcations. Note, as Murray predicted, power losses and volume are minimised when X approximates to 3, and the angle at bifurcations is approximately 75 degrees. 

The branching coefficient used to calculate the ‘revised’ AVR is derived from Murray’s law, in the situation where the two daughter vessels are equal in diameter (D1 = D2)38. 

Consider D03 = D13 + D23

In a symmetrical, dichotomous junction, D1 = D2, and thus this can be rewritten as: D03 = 2D13 .  Thus, Do = (2)1/3 D1. 

The branching coefficient detailed earlier relates the area of daughter to parent vessels as a ratio, such that daughter: parent ratio (area) = 21/3:1. Hence the theoretical value of 1.26 (21/3) for daughter: parent area ratio (Figure 4). This compared favourably with Knudston’s et al calculated value of 1.28. 
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Figure 4: Graph showing the relationship between β (an area ratio  D12/D22,  alternatively known as the branching coefficient) and A (angle between D1 and D2), for the costs of power losses, drag, volume and surface area. Note that the costs are minimised (i.e. the confluence of the curves) when β approximates to 1.26 and the angle approximates 75 degrees (for power losses and volume, as predicted by Murray).

A variety of animal and human tissue circulations conform to an approximation of Murray’s law49-52. In addition, changes in this optimal geometrical topography are known to occur with increasing age 53 and in diseased coronary arteries54. 

Occasionally a peripheral branch vessel width may be greater than the parent vessel width, particularly in vascular junctions that do not conform to optimal junctional bifurcation. In this situation where D1 or D2 > D0, no such real value of X can exist. In addition, junctional exponents are sensitive to even small changes in vessel measurement. This is significant when dealing with what may be vessels of no more than 10 to 15 pixels diameter, even in high resolution images. Hence, Chapman et al55  developed a new “optimality parameter”, to be able to get a measure of how much the pattern of vessel widths at any junction deviate from the optimum junctional exponent of 3. 

This is given by the equation:
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ρ = optimality parameter, D0 = Diameter of the parent vessel, D1 and D2 are the diameters of the two daughter vessels.

This new calculation was found to be less prone to small errors in vessel measurement than an iterative procedure designed to calculate the junctional exponent. In addition for circumstances where D1 or D2 > D0, a value for ρ can still be calculated as it is possible to calculate a cube root of a negative number. Using this new optimality parameter, Chapman et al found that there was a significant difference in the ‘optimality’ of the five most proximal retinal vascular junctions between healthy individuals and those with peripheral vascular disease55. Griffith et al56 suggest a possible role for endothelium in maintaining optimal junctional exponents, possibly via nitric oxide and endothelin-1.  A limitation of the optimality index is that it tends to produce a biphasic peaks in the data without a normal distribution. However, an alternative calculation which is easier to calculate than the optimality index would be to simply calculate the junctional branching coefficient (BC) for any individual bifurcation. This relates very closely to the optimality index, and tends to a normal distribution that is easier to analyse. In addition, rather than the absolute value of the BC, it would be important to analyse the degree of deviation of the BC from the idealised optimum (i.e. 1.26), as Figure 4 demonstrates that a deviation in either direction would be associated with suboptimality, either of power losses or volume. 
Despite the evidence that junctional exponents and other optimality parameters are affected by systemic factors, there have been relatively few studies using these as markers of vascular network geometry, when compared with the AVR. 

Vascular bifurcation angles:

In addition to junctional exponents fitting theoretical values in an ‘optimised’ vascular network, the angle subtended between two daughter vessels at a vascular junction has also been found to be associated with an optimal value, approximately 75 degrees depending on which costs (surface, volume, drag or power)57, 58 are considered and the degree of asymmetry between the two daughter vessels59 (Figure 4). Retinal arteriolar bifurcation angles are known to be reduced in hypertension53, increasing age60 and low birth weight males61. Reduced angles at vascular junctions are associated with less dense vascular networks62. In addition, vascular responsiveness to high oxygen saturation leads to a reduced angle at retinal vascular junctions, but this responsiveness is known to be reduced in hypertensives63. No relationship was reported between vascular bifurcation angles (of the five most proximal arteriolar junctions) and peripheral vascular disease, compared with healthy controls55. Using x-ray microangiography in an animal model, Griffith et al56 found branching angles to be unaffected by blood flow rate or change in vasomotor tone. Associations with angles between daughter vessels at vascular junctions and systemic cardiovascular risk factors have not been extensively investigated. Again, rather than absolute values of the angle between vessel bifurcations, as seen from figure 4, deviation of the angle from the idealised optimum (approximately 75 degrees) would result in suboptimality in either power losses or volume. This important concept has not been utilised in studies of the retinal microvasculature. 
Vascular tortuosity:

Conditions such as retinopathy of prematurity (ROP) have utilised indices of vascular tortuosity as a measure of disease severity64-66. In 1995 Capowski et al64 reported using an arterial tortuosity index from fundal photographs as a useful measure of ROP disease state. Freedman et al67 used computer-aided analysis of fundus photographs from eyes with a wide range of ROP severity, and traced posterior pole blood vessels diameter and tortuosity. Whether quantifiable measures of vascular tortuosity has any role in association with systemic cardiovascular risk factors is unclear.
Length: Diameter ratio:

King et al68developed the length: diameter ratio as another dimensionless measure of network topography, reflecting retinal arteriolar attenuation. This is calculated as the length from the midpoint of a particular vascular bifurcation to the midpoint of the preceding bifurcation, expressed as a ratio to the diameter of the parent vessel at the bifurcation. They found this to be increased in hypertension68, but Chapman et al found no association with peripheral vascular disease55. Quigley and Cohen69 developed a measure of retinal topography that is derived from Poiseuille’s law, Ohm’s law and Murray’s law. This “pressure attenuation index” (PAI) also reduces to the length:diameter ratio of a retinal arteriole segment. This index predicts that the longer and/or thinner the retinal arterioles, the greater will be the pressure attenuation. This may explain the observed “protective” effect of conditions such as myopia for diabetic retinopathy70. 

Fractal geometrical analysis:

Fractal geometry is commonly encountered in nature, for example branching patterns in trees, snowflake patterns, etc. The concept of fractals as mathematical entities to describe complex natural branching patterns, such as that present in biological systems was first considered by Mandelbrot71, 72. Fractals are based on the concept of self-similarity of spatial geometrical patterns despite a change in scale or magnification so that small parts of the pattern exhibit the pattern’s overall structure. The fractal dimension (D) (in the context of vascular branching patterns) describes how thoroughly the pattern fills two dimensional spaces. Unlike Euclidean dimensions such as length, area or volume which are normally described by integer values (1, 2 or 3), fractal dimensions are usually non-integers, and lie somewhere between 1 and 2. Different models of formation of fractals have been developed, but the one most commonly used to describe vascular branching patterns is the “diffusion limited aggregation” (DLA) model, developed by Witten and Sander73. The basic principal involves a particle that moves in a random fashion until it gets close to part of the existing structure, at which point it becomes an adherent component of the structure. The process is started with a seeding structure, normally a single point, and continues until the structure reaches a desired size. 

Just as Murray predicted that junctional exponents should be approximate to the value x=344, Mandelbrot suggests that this value would also generate a vascular network in which the most distal vessels would exactly fill the available space (i.e. D is very close to the value 2), due to self-similarity branching geometry. 

Masters and Platt74 and Family et al75 were the first to introduce the use of fractal analysis to retinal vascular branching patterns. They found that in normal retina, the value of D approximates to what one would expect in a DLA model (D=1.7). Generally, arterioles have a lower fractal dimension than venules. Other workers found fractal dimension values also approximated to 1.776-78.In a sample of six patients, Mainster76 found a fractal dimension of 1.63 +/- 0.05 and 1.71 +/- 0.07 for retinal arterioles and venules respectively. Landini et al found no difference in fractal dimensions based on gender or age79, and Masters et al also found no influence of age or laterality of eye80.

Quantitative region-based fractal analysis has been used in diabetic retinopathy81, 82. Non-proliferative diabetic retinal vasculature has been found to have a lower fractal dimension (D) than normals (i.e. fills less of the available space) within the macular region using a region-based fractal analysis of retinal fluorescein angiograms, although no such difference was observed outside the macular region, 82. However, as the authors point out, use of fractal analysis in clinical practice requires more comprehensive studies to elucidate what additional information over and above conventional assessment is gathered in pathological vascular states. 

It is currently unclear what role fractal analysis may have, but potential knowledge of an optimised framework whereby vascular branching structures are formed may have future implications in the design of optimal artificial organs. 

Section 1.2
Evidence of the association between cognitive function and cerebrovascular disease

Cognitive function has been classified into different major domains:  (a) Attention: degree of attentiveness/alertness of the subject (b) Memory: divided into sensory, primary and secondary forms. Sensory memory is modality specific (e.g. visual, auditory), and represents the earliest stage of information processing. Primary (short term) memory involves the ability to hold information for periods of time, e.g. recall of a span of words, digits or visual features. It is sometimes refreed to as working memory, when it involves complex cognitive tasks, such as mental arithmetic. Secondary memory (long-term memory) involves retention of information over a long period of time and is often divided into semantic, episodic and procedural (unconscious). (c) Executive function: a complex set of tasks involving concept formation. (d) Language: Linguistic ability, incorporating the domains of phonology (use of linguistic sounds), lexicon (the naming of items), syntax (ability to combine words coherently), and semantics (word meanings). (e) Visuospatial processing: (f) General intelligence. 

Loss of cognitive function in the elderly is common and is a feature of typical aging83, 84. Elderly persons suffer a decline in memory storage (ability to learn new information), but immediate memory span is preserved, if they are given time to acquire the new information85, 86. Substantial changes in secondary memory occur with age, and this is greater for recall than recognition tasks87. In addition, speed of mental processing begins to decline from the fourth decade onwards88. Executive function declines with age, primarily in the sixth/seventh decades89. Language is generally well preserved in aging90, although there is some decline in semantic knowledge in the seventh/eighth decades91. Visuospatial cognitive function, as assessed by constructional tasks and drawing tasks also decreases with age92, 93. As a measure of general intelligence, IQ tests show a decline with age, and thus an age-corrected score is incorporated into these tests94. Whilst there is a clear age-related decline in cognitive function, severe cognitive decline in the elderly reflects disease rather than the normal aging process86. 


Mild cognitive impairment: 

There is a boundary zone between those who would be described as a cognitively normal elderly person and those that would be described as having dementia95. These individuals will have impairment usually in at least one cognitive domain, but otherwise function reasonably well. The most commonly encountered cognitive domain that is affected is memory impairment96, 97. Twice as many people are affected with cognitive impairment at a level which falls short of diagnostic criteria for dementia, than are affected with classifiable “dementia”98, 99. Patients given a diagnosis of mild cognitive impairment are more likely to progress to the development of dementia than are otherwise cognitively healthy individuals of the same age95, 100.

Dementia: 

Definitions of dementia encompass two important principles: (1) a decline from a previous higher level of functioning, and (2) dementia significantly interferes with work or usual social activities86. Dementia is common in the elderly, with a prevalence of approximately 6% to 8% of the over-65 year old population, and approximately 30% of the over-80 year old population101-105, and is set to increase in prevalence with an aging population in the future106. The vast majority of dementias are progressive and lead to death with a median survival of approximately 6 years. Although there are overlaps in the types of dementia that are classified, major subtypes of dementia include Alzheimer’s disease (accounting for approximately 50% of all dementias), and vascular dementia107 (approximately 25% of dementia). Other subtypes include frontotemporal dementia, dementia with Lewy bodies, as well as rapidly progressive dementia, such as Creutzfeld-Jacob disease.  

Vascular cognitive impairment (cognitive impairment due to cerebrovascular disease):

As stated earlier, vascular dementia accounts for approximately 25% of all causes of dementia108, 109. Causes of vascular dementia include large cortical-subcortical infarcts and multiple infarcts, subcortical “small-vessel” disease, and single infarcts in a strategic location critical to mental function (such as right posterior cerebral artery, anterior cerebral artery or left gyrus angularis)109. It is now recognised that cerebrovascular small-vessel disease with white-matter lesions and lacunar infarcts are a very important factor in cognitive impairment of cerebrovascular origin110. In addition, other dementias such as Alzheimer’s disease are known to have a vascular component, including small-vessel disease and microinfarction111, 112. Known cardiovascular risk factors that are related to cognitive decline include hypertension113-117, cigarette smoking118, 119, diabetes mellitus117, 120-122, lipid abnormalities123, 124, and homocysteine levels125, 126. Hypertension, smoking, atherosclerosis and diabetes mellitus are recognised risk factors for development of Alzheimer’s disease, as well as vascular dementia119, 127-131.  An increasingly recognised cause of dementia in the elderly is mixed Alzheimer’s disease/ vascular dementia. Indeed, this may be the commonest type of vascular dementia in the elderly132. In addition, genetic factors may play an important role in development of cerebrovascular dementia133-135. Cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL) is a monogenic disorder characterised by cerebral small vessel disease, which has been mapped to chromosome 19q12136, 137and mutations in the Notch3 receptor gene138. Neuroimaging features include small lacunar lesions and diffuse white-matter abnormalities139.

As well as being an important cause of dementia in the elderly, cerebrovascular disease is also increasingly recognised as an important factor in development of mild cognitive impairment, to an extent that is not severe enough to be classified as dementia. Cognitive impairment in vascular dementia is dependent on multiple factors, including available cognitive reserve, extent of white-matter lesions, and extent of cerebral atrophy including hippocampal and medial temporal regions140-142. Correlates of cognitive function in middle-age (haematocrit, fibrinogen, aspirin use, hypertension, physical activity, alcohol use, smoking, diabetes) also correlate with cerebral blood flow143, suggesting attempts to improve cerebral blood flow may improve cognition144.

In an attempt to clarify current classification to include not only purely vascular dementia, but also mixed Alzheimer’s disease and vascular dementia as well as including mild vascular cognitive impairment that is not severe enough to be termed dementia, O’Brien et al. recently published a review of the subject, based on a convened meeting of the International Psychogeriatric Association145. They produced the following broad classification of “Sporadic Vascular Cognitive Impairment” (table 1), characterised by preserved memory, with impairments in attentional and executive functioning. All these conditions are united by the fact that cerebrovascular pathology makes a substantial contribution to the cognitive impairment. They deliberately termed the group of conditions “vascular cognitive impairment”, to include those that are not severely enough impaired to be described as “dementia”. 

	Classification and causes of sporadic vascular cognitive impairment

	Post-Stroke dementia

Vascular dementia

         Multi-infarct dementia

         Subcortical ischaemic vascular dementia

         Strategic-infarct dementia

         Hypoperfusion dementia

         Haemorrhagic dementia

         Dementia caused by specific arteriopathies

Mixed Alzheimer’s disease and Vascular Dementia

Vascular mild cognitive impairment


Table 2: Outline classification of vascular cognitive impairment (from O’Brien et al.145).
Small-vessel disease and cognitive impairment:

As stated earlier, as well as the traditional view of large vessel multi-infarcts and post-strategic infarct being the predominant causes of vascular cognitive impairment, cerebrovascular small-vessel disease with cerebral white-matter lesions and lacunar infarcts due to small vessel disease are becoming increasingly recognised as a vascular cause of cognitive impairment in the elderly146-148. These two forms of small vessel disease have been classified under the term “subcortical ischaemic vascular disease”. Progression of vascular dementia in naturalistic studies has been found to be comparable with that of Alzheimer’s disease149. The caudate nucleus, globus pallidus, paramedian and anterior nuclei of the thalamus and connecting fibres of the prefrontal-subcortical circuits are all frequently affected in cerebral small-vessel disease150, suggesting a crucial role of the prefrontal-subcortical circuits145, 151, 152.  This may explain the important cognitive features that are a feature of small-vessel cerebrovascular disease153. These circuits are known to be involved in executive control of memory, organisation, language, mood, attention, motivation and socially responsive behaviours154-156. 

Cerebral white-matter lesions (leukoaraiosis):

Cerebral white-matter lesions are seen as hyperintensities on T2-weighted MRI scans. Anatomical locations where white-matter lesions are typically located include the periventricular areas and the anterior limb of the internal capsule. This is possibly related to local cerebral blood flow being lowest in periventricular and deep white-matter regions, as these are perfused by long, narrow, non-collateral end-arterioles157. White-matter lesions are believed to be related to gradual occlusion of these cerebral small-vessels, leading to ischaemic demyelination, astrogliosis, and axonal loss135, 157, 158. Prevalence of white-matter lesions is known to be related to vascular risk factors, such as hypertension159, 160, cigarette smoking, a history of vascular disease, diabetes mellitus, and carotid atheroma. Oxidative stress may also play a role in the formation of white-matter changes161. Furthermore, leukoaraiosis shares common pathophysiological mechanisms as stroke162. They are frequently found in elderly patients with cognitive impairment and dementia, but are also found in elderly patients without evidence of dementia. Over 70% of the general population will exhibit white-matter lesions on MRI scans by the age of 70145. Only 4.4% of participants in the Cardiovascular Health Study did not have white matter lesions163. Subcortical white-matter lesions may also be seen on magnetic resonance imaging (MRI) scans of younger asymptomatic patients.

White-matter lesions are known to be correlated to cognitive function140, 164-170, particularly the domains of attention, executive function, memory and mental processing speed. Indeed within the LBC1921 population, a sample of individuals had T2 MRI imaging and the presence of white matter lesions contributed approximately 14% of cognitive function171. In addition, white matter hyperintensities are known to occur in Alzheimer’s disease172, 173, as well as cerebral amyloid angiopathy174. Decreased cerebral blood flow and cerebral rate of metabolism with resultant increased oxygen extraction fraction have been found in regions of white-matter lesions170, 175-178. The most widely-accepted theory for the formation of white-matter lesions is arteriosclerosis with resultant arterial luminal narrowing and hypoperfusion179-181. This leads to so-called “incomplete infarction”, which produces the ischaemic demyelination181, astrogliosis, oligodendrocyte and axonal loss, and the typical hyperintensities seen on T2-weighted MRI scans182. The severity of white matter lesions is directly proportional to the degree of stenosis of the medullary arterioles due to arteriosclerosis183. Patients with subcortical ischaemic vascular disease have decreased autoregulatory reserve175, 184, 185, and may be at increased risk of ischaemia with sudden blood pressure drops, aggressive antihypertensive treatment and cardiac failure, with low systolic blood pressure186. Increased small vessel permeability is thought to be important in the pathogenesis of small vessel disease187-189, and it has been postulated that leakage at the blood-brain barrier and perforating artery endothelial leakage might be a common pathogenetic mechanism for both white matter hyperintensities, as well as lacunar infarcts, leading to dementia190. Increased concentrations of CSF proteins have been found in individuals with white-matter lesions191. In addition, markers of endothelial dysfunction such as intracellular adhesion molecule 1 (ICAM1) {reflecting an increased endothelial inflammatory response}, thrombomodulin {reflecting endothelial damage}and tissue factor pathway inhibitor (TFPI) {reflecting endothelial activation} have been found to be elevated in patients with cerebral small-vessel disease192, independent of conventional cerebrovascular risk factors, suggesting breakdown of the blood-brain barrier, impaired cerebral autoregulation and prothrombotic changes, such as increased plasma viscosity193 and increased markers of coagulation activation194, may be important in mediating disease. 

Lacunar infarcts:

Small-vessel disease may also completely occlude small perforating arteries, leading to the formation of lacunar infarcts, which are less than 15mm in diameter195. Lacunes result from occlusion of the lenticulostriate, thalamo-perforating and long medullary arterioles196and are typically located in the thalamus, caudate nucleus, globus pallidus, and internal capsule, and frontal white matter186, 197. They are found in 10% to 31% of all symptomatic strokes198, but most lacunes are clinically silent195, 199. 

Pathologically, lacunes are small cavities, presumed to represent healed infarcts, as a result of complete occlusion of small vessels200. Lacunar infarcts may be silent, but they may contribute to gradual cognitive decline. Lipohyalinosis is believed to be the major underlying vascular pathological feature leading to lacunar infarction197.

Both lacunar infarcts and white-matter lesions often coexist, which is not surprising, in view of the fact that they both have common aetiologies186. In addition, large-vessel vascular pathology often coexists with small-vessel vascular pathology. 

Section 1.3
Homology between the retinal and cerebral circulation

The retina and the brain are highly metabolically active tissues with large demands on metabolic substrates via specialised vascular networks. Embryologically, the retina is an extension of the diencephalon, and both organs share a similar pattern of vascularisation during development201-204. There is a close anatomical correlation between both the macrovascular and microvascular blood supply to the brain and the retina, and both vascular networks share similar vascular regulatory processes205-207. 

Assessment of the cerebral vasculature is important in determining an individual’s risk of particular cerebrovascular diseases, such as vascular dementia208, 209 210and stroke211, 212. Investigatory techniques currently used include transcranial Doppler ultrasound, positron tomography (PET), single photon tomography (SPECT) and functional neuroimaging using magnetic resonance imaging (fMRI). However, these techniques are often expensive and available only in specialised centres, and therefore are not suitable candidates for more widespread screening of patients at risk of cerebrovascular disease. A simpler, more accessible technique would be an advantage. 

Retinal digital image analysis may indirectly provide such a “surrogate” marker. Due to the homology between the retinal and cerebral microvasculatures, changes in the retinal vasculature may reflect similar changes in the cerebral vasculature. 
In this section, I outline the anatomical and physiological homology between the retinal and cerebral microvasculatures. I also review the evidence that retinal microvascular changes occur in cerebrovascular disease.  

Comparative microvascular anatomy:

Cerebral capillaries create a rich anastomotic vasculature throughout the brain, whose density varies according to the activity and metabolic demand of the particular brain region, e.g. microvascular density in the grey matter of the brain is three times greater than that observed in the white matter, and sensory centres are more richly supplied than motor centres213, 214. Retinal capillary density is greater in the central retina, but decreases towards the retinal periphery. The extreme retinal periphery is avascular. Specific regions of the retina identified as dominating the oxygen requirements of the retina  include the inner segments of the photoreceptors215 and the inner and outer plexiform layers216, 217. 

The retinal circulation is a relatively low flow218 and high oxygen extraction system219. The retinal capillary microvasculature has two distinct beds; the superficial capillary layer in the nerve fiber/ ganglion cell layer, and the deeper capillary layer extending into the inner nuclear and outer plexiform layers220. These capillaries have a diameter of approximately 5μm to 6μm (smaller than the cerebral capillaries)221, 222. Unlike the cerebral microvasculature, which has more abundant collateral channels, retinal blood vessels are end arteries without anastomotic connections, and therefore occlusion of these vessels leads to destruction of the inner layers of the retina223. Unlike cerebral arterioles, retinal arterioles often show right-angle 90o vascular branching patterns222. 

Both the inner retinal and the cerebral circulation are “barrier” circulations. 

The inner retinal and cerebral microcirculations share anatomical and physiological properties due to their similar functions acting as “barrier” endothelia. This barrier function serves to maintain the neuronal milieu from exogenous toxins, to buffer variations in blood composition, and restrict the transfer of small hydrophilic and large molecules and haematogenous cells in the brain and retina224-227.This barrier consists of both mechanical and metabolic components (figure 5). 
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Figure 5: Schematic diagram of the mechanical and metabolic components of the blood-brain and blood-retinal barriers and the influence of glial cells on these barriers. The mechanical component consists of the presence of apical (luminal) tight junctions composed of proteins such as occludin, claudins, and junctional adhesion molecules (JAM’s), often in conjunction with submembranous tight-junction associated proteins, such as Zonula Occludens. The metabolic component consists of transport proteins, including GLUT-1, P-glycoprotein and transferritin. 

The mechanical barrier is primarily attributed to the presence of tight junctional intercellular complexes between the endothelial cells of both the cerebral and the retinal vasculature on their luminal aspect. Barrier endothelia are considered as dynamic interfaces, with specific and selective membrane transport acting as a metabolic barrier 228. The presence of specific carrier-mediated transport proteins is a feature of both the blood-brain barrier and the inner blood retinal barrier229-232(see below). 

Constituents of the cerebral and retinal microvasculatures:

Endothelial cells:
The endothelial cell of the cerebral and retinal capillaries forms a single-layer around the capillary lumen. They are non-fenestrated and possess tight junctional intercellular complexes between the endothelial cells of both the cerebral and the retinal vasculature on their luminal aspect233-236. Tight junctional complexes are composed of several proteins, including occludin235, 237, junctional adhesion molecules (JAM) 238, and claudins237, 239 (figure 5). Transmembrane proteins are often found in conjunction with submembranous tight junction-associated proteins [Zonula occludens (ZO-1, ZO-2, ZO-3)]235, 240, 241. Tight junctions form the mechanical component of the blood brain and inner blood retinal barriers. 

Endothelial cells lack fenestrations and have a paucity of pinocytotic vesicles242-244. They are rich in mitochondria and the presence of specific carrier-mediated transport proteins is a feature of both vasculatures229-232 (figure 5). These transport mechanisms form an important role in the metabolic component of the blood-brain and blood-retina barriers and include GLUT1 and GLUT3 (for glucose transportation) 245-249, and specific amino acid protein transport systems227, 232, 247. These metabolic markers of barrier endothelia provide specific carrier-mediated transport of nutrients such as glucose and amino acids across the tight junctions, as well as enzymatic degradation of molecules crossing the BBB/BRB. In addition, it has been postulated that the asymmetric distribution of plasma membrane proteins on the endothelia (luminal vs abluminal) creates a polarised endothelium, which helps to create an electrical resistance to permeability250.

Pericytes:

The pericyte surrounds the capillary endothelial cell. They are embedded within a common basement membrane with the endothelial cell, and provide structural support to the microvasculature and are required for the establishment of the blood brain and blood retina barriers251-258. Retinal pericytes are known to cover more of the retinal endothelial network than their cerebral counterparts222, 259, 260 (figure 6). Pericytes are the capillary counterparts of vascular smooth muscle cells, containing α-smooth muscle actin and having contractile properties257, 261-263. Cerebral pericytes also have a phagocytic role, which may operate as a “second line of defence” at the boundary between blood and brain264-267. 
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Figure 6: Schematic diagram of the (a) retinal and (b) cerebral microvessel (not drawn to scale). Note the greater pericyte coverage on the retinal endothelium, and the smaller calibre of the retinal vessel. OBF = ocular blood flow; CBF = cerebral blood flow.

Basement membranes:

As well as providing structural support to the microvasculature, other functions of the basement membranes include influencing endothelial function, filtration of macromolecules, and cell adhesion268. Cerebral basement membrane is the site of deposition of β-amyloid peptide in Alzheimer’s disease244, 269, and is also thickened in Parkinson’s disease and experimentally in spontaneously hypertensive rats266. 

Pathological thickening of the retinal microvascular basement membrane occurs notably in diabetic retinopathy270, 271, as well as in the rare genetic small vessel disease, cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL)272. 

Surrounding Glial Cells:

Both the cerebral and retinal microvasculatures are surrounded by numerous astrocytic processes (known as perivascular end feet) 273, 274. As well as providing structural support, in vitro studies show these astrocytic processes play an important role in the development of endothelial zonulae occludens (increase zonula occludens-1 [ZO-1]expression), and the production by cerebral endothelial cells of specific blood brain barrier proteins249, 275-284. Retinal astrocytes (and Mueller cells) have also demonstrated induction of barrier properties in vascular endothelial cells235, 277, 285, via the release of humoral factors (such as glial cell line-derived neurotrophic factor [GDNF], bFGF, TGFbeta) and direct contact256, 286-289. Both cerebral and retinal astrocytes may also play a role in angiogenesis, inducing endothelial cell and pericyte differentiation. Retinal astrocytes (which predominate in the nerve fiber layer) in response to hypoxia, stimulate the release of vascular endothelial growth factor (VEGF), which in turn stimulates the growth of retinal blood vessels across the retinal surface, using the astrocytic processes as a template for angiogenesis290. Mueller cells, which extend radially from the inner limiting membrane of the retina to the external limiting membrane, serve as templates for retinal vascular growth inwards to the inner nuclear layer. 

Perivascular microglia are a distinct subset of microglia within the central nervous system291, 292. The origin of the perivascular microglia has been shown to be from blood-derived monocytic precursor cells, from which they are regularly replaced293, 294. Both cerebral and retinal microglia have phagocytic properties, phagocytosing cerebral and retinal neurons after injury295-298. 

Although the inner retinal and cerebral circulations are morphologically very similar, they can exhibit significantly different responses to various insults, and these differences may explain some of the variation between the two vasculatures in certain pathological processes299-303. 

Regulation of cerebral and retinal circulation:

Both the brain and the retina have control mechanisms in place to allow a constant blood flow and hence delivery of nutrients in the face of a broad range of external factors, such as systemic blood pressure304. This local process of control (autoregulation) is a property of both the inner retinal and the cerebral circulation (figure 7). 
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Figure 7: Schematic diagram of the myogenic (via pericytes / vascular smooth muscle) and metabolic components of vascular autoregulation of the retinal and cerebral microvasculature. IOP = intraocular pressure; ICP = intracranial pressure; NO = nitric oxide

The perfusion pressure of the cerebral circulation is related to the systemic blood pressure and the intracranial pressure by the following relationship:

Cerebral Blood Flow = Mean arterial Blood Pressure – Intracranial Pressure






Vascular Resistance

The perfusion pressure of the ocular circulation is related to the systemic blood pressure and the intraocular pressure by a similar relationship:

Ocular Blood Flow = Mean Arterial Blood Pressure – Intraocular Pressure







Vascular Resistance

In order for the retinal and cerebral circulations to maintain cerebral blood flow over a range of systemic blood pressures, their vascular resistance has to be altered accordingly. This is mediated by the vascular smooth muscle of the cerebral and retinal arterioles and pericytes207, 305-308 (predominantly via changes in vessel diameters). Cerebral blood flow is maintained between approximately 50mmHg to 160mmHg MABP309, 310. In the case of increased intraocular pressure (IOP), the upper limit for autoregulation is approximately within 40 to 45mmHg of the MABP311. With increases of systemic blood pressure of approximately 40%, autoregulation is overcome, and retinal blood flow will increase304. The degree of autoregulation within the retinal vascular circulation has been shown to vary, with the region supplied by the superficial capillary bed being better regulated than the deeper capillary bed312, and this may explain the frequent involvement of the deeper capillaries in retinal vascular disease223. 

Autoregulation consists of two components (figure 7);

(a) Myogenic;

This is defined as the capacity of both vascular smooth muscle cells and pericytes of the retinal and cerebral microvasculature to contract in response to an increase in transmural pressure313, and has been directly visualised in isolated retinal and cerebral blood vessels, producing increased vascular tone and decreased luminal diameter314-316.

(b) Metabolic;

Cerebral and retinal blood flow is related to local metabolic demand, which depends on regional neuronal activity. Hence, cerebral blood flow is coupled to the regional utilization of glucose (an indicator of neuronal activity) and cerebral oxygen metabolic rate317, 318. In the retina, blood flow has been found to be greater in the temporal retina (containing the metabolically active macula) than the nasal retina319, 320 and increases in conditions of light exposure321-323. Similarly, cerebral regulation of blood flow is driven by metabolic activity324, and can vary regionally within the brain at any one time. As well as the local accumulation of metabolites, local parenchymal and endothelial substances have major impact on vessel tone, such as nitric oxide (NO) 323, 325, 326, endothelins327-330, arachidonic acid metabolites331-334 and others315, 335-339. 

 .

Neurogenic control of retinal and cerebral blood flow: 

The retinal vasculature is devoid of autononomic innervation beyond the level of the lamina cribrosa340-344, and therefore the regulatory control mechanisms in the retinal circulation are not under neurogenic control and it relies predominantly on local vascular control mechanisms. However, the choroidal circulation is under neurogenic control, and vasoconstriction via sympathetic stimulation (including noradrenergic and neuropeptide-Y fibers) to the choroidal circulation as well as the extraocular circulation may assist myogenic and metabolic retinal autoregulatory mechanisms345-347. Likewise, there is no autonomic innervation to the cerebral vasculature beyond the pial vessels244. The sympathetic innervation to the large cerebral arteries is derived from the superior cervical ganglion, and includes the neuropeptides norepinephrine and neuropeptide-Y348, 349. The autonomic control of the larger cerebral vessels may exert a degree of regulation of cerebral blood flow, but the finer control on cerebral blood flow is exerted via myogenic and metabolic mechanisms of the cerebral microvasculature. 

Evidence of retinal microvascular changes reflecting the cerebral microvasculature in aging and disease:

Aging

Both the retinal and cerebral microvasculatures undergo similar changes with aging. A reduction in cerebral blood flow350-355, decreased glucose and oxygen metabolism356-360, and impairment of the structural integrity of the anatomy of the microvasculature are all features of the aging brain. Similarly, retinal blood flow decreases incrementally with age361-366,and exhibits decreased metabolic demand367. A recent study has shown evidence of an age-related decrease in retinal vascular autoregulation, related to increasing systemic blood pressure368. In contrast, another small study observed no such age-related change in retinal vascular diameter response to flicker light369. The cerebral vasculature undergoes morphological changes with age, including basement membrane thickening, and a decrease in endothelial and pericyte cell populations244, 370-376. Retinal vascular age-related morphological changes have not been extensively studied. In one study using electron microscopy377, features of aging-related vascular changes in two middle-aged eyes (52 years and 60 years) revealed extensive multilayering of the basement membrane and deposition of collagen. Density of the cerebral microvasculature decreases with age378. Between the 6th and 7th decades, normal aged subjects demonstrate increased capillary diameter, volume and total length379-381.

Retinal vascular changes in cognitive decline and dementia
Pathological studies have shown characteristic cerebral arteriolar changes (attenuation, increased tortuosity, increased capillary microaneurysms) associated with dementia382-386.

Few studies to date have explored retinal microvascular changes in cognitive impairment387, 388 389. Kwa et al.389found that retinal arteriolar abnormalities, including narrowing, arteriolosclerosis, and presence of retinal exudates correlated with MRI signs of cerebral white-matter lesions. In addition, presence of lacunar infarction correlated with retinal exudation. The authors also found a substantial number of patients with retinal microvascular abnormalities who did not have evidence of cerebral white-matter lesions, and suggest that this may reflect a period of time required before the small vessel changes lead to the development of white-matter lesions. However, their study highlights the problem of using subjective observer-driven techniques to assess retinal microvascular abnormalities, as interobserver agreement was modest. To overcome this, only patients in which consensus was agreed between the two ophthalmologists were included in their study, but this may have an element of bias. However, their study supports the concept of retinal vascular imaging as a useful approach in screening patients at risk of cerebral small vessel disease, and potentially as an indicator of those patients that may be at increased risk of developing cognitive impairment in later life. 

The Atherosclerosis Risk in Communities Study (ARIC) was a large, population-based, cross-sectional study composed of 15,792 participants, ranging in age from 45 to 64-years old. The ARIC study explored the relationship between retinal microvascular abnormalities and cognitive impairment (tested using the delayed word recall test, digit symbol subtest, and word fluency test) in this middle-aged population388and found that the presence of retinal microvascular abnormalities (presence of any retinopathy, micoraneurysms, retinal haemorrhages and exudates) were independently associated with a small decrease in cognitive function (2 standard deviations lower than the mean score). The ARIC study lends further evidence that vascular permeability may be an important element in cerebral vascular changes leading to cognitive decline, as the retinal anomalies most consistently associated with cognitive impairment were micoraneurysms (odds ratio 1.62 to 3.00) and retinal haemorrhages (odds ratio 1.99 to 4.10), rather than arteriolar narrowing. Indeed, generalised arteriolar narrowing (as determined by the AVR) was not found to be correlated to cognitive function. Microaneurysms and  retinal haemorrhages are indicative of more severe microvascular disease388 and in conjunction with the finding that the same retinal features are most strongly associated with incident stroke, suggests that blood brain barrier breakdown may be an important pathological feature in both cognitive impairment and stroke. An important drawback of the ARIC study is that the cognitive function tests were not done contemporaneously with the retinal photography, but were performed either three years previously or afterwards, and that the absence of visual acuity measurements may have had an effect on the outcomes, if those who could not optimally perform the cognitive function tests had visual impairment. In addition, the ARIC study looked at a middle-aged population, which may be expected to have less variance in cognitive function than an elderly population. One final important limitation of the ARIC study is that they were only able to obtain data on cognitive function at a particular age, and were unable to account for cognitive change related to any systemic cerebrovascular changes with age. Change in cognitive function from early age may be expected to much more closely reflect retinal vascular changes than a cognitive function score performed at a particular moment in time. Thus the ARIC study does not address whether in a well described elderly population, cognitive function relates to retinal vascular network geometry. 
In addition, the ARIC study published evidence of retinal microvascular changes occurring independently in association with both MRI-defined white matter lesions390 and sulcal widening and ventricular enlargement on MRI in this middle-aged population391. Again, the more severe signs of microvascular damage (microaneurysms, haemorrhages and exudates) were most strongly associated with MRI-defined white matter lesions and cerebral atrophy. This study also showed that MRI-defined white matter lesions were independently related with risk of clinical stroke. In the presence of retinopathy, those with MRI-defined white matter lesions were 18.1 times more likely to develop stroke than those without either white matter lesions or retinopathy. 

The ARIC study also provided indirect evidence of retinal vascular abnormalities being related to impaired cognitive performance. They found a weak association between early age-related maculopathy (ARM) and cognitive function (Word Fluency Test) in a middle-aged population387. Both ARM and cognitive function may share common vascular risk factors117, 119, 392-394. Indeed, the Blue Mountains Eye Study found a weak association between retinal microvascular changes (focal arteriolar narrowing and arteriovenous nicking) and ARM progression393, 395. The Rotterdam Study also found a weak association between late ARM and incidence of Alzheimer’s disease in an over-75 year old population396. 

Retinal morphological changes are known to occur in Alzheimer’s disease, including depletion of optic nerve ganglion cells, loss of nerve fiber layer and abnormal pattern ERG responses (reduced implicit time and amplitude)397-402. Beta-amyloid and amyloid-associated proteins related to the pathogenesis of Alzheimer’s disease have been isolated in retinal ganglion cells and nerve fibers403. There may be a common vascular component to the neurodegenerative process of both Alzheimer’s disease and the resultant neuronal loss both at the cerebral and the retinal level. 

There have been some studies looking at the association of diabetic retinopathy as a marker of microangiopathy, and its association with cognitive function. Some of these studies have been confounded by the presence of comorbidity, such as hypertension404-406. One study found an association between presence of microangiopathy and the presence of leukoaraiosis404, whereas another study found no evidence of cerebral MRI abnormalities in a cohort of patients who had had laser treatment for proliferative diabetic retinopathy405. More recently, Ferguson et al407 reported on a cross sectional study of young people with type 1 diabetes and found an association between the presence of diabetic retinopathy and small focal white-matter hyperintensities in the basal ganglia. In addition, presence of background diabetic retinopathy was associated with impairment of different domains of cognition including fluid intelligence, information processing and attention ability. This association persisted when age, gender, premorbid IQ, and duration of diabetes were accounted for.  A possible explanation for the association may be a difference in visual function affecting the cognitive tests in the patients with background diabetic retinopathy. However, visual function processing as assessed by the visual evoked potential P100 latency, is unaffected by background retinopathy408, and the authors suggest that the most likely explanation is that the retinal diabetic microangiopathy acts as a marker of suboptimal diabetic control, with chronic hyperglycaemia. Long-duration type 1 diabetes complicated with retinopathy is known to be associated with impaired cerebrovascular responsiveness409.

Two of the most important cardiovascular risk factors for stroke are hypertension and diabetes. Both the cerebral and retinal microcirculations exhibit morphological changes in these two conditions. However, whereas in hypertension the pathological changes are very similar, diabetes demonstrates how the microvasculatures may differ in response to certain conditions. 

(a) Hypertension: Both cerebral and retinal microvasculatures undergo morphological changes with increasing blood pressure410-412. Hypertension causes generalised retinal arteriolar narrowing. In vessels with arteriolosclerosis, focal narrowing and dilatation may occur. The sclerotic phase is associated with tunica media hyperplasia, hyaline degeneration of the arteriolar wall, and in addition to vessel attenuation, may be associated with arteriovenous nicking, and arteriolar tortuosity. Continued high blood pressure may lead to exudative changes and blood-retinal barrier breakdown, with fibrinoid necrosis, luminal narrowing and ischaemia, leading to retinal haemorrhages, micoraneurysms, exudates and nerve fiber layer ischaemia (cotton wool spots). Retinal microvascular changes appear not only to reflect current blood pressures, but also past blood pressures413, in particular generalised arteriolar narrowing and arteriovenous nicking. 

Similar cerebral microvascular changes occur in hypertension, including hyaline arteriosclerosis197, leading to luminal narrowing which correlates with systemic blood pressure414. Pathologically, tunica media and the internal elastic lamina degenerate and are replaced by fibrous tissue. This leads to increased vessel tortuosity, and increased vessel permeability188, due to blood-brain barrier breakdown. The pathologic hallmark of acute hypertensive brain damage is fibrinoid necrosis415.

(b) Diabetes: The retinal microvascular changes occurring in diabetes mellitus are well documented270, including loss of retinal pericytes, basement membrane thickening, capillary microaneurysm formation, increased vascular permeability leading to exudation and tissue oedema, and capillary occlusion causing ischaemia, which may lead to retinal neovascularisation. The cerebral circulation shows some significant differences and is much less affected in diabetes300. Cerebral vascular lesions reported to occur in diabetes are predominantly capillary basement membrane thickening416-418 or alterations in number or tortuosity of capillaries418, 419. Studies have found no evidence of pericyte loss or damage in histological cross sections of cerebral cortex from patients said to have diabetic retinopathy420, 421, and concluded that pericyte loss developed preferentially in the retina. Kern and Engerman300 found that microaneurysms, acellular capillaries, and pericyte “ghosts” developed in retinas of dogs with diabetes or galactosaemia, but did not develop in cerebral cortical vessels from the same animals. As stated earlier, pericytes cover more of the capillary circumference in retina than in brain259, 260. Greater loss of pericytes from the retina compared with the cerebral cortex in diabetes thus might lead to differences in blood flow regulation between the two tissues. Consistent with this, Kern and Engerman300 found capillary diameter tended to be increased in retinal capillaries from animals with diabetes, but cerebral capillaries were not. There are significant differences in the rate of glucose uptake between retinal and cerebral endothelial cells422-424, although the results are somewhat contradictory. Whilst Rajah et al422 found an inability of retinal endothelial cells to down-regulate glucose uptake in the presence of high glucose levels, suggesting that this could make retinal microvessels more sensitive to the deleterious effects of hyperglycaemia, Badr etal 424 did find a downregulation of the specific carrier-mediated transport protein GLUT-1 in retinal endothelial cells, whereas no such downregulation occurred in the cerebral microvasculature. Tang et al423 report a decrease in GLUT-1 expression in both tissues (55% vs 36%, respectively). In addition, they report an increase in retinal endothelial glucose concentration in diabetes, with no such increase noted in cerebral tissue. Further studies are needed to clarify exactly the differences in glucose uptake between these two microvasculatures in hyperglycaemia. Other biochemical disparities include differences in gamma-glutamyl transpeptidase425, protein kinase C426, and rate of glucose oxidation427. One of the effects of diabetes on the retinal circulation is a reduction and redistribution of occludin in retinal endothelial cells with resultant increased vascular permeability428, 429. ZO-1 expression is greatly increased in brain-derived endothelial cells under hyperglycaemia, whereas retinal endothelial cells are unaffected299. Thus the cerebrum shows little or no permeability defect in diabetes430. There is evidence to suggest that the retina has a reduced response to oxidative stress, than compared with the cerebral circulation with relatively lower levels of glutathione peroxidase and superoxide dismutase299.

Evidence of retinal microvascular changes in stroke.

There is evidence that retinal microvascular anomalies reflect cerebrovascular changes relating to stroke160, 431-435. After adjusting for other risk factors (age, sex, race, blood pressure, diabetes), the ARIC study found retinal microvascular anomalies were predictive of incident stroke (including ischaemic stroke) as well as MRI-detected subclinical stroke 436. The relationship between retinal microvascular changes and stroke was strongest for micoraneurysms and soft exudates (adjusted relative risk 3.11 and 3.08, respectively).

The Cardiovascular Health Study similarly found a relationship between retinal microvascular changes and stroke, after controlling for blood pressure and other risk factors22. Participants with retinopathy were twice as likely to have a stroke as those without retinopathy (odds ratio 2·0, 95% CI 1·1–3·6).

The Beaver Dam Eye Study found an association with the presence of retinal microaneurysms, haemorrhages, and retinal arteriolar narrowing and10 year risk of stroke and coronary heart disease mortality437.

In a prospective study, the Blue Mountains Study found an increased relative risk for all forms of retinopathy29, and unlike previous studies, the association with generalised arteriolar narrowing was as string as the association with focal microaneurysms and haemorrhages (relative risk 3.0 (95% CI 1.1-8.2) vs 3.0 (95% CI 1.9-5.2), respectively). 

Other investigators have found a relationship between lacunar infarcts and retinal microvascular abnormalities438, 439 and autopsy studies have shown a correlation between retinal and cerebral vasculature changes in patients who had died of stroke410. Studies have also shown retinal arteriolar changes in the spontaneously hypertensive rat animal model440. In addition, Kappelle et al found in a prospective study that 78% of patients with lacunar stroke had retinal microvascular abnormalities441. In another study, there was no difference in the prevalence of retinal lesions in patients with either lacunar infarcts or cortical strokes442.  Interestingly, Hiroki et al reported on the association between Central retinal artery Doppler parameters and cerebral small vessel disease443. They found that end-diastolic and mean velocities related to the severity of cerebral small vessel disease, independently of aging. 

Hereditary small vessel disease:

This forms a small but important group of conditions that serve to illustrate the close relationship between the two barrier microcirculations of the brain and the retina, and their similar morphological response to disease. They include the conditions cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL), cerebrovascular retinopathy (CRV), hereditary endotheliopathy with retinopathy, nephropathy and stroke (HERNS) and hereditary vascular retinopathy (HVR). 

CADASIL:

CADASIL is a rare autosomal dominant microangiopathy, due to defects in the NOTCH 3 gene of 19q13.1444, encoding for a receptor expressed on vascular smooth muscle cells and pericytes138. The clinical characteristics of those affected include recurrent transient ischaemic attacks (TIAs), early onset stroke, dementia, and migraine with auras272, 445-447. Patients invariably have diffuse white matter hyperintensities and lacunar infarcts on neuroimaging445. Retinal vascular findings are well documented in CADASIL, and have been found to closely resemble those of the cerebral microcirculation. Retinal features described include retinal arteriolar sheathing and attenuation446, 448, arteriovenous nicking and remnants of branch retinal vein occlusions446. Histopathological examination of cerebral medullary arteries have shown loss of vascular smooth muscle cells, with adventitial fibrosis, but no evidence of vascular occlusion449-451. Histopathological examination of retinal arterioles also shows loss of vascular smooth muscle cells, perivascular fibrosis, with thickened basement membrane and granular osmiophilic material in arterial walls, but with no evidence of arteriolar occlusion272. Interestingly, no evidence of any choroidal vascular abnormalities was detected. The pathological hallmark of CADASIL ( deposition of granular osmiophilic material within the basement membrane of smooth muscle cells) can be detected in other tissues outside of the central nervous system, and indeed skin or muscle biopsy is the normal mode of diagnosis of CADASIL. However, the clinical manifestations seem to be restricted to the cerebral and retinal microcirculations, possibly reflecting their specialised barrier function. 

CRV:

Cerebrovascular retinopathy (CVR) is a rare genetic condition characterised by abnormal vasculature in the brain and retina452, 453. Unlike CADASIL, CRV is characterised by retinal capillary occlusion, with fluorescein angiography showing capillary closure, and the presence of shunt vessels. Histopathological examination of brain lesions (which often form intracerebral masses mimicking a brain tumour on neuroimaging454-456) reveal arterial wall thickening, perivascular fibrosis, thrombosis and occlusion of small vessels, with fibrinoid necrosis and adjacent marked oedema and astrogliosis. 

HERNS:

Hereditary endotheliopathy with retinopathy, nephropathy, and stroke (HERNS) was first described by Jen et al457, affecting 11 members of a Chinese American family over three generations in an autosomal dominant inheritance pattern. Retinal changes described include retinal capillary occlusion, perifoveal telangiectasias and macular oedema. Neurological features included migraine, dysarthria, hemiparesis and apraxia. Neuroimaging revealed multiple subcortical lesions with surrounding oedema. In addition to brain and retinal involvement, several family members had renal involvement with proteinuria and haematuria. Brain biopsy from one of the patients revealed occlusion of small blood vessels, with intense subcortical white matter astrocytic gliosis. HERNS may be part of the same spectrum as CRV, in which systemic involvement has not been documented. 

HRV: 

Hereditary vascular retinopathy (HRV) is another autosomal dominant condition characterised by retinal occlusive microangiopathy458. As well as retinal features, cerebral symptoms, including migraine, mild cognitive decline and depression have been described. White matter abnormalities have also been reported. 

HVR, CRV and HERNS have all been mapped via linkage analysis to a single locus on chromosome 3p21.1 – p21.3459. Recently, a new hereditary small vessel disease of the retina and brain has been described460, 461, characterised by retinal arterial tortuosity and retinal haemorrhages. Cerebral manifestations include infantile hemiparesis and migraine with aura. Neuroimaging revealed diffuse leucoencephalopathy with dilated perivascular spaces. Genetic analysis revealed no linkage to the 3p21 locus. This may be related to the condition hereditary retinal arterial tortuosity with retinal haemorrhages462, 463, which was believed only to affect the retinal arteries alone, although there is one report of a case with this condition suffering migraine, and having multiple small areas of midbrain ischaemia on neuroimaging464. 

These rare inherited small vessel diseases typically involve both the inner retinal and cerebral circulations. They illustrate how the pathological event occurring in the cerebral circulation seems to be mirrored by the retinal circulation. In any patient presenting with evidence of small vessel disease, ophthalmoscopy is recommended to help in making the diagnosis448, 461, particularly in young patients460. 

Section 1.4
Hypothesis and objectives

I have described the evidence that cognitive function may relate to cerebrovascular disease and the increasingly important role that the state of the cerebrovasculature has in all levels of cognitive impairment and dementia. In section 1.3, I describe the close anatomical and physiological homology between the retinal and cerebral vasculatures, both in health and in disease states. This forms the rationale for considering the retinal microvascular network as a potential “surrogate” marker of altered cerebral vasculature and therefore may exhibit an association with cognitive function. Thus the primary hypothesis in this thesis is as follows:

Based on the close homology between the retinal and cerebral microvasculature, and the evidence of cognitive function being related to the cerebral circulation, we hypothesise that alterations in retinal vascular network geometry are associated with changes in cognitive function. 

Based on the different retinal vascular network geometrical parameters that we could evaluate, we felt that the ones with the most utility were the AVR, angles at vascular junctions and the branching coefficient. These measures have a more rational basis for their potential association with systemic cardiovascular changes. The length: diameter ratio appears to reflect arteriolar attenuation, which is more frequently assessed by the AVR. It was not clear how vascular tortuosity would relate to cognitive changes in our study and the use of fractal analysis was considered both impractical (previous studies have used very small numbers due to the laborious nature of accurately measuring fractal dimensions in retinal vessels) and also of unclear significance. 

My objectives in this thesis are as follows:

1
To develop and validate a computerised analysis program that will measure quantifiable parameters of retinal vascular network geometry

2
To formulate an improved summarised measure for generalised retinal vessel attenuation that could improve our ability to detect retinal vascular caliber changes with systemic cardiovascular risk factors

3
Explore the association between quantifiable measures of retinal vascular network geometry and change in cognitive function in a well-defined elderly population 
Summary
In the preceding sections, I have described the various aspects of retinal vascular network geometry that can be quantified. In addition, I have detailed the evidence that cognitive function may relate to the state of the cerebrovasculature and have outlined how the cerebral microvasculature is homologous to the retinal microvasculature. It is based on this evidence that we form our rationale for exploring the association between change in cognitive function and retinal vascular network geometry. In the next section, I will describe the nature of the population that I intend to study, and outline the development of our custom-written software package that allows us to perform the computerised analysis of the fundal images. 
Chapter 2

The 1921 Lothian Birth Cohort Population

Introduction

In this chapter, I will describe the features of the Lothian Birth Cohort 1921 (LBC1921), which is the population from which we will investigate the relationship between retinal vascular network geometry and cognitive function. As well as describing the background to this population, I will also discuss the features of this population that make them a unique cohort with which to explore cognitive change and its relationship to retinal vascular network geometry. I will briefly summarise what findings this unique population have already provided in previous studies on cognition. Finally, I will describe the cognitive assessments that will be performed in the LBC1921 group.

Section 2.1
History and background of the 1921 Lothian Birth Cohort (LBC1921) population

In 1932, under the auspices of the Scottish Council for Research in Education (SCRE), it was decided to implement a data survey of the mental ability of all children aged 11 in the whole of Scotland. The aim of this exercise was to discover the distribution of the mental ability of the age group and to use the data in order to formulate the educational curriculum. On the 1st June 1932, the test was administered and scored by teachers to a total of 87,498 schoolchildren. This represented over 97% of the aged 11-child population of Scotland at that time. The name given to this survey was the 1932 Scottish Mental Survey (SMS1932). 

The mental test that was carried out was the Moray House Test No. 12 (MHT)465. This is a group-administered test consisting of 71 items, consisting predominantly of tests of verbal reasoning. The duration of the test was 45 minutes. The test includes items such as following directions, same-opposites, word classifications, analogies, practical items, reasoning, arithmetic, spatial items, mixed sentences, cipher decoding, and others. This results in a maximum score of 76. Some examples of the MHT include the following:

12.
Fin is to fish as wing is to [feather, air, bird, sail, herring]

36.
“Tragu” is cheaper than “vashol”, and “vashol” is dearer than “spongop”. Which is the dearest?

This rich dataset of mental ability at age 11 lay dormant for many years but was locked safely within the SCRE’s offices in Edinburgh. In 1996, both Professor Lawrence Whalley (Department of Mental Health, University of Aberdeen) and Professor Ian J Deary (Professor of Differential Psychology, University of Edinburgh) realised the great potential of this population as a measure of change in cognitive function with time, if they could be located, contacted and re-tested. They were able to gather the original dataset of mental scores from the SCRE offices, and set about recruiting as many of the original population as possible. This was done within the Aberdeen regions and the Lothian regions. The resultant two cohorts now form the Aberdeen Birth Cohort 1921 population (ABC1921) and the Lothian Birth Cohort 1921 (LBC1921) population. It is the latter LBC1921 population that we have recruited from for our studies on cognitive function and its association with retinal vascular network geometry. From 1999 to 2001, a total of 551 people from the Edinburgh and Lothian region were traced.

As stated in the introduction, the aim of these studies is to examine the relationship between cognitive function and retinal vascular network geometry. One of the problems in determining the cognitive function of an elderly population is that we do not know whether the cognitive function with which we are testing represents a change in the individual’s cognitive ability through cerebrovascular disease, for example or whether the people who score highly on a cognitive function test have always scored highly and those that have scored less highly have also always done so. In order to obtain a measurement of cognitive function that might reflect age-related or pathological changes to the cerebrovasculature, what we require is a measure of their cognitive function at an early age. This allows us to compare the present cognitive ability with how it was at an earlier age when age-related changes and any pathological changes might be deemed to be insignificant and thus have a truer measure of change in cognitive function. The LBC1921 population are just such a group, having had their mental ability assessed in the SMS1932. It is this that makes this population so valuable a group to study cognitive change and this is why they were chosen for our study to examine the association of retinal vascular network geometry with change in cognitive function from 1932 to the present. Deary et al171, 466 have shown that individual differences in mental ability in youth persist into old age. Furthermore, up to 50% of differences between individuals’ cognition in old age ia accounted for by earlier cognition. Most studies utilise “pre-morbid” cognitive tests, e.g. the National Adult Reading Test (NART) to obtain a measure of their earlier cognition467. However, as these tests are actually performed in old age, they are unlikely to be as valid as actual cognitive tests performed in youth. 
Already this rich dataset of the LBC1921 population has provided a great deal of information on factors associated with cognitive change in an elderly population. Intelligence Quotients (IQ) appear to be largely stable if not slightly improved over time in this population468. They have provided evidence of the detrimental effect of smoking form age 11 to age 80 with current smokers (n=34) having a significantly reduced Moray House Test score at age 80 than ex-smokers (n=231) and never smokers (n=205)469. They have also helped elucidate some of the genetic factors that affect cognitive function. Genetic influences on cognitive decline in this elderly group include the ε4 allele of the apolipoprotein gene (APOE)470, whose presence in individuals is associated with significantly lower logical memory471. In addition, a study of the LBC1921 population found an association between a DISC1 genotype on cognitive change in women, although this association was absent in men472. A further study found an association between those homozygous for the V allele of the KLOTHO gene and lower verbal reasoning both at age 11 and 80473. The SMS1932 population were used to explore relationships between cerebral white matter lesions (WML) and cognitive changes171. Using magnetic resonance imaging (MRI), the authors found that WML were related to cognitive function in this elderly population.  This contribution was independent of mental function in early life. Further neuroimaging studies in this population include a volumetric analysis of the brain found a relationship between specific cognitive changes form age 11 to age 80 and brain volumes as well as general intelligence474. In another study using this population, the use of neuroactive drugs as well as polypharmacy had a detrimental effect on cognitive function, whereas lipid-lowering statins appeared to have a beneficial effect475. 
It must be borne in mind some of the limitations of this population in studying their cognitive function in association with retinal vascular network geometry. By virtue of the fact that this population are currently aged approximately 85 years old, in many ways they represent a select population who might have enjoyed reasonably good health to have survived this long, and this needs to be considered when drawing conclusions from this population and transferring them to the general population. However, our study specifically wishes to address the relationship between “mild cognitive impairment” and retinal vascular network geometry, rather than the effect of dementia. The changes of mild cognitive impairment might be expected to be less than those of dementia, and therefore if we can detect any association with mild cognitive impairment, it could be construed that we would also be able to detect an association with dementia. Thus, the LBC1921 cohort as a relatively healthy, community-dwelling non-demented group whose earlier cognitive scores are known serves as an excellent population with which to explore this association. 
Section 2.2
Methods of Cognitive Assessment in the LBC1921 Population

In this section, I will outline what cognitive assessments were performed on our study population. As outlined above, all study participants had their cognitive function assessed by the Moray House Test No. 12 in 1932 when all participants were aged 11. The results of these tests will be utilised by our study. However, in addition all participants had further cognitive assessment specific for this study. All cognitive tests were performed by the Department of Differential Psychology by one of two trained psychometricians. The following is a full description of the tests that were performed on these individuals. A full version of some of these cognitive function tests can be found in the appendix. 
Mini-Mental State Examination
The MMSE is a brief, quantitative measure of cognitive status in adults, developed in the 1970’s476. It is a widely used method for assessing cognitive mental status. The MMSE test is used to screen for the presence of cognitive impairment over a number of areas,  including orientation, attention, immediate and short-term recall, language, and the ability to follow simple verbal and written commands. It provides a total score that places the individual on a scale of cognitive function. Based on the series of questions and tests, points are achieved on the MMSE when they are answered correctly. A maximum 30 points is possible. The areas tested by the MMSE are further outlined below:


Orientation: 10 points can be scored for answering questions about date and location, e.g.  “What is the day of the week?”, or “What year is it?”. 
 

Memory: This tests immediate recall, and scores 6 points. People are asked to remember three words e.g. “lemon, key, ball”. The three object names are then asked for later in the test, to test recall after a short period of delay.

Attention and Calculation: This section tests ability of concentration and provides 5 points. A variety of tests can be used, including reciting the letters of a word backwards, e.g. “Spell the word WORLD backwards” (Answer D-L-R-O-W). 

Language, Writing and Drawing: The remaining 9 points of the Mini Mental State Examination (MMSE) tests spoken and written language, the ability to write, copy and remember named objects. This includes naming objects which are presented to the patient, such as a pencil or wristwatch. In addition, participants are asked to carry out a 3 step process, e.g. “I am going to give you a piece of paper. When I do, take the paper in your RIGHT hand. Fold the paper in half with both hands, and put the paper down in your lap”. Further elements of this section include repeating a sentence that is given verbally, copying a figure and writing a complete sentence on a piece of paper. 

The distinct advantage of the MMSE is that it is quick and relatively brief and easy to perform as a screening test for dementia. It has been shown to be a reliable test477, 478. However, limitations are that it lacks diagnostic specificity479. In addition, it may be prone to being affected by level of education. Well educated people who have mild dementia may score within normal range because they find the questions easy, whereas poorly educated subjects may score poorly for the reciprocal reason. Within individuals, a change in MMSE score during any period should exceed 3 points to be clinically meaningful480. As a general rule, a MMSE of <24 is indicative of significant cognitive impairment.  Its sole purpose in our study was to detect and exclude those with a MMSE score of less than 24.

Logical Memory: Immediate Recall and 30-Minute Recall

The Logical memory is a subtest of the Revised Wechsler Memory Scale (WMS-R)481. Participants are scored on the sum of memories of two stories, each story recited and then tested before the other one. Prose recall is rarely word for word in adults, and authors have separated the recall into “gist” recall and “verbatim” exact word recall482. Participants were read two thematically independent stories (A and B) and were asked to recall each story immediately after hearing it using as many of the same words of the original passage as they could remember, thus encouraging word-for-word recall. This was the immediate recall element of Logical Memory I. After an approximately 30-minute delay, the participants were asked to recall both stories again, without hearing the details again. This tested the delayed recall of the Logical Memory II subtest. Patients were not informed in advance that they would be re-tested on the recall of either story. On of the limitations of the Logical Memory subtests are the non-standardisation of scoring of words which are inexact. In our population for scoring, all exact word for word “verbatim” matches were marked as correct. In addition, any words which were “gist” recall words were also scored positively. Any contentious words that might represent “gist” recall were documented, and were to be decided later by agreement of two assessors. 
Controlled Oral Word Association Test (COWAT): (Verbal Fluency Test)

The COWAT Verbal fluency assesses the capacity of an individual for word generation483, 484, which is an important element of executive function. The subject is asked to produce as many words as possible beginning with three particular letters (e.g. C, F, and L) in a time of one minute for each letter. This is phonemic fluency (as opposed to semantic fluency where the test taker generates words according to categories). Performance of this task involves the creation of appropriate strategies for word retrieval, which is an important component of executive function485. Age, education and gender play a role in verbal fluency on the COWAT486.Participants are instructed to give as many words that begin with the respective letter, but that Proper nouns are excluded, and words of the same derivation only count as one word, e.g. eat and eating only counts for one. Once it is clear the subject understands the task, the letter is given and the one minute starts. They are encouraged during the test, if it appears that they have stopped before the 60 seconds is up. The total score for the test is the number of admissible words for all three letters. 
Raven’s Standard Progressive Matrices 
Raven’s Standard Progressive Matrices487 are a test of nonverbal reasoning, and is particularly good for general cognitive ability488. They were designed to measure a person’s ability to form perceptual relationships and to reason by analogy. The duration of the test is 20 minutes and the number of correctly completed items comprises the score (out of a maximum score of 60).  The Standard Progressive Matrices consist of 60 items arranged in five sets (A, B, C, D, & E) of 12 items each. Each item contains a figure with a missing piece. Below the figure are either six (sets A & B) or eight (sets C through E) alternative pieces to complete the figure, only one of which is correct. Each set involves a different principle for obtaining the missing piece. The term "Progressive" within the test's name refers to the fact that the problems within each of the test variants become progressively more difficult, the easier items serving as learning experience for the later more difficult items.

Digit Symbol Subtest

The Digit Symbol Subtest of the Wechsler Adult Intelligence Scale – Revised489 was used as an indicator of information processing490and executive functioning. This test involves participants being presented with an A4 sheet containing a selection of symbols that code for the numbers 1 – 9 at the top of the page. Each number has a unique symbol for that number only. Below the given symbols for the nine numbers, there is a selection of random numbers in boxes, with empty boxes below each number. These empty boxes are for the participant to fill in with the respective code, using the reference at the top of the page. After an initial 7 boxes which are used for practice only, and are not counted towards the overall score, the participants are then asked to complete the remaining boxes. In total, there were a maximum of 133 boxes to fill in.  The duration of the test was 90 seconds and the participants were asked to fill as many boxes as possible within this time period. The total score was the number of correctly applied substitute symbols within the 90 seconds.   
National Adult Reading Test

The National Adult Reading Test (NART) tests a subject’s knowledge of word reading. The results indicate pre-morbid intelligence467, 491, 492i.e. general cognitive function before any decline attributable to age or disease. NART scores do not appear to differ between those with and without dementia492. The NART consists of 50 items of irregular (i.e. do not follow regular grapheme-phoneme and stress rules) words which are listed on a piece of A4 paper in no particular order. Examples of irregular words include the word ache (as opposed to the regular cake)492.The participant is asked to pronounce all the words on the list as they appear. The total number of correctly pronounced words constitutes the score for that individual (out of a maximum of 50). 
Letter-Number Sequencing

Recent revisions of the Wechsler Adult Intelligence Scale – Revised (WAIS-R) have included Letter-Number Sequencing (LNS) as a measure of working memory, temporary storage, active maintenance and information organization. Individuals are required to listen to an auditory presentation of alternating numbers and letters and then repeat back the numbers in ascending order, followed by the letters alphabetically. For example, 6-J-3-D-8 would be reported as 3-6-8-D-J. The task contains elements consistent with working memory processes493. Individuals hear linguistic and numerical information, must maintain the information in temporary storage, while manipulating and organizing the information, prior to verbalizing a response494. Studies have found no effect on LNS results as a result of fatigue effect, depending on when the test is performed as a part of a battery of tests495. The LNS was divided into 7 sets, each set composed of three different elements. Set 1 consisted of one letter / one number element (x 3). This was used merely as a trial to ensure the participants understood the nature of the task. Following this, set 2 consisted of either 1 letter / two numbers, or two letters / one number. If all three were correct, a score of three would be obtained for this set. If two were correct, a score of two would be given, and so on. Then, set three would be administered, consisting of three elements, each of which has 4 constituents, e.g. 2 letters / 2 numbers. The process would continue and become progressively more difficult, until the seventh set, which consisted of 8 constituents for each of the three elements. As each of the sets provided a maximum of three marks, a total of 21 marks could be obtained from this test (set one was a trial which was not counted towards the total). For each set, if the participant failed on all three elements, the test would be discontinued. 

“Spot-the-word” Word / Non-Word Item Pairs

The “Spot-the-Word” test is another aimed at estimating premorbid intelligence496. The test involves presenting the subject with pairs of items comprising one word and one non-word, and requiring the subject to identify the true word. Data show that performance correlates highly with verbal intelligence and does not decline with age496 and is independent of gender497. However, education does affect performance498. It relies on a number of parallel processing routes to correct performance (e.g., lexical recognition, physical appearance, semantic meaning, and familiarity of a word). An advantage of the Spot-the-word test over the NART as a measure of pre-morbid intelligence is that it can be administered to those with dysphasia. The instructions given to participants follow those recommended by Baddeley et al496.

“Each of the pairs of items below contains one real word and one nonsense word, invented so as to look like a word having no meaning. Please underline the item in each pair that you think is the real word. Some will be common words; most will be uncommon and some very rarely used. If you are unsure, guess, you will probably be correct more often than you think.”

In total, 60 pairs of word / non-word item pairs were tested, with each correct answer providing one mark. 
Wechsler Test of Adult Reading (WTAR) Word Test

This reading test is composed of a list of 50 words that have atypical grapheme to phoneme translations (i.e. are irregular, whose pronunciation cannot be guessed from its spelling). The intent in using words with irregular pronunciations is to minimize the current ability of the participant to apply standard pronunciation rules. In this respect, the WTAR serves as another measure of pre-morbid intelligence and is similar to the NART. In total, there are 50 words, and one mark is scored for each correct word. Participants are encouraged to guess, even if they are unsure of the word. 
Simple and Choice Reaction Times

Participants were assessed on simple and four-choice reaction time using a portable battery-operated device designed previously for the Health and Lifestyle Survey (HALS) (Batvale Electronics Limited, Cambridge)499.
Simple reaction time was the time taken for the subject to press a key as quickly as possible after being presented with a stimulus. The participant rests a finger of their preferred hand on the button marked 0 and presses it as soon as a 0 appears on the screen. Eight practice trials were presented before 20 test trials. Mean reaction time and SD were recorded in milliseconds for each participant.

Choice reaction time was the time taken to press one of four keys corresponding to one of four digits presented on the screen. The participant rests two fingers of each hand on the buttons marked 1, 2, 3, and 4 and pressed the button that matches the digit presented in the display. Eight practice trials are followed by 40 test trials in which each digit is randomly presented 10 times at an interval of between 1 and 3 seconds. Mean reaction time and SD in milliseconds are calculated separately for correct and incorrect responses, and the number of errors was also recorded for each participant. These were then combined into an overall score. 
Inspection Time
Inspection time is a two-alternative, forced-choice psychophysical test that assesses information processing500. Subjects observed a stimulus composed of two parallel vertical lines of markedly different lengths, and stated whether the long line was on the left or right hand side. There were 10 trials at each duration (15 values from 6.25 to 250 milliseconds), with 150 trials in total. The stimuli were presented randomly with respect to duration and the position of the long line (right or left). The total number of correct trials was used as the overall score.

Summary:
In this chapter, I have described the unique LBC1921 population that was employed in our study to determine the relationship between retinal vascular network geometry and cognitive function. I have described the history of this population and detailed what cognitive assessments were performed back in 1932, as part of the SMS1932 (when the participants were aged 11). Because of this, we can account for prior cognitive function in this population and by re-measuring cognitive assessment, obtain a measure of cognitive change that reflects the combined effects of age and any disease over the 72 – 73 year period. I have also described what cognitive assessments were carried out by trained psychometricians from the Department of Psychology, University of Edinburgh. 

In the next chapter, I will move on to discuss how we measured the retinal vascular network geometry, by the development of a computerised image-processing and analysis software package using Matlab®.
Chapter 3


Computerised Analysis and Quantification of Retinal Vascular Network Geometry 

Introduction
In this chapter, I will describe in detail the development of the computer programming that allowed us to measure and quantify different aspects of retinal vascular network geometry. I will give background information on some of the principles of image processing, followed by details on how we used the Matlab® Image-Processing Toolbox to develop our particular software. Finally, I describe how we used this software to perform retinal vascular measurements. The two most fundamental measurements of retinal vascular network geometry that this software package needed to quantify are retinal vessel widths and the angle between two retinal vessels, and these two elements are dealt with separately. 
The software package was developed by myself and Dr Tom MacGillivray of the Wellcome Trust Image Processing Facility, Western General Hospital, Edinburgh. All computational language programming was performed by Dr MacGillivray. 

Section 3.1
Basic Principles of Computerised Image Analysis
Digital images are made up in such a way that makes them accessible to simple and complex mathematical manipulation. For black & white images (greyscale) at any given locus of pixel (derived from picture element), typically there is a corresponding intensity on a range from 0 (black) to 255 (white) (28 for 8-bit images) (for 12-bit images, there are 4096 grey-levels (212), etc). Hence the image is composed of an array of pixels of varying intensity across the image, the intensity corresponding to the level of “grayness” at any particular point in the image. If we were to express this image as an equation or function, we could say that at any point of spatial coordinates (x,y) the image has a set shade or  intensity. When x, y and the amplitude of intensity of points of an image are all described as finite and discrete quantities, the image is termed digital. A simple digital image may consist of many such points, or pixels. Each pixel’s intensity for a monochrome greyscale image is known as its grey value. Pixels surrounding any given pixel constitute its ‘neighbourhood’. This mathematical means of describing an image is the basis for allowing complex manipulations and calculations that are termed image processing and analysis.

Colour images use three channels (red, green and blue) (RGB) to produce an overall composite501. RGB images require a three dimensional array to convey the extra colour information. The first plane in the third dimension represents the red pixel intensities, the second plane represents the green pixel intensities and the third plane represents the blue pixel intensities. An alternative to converting the RGB image to greyscale to perform retinal vascular analysis is to utilise the green channel alone to enhance contrast between the background and features such as blood vessels and haemorrhages502. Many processing and measurement tools, however, are written to operate on grey scale image and this may need to be extracted from an RGB colour image.

A binary image is one containing only black and white pixels. The image consists of a binary array, typically of 0`s and 1`s. Images of any type may be converted to this format for processing or analysis.

Image Capture:

The first stage in fundal digital image analysis is image capture. This is normally acquired by a fundal camera (mydriatic or non-mydriatic) that has a back-mounted digital camera. The digital camera operates in the same fashion as a conventional camera, but instead of having film, digital cameras use an image sensor. Direct digital sensors are either a charge-coupled device (CCD) or complementary metal oxide semiconductor active pixel sensor (CMOS-APS)503. The CCD is an array of tiny light-sensitive diodes which convert the light signal (photons) into electrical charge (electrons). This then converts the analogue light image into a digital pixellated image. At each element (or pixel) in the array, the electrical current proportional to the analogue light level is converted into a digital level. The spatial resolution of the image depends on the number of pixels that can be created from the analogue image by the CCD array. The CMOS-APS sensors employ active pixel technology and are less expensive to manufacture. 

Image Processing:

Image processing operations transform the grey values of the pixels. There are three basic mechanisms by which this is done. (a) In its most simple form the pixels grey values are changed without any processing of surrounding or ‘neighbourhood’ pixel values. (b) Neighbourhood processing incorporates the values of pixels in a small neighbourhood around each pixel in question. (c) Finally, transforms are more complex and involve manipulation of the entire image so that the pixels vales are represented in a different but equivalent form.  This may allow for more efficient and powerful processing before the image is reverted to its original mode of representation.

The aims of processing of an image normally falls into one of three broad categories; enhancement (e.g. improved contrast), restoration (deblurring of an image) and segmentation (isolating particular areas of interest within the image)503. 

Image enhancement

One of the difficulties in image capture of the ocular fundus is image quality which is affected by factors such as medial opacities, defocus, or presence of artefact504, 505. This is particularly relevant to our set of images that derive from an elderly population that will have a high prevalence of medial opacities. Image enhancement involves the development or improvement of an image so that the result is more suitable for subsequent use. Improvements may mean the image is more acceptable for viewing, processing or analysis. This might involve processes such as improving contrast or brightening an image. 

The image histogram provides basic information about the appearance of an image.

It consists of a graph indicating the number of times each grey level occurs in the image. Across the horizontal axis of this graph is the range of possible pixel intensity values, e.g., 0 to 255.  The vertical axis represents a measure of the frequency of occurrence of each intensity value. In an excessively dark or bright image the grey level would be clustered to the extremes of the histogram, but in a well contrasted image these levels would be well spread out over much of the range. Histogram stretching algorithms act to distribute grey levels more equally across the range according to specific user defined equations and thus produce an image with greater contrast than the original. Histogram equalisation works on a similar principle but is an entirely automatic procedure that aims to make the histogram as uniform as possible. This is discussed in greater detail in chapter 5, where we perform a comparative study of different contrast enhancement techniques on retinal vessel width measurement. 

Image Restoration

Algorithms such as deblurring or removal of interference patterns belong to this category. Noise occurs due to errors in pixel values caused by external disturbance, e.g. salt-and-pepper noise, Gaussian noise, or periodic noise. Salt and pepper noise causes the appearance of randomly scattered white or black pixels over the image but can be reduced by using filters which even out aberrations or ignore excessively high or low values. Gaussian noise is caused by random fluctuations in the signal. It can be reduced by using several versions of that same image and averaging values for each pixel. Periodic noise occurs if the imaging equipment is subject to electronic repeating disturbance. Deblur functions rely on modelling of the blurring process then using filters to remove the known effects of blur.

Image segmentation

Segmentation involves dividing images into subsections that are of particular interest, such as defining areas of an image that are appropriate to be subsequently analysed, or finding circles, lines or other shapes of interest. Segmentation can stop when such objects of interest have been isolated. Segmentation algorithms for monochrome images are generally based on discontinuity of image intensities such as edges in an image, or on similarities judged by predefined criteria.
Thresholding
Thresholding allows the separation of an image into separate components by turning it into a binary image. This involves the image being separated into white or black pixels on the basis of whether their intensity value is greater or less than a certain threshold level. The process of thresholding may be particularly useful to remove unnecessary detail or variations and highlight detail that is of interest. A global threshold value may be chosen automatically or on the basis of clear points in the image histogram that would allow for efficient separation. More complex intensity criteria may be used to allocate whether pixel values become white or black. For some images, adaptive or local thresholding is useful where different thresholds are applied to different sections of the image, e.g. the image has varying levels of background illumination.

Edge detection

Edges contain some of the most useful information in an image. They can be used, for example, to measure the size of objects or to recognise and isolate objects. An edge in a digital image consists of an observable difference in pixel values within a certain area. Most edge detection algorithms assess this change by finding the magnitude of the gradient of the pixel intensity values. This can be done by the application of specialised filters of varying complexity and utility. A threshold can be applied to the resultant image to create a binary image of the edges. Examples of edge detection masks include Sobel506 and Canny507 edge detection programs. The Sobel edge detector uses a pair of 3x3 convolution masks, one estimating the gradient in the x-direction (columns) and the other estimating the gradient in the y-direction (rows). However, in a comparison of three automated techniques of edge detection to identify the boundaries and corresponding widths of retinal blood vessels, Sobel was found to be the most inconsistent, possibly related to the program identifying the central light reflex from the blood vessel as an edge508.  The Canny edge detection program has been used in neural networks to automatically localise retinal blood vessels in fundal RGB images509.

Filters
Neighbourhood processing extends the power of processing algorithms by incorporating values of adjacent pixels in calculations.  A user defined matrix (mask) is defined with enough elements to cover not just a single pixel but also some of its adjacent pixels. Each pixel covered by the elements of the mask is subject to a corresponding function. The combination of mask and function is called a filter. Thus the result of applying a mask to a particular location is that the final resultant value is a function not only of the central pixel’s values but also of its neighbouring pixel values. 

Morphological processing
Mathematical morphology in image processing is particularly suitable for analysing shapes in images. The two main processes are those of dilation and erosion. These processes involve a special mechanism of combining two sets of pixels. Usually one set consists of the image being processed and the other a smaller set of pixels known as a structuring element or kernel. In dilation every point in the image is superimposed onto by the kernel, with its surrounding pixels. The resultant effect of dilation is of increasing the size of the original object. Erosion is an inverse procedure in which an image is thinned through subtraction via a structuring element or kernel. The kernel is superimposed onto the original image and only at locations when it fits entirely within its boundaries will a resultant central pixel be accepted. The algorithms of opening and closing are based upon these processes. Opening consists of erosion followed by dilation, and tends to smooth an image, breaking narrow joints and removing thin protrusions. Closing consists of dilation followed by erosion and also smoothes images, but by fusing narrow breaks and gulfs and eliminating small holes. Algorithms combining the above processes are used to creating mechanisms of edge detection, noise removal and background removal as well as for finding specific shapes in images. 

Image registration

Image registration is a process of aligning two or more images of the same scene. One image (the base image) is compared to the other input images510. The aim of registration is to apply spatial transformations to the input image to bring the input image into alignment with the base image. Commonly the input images may be misaligned due to different camera angles or different imaging modalities. The details of the exact alignment algorithm are calculated after the user identifies pairs of points that should exactly correspond in the two images. A spatial mapping is inferred from the positions of these control points. Registration can be based on identified landmarks (e.g. retinal vessel bifurcation points), on the alignment of segmented binary structures (segmentation based), or directly onto measures computed from the image grey values510. Alternatively, two images taken at different time intervals may need to be registered (temporal registration) using an automated process in order for time-dependent changes to be identified. This has been performed for sequential fluorescein angiography511and colour fundal images. The available registration methods are divided into intensity based512, 513, and feature based514. Intensity based methods have the drawback of poor performance under varying illumination, whilst feature based methods rely heavily on accurate and repeatable extraction of the features515. Image mosaicing is the act of combining two or more images and is used to combine images such that no obstructive boundaries exist around overlapped regions and to create a mosaic image that exhibits as little distortion as possible from the original images, and may be used to create wide-field retinal montages. 

Having described some of the basic principles upon which image processing and image analysis is performed, I outline below how we developed our own computerised analysis program for quantifying retinal vascular network geometry using Matlab®. 
Section 3.2
Development of the computerised analysis software using Matlab® Image-processing toolbox

Image Capture
The first decision that had to be made for in our study looking at retinal vascular network geometry and its association with cognitive function was in what format to choose the capture of the images, i.e. direct digital capture or conventional fundal photography. The advantage of the former technique is that image capture leads to photographic evaluation immediately, and if the image quality is poor, it can be immediately disposed of and another photograph taken. This process can be repeated until an optimum image quality is obtained. Also, direct digital capture is less time-consuming than conventional photography which will require later image digitalisation via a photographic scanner. However, when our main study started in 2004, our department did not have a sufficiently high resolution digital camera to be able to take high resolution fundal images. Thus despite their obvious advantages, and the fact that today numerous cameras exist that do have a sufficient resolution to take direct digital fundal images, we decided to take conventional colour photographic film-based fundal images and convert them to digital images using a very high resolution digital scanner. 
35mm colour photographs were taken using a mydriatic retinal camera (Kowa® Pro 1 professional fundus camera, Japan) with a 50º field of view centred on the optic disc. After film processing (Fujifilm® Provia 100F), the 35mm photographs were then digitally scanned at 3200 dpi using an Epson 3200 Perfect Scanner® and stored in Tagged Image File Format (TIFF). 3200 dpi was chosen because this provides a very high level of resolution, whilst still making the TIFF files manageable. Approximate file size was 26MB. Using this resolution, the retinal vessels tended to measure approximately 20 – 30 pixels in diameter. 
Because our camera required pupillary mydriasis, patients had 1% tropicamide drops administered approximately 20 minutes before image capture. If after inspection at twenty minutes, pupillary dilatation was insufficient, then a further 1% tropicamide dose was given. Subsequent to this, fundal photography was performed. Topical phenylephrine was not used for pharmacological dilatation, as it may have had a direct effect on retinal vasculature516. Fundal photography was performed by either myself or one of two departmental photographers. When possible, both fundi were photographed. 35mm photographic processing was performed by one of the two departmental photographers. 
Because we wished to explore retinal vasculature as our primary outcome measure from these fundal images, the photographs were optic-disc centred, rather than the macula. This provided as much detail from the retinal vasculature as it enters / leaves the eye and serves as our starting point for all future analyses of retinal vascular network geometry. The only other remaining decision regarding image capture was the degree of field for the fundal images. A higher degree of field would reduce the pixel size of the individual retinal vessels. On the other hand, the lower degree of field may exclude a lot of peripheral retinal arteriolar junctions and an important component of our study was the evaluation of the optimality of the five most proximal retinal arteriolar junctions (both branching coefficients and angles subtended). Therefore, because we felt that we could balance the reduction of individual retinal vessel width resolution by maximising the resolution of the images using the digital scanner, the higher degree of field (50 degrees) was chosen. 

All image digitisation was performed by myself. 35mm photographs were loaded into the Epson 3200 Perfect Scanner® in a dust-free environment. Images for each individual subject were selected as being of the best quality of all those taken and could constitute either the left or the right eye. If the presence of dust or artefact affected significantly the quality of the digitalised image, the original 35mm photograph would be air-cleaned and re-scanned. 
Computerised Processing and Analysis using Matlab® computing environment
Once we had decided on the format of our fundal image capture and digitalisation, we chose the Matlab® Image-Processing Toolbox with which to affect our image processing of these images. Matlab® is a high-performance language for technical computing517. It integrates computation, visualisation, and programming in an easy-to-use environment. It is commonly employed by engineers and mathematicians to provide solutions to technical problems. Matlab® has evolved over a period of many years and is used by both academia and industry. The basic building block with which Matlab® employs is mathematical matrices. Matrices are rectangular arrays of numbers. Most matrices are vectors (i.e. have magnitude and direction). Simple 1x1 matrices however have only one row and one column, and are termed scalar matrices. Matlab® features a family of add-on applications such as the Image-processing toolbox, allowing specialised technologies. Other toolboxes include specialised statistics toolboxes, neural network toolboxes and curve-fitting toolboxes. Within the Wellcome Trust Image Processing Facility, there is special expertise with Matlab® Image-Processing and language programming. Hence, as all computerised algorithms to analyse our retinal fundal images were programmed within this facility, the Matlab® technical environment was our natural choice for this study. For our purposes, two specific toolboxes were used to program our retinal vascular network geometrical analyses, viz. Matlab® Image Processing Toolbox and Matlab® Curve-Fitting Toolbox.
Matlab® Image Processing Toolbox518
The Image Processing Toolbox is a collection of functions that incorporate the computing abilities of the Matlab® environment into a wide range of image processing operations, including image transformations, morphological operations, image filtering, image registration and region of interest operations, amongst others. The Image Processing Toolbox allows the operator to work with any type of image, e.g. binary, RGB, greyscale, etc. and images can be easily converted from one class to another. Images can be arithmetically added, subtracted or even multiplied, and the results displayed. 
Matlab® Curve Fitting Toolbox519
The Curve Fitting Toolbox is a collection of graphical user interfaces (GUIs) and the usual Matlab® command line environment. It allows the operator to perform parametric and non-parametric data fitting and allows one to customise equations to suit specific curve fitting requirements. Equations that may be used include polynomials, exponentials and rationals. Very importantly for our study, Gaussian curve fitting can be performed. This will be of vital importance when it comes to determining vessel widths from our fundal images, as detailed below. 

Having described the Matlab® computing environment as well as the relevant Toolboxes, I now describe the individual steps that were taken to develop our system of computerised analysis of fundal images. 

Image Enhancement
After having decided how we were going to capture the images and then subsequently digitalise them, we needed to develop software (using the Matlab® computing environment as detailed above) to enhance the images in order to optimise the contrast between vessel and non-vessel background. Our starting point was digitalised high resolution RGB colour fundal images. The first step to enhance the contrast was to convert the image into an intensity image. The choice was either use the green channel of the RGB image, or to convert the image into a greyscale image, using a combination of all three channels of the RGB image.
Green Channel of the RGB Image 
Because of the predominance of the colour red within fundal images, isolation of the green channel of an RGB image has long been used as a technique for increasing the discrimination of detail within a fundal image. This might have particular relevance in the discrimination of vessel / non-vessel. Within the Matlab® Image Processing Toolbox, it is very easy to separate the RGB image into the green channel only, discard the Red and Blue channels and proceed with only the Green channel for the rest of the analysis. 

Greyscale Image from the RGB Image
An alternative to using the Green channel solely was to convert the RGB image into an intensity (greyscale) image. This will also provide greater enhancement between vessel / non-vessel. Again, this is easily done within the Matlab® environment. Matlab uses the “luminance” formula to convert RGB to greyscale520. This conversion is mathematically expressed as follows:

I=0.3*R + 0.59*G + 0.11*B 
I = Intensity at each pixel point, and R, G and B (red, green and blue) represent the individual levels for each of the three colour channels at that corresponding point.

The luminance formula is a standard image processing method520. The weights used to compute luminance are related to the displaying monitor's phosphors. The explanation for these weights is due to the fact that for equal amounts of colour the human eye is most sensitive to green, followed by red, and finally blue. This means that for equal amounts of green and blue light the green will, nevertheless, seem brighter. Thus, the image obtained by the normal averaging of an image's three colour components produces a grayscale brightness that is not perceptually equivalent to the brightness of the original colour image. The weighted sum of the luminance formula however, does equate to the original RGB brightness. 
Having experimented with both “Green Channel only” and the “Luminance” formula to convert RGB to greyscale, we performed comparative reliability testing using both sets of conversions, the details of which are outlined in Chapter 5.

Algorithms for Contrast Enhancement
Our next step was to evaluate different techniques to further enhance the contrast between vessel and non-vessel background. An important component of this was to ensure that by performing contrast enhancement, we were not causing a systematic change in the retinal vessel width measurements i.e. that having undergone contrast enhancement, retinal vessels were not consistently either measured wider or narrower as a result of the enhancement process. 
Here, I briefly outline the different contrast enhancement techniques that were evaluated.
Histogram Equalisation

In Histogram Equalization contrast is enhanced by transforming the grey-level values in the input image so that the histogram of the output image (an image histogram is a chart that shows the distribution of intensities in an intensity image, i.e. the relative frequency of occurrence of grey levels within an image) is uniformly distributed throughout the image. This can improve blood vessel definition in the image but at the same time, the enhancement over-saturates the region around the optic nerve (as this is the brightest component of the fundal image). 
Contrast Linear Stretch 

The linear contrast stretch approach increases the contrast of the image by mapping the values of the input image to new values such that 1% of the data is saturated at low and high intensities of the input data. This involves identifying lower and upper bounds from the histogram (usually the minimum and maximum brightness values in the image) and applying a transformation to stretch this range to fill the full range. This has little effect on areas containing vessels and retinal background as the grey-level values are already well spread out across the entire scale but, as with histogram equalization, over-saturates the region around and including the optic nerve. Ideally, what is required is for the optic disc region to remain at about the same brightness while the contrast in other areas of the image is enhanced. This requires a different transformation to be applied to different parts of the image.
Contrast Limited Adaptive Histogram Equalisation (CLAHE)

Contrast-Limited Adaptive Histogram Equalization accomplishes contrast enhancement throughout the image, but without over-saturating the image around the optic nerve by operating on small regions, or tiles, rather than the entire image520. Each tile's contrast is enhanced so that the histogram of each output region is uniformly distributed. The contrast enhancement can be limited in order to prevent the over-saturation around the optic nerve caused by the basic histogram equalization method.
Further comparative analyses of the reliability of each of the three techniques compared to an original greyscale-converted RGB image are outlined in Chapter 5. 

Image measurements (analysis):

The next step in the development of the computerised analysis software package was to perform measurements on the optimised fundal images. There were two fundamental entities that required measuring:

(1)
Retinal Vessel Widths


(2)
The angle subtended between two retinal arterioles
Section 3.21
Measurement of retinal vessel widths using computerised analysis techniques
In Chapter 1, the importance of retinal vessel width was emphasised as a measure of retinal vascular network geometry that can be used as a quantifiable measure to evaluate associations with cardiovascular and cerebrovascular disease. The essence of measuring the arteriovenous ratio (AVR) and its constituents (CRAE and CRVE) require accurate measurements of retinal vessel widths. Furthermore, the measurements of retinal vessel widths are required to evaluate to calculate peripheral arteriolar branching coefficients (and their subsequent deviation form optimality). Hence, we aimed to develop a semi-automated image-analysis based technique that would be as reliable as possible for vessel width measurement. 
Different techniques for vessel width measurement: micrometric versus microdensitometric
Micrometric methods: Attempts at quantifying retinal arteriolar calibres were first considered by Wagener et al.521. The introduction of retinal photography in the 1960’s allowed semi-objective methods of performing measurements on retinal vasculature using enlarged projected images (micrometric methods) 14-16, 522-526. These techniques rely on the operator defining the edges of vessel / non-vessel. One of the difficulties of performing manual micrometric measurements from retinal photography is that widths are based on the width of the blood column, rather than the actual blood vessel width, as it does not take into account the plasma component of blood in the peripheral vessels. Some authors have shown micrometric measurements to be less reliable than newer microdensitometric techniques42, 527, 528. However, using modern computerised image analysis, even micrometric techniques can be made more reliable by selecting regions of interest within the image that contain the vessel to be measured. Such regions can then be amplified and opened within a new window of uniform size and allow greater accuracy on the part of the operator to select the vessel widths. 
Microdensitometric Methods: The introduction of digital image analysis in the mid-1980’s provided more objective measurements of retinal vascular widths42, 527, 529-535. Densitometric techniques employ intensity profiles of a greyscale image of the fundus (microdensitometry). The location of each pixel can be identified with spatial coordinates and each has a defined intensity, known as its grey value. An intensity profile of a line crossing perpendicular to the blood vessel will tend to produce a distinct Gaussian distribution curve against the background intensity of the surrounding retina. The Gaussian (or double-Gaussian for an arteriole with a distinctive central light reflex) model can then be analysed using image processing, and an estimate of the width of the blood vessel can be obtained.

The single Gaussian model is given by the equation:
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a1 = the amplitude of the peak of the profile, a2 = the position of the peak, a3 = a specific parameter of Gaussian function that controls the width of profile and a4 = the background retinal intensity. 

The most common technique for acquiring the vessel width is to estimate the width of the vessel at half the height of the peak of the intensity profile of the Gaussian curve (half-height method). This strategy minimises any effect of defocusing at image acquisition529, which may be caused by medial opacities. Potential problems with retinal vessel width measurements include width variation due to the cardiac cycle536-538, degree of systemic autonomic nerve stimulation539, 540, and degree of fundus pigmentation16. Also, measurements from retinal photography are based on the width of the blood column, rather than the actual blood vessel width, as it does not take into account the plasma component of blood in the peripheral vessels. 

Other techniques of automated vessel width measurement have included the use of edge detection masks503, and sliding linear regression filters508, 541.
Edge detectors
Object boundaries can be recognised as edges by using edge detection algorithms as discussed earlier.  These largely rely on areas of rapid change in image intensity. The Canny Edge Algorithm507 smoothes the image using a Gaussian filter to eliminate noise. It then finds the edge strength by taking the gradient of the image in order to highlight regions with high spatial derivatives. The Canny method differs from other edge-detection methods in that it uses two different thresholds (to detect strong and weak edges) and only includes the areas of “weak” edges if they are confluent with “strong” edges518. This may therefore make it less susceptible to background noise. Other edge detecting algorithms include the Sobel edge detector. The Sobel operator performs a 2-D spatial gradient measurement on an image and emphasizes regions of high spatial gradient that correspond to edges. Typically it is used to find the approximate absolute gradient magnitude at each point in an input greyscale image506. The Sobel operator is believed to be less optimal than the Canny edge detector algorithms. Chapman et al compared three different automated strategies to measure retinal vessel widths(Gaussian intensity profiles, edge detector, sliding regression linear filter) with manual measurement in red-free images508. They found the edge detector algorithm as the least reliable, with the program frequently misinterpreting the central bright light reflex from the arteriole as the vessel edge. 
Sliding Linear Regression Filters (SLRF)
Identification of edge positions can be made by means of linear regression within a sliding window filter508. This technique incorporates adaptation of the size of the filter window, according to the approximate size of the vessel. The SLRF method is based upon the fitting of a line by linear regression, relating image intensity against distance along the cross section. The window is progressively moved by a single point at a time across the entire cross section of interest, and the SLRF of the best least squares line recorded.  Generally, a smaller window size will give better resolution of edges of small vessels, but at the expense of less noise rejection. 
As the gold standard for retinal vessel width is currently based on the “half-height” method, fitting a Gaussian curve to the intensity data perpendicular to the vessel profile, this was chosen as the technique of choice for our system. In addition, because of the high number of elderly subjects with medial opacities in the LBC1921 population, the effect of poorly focused images was an important consideration and therefore the half-height technique was employed. In order to determine which of the two Gaussian functions (single or double) best fitted the intensity profiles of the fundal vessels, we performed a comparative study to determine whether there was any systematic difference between using the two techniques to measure vessel width, which of the two techniques had superior “goodness of fit” statistics for measuring vessel widths, and how reliable the two respective measurements are. The details of this experiment are outlined in Chapter 5.
Using both the Image-Processing Toolbox and the Curve-Fitting Toolbox of Matlab®, we developed a system whereby the operator measured retinal vessel widths using a graphical user interface (GUI) which is user-friendly and relatively simple to navigate through. Having converted the RGB colour image into an intensity image and enhancing the contrast between vessel / non-vessel, selecting the “vessel width” option would produce a cross-hair that the operator would use to select two points either side of the vessel. After the first point was clicked, a line emanating from this point would be created and would serve as a judgement tool with which the operator could use to ensure that the line between the two selected points either side of the blood vessel would be perpendicular to the blood vessel being measured. A non-orthogonal measurement could have a significant effect in artificially increasing the diameter of the measured vessel. Having selected the two points, the operator would press “return”, and this would commence the generation of the five cross-sectional intensity profiles that would form the basis of the vessel width measurement. The five intensity profiles created would be examined consecutively in turn by the operator. The five profiles represented the exact line that was chosen by the operator as well as four further intensity profiles, ±2 and ±4 pixels either side of the central line. This system was put in place to try to improve the reliability of the measurements, by having five profile widths instead of just one. This might be expected to minimise the effect of any “outliers” within the data. The overall width of the vessel measured would then be the mean of the five profiles. 
For each intensity profile created, a “best-fit” Gaussian curve function would be incorporated onto the data. The operator would make a decision whether the observed data points conformed well to the summary gaussian curve function. Examples of good and poor data fits are given in chapter 5. The majority of poor fits related to background “noise” producing artefactual vessel profiles. Of the five intensity profiles, at least three had to be accepted as representing a good fit. Any less than this, and the measurement was considered invalid and the vessel measurement would have to be repeated. If three or more of the vessel profiles were accepted, then after the final profile was created a value of the mean width of the five (or four, or three) half-heights of the profiles was displayed, as well as the standard deviation of the spread of the widths. A further quality control was the rejection of the displayed mean width measurement if the standard deviation was greater than an arbitrarily chosen value of 10% of the mean width (i.e. a coefficient of variation of greater than 10%). 
The selection of where to measure the vessel width is an important element to both the summarised AVR and branching coefficients. Within zone B (0.5 to 1 disc diameters from the optic disc margin), the six largest arterioles and venules were measured. The sections that were chosen were of relatively uniform width, with no obvious focal attenuations or dilatations. Selection of the vessel as either arteriole or venule would be made based on the original RGB image. Furthermore, the system relied on the operator choosing the six largest vessels, based on their visual inspection. Occasionally, there were insufficient vessels within zone B to measure (ie less than either six arterioles or venules) and in this instance, the largest vessel (branch or trunk) extending beyond zone B would be measured. In the occasion when a trunk vessel would branch within zone B, the trunk only would be measured. However, if in this circumstance there were insufficient (< 6) numbers of vessels to combine, then the largest branch vessel would be used, and so forth (only resorting to vessels outside zone B if this still was an insufficient number).  The details as to how the individual vessel measurements were combined into the AVR and branching coefficients are discussed in detail in Chapters 6. 

This semi-automated program was used as the basis for all vessel width measurements for the AVR and for branching coefficients. However, as detailed later in Chapter 4, the reliability of this technique was insufficient for peripheral vessel width measurements and micrometric techniques for peripheral vessel widths were performed. 

Section 3.22
Measurement of angles between retinal arterioles using computerised analysis
Another important component of retinal vascular network geometry that we wished to measure and quantify was the angle subtended between two retinal arterioles (and its deviation form theoretical optimality). As outlined in Chapter 1, this angle can be affected by cardiovascular disease. In order to measure the angles between retinal arterioles, a custom-written package within the Matlab® environment was used. The initial steps proceeded in the same fashion as retinal vessel width measurements in that the image was initially converted from RGB to greyscale and then underwent contrast enhancement. The first step in measuring the angle was selecting the vessel bifurcation that contained the angle of interest. The operator selected a rectangular region of interest (ROI) centred on the vessel bifurcation, and this opened within a new window. The size of the window opened would depend on the area of ROI selected. In order to standardise as much as possible the actual degree of magnification, the window would then be enlarged to cover the entire computer monitor screen, although this was less vital for measurement of angles than measurement of peripheral junctions using micrometric techniques. The operator created a selected a point in the centreline of the trunk blood vessel with a cross-hair target and a further point beyond the vessel bifurcation such that a line would be created coincident with the trunk vessel and bisecting the bifurcation angle (Figure 1) . 
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Figure 1: An example of an arteriolar angle bifurcation (i): having selected the centreline of the trunk vessel, a line is drawn that is continuous with the trunk vessel beyond the nodal point of the angle.

The next stage was to select a point on the midline of one of the branch vessels and a further point proceeding through the vessel junction. Again, this created a further line segment which would bisect the first line segment at the vessel junction and this would form the nodal point of the measured angle (Figure 2). 
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Figure 2: An example of an angle arteriolar bifurcation (ii): a second point on the centreline of a branch vessel (the more obtuse branch) would be selected and the line drawn through the nodal point and beyond. 

Finally another point would be selected on the midline of the second branch vessel. Having clicked on this point, the angle between the two vessels could be calculated by using the cosine formula (Figure 3). The calculation of this angle would be done by the custom-written program, and the angle would appear on screen in degrees. All of the above steps in calculating the angle were within a Graphical-User Interface (GUI) that gave explicit instructions about how to perform each step. 
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The Cosine Rule
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b2 = a2 + c2 = 2ac * cosB

CosB = a2 + c2 - b2

       2ac

Figure 3: An example of an angle arteriolar bifurcation (iii): demonstration of the Cosine Rule used to calculate the angle subtended by the two arteriolar branch vessels.

One of the difficulties in performing angle measurements is that an arbitrary point within the vessel bifurcation has to serve as the nodal point of the angle to be measured. In our system of measurement, this would be defined as the point where the two drawn line segments would cross. Therefore the factor that would influence the exact point of this crossing would be the starting point of the line segments chosen. For an absolutely straight trunk segment up to the bifurcation and straight branch vessel segments following the bifurcation, this would not be a problem. The difficulty arose when either the trunk vessel curved as it approached the bifurcation point, or either of the branch vessel segments curved immediately after the bifurcation point. To overcome this, an arbitrary decision was made that stated that if a curved segment occurred adjacent to the bifurcation point, the straight line direction of that segment (trunk or branch) would be determined by its course immediately prior to bifurcation. The following figures 4&5 explain this concept. 
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Figure 4: An example of a retinal arteriolar bifurcation angle (iv): demonstrating the poor approximation of the angle subtended by the two branch vessels by choosing a segment of trunk vessel too far from the nodal point which does not take into account the contour of the trunk vessel as it approaches the junction (the measurement is exaggerated to explain the point). 
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Figure 5: An example of a retinal arteriolar bifurcation angle (v): the same angle (as iv) is now correctly measured by choosing a segment of vessel that is closer to the nodal point and thus reflects the contour of the trunk vessel. 
In addition, the branch vessel that formed a more obtuse angle with the original line segment drawn was chosen as the second point to form the nodal point of the vessel bifurcation a slight error in aligning this segment with the first will have less of a degree of change in the nodal point position than the more acute branch vessel. Furthermore, it is easier to select a single midpoint of a vessel than to draw a line segment form two selected points.
Having obtained a measurement for a particular angle at a vessel bifurcation, the same process was repeated for the five most proximal arteriolar bifurcations that were evaluable. For example, some bifurcations might occur immediately beside a vein that would make the exact course of the arteriolar bifurcation difficult to track. If this was the case, then it would be excluded as unevaluable, and the next most proximal bifurcation would be measured instead. 

For an overall measurement of arteriolar angles at bifurcations, the median value of the five most proximal bifurcations was recorded. This is the same strategy as used by Chapman et al.63. In addition, we measured the degree of deviation of the median angle from the theoretical optimum (75 degrees). 
Summary:
In this chapter, I have described the basics of image processing and have discussed in detail the development of our own custom-written image processing program within the Matlab® environment in order to allow us to measure retinal vessel widths using microdensitometric techniques, as well as measure angles subtended between two retinal vessels. I have discussed the techniques of image enhancement that improved the degree of contrast between vessel / non-vessel in our series of fundal colour images. 

In the next section, I will discuss the results of our studies using this custom-written software program, to assess the reliability of our measurements. 
Chapter 4

Reliability of measures of Retinal Vascular Network Geometry Measurements using Image-Processing Techniques

 Introduction
Instruments to record measurements should only be used if we know they are reliable. Reliability means that the measurements that the instrument records are reproducible at different time intervals (test-retest reliability) and that those observers making the measurements produce repeatable results, both for the same observer over a period of time (intraobserver reliability) and between different observers on the same subject (interobserver reliability)542-548. In addition, reliability is used in the context of assessing agreement between one method of measurement with another (method comparison or parallel reliability). Thus, reliability (as well as sensitivity and specificity) is a prerequisite to using any instruments of measurement and forms a major component of ophthalmic research549.

In this chpater, I review the statistical methods of assessing agreement, describing appropriate techniques to employ, as well as highlighting a few commonly performed techniques that are not ideally suited to this task. Subsequently, I perform reliability testing on our custom-written software to perform measurements of retinal vascular network geometry in the LBC1921 population. 
Section 4.1
A Review of Statistical Strategies to Assess Reliability in Ophthalmology
Analyses of continuous data in agreement studies:

(1) Correlation:

This is a very commonly performed technique used to assess level of agreement, but is inappropriate as it measures association and not agreement. A highly significant and large value for the correlation coefficient (r) can coexist with gross bias550-556. For example, when comparing the performance of two observers, observer A may consistently overestimate the result when compared to observer B (figure 1). A highly significant value for r would be achieved, and this could be misinterpreted as revealing good agreement between both observers. Inspection of figure 1 reveals a fixed systematic bias between observer A and observer B i.e. observer A consistently measures a higher reading by a fixed amount that does not change according to the size of the reading measured. 

[image: image16.emf]Scatterplot of axial length (in mm's)


Observer A vs Observer B


Observer B


25


24


23


22


21


Observer A


25


24


23


22


21




Scatterplot of axial length (in mm's)

Observer A vs Observer B

Observer B

25 24 23 22 21

Observer A

25

24

23

22

21


Figure 1: Scatterplot diagram of hypothetical results of axial length measurements using B-scan Ultrasound from Observer A and Observer B. The dotted line represents the ordinary least squares (OLS) regression line (r = 0.98, p<0.0001). The solid line represents the line of equality (y=x).

The intraclass correlation coefficient (ICC) (ratio of between-groups variance to the total variance557) is another correlation statistic often used to assess agreement. The ICC varies from +1 (perfect agreement) to -1 (no agreement). The ICC is designed to assess agreement when there is no intrinsic ordering between two variables (i.e. the measurements are interchangeable, such as test-retest reliability using the same method558). However, when dealing with method comparison studies, there is a very clear ordering of the two variables (the two methods under comparison). 

Whilst the ICC is better able to avoid the confusion of mistaking linear association for agreement, it suffers from being highly dependent on the range of values measured i.e. the greater the variability between subjects, the greater the value of the ICC. Consider a hypothetical group of 5 subjects that have IOP recorded by two different techniques (Goldmann tonometry vs tonopen) (Table 1). For study 1, the ICC for the two techniques is r = 0.167 (p = 0.38). When we repeat the study on a different set of subjects (study 2), the ICC for the two techniques becomes r = 0.95 (p = 0.002). However despite such extreme differences in the value of the ICC, the actual level of agreement in study 1 and 2 look on inspection to be approximately equal (both studies have the same differences recorded). The reason for the disparity in the ICC values is that in study 1, the range of IOPs is much narrower than study 2. 

However, the ICC may be used to measure agreement559particularly when between more than two observers/methods.  

	Study 1


	Study 2



	Subject
	(A) 

Goldmann
	(B)

Tonopen
	A-B


	Subject
	(A)

Goldmann
	(B)

Tonopen
	A-B



	1
	20
	22
	-2
	1
	25
	27
	-2

	2
	22
	20
	2
	2
	22
	20
	2

	3
	20
	20
	0
	3
	20
	20
	0

	4
	22
	22
	0
	4
	18
	18
	0

	5
	20
	20
	0
	5
	15
	15
	0


Table 1: Hypothetical comparison of two different techniques for measuring IOP (Goldmann tonometry vs tonopen). All measurements are in mmHg.

(2) “Limits of Agreement” techniques:

In 1983, Bland & Altman published their seminal article on agreement analysis560. The “limits of agreement” technique has become an increasingly popular technique in agreement studies, and has been adopted by many clinical scientists due to it being simple to execute and easy to comprehend, using simple graphics and elementary statistics. This technique involves firstly calculating the differences for each pair of values, and then plotting the differences against the corresponding means for each pair. The values of the differences (A-B) should be normally distributed and should be equally scattered for all levels of the corresponding mean 551. This graphical method also reveals extreme outliers affecting the data sample. The upper and lower “limits of agreement” correspond to the mean difference (A-B) ± 1.96 standard deviations (SD’s). Inspection of the graph will illustrate the upper and lower “limits of agreement”, which represents the interval within which 95% of differences between measurements/measurers are expected to lie. The decision as to whether good agreement is then demonstrated is a matter of clinical judgement. Three hypothetical Bland-Altman plots (figures 2, 3 & 4) illustrate how bias can be suspected by inspection of the plot. The presence of bias may in itself not be a problem, provided it is known and can be adjusted for. An illustration of the advantage of the “limits of agreement” technique over correlation in assessing agreement is provided by Murray and Miller561.
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Figure 2 (above): Hypothetical Bland-Altman plot of IOP recorded by Goldmann tonometry and tonopen. The solid line represents the mean difference (0.2mmHg), and the dotted lines represent the upper (+2.6mmHg) and lower (-2.2mmHg) limits of agreement. This shows a mean difference between both measurements close to zero and no change in the magnitude of difference as the mean IOP increases. 
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Figure 3 (above): Hypothetical Bland-Altman plot of IOP recorded by Goldmann tonometry and tonopen. The mean difference was -2.2mmHg and the upper and lower limits of agreement were +2.2mmHg and -6.5mmHg, respectively. This shows an increase in the magnitude of disagreement as the mean IOP increases (suggesting proportional systematic bias). 
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Figure 4 (above): Hypothetical Bland-Altman plot of IOP recorded by Goldmann tonometry and tonopen. The mean difference was -3.5mmHg; the upper and lower limits of agreement were -1.9mmHg and -5.1mmHg, respectively. This shows a fixed systematic bias (the Tonopen was consistently recording a higher IOP than the Goldmann tonometer, but the size of the difference did not change with increasing IOP).

When there are repeated measures (replicate measurements) performed by two methods on the same subjects, calculating the mean of the replicate measurements by each method and then using those pairs of means to compare the two methods can be performed using the “limits of agreement” method. The “limits of agreement” analysis is incapable of assessing agreement when there are three or more observers/ methods being compared552 and in this circumstance using the ICC may be more appropriate559.

(3) Linear regression techniques:

Linear regression techniques can be used to assess agreement, but there are many models of linear regression and it is important to choose the correct regression model for the agreement study552, 553. Models such as standardised principal component analysis552, Deming regression562and the non-parametric Passing-Bablok model563-565may be used, but ordinary least squares regression is inappropriate552.

(4) Coefficients of repeatability:

The repeatability coefficient is a useful statistic when dealing with repeat measurements by the same method (test-retest reliability)551, 566, 567. When there are only two measurements per subject, the repeatability coefficient is 2 x (SD of the differences) between the repeated measures. This is the repeatability coefficient adopted by the British Standards Institution (BSI)568. Because the mean difference between two measurements using the same method should be zero, we expect 95% of differences to be less than two standard deviations. Repeatability coefficients can often be used in conjunction with other tests of test-retest reliability, e.g. intraclass correlation coefficients. 

Ruamviboonsuk et al.569use the coefficient of repeatability in comparing test-retest reliability between two visual acuity tests. However, no mention was made regarding whether the standard deviation was unrelated to the magnitude of the score (a necessary assumption to use coefficient of repeatability). 

(5) Coefficient of Variation:

The coefficient of variation provides a relative measure of data dispersion compared to the mean, expressed as either a quotient or as a percentage of the within-subject standard deviation divided by the mean. Because the coefficient of variation is dimensionless, it can be used to assess repeatability between two methods of measurement recorded on different scales. However to be used correctly, the coefficient of variation should be independent of the mean570-573.  

(6) Test of the null hypothesis of randomness – e.g. paired sample t test:

The null hypothesis states that two groups under study are from the same underlying population. However, authors have inferred from the acceptance of the null hypothesis (i.e. p>0.05) that because the two groups under study are from distinct populations, they therefore agree574. This is not equivalent to good agreement and a p>0.05 can coexist with very poor agreement and systematic bias575. Thus, the t test has no place in assessing agreement between two variables576.

Categorical Data:

The following techniques can be used to compare agreement for categorical data.  

(1)
A cross-tabulation (row x column) table:
A cross tabulation with rater 1’s category frequencies attributed to the row, and rater 2’s attributed to the column (table 2) provides a lot of information regarding the demonstration of good agreement. The diagonal of the table represents where rater 1 agrees with rater 2. For good agreement, one would expect on inspection the diagonal of the tabulation to have the greatest number. The data can then be summarised further by performing kappa or weighted kappa statistics.

	Rater 2


	Rater 1

	
	A
	B
	C
	Row total

	A
	7*
	0
	0
	7

	B
	1
	9*
	2
	12

	C
	0
	2
	4*
	6

	Column Total
	8
	11
	6
	


Table 2: Hypothetical r X c array of observed frequencies between two raters on a scale (A, B, C in increasing order). The highlighted values* occur on the agreement diagonal. All other values of the r X c are termed off-diagonal entries. K value = 0.69 (if A, B, C are a nominal scale). Kw = 0.81 (if A, B, C are an ordinal scale). 

Cohen’s Kappa coefficient577, 578:

The original purpose of the kappa statistic (the unweighted kappa (K)) is to compare two measurers who use the same nominal scale579. The kappa statistic gives a value that is an indication of the amount of agreement present, corrected for that which would have occurred by chance550, 579-581. The values of K can range from -1 to +1 (zero translates as agreement no better than that which would have occurred by chance). For example, Azuara-Blanco et al575 use the unweighted kappa coefficient (in this case, for bivariate data)  to analyse agreement between intra-/inter-observer reliability for glaucoma experts in the detection of glaucomatous changes of the optic disk.

Weighted kappa statistic (Kw):

This is intended for ordinal categorical data (e.g. none, mild, moderate, severe). A weighting system is incorporated into the K statistic, so that greater degrees of disagreement (e.g. none pairing with severe) are given greater penalty. The commonest weighting system is a quadratic weighting system in which the weights for proportional disagreement progress geometrically. 

For the Kw, the value depends solely on the values that are not on the diagonal line of agreement (i.e. all off-diagonal entries). The cells on the diagonal line of agreement are given a value of 0. A simple method for interpreting the K or Kw value is the empirical approach proposed by Landis & Koch582, whereby 0.81 ≤ K ≥ 1.00 represents almost perfect agreement, 0.61 ≤ K ≥ 0.80 represents substantial agreement, and so on until 0.00 ≤ K ≥ 0.20 represents slight agreement. 

Because the K and Kw statistics are correlative statistics, they may be poor at detecting bias in agreement studies553 and that they are dependent on the prevalence of the characteristic being studied580, 583. This makes it difficult to compare two or more kappa values when the true prevalence’s for the groups or characteristics may differ. 

(2)
Percentage agreement:

This is a value that relates the number of measurements that agreed to the total number of comparisons (expressed as a percentage). It is a crude assessment, that doesn’t tell us a great deal about agreement and does not incorporate any adjustment for agreement by chance550. Hence, it is of little use in agreement studies, especially as there are superior techniques to compare categorical agreement.

Section 4.2
A Study on the Reliability of Retinal Vascular Network Geometry Measurements using Image-Processing Techniques

In order to assess the reliability of the measurements of retinal vascular network geometry obtained by image-processing techniques, we performed the following experiments:
(1)
Intraobserver / Interobserver Reliability of the AVR measurements

(2)
Intraobserver / Interobserver Reliability of the median angle between two branch retinal arterioles for the five most proximal arteriolar junctions for each image
(3)
Intraobserver / Interobserver Reliability of the median optimality index between the five most proximal retinal arteriolar junctions for each fundal image
For all intraobserver reliability experiments, a total of 20 fundal images randomly selected from the LBC population were evaluated by myself on two separate occasions separated by one week. For the interobserver reliability experiments, a total of fourteen images were randomly selected from the LBC population, and were evaluated by myself and another ophthalmologist trained in using the image-analysis program. All measurements were performed using a 17-inch Dell® computer display unit. 
Section 4.21
Intraobserver / Interobserver Reliability of the AVR measurements

For AVR measurements, the six largest arterioles and venules passing within zone B (concentric area between 0.5 and 1 Disc Diameter (DD), centred on the disc) as described were measured using the single-Gaussian model. These were combined into a measure of the AVR, using the revised model described by Knudtson38. To assess reliability, we used a combination of the intraclass correlation coefficient and Bland-Altman plots.
Intraclass correlation coefficient for intraobserver reliability was 0.9317 (n=20). Below is a scatterplot diagram (Figure 5) of the first (Measurement 1) and second (Measurement 2) AVR measurements.
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Figure 5: Scatterplot of intraobserver reliability of AVR (n=20)

Figure 6 (below) demonstrates the Bland-Altman plot of the intraobserver reliability of the AVR measurements. This demonstrates acceptable intraobserver reliability (coefficient of repeatability 0.058) with no evidence of systematic or proportional bias. 
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Figure 6: Bland-Altman plot of AVR intraobserver reliability (n=20).

The intraclass correlation coefficient for interobserver reliability was 0.7698 (n=14). Below is a scatterplot (Figure 7) of Observer 1 AVR measurements and Observer 2 AVR measurements.
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Figure 7: Scatterplot of interobserver reliability of AVR (Observer 1 vs Observer 2) (n=14).

The Bland-Altman plot below (Figure 8) shows the interobserver reliability of the AVR measurements. This demonstrates acceptable reliability with no evidence of bias. The coefficient of repeatability is 0.137. 
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Figure 8: Bland-Altman plot of interobserver reliability of AVR (Observer 1 vs Observer 2) (n=14). 

Section 4.22
Intraobserver / Interobserver Reliability of the degree of angle between two branch retinal arterioles
For angle measurements, we used the techniques described earlier in section 3.2.2. The median angle of the five most proximal arteriolar junctions was measured. To assess reliability, we used a combination of the intraclass correlation coefficient and Bland-Altman plots.

For intraobserver reliability, the intraclass correlation coefficient was 0.9587 (n=20). Below is a scatterplot of measurement 1 and 2 for the median angles (Figure 9).
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Figure 9: Scatterplot of median angle measurements 1 & 2 for intraobserver reliability (n=20). 

Below is the Bland-Altman plot of measurement 1 & 2 for intraobserver reliability (Figure 10). It demonstrates acceptable reliability with no evidence of bias. The coefficient of repeatability was 10.4 degrees. 
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Figure 10: Bland-Altman plot of Intraobserver Reliability of Median angle of Measurements 1 & 2. 
For interobserver reliability of the median angles at arteriolar junctions, the intraclass correlation coefficient was 0.9540 (n=14). Below is a scatterplot of median angles measured by Observer 1 and 2 (Figure 11). 
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Figure 11: Scatterplot of Median angle of measurement for Observer 1 and 2 (n=14). 

Below is the Bland-Altman plot of measurement 1 & 2 for interobserver reliability (Figure 12). It demonstrates acceptable reliability, but there was a tendency for Observer 2 to measure larger angles than Observer 1. The coefficient of repeatability was 9.2 degrees. Interestingly, this is slightly lower than for the intraobserver reliability, although both groups have small numbers. It must be remembered that each median angle measurement reflects the five most proximal arteriolar junctions, and therefore will not solely reflect individual angle measurement difference, but also the differing choice between individuals as to which are the five most proximal junctions (not always obvious). 
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Figure 12: Bland-Altman plot of Median angle of measurement of Observer 1 and 2 (n=14).

Section 4.23
Intraobserver / Interobserver Reliability of the median branching coefficient between the five most proximal retinal arteriolar junctions for each fundal image

We performed reliability testing of peripheral retinal vessel widths using the median branching coefficient. Initially, the retinal vessel width measurements were calculated using the same single-Gaussian model as used for the AVR as described in section 3.2.1. The trunk and respective branch vessel widths were calculated for the five most proximal retinal arteriolar junctions, and the median BC for these five junctions recorded. 
For intraobserver reliability, the intraclass correlation coefficient was 0.552 (n=20). Below is a scatterplot of measurement 1 & 2 for median BC (Figure 13). 
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Figure 13: Scatterplot diagram of intraobserver reliability of median BC (Branching Coefficient) (n=20). 

The Bland-Altman plot (Figure 14) demonstrates a large degree of variability with a coefficient of repeatability of 0.67. This was considered moderately poor, in view of the small range of scale of the BC in this cohort. 
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Figure 14: Bland-Altman plot of median BC measurements 1 & 2 for intraobserver reliability (n=20).
In view of this poor demonstration of intraobserver reliability, and the likelihood of the interobserver reliability being worse, it was decided that an alternative method for measuring peripheral junctional widths should be sought. In this regard, it was felt that because a lot of the images were of mixed quality, and the measurements for the vessel widths tended often to be in the periphery of the image, where image quality tended to be poorer than the centre because of slight defocusing, we would explore the use of a direct micrometric technique to measure the trunk and branch vessel widths. We felt that this might prove to be more robust and reliable in these images than the semi-automated single-Gaussian fit measurements that worked well for the AVR measurement. 
The direct micrometric technique involved selecting the area that contained the vessel junction to be measured as a region of interest, which then opened in a new window. This window was then maximised to standardise the resolution for the area of interest that contained the vessel junction. Using a visual evaluation of the edges of the vessels, the user selected two points of the trunk vessel, each one of which represented one edge. Using this same technique, the process was then repeated for each of the two respective branches. Following selection of the six edge points, the diameter of the trunk and the two branch vessel widths would be calculated by the computer and displayed in pixel units. Using these values, we would then calculate the optimality index as before. Intraobserver and interobserver reliability using this manual technique for the optimality index was calculated on fourteen fundal images from the LBC population. Important considerations for choosing the points of the vessels to measure include the need to measure a relatively straight segment of vessel, and to avoid the area immediately adjacent to the nodal point of the branching, as the trunk in particular tends to be dilated at this point. Thus, whenever reasonable, measurements were performed approximately 2 vessel widths (as judged empirically by the observer) from the junction node. 
Using this manual measurement technique for measuring the BC, the intraclass correlation coefficient was 0.6505 (n=14). Below (Figure 15) is a scatterplot of measurements 1 & 2.
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Figure 15: Scatterplot of intraobserver reliability of median optimality measurement (n=14). 

Below (Figure 16) is the Bland-Altman plot for intraobserver reliability using the manual technique for median BC. This demonstrates a slight superiority over the semi-automated technique for measuring median BC, as the coefficient of repeatability has reduced to 0.54.
Figure 16: Bland-Altman plot of median BC for measurements 1 & 2 using micrometric measurement technique.
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For interobserver reliability of median BC using the manual measurement technique, the intraclass correlation coefficient was 0.62 (n=14). Below is a scatterplot of Observer 1 & 2 (Figure 17). 
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Figure 17: Scatterplot of interobserver Median BC measurements (n=14).
A Bland-Altman graph for interobserver reliability for median BC measurement for Observer 1 & 2 is shown below (Figure 18). The coefficient of repeatability is 0.61 (n=14).
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Figure 18: Bland-Altman plot of interobserver reliability for median BC for Observers 1 & 2. 
The micrometric technique for measuring the median optimality parameter index in this population was more reliable than the semi-automated technique and based on this evidence it was decided that to measure peripheral vascular junction widths, this micrometric technique for vessel widths was to be used. Although manual measurements of retinal vessels are believed to be less accurate than techniques using semi-automated techniques producing an over-estimation of vessel widths, 42 for our study precision was deemed more important than accuracy. If all three vessel measurements that constitute the vessel junction are overestimated, this should make less difference to the overall result, as the BC is a coefficient (therefore descrpancies between true values in both the denominator and numerator should cancel). However, for measurement of the AVR, retinal vessel measurements using the semi-automated technique were deemed reliable, probably related to the fact that they are larger and more focussed than smaller peripheral blood vessels on the retinal image. 
How does our measurement reliability compare with the literature?

Newsom et al42 compared the retinal vessel width measurement techniques of observer-driven micrometric techniques (making manual measurements from a projected image), and objective computer-driven microdensitometry, based on a vessel’s profile “grey-level” intensity level, using the previously described “half-height” technique, that has been shown to be the most accurate in the presence of focusing errors529. The coefficient of variation for computer-driven microdensitometry was calculated as 1.5 to 7.5%, compared to 6 to 34% for the observer-driven technique. Delori et al also found a greater variability for micrometric than microdensitometric techniques527. Brinchmann-Hansen reports a coefficient of variation using microdensitometry of 1.5%529. George et al584 report a coefficient of variation ranging from 1.2 to 3.4% with an average of 2.2% for microdensitometry. 

Sherry et al528 report intra-observer reliability kappa values ranging from 0.8 (for trunk AVR ratios) to 0.93 (for CRVE measurements). R2 correlation analysis showed agreement ranging from R2 = 0.79 to 0.92. For inter-observer reliability, kappa ranged from 0.71 (for branch AVR measurements) to 0.9 (for CRVE measurements), and correlation statistics showed R2 ranging from 0.78 to 0.9.  As one would expect, there was better agreement for larger vessels(CRVE) and better intra-observer than inter-observer agreement. In the ARIC study17, inter-observer agreement (n=151 eyes) was R = 0.74, R = 0.77 and R = 0.79, for CRAE, CRVE and AVR, respectively. For intra-observer agreement, R = 0.69, 0.89 and 0.84 for CRAE, CRVE and AVR, respectively.
Unfortunately, correlation has been frequently used to assess agreement, and as stated earlier in this chapter, Pearson’s correlation measures association, not agreement. In addition, it is difficult to understand why in the Blue Mountains Eye Study, agreement was assessed using kappa values for a continuous variable528, so it is difficult to directly compare our values with the literature, other than to state that reasonable reliability in our measures is demonstrated with no evidence of systematic bias.

Summary
In this chapter, I have reviewed the statistical strategies that can be employed in the analysis of reliability of measurements. Using some of these strategies, we have found that the AVR measurements and the angles at arteriolar junctions using the image-processing techniques described are reliable and can be used with confidence. For the peripheral junctional width measurements (summaruised as the optimality index), intraobserver reliability was moderately poor using the semi-automated single-Gaussian model fit for trunk and branch vessel width measurements. Changing the vessel measurements to a manual technique and using the same formula to calculate the median optimality parameter index improved the intraobserver reliability. In addition the interobserver reliability was deemed acceptable. Although all measurements to be taken from the fundal images of the LBC population are to be done by myself, it is still important that interobserver reliability of these are adequate, as they can therefore be applied by other experimenters in future studies and give us greater confidence in the reliability of our retinal vascular network measurements in our own study. 
Having performed intraobserver and interobserver reliability studies on the different vascular parameters that we intend to utilise in our study, the next chapter describes studies exploring the effect of greyscale conversion versus the “Green channel only” and also the use of different contrast enhancement techniques and their effect on retinal vessel width measurement.  
Chapter 5

A Study on the effect of image processing on measurement of retinal vessels at junctions 

Introduction
In the previous chapter, we considered the reliability of the vessel width measurements, the angles at vessel bifurcations and the measurement of peripheral vessel width measurements. In this chapter, we will consider whether performing greyscale conversion has any systematic effect on the calculated branching coefficient or individual trunk vessel widths when compared to the Green channel of the RGB image. We will consider whether performing contrast enhancement on the greyscale image has a systematic effect on branching coefficients and individual trunk vessel widths, and compare the three different techniques of contrast enhancement on reliability of measurements. Finally, we will perform a comparative study into the single-Gaussian versus the double-Gaussian curve functions in a sample of our LBC1921 population to determine which provides a more reliable measure of vessel width in our study population. 
Section 5.1
A comparative study on retinal vessel measurements using either the greyscale conversion from RGB, or the Green channel only of the RGB

As stated within Chapter 3, in order to improve the ability of our custom-written computerised analysis software package to measure retinal blood vessels, an important objective was to improve the contrast between vessel / non-vessel background. Having considered the options in Chapter 3, we viewed the first step to improve contrast was to convert the image from RGB to greyscale. Other studies have used the Green channel of the RGB image17. Thus, we needed to consider whether using the greyscale conversion intensity image would decrease the reliability of our retinal vessel measurements, when compared with the Green channel only. As neither can be considered an absolute “gold standard”, we chose to do a reliability analysis on the two different techniques, and compare the intraobserver reliability of measuring branching coefficients using the two techniques. As previously, we would compare the two techniques using the Bland-Altman strategy. However, because neither can be considered the gold standard, this is limited by the fact that if one is measuring branching coefficients differently from the other, it is impossible to know which is closer to the “true” measure. Thus in this context, the Bland-Altman plot was used to merely assess whether there was any significant bias (proportional or systematic) between the two different techniques. In addition, to get an idea of the reliability of each of the two techniques, we measured the mean coefficient of variation for each of the three retinal vessel width measurements that comprise the branching coefficient and compared the mean coefficients between both groups in 18 different retinal arteriolar junctions. 
Section 5.11
Methods:

Within the custom-written Matlab® program, there was the facility to convert the original RGB image into either Green channel only, or a greyscale conversion from the RGB image using the luminance formula, described in Chapter 3. The population that this reliability was done was a young, normotensive population with no known cardiovascular history. This was chosen as we were only interested in the different effects of either Green Channel only or Greyscale conversion on retinal vessel width measurements, and because this was a young, normotensive population, the quality of the images might be expected to be superior to the LBC1921 population due to lack of medial opacities, etc. 
For this population, because we had acquired a high resolution digital camera, retinal photographs were taken from the direct digital camera, and therefore did not need to be scanned in. Local Ethics Committee approval was obtained prior to recruiting individuals for this study. After full-informed consent had been obtained and the pupils had been dilated pharmacologically using 1% tropicamide only, a 50-degree colour photograph of the fundus centred on the optic disc was taken, using a Topcon ® fundal camera with a Nikon® digital camera, set at a resolution of 3008 x 1960 pixels. All images were stored in TIFF format. In total, 6 patients had images taken, from which a total of 18 random retinal vascular junctions (arteriolar) were chosen. Each of the trunk and two respective arteriolar branches of each of these 18 junctions were measured and the mean diameter of the five width measurements (remembering that each vessel width measurement consisted of a total of five widths) was recorded in pixels. In addition, for each measurement the standard deviation of the five measurements that comprised each measurement was recorded (again in pixels). Thus at each arteriolar junction measured (n=18), we recorded the trunk width, each of the two branch vessel widths and the standard deviation of each of the three measurements. All the above measurements were performed in Green channel images and Greyscale conversion images. 
To analyse this data, we performed Bland-Altman analyses on the branching coefficient and the trunk vessel widths of each of the 18 vascular junctions. This was in order to identify any bias between Green Channel images and Greyscale images. In addition, to compare reliability between the two conversions we calculated the coefficient of variation (standard deviation / mean) for each of the 54 vessel width measurements (54 = 18 * 3). For each arteriolar junction, the three respective coefficients of variation were summarised into one coefficient for that particular junction, and the resulting 18 summarised coefficients of variation compared between the two groups (Green Channel vs Greyscale). This will serve as a measure of the individual reliability of the two different techniques. It is important to note that unlike the main study, where a coefficient of variation of greater than 10% for any vessel measurement would be rejected and repeated, in the interests of an analysis of the reliability of the two techniques, this was not the case for this dataset. Furthermore, the relationship between the mean widths and coefficient of variation was explored using Pearson’s Correlation. 
Of note, all measurements were performed by myself using a 17-inch Dell® computer display unit, and after performing the measurements on one system of conversion (e.g. Green Channel), the measurements would then immediately be repeated by using the other conversion. This was so that as exact as possible vessel segments were measured between the two conversion systems. In addition, the order between both systems was randomised to minimise any possible learning effect. 
Section 5.12
Results:
The figure 1 below is a Bland-Altman plot analysis of the Branching coefficients (BC) using the Green Channel and the Greyscale conversion. Of note, there is no evidence of any systematic (fixed or proportional bias). There was a very slight tendency for the greyscale conversion to record a lower BC than the Green channel. 
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Figure 1: Bland-Altman plot of BC using the Green Channel and the Greyscale Conversion

The next figure 2 is a Bland-Altman plot analysis of the trunk vessel measurement (in pixels) using the Green channel only versus the Greyscale conversion
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Figure 2: Bland-Altman plot analysis of trunk vessel width (pixels) using the Green Channel and the Greyscale Conversion.

An analysis of the Coefficient of Variation (COV) was performed between the two groups. The mean COV for the Green Channel group (n=18) was 0.05 (range 0.02 to 0.12, SD 0.02). The mean COV for the Greyscale group (n=18) was 0.05 (range 0.03 to 0.09, SD 0.01). Examination of this data reveals that the reliability of the two techniques appears equivalent with no significant differences evident. 
Finally, Pearson’s Correlation coefficient revealed no statistically significant association between the mean trunk vessel width and the COV for the Greyscale conversion (R = 0.3577, p=0.145, 95% confidence intervals -0.131 to 0.706). However, there was a trend for a relationship between the mean trunk vessel width and the COV for the Green channel group (R = 4226, p=0.081, 95% confidence intervals -0.055 to 0.7429). This relationship tells us that for the Green channel group, the variability of measurements tends to increase slightly with increasing vessel width. 

In summary however, this experiment demonstrates equivalency between using the Green channel or the Greyscale conversion in terms of reliability and that there is no evidence of a systematic bias between both sets of measurements. Because we believed that in our LBC1921 population, the greyscale conversion was superior as it did not highlight as much as the “Green channel only” artefactual data such as prominent choroidal vessels that may have interfered with the semi-automated vessel measurements, we concluded that we would use the Greyscale conversion using the “luminance” formula for our images. 
Section 5.2
A comparative study on retinal vessel measurements using three different contrast enhancement techniques (i) Histogram Equalisation, (ii) Linear Stretch or (iii) Contrast-limited Adaptive Histogram Equalisation

In order to improve the quality of the images to perform retinal vessel diameter measurements that provide summarising data such as the branching coefficient, and the AVR, we performed a prospective study to assess whether performing contrast enhancement had an effect on vessel diameter measurements using microdensitometry. It was important to ensure that contrast enhancement did not produce any bias into the vessel measurements, perhaps related to the vessel diameter or if bias was introduced, that it could be accounted for and controlled in any future analysis. In order to assess the effect of contrast enhancement, we performed a study looking at retinal vessel diameter measurements in a young, normal, non-hypertensive population. This was the same population as described in section 5.2.
Section 5.21
Methods

The same vascular (arteriolar) branching points that could be clearly seen on the images and easily measured were identified. After identification of these segments, each was measured (the trunk vessel diameter and the two respective branches) initially using no contrast enhancement. Measurement technique was the same as described earlier. Afterwards, the same points (as closely as possible to the original exact segments selected earlier) were measured in an image that had undergone contrast enhancement. Initial exploration of the images seemed to suggest that contrast-limited adaptive histogram equalisation was the most effective at improving the contrast between the retinal vessels and the retinal background, although it did tend to have an effect on choroidal vessels as well. Therefore we compared no-contrast enhancement (original greyscale image) with the CLAHE-enhanced image. In addition, two further techniques of contrast enhancement (linear stretch and ordinary histogram equalisation) were also compared. All measurements were done by myself. Below is a composite image (Figure 3) showing an example of a fundal image that has been converted into a greyscale image and that then has subsequently been contrast enhanced using the three different techniques.
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Figure 3: A greyscale composite image showing the original RGB to greyscale conversion using the “luminance” formula (top left), and the equivalent image having undergone contrast linear stretch (top right), histogram equalisation (bottom right) and contrast limited adaptive histogram equalisation (bottom left).

At each of the vessel junctions identified, the branching coefficient was calculated. A Bland-Altman plot between the original greyscale branching coefficient and the CLAHE branching coefficient was constructed, to detect the level of agreement and any bias between the two methods of measurement. In addition, Bland-Altman plots of the other two techniques of contrast enhancement (linear stretch and histogram equalisation) were also plotted against the original greyscale for branching coefficients. Finally, the above comparisons were also done with the vessel diameter measurements (in pixels) again using the Bland-Altman plot analyses. 
Section 5.22
Results

The figure 4 below is a Bland-Altman plot for the BCs of both the unenhanced “normal” greyscale image and the CLAHE adjusted image (n=18). Both appear to be equivalent with respect to BCs, with again no evidence on inspection of systematic bias. The Coefficient of Repeatability was 0.47.
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Figure 4: Bland-Altman plot of BC for unenhanced (Grey) image and CLAHE-enhanced image (n=18). 

Figure 5 below demonstrates the Bland-Altman plot analysis for vessel measurements (pixels) (n=18). Again, there is demonstrable good agreement between the unenhanced and CLAHE-enhanced measurements (coefficient of repeatability 2.3 pixels).  
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Figure 5: Bland-Altman plot of trunk vessel diameters using either “normal” greyscale image (unenhanced) or CLAHE-enhanced image.

Further analyses were performed on the other two techniques of contrast enhancement (Histogram equalisation (HE) and Linear stretch (LS)), which seemed inferior to the CLAHE approach for improving vessel / non-vessel contrast.  Figure 6 and Figure 8 demonstrate larger coefficients of repeatability than the CLAHE technique (0.99 for the HE and 0.98 for the LS) for BC measurement, when compared to the unenhanced greyscale image. For vessel measurements, the coefficients of repeatability were 3.8 and 3.2 for the HE and LS, respectively (Figure 7 and Figure 9). Thus in addition to the perceived better contrast using the CLAHE technique of contrast enhancement, there was also evidence of it affecting vessel measurements and BCs less than either HE or LS techniques. Hence, contrast enhancement using CLAHE was employed in our study.
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Figure 6: Bland-Altman plot analysis of BC comparing normal “grey” unenhanced image and image enhancement using the HE technique.
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Figure 7: Bland-Altman plot analysis of trunk vessel measurement using either the unenhanced “grey” image or the Histogram Equalisation (HE)
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Figure 8: Bland-Altman plot analysis of BCs comparing normal “grey” unenhanced image and image enhancement using the LS (linear stretch) technique.
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Figure 9: Bland-Altman plot analysis of trunk vessel measurement using either the unenhanced “grey” image or the Linear Stretch (LS) technique. 

Section 5.3
 A comparative study of the “single-Gaussian” versus the “double-Gaussian” models to fit vessel width profile data in a sample of the LBC1921 population.

The typical profile of a retinal blood vessel conforms to a gaussian curve function. Two forms of this gaussian profile have been utilised in retinal vascular image analysis, (i) single gaussian profiles, or (ii) double gaussian profiles.
(i) The Single Gaussian profile

This profile is the most commonly performed to fit the intensity profile of blood vessels. It is described by the equation:

The single Gaussian model is given by the equation:
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a1 = the amplitude of the peak of the profile, a2 = the position of the peak, a3 = a specific parameter of Gaussian function that controls the width of profile and a4 = the background retinal intensity. 

A typical intensity profile with a single-gaussian curve function fitted to the data is shown below (Figure 10).
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Figure 10: A typical intensity profile of a retinal blood vessel. The red points represent the grey level of the image at various points along the vessel width, and the blue line represents the best fit single gaussian curve function. 

(ii) More recently, authors have considered using a double-gaussian curve function to represent the profile of the retinal vessel widths535, 585. The considered advantage of the double gaussian curve is to represent the central light reflex that is often present in retinal vessels, especially arterioles529, 586, 587. The double Gaussian curve function is given by the equation535:
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You will note that f1(x) is equivalent to the formula for the single gaussian function and that the only difference is that the I(x) incorporates f2(x). The parameters of a5, a6 and a7 are all equivalent to a1, a2 and a3, but for the gaussian “dip” in the central vessel profile.  A typical double-gaussian intensity profile is shown below (Figure 11).
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Figure 11: A typical intensity profile from a retinal vessel demonstrating the central “dip” form the central light reflex. This also conforms to a gaussian curve function, described by f2(x).
Thus the advantages of using the double-Gaussian model appear to be related to a bright central retinal reflex. However, this is not always present, particularly in small vessels, and in fundal images from an elderly population that will have a range of quality in terms of being focussed related to medial opacities, it was not clear whether the double-gaussian model may not have any advantages for our purposes. In addition, the concern about the use of the double gaussian model is that it may detect artefactual peaks from a variable background image intensity as representing the second peak of the profile, and therefore may inappropriately detect the true vessel width as only being half of the double gaussian model.
We performed a comparative study into the reliability of the vessel width measurements using either the single or double gaussian model. A random sample of LBC1921 images that represented a range of the quality of fundal images but that were all sufficiently good to be used for vessel width measurements were used as our test population. Identical retinal vessel segments were measured using both of the two models and the two measurements compared.
Section 5.31
Methods:

Eight random fundal images from the LBC1921 population were selected. The only stipulation was that the images were considered of sufficient quality to allow retinal vessel width measurement. Each image was analysed and measured one at a time using both models, before examining the remaining images. Each RGB image was converted into a greyscale image using the luminance formula, and no contrast enhancement was performed. Using the custom-written software within the Matlab® computing environment described above, either the single or double gaussian profile form the GUI (Graphical User Interface) was chosen. Each measurement involved choosing a point either side of the blood vessel as described earlier. After selecting the two points that form the vessel cross-section, a series of five vessel profiles would be displayed, representing the central intensity profile and four further intensity profiles ±2 and ±4 pixel widths from the central profile, as described earlier. After each profile was displayed, best-fit statistics would be displayed and the adjusted R squared (as a measure of goodness-of-fit) would be recorded. In addition, the mean vessel width and the standard deviation of the five vessel widths (all measurements in pixels) were recorded also. 
Both single and double gaussian models would be used for the exact same section of blood vessel, for direct comparison. This was achieved by having a line (representing the line between the two previously selected points used to measure the vessel) that was superimposed on the original greyscale image so that the following measurement using the alternative gaussian model could use the line to select the (as near as possible) exact same two points (Figure 12).
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Figure 12: The line demonstrates the two points which were selected to measure the intensity profile of the vessel width. This line persists after vessel measurement so that the operator can choose the exact same two points for subsequent measurements.
The order at which gaussian model was used to measure the vessels was alternated to minimise any possible learning effect or consistent bias between doing an “original” measurement than a “replicate” measurement.

A selection of arterioles and venules of varying widths were chosen to represent as broad a selection of vessels as possible. 

Statistical Analysis:

The following tests were used to evaluate the difference between the two gaussian models. 

1
Bland-Altman graphical analyses were used to evaluate agreement and detection of any systematic bias between the two models to measure retinal vessel width.

2
In addition, the coefficient of variation (COV) of the five sample widths that composed each mean width were compared between the two models.

3
Finally, best-fit statistics (adjusted R squared) for both models were compared using descriptive statistics. 

It is important to note that the goodness-of-fit adjusted R squared statistics are not comparable between different vessel sections that are measured. This is because they incorporate data from the baseline background intensity of the image in addition to the fit of the curve function and therefore will change according to a highly variable background intensity and the length of the line between the two points either side of the vessel. Examples of intensity profiles that appear to demonstrate a good fit with the data but have moderate adjusted R squared values due to the variation of the background intensity are shown below (Figures 13 & 14).
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Figure 13: The figure has a seemingly good fit using a single gaussian curve function, although because of the variation in background intensity, the adjusted R squared values are moderate at 0.7982. [image: image50.jpg]200
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Figure 14: This is a similar example using the double gaussian model. Note the reasonable fit for the actual blood vessel, but because of variable background intensity levels, the goodness-of-fit statistics are moderate.

However, because in our study, it was not the absolute adjusted R squared values, but the difference between the two gaussian models that was of interest; this technique was a valid means of comparing the two models. Each line segment used to generate both the single and double gaussian profiles should be identical both in length and exposure to background intensity variation and therefore any differences should only relate to the fitness of the vessel profile.

Section 5.32
Results:

In total, 50 vessel segments (26 arterioles and 24 venules) were measured using the two gaussian models. The table 1 below shows the mean widths (in pixels) using the two models.

	
	N
	Minimum
	Maximum
	Mean
	Std. Deviation

	Mean Width (single gaussian)
	50
	12.13
	48.36
	25.1756
	7.6917

	Mean Width (double gaussian)
	50
	12.16
	53.08
	26.4268
	7.8211


Table 1: Descriptive statistics for the mean single and double gaussian model fits.
Below is a Bland-Altman plot pf the mean widths using the two gaussian models. 
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Figure 15: The plot illustrates a systematic increase of measurements using the double versus the single Gaussian model, with a mean difference of 1.3 pixels. In addition, there was a trend for an increase in the difference between the two models with increasing vessel width. It is important to note that neither the double nor the single gaussian models can be regarded as the “true” measure as the true vessel width remains unknown. To further explore the difference between the vessels widths, a student t test was performed which revealed that the difference between the two models was statistically significant.
	
	Paired Differences
	
	
	
	
	df
	Sig. (2-tailed)

	
	Mean
	Std. Deviation
	Std. Error Mean
	95% Confidence Interval of the Difference
	
	
	

	
	
	
	
	Lower
	Upper
	
	

	Mean Width (single gaussian) - Mean Width (Double Gaussian)
	-1.2512
	2.4681
	.3490
	-1.9526
	-.5498
	49
	.001


Table 2: Table demonstrating the results of the student t test for the two gaussian models.
From the Bland-Altman plot, it is obvious there are two extreme outliers where the widths of the double gaussian model were highly different from the single gaussian measure. Both these data points were related to the double gaussian model confusing an element of the background intensity image as a second “peak” of the double gaussian function.
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Figure16: The two figures illustrate discrepancies in the background intensity levels leading to errors in the second peak “identification” of the double gaussian function.
Both the above examples (Figure 16) clearly show the double gaussian model erroneously identifying elements of the background image as being a component of the curve and thus producing correspondingly very high vessel widths.

 Thus to determine whether those two extreme outliers significantly affected the overall difference between the two models, the student t test was repeated without these two variables. 
	
	Mean
	N
	Std. Deviation
	Std. Error Mean

	Mean Width (single gaussian)
	25.2990
	48
	7.8249
	1.1294

	Mean Width (Double Gaussian)
	26.2173
	48
	7.9102
	1.1417


Table 3: Descriptive statistics of the single and double gaussian models without the two extreme outliers.

	
	Paired Differences
	
	
	
	
	df
	Sig. (2-tailed)

	
	Mean
	Std. Deviation
	Std. Error Mean
	95% Confidence Interval of the Difference
	
	
	

	
	
	
	
	Lower
	Upper
	
	

	Mean Width (single gaussian) - Mean Width (Double Gaussian)
	-.9183
	1.8763
	.2708
	-1.4632
	-.3735
	47
	.001


Table 4: Table illustrating the student t test results of the difference between the two gaussian models with the two extreme outliers removed.

Despite removing the two outliers, there remains a significant systematic difference between the two gaussian models of vessel profiling.
The following Bland-Altman plot (Figure 17) illustrates the increased COV for double versus the single gaussian model. Again, the two extreme outliers skew the data. Having removed these two data points, there is still evidence of a systematic measurement bias between the two methods (Figure 18).
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Figure 17: Bland-Altman plot analysis of the Coefficient of Variation for the two gaussian models.
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Figure 18: Bland-Altman plot analysis of the Coefficient of Variation for the two gaussian models with the two extreme outliers removed.

Again, there is evidence of increased COV difference with increasing vessel width in this series of images (Table 5). Thus, the student t test was used to determine whether this difference was statistically significant. All further statistical tests exclude the two extreme outliers so that they do not skew the data.
	
	Mean
	N
	Std. Deviation
	Std. Error Mean

	Coefficient of Variation (Single Gaussian)
	2.3343
	48
	1.6537
	.2387

	Coefficient of Variation (Double Gaussian)
	2.8815
	48
	2.2172
	.3200


Table 5: Descriptive statistics of the coefficients of variation using the two gaussian models (extreme outliers removed).

	
	Paired Differences
	
	
	
	
	df
	Sig. (2-tailed)

	
	Mean
	Std. Deviation
	Std. Error Mean
	95% Confidence Interval of the Difference
	
	
	

	
	
	
	
	Lower
	Upper
	
	

	Coefficient of Variation (Single Gaussian) - Coefficient of Variation (Double Gaussian)
	-.5472
	1.4795
	.2135
	-.9768
	-.1176
	47
	.014


Table 6: Table illustrating the student t test of the differences between the coefficient of variation of the two gaussian models (two outliers removed).

One further test was a graphical plot of the mean vessel width versus the standard deviation for both the single and double gaussian models (Figure 19) to ensure a random scattering of data points that demonstrate that the standard deviation is independent of the mean vessel width, an important element in the use of the COV, as discussed earlier.
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Figure 19: Scatterplot of mean versus standard deviation (SD) of vessel widths showing no pattern of trend between the two variables.

This scatterplot demonstrates a reasonable randomness of SD with vessel width showing no obvious relationship between the two and allowing us to use the COV as a measure of reliability in this dataset.
Finally, the goodness-of-fit statistics (adjusted R squared) for both models demonstrates reasonable agreement (NB Figure 20 excludes the two extreme outliers). There is however evidence of a greater difference in adjusted R squared with smaller values of overall fit, but there were only a few data-points that had an adjusted R squared value less than 0.8. 
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Figure 20: A Bland-Altman plot analysis illustrating the “goodness-of-fit” adjusted R squared statistics for the two gaussian models. The figure above is with the excluded 2 outliers.
Further subgroup analysis showed that the differences between double and single gaussian models for vessel width measurements were significant for both arterioles and venules, but that the difference in variability of measurements was only significant for arterioles. 
Arterioles (N=26)
	
	Mean
	Std. Deviation

	Mean Width (single gaussian)
	20.8592
	4.8322

	Mean Width (Double Gaussian)
	22.1354
	5.6270

	Coefficient of Variation (Single Gaussian)
	2.9374
	1.8427

	Coefficient of Variation (Double Gaussian)
	5.1887
	5.9164

	Mean Adjusted R Squared (Single Gaussian)
	.863542
	.136164

	Mean Adjusted R Squared (Double Gaussian)
	.854262
	.172995


Table 7: Descriptive statistics of the arterioles only
Arterioles

	
	Paired Differences
	
	
	
	df
	Sig. (2-tailed)

	
	Mean
	Std. Deviation
	95% Confidence Interval of the Difference
	
	
	

	
	
	
	Lower
	Upper
	
	

	Mean Width (single gaussian) - Mean Width (Double Gaussian)
	-1.2762
	2.6293
	-2.3382
	-.2141
	25
	.020

	Coefficient of Variation (Single Gaussian) - Coefficient of Variation (Double Gaussian)
	-2.2513
	5.4005
	-4.4326
	-6.9986E-02
	25
	.044

	Mean Adjusted R Squared (Single Gaussian) - Mean Adjusted R Squared (Double Gaussian)
	9.28000E-03
	6.02817E-02
	-1.506830E-02
	3.36283E-02
	25
	.440


Table 8: Differences between the two gaussian models for arterioles only. 

These differences persisted even after exclusion of the two extreme outliers (both arterioles) (Table 9):
	
	Paired Differences
	
	
	
	
	df
	Sig. (2-tailed)

	
	Mean
	Std. Deviation
	Std. Error Mean
	95% Confidence Interval of the Difference
	
	
	

	
	
	
	
	Lower
	Upper
	
	

	Mean Width (single gaussian) - Mean Width (Double Gaussian)
	-.6125
	1.2399
	.2531
	-1.1361
	-8.8925E-02
	23
	.024

	Coefficient of Variation (Single Gaussian) - Coefficient of Variation (Double Gaussian)
	-.8185
	1.7981
	.3670
	-1.5778
	-5.9207E-02
	23
	.036

	Mean Adjusted R Squared (Single Gaussian) - Mean Adjusted R Squared (Double Gaussian)
	-2.259167E-03
	4.48970E-02
	9.16457E-03
	-2.121752E-02
	1.66992E-02
	23
	.807


Table 9: Differences between the two gaussian models for arterioles only (two extreme outliers removed). 

For venules (N=24), differences of width measurements only between the two models were significant (Tables 10 & 11):
	
	Mean
	Std. Deviation

	Mean Width (single gaussian)
	29.8517
	7.5355

	Mean Width (Double Gaussian)
	31.0758
	7.2477

	Coefficient of Variation (Single Gaussian)
	1.8305
	1.2273

	Coefficient of Variation (Double Gaussian)
	2.1064
	1.8210

	Mean Adjusted R Squared (Single Gaussian)
	.931118
	6.58963E-02

	Mean Adjusted R Squared (Double Gaussian)
	.940220
	5.36223E-02


Table 10: Descriptive statistics of the difference between the the two gaussian models (venules only).

	
	Paired Differences
	
	
	
	df
	Sig. (2-tailed)

	
	Mean
	Std. Deviation
	95% Confidence Interval of the Difference
	
	
	

	
	
	
	Lower
	Upper
	
	

	Mean Width (single gaussian) - Mean Width (Double Gaussian)
	-1.2242
	2.3370
	-2.2110
	-.2373
	23
	.017

	Coefficient of Variation (Single Gaussian) - Coefficient of Variation (Double Gaussian)
	-.2759
	1.0422
	-.7160
	.1642
	23
	.207

	Mean Adjusted R Squared (Single Gaussian) - Mean Adjusted R Squared (Double Gaussian)
	-9.101667E-03
	2.79732E-02
	-2.091372E-02
	2.71039E-03
	23
	.125


Table 11: Differences between the two gaussian models for venules only. 
Section 5.33
Discussion:
Our results suggest the following:
1
A double-gaussian model measured a higher mean width of vessels than a single gaussian model.
This is believed to be due to the double gaussian model tending to produce a steeper curve function to accommodate both gaussian peaks and the central light reflex (if present) and by doing this, the cure of best fit is often slightly outside the true vessel image intensity (Figure 21). In addition, any slight oscillations in either slope of the vessel produced a tendency for the double gaussian model to consider this a second peak, and to broaden the vessel profile as a result. 
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Figure 21: Curve of best fit demonstrating the double-gaussian model over-estimating the vessel width.
Conversely, the single gaussian model exhibits a tendency to exaggerate the “curvedness” of the flat element of vessels (particularly plateaued vessels) and thus produced a thinner best fit curve, compared to the data. However, this effect may be minimised to some extent by the resultant half-height width occurring slightly above the true vessel mid-point (Figure 22).
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Figure 22: Curve of best fit demonstrating the single-gaussian model under-estimating the vessel width.

Neither model can be argued to be superior nor inferior to the other based on this measurement difference, as the true vessel width is impossible to determine.
2
A double-gaussian model had greater variability in measurement than a single gaussian model.
In this study, the reliability of the two models was the most important difference, with more variation of vessel width measurement using the double gaussian model. In a few vessels, this was highly significant with very high COVs. In these cases, it is believed that the double gaussian model was detecting artefactual background image intensities as representing a second profile “peak”, and therefore was erroneously measuring the widths. As the single gaussian model only seeks one intensity “peak”, it is less susceptible to this variation in image background. This difference was only significant for arterioles, perhaps because they are smaller in width, and may exhibit more of a central light reflex than venules. 

It is important to note that this reliability relates to this series of images, and may not reflect the performance of vessel measurement in a set of “ideal” young, healthy normotensive images with clear central light reflexes. 
3
Both models had comparable “goodness-of-fit” for the vessel profiles.

The adjusted R squared was similar in both models, and was generally high (>0.8). It measures the amount of variance of the data that is explained by the fit of the curve and takes into account the degrees of freedom of the gaussian model (which can affect the unadjusted R squared). Goodness-of-fit statistics for this form of manual selection of the intensity profiles is limited by the variation in the line segment that corresponds to the background surrounding the vessel cross-section, as mentioned earlier, i.e. the goodness-of-fit does not only describe the goodness-of-fit with the vessel. However, as mentioned earlier, because the same line segment was chosen for both models, they can be directly compared.

The question as to why the double gaussian model had as good adjusted R squared values as the single gaussian model, despite the greater variation of width measurements can be explained by the point above regarding the impact of the surrounding background image. Even though the double gaussian model was erroneously identifying vessel form the background in a few images, these models had equally good fit with the line segment, i.e. there would have been a better goodness-of-fit for the background image, with worse goodness-of-fit for the vessel, when compared to the single gaussian. Again, this illustrates the limitation of relying solely on goodness-of-fit statistics when using this method of vessel measurement. 

Based on these results, it was decided to proceed to using a single gaussian model which should be more reliable in our set of fundal images, which will be of varying quality, due to the age of the population and the presence of medial opacities. 
Summary:
In this chapter, we have explored the effect of using the “luminance” formula for converting RGB images into greyscale images when compared with using the green channel only of the RGB image for performing retinal vessel measurements, both in terms of absolute measurement (trunk vessel diameters) and BCs. Both conversions appear equivalent in that there is no evidence of systematic bias when comparing the two techniques. Furthermore, both systems appear equally reliable. As no gold standard exists, we have no way of absolutely determining whether one or the other is more “accurate” in measuring the vessel widths. However, we felt that the greyscale conversion was better able to discriminate vessel from non-vessel background, whilst not making features such as the choroidal vessels too prominent.
In addition, our results show that contrast enhancement does not affect vessel measurement and can be safely incorporated into image analysis-based programs that perform quantified retinal vascular measurements. The results of our study also suggest that of the three techniques of contrast enhancement tested, CLAHE has the least effect in altering “true” vessel width from “actual” vessel width. It is important to note in our study that we really don’t have a true measure of vessel width, but that we are making the assumption that the unenhanced greyscale image is the “truest replica” of the original RGB image. Thus if we use this as our reference standard, the greatest level of agreement between measurements of both retinal vessel widths and branch coefficients occurred using the CLAHE enhanced images (i.e. the smallest coefficient of repeatability). This is important information because whilst within a young, healthy normotensive population fundal images may be sufficiently good to negate the need for contrast enhancement, a lot of epidemiological studies will use fundal images from an elderly population whose images are affected by medial opacities, etc. The results of this study suggest that CLAHE is a reliable technique for enhancing contrast between vessel / non-vessel background, and does not systematically affect either the measurement of retinal vessel widths or their respective branching coefficients at arteriolar junctions. Furthermore, CLAHE appears to improve the contrast between vessel / non-vessel background more than the other techniques, based upon subjective opinion in these series of images (see figure 3). Whilst improved contrast may improve the precision of retinal vessel measurement, drawbacks related to increased prominence of unwanted fundal features such as choroidal vessels also needs to be considered. 

We specifically wished to evaluate the effect of contrast enhancement in a set of good fundal images as we only wished to minimise the number of variables that would affect vessel measurement to contrast enhancement. Performing this study in a series of poor fundal images may have led to an increased variability of measurements related to simple measurement error, and it may have been difficult to elicit from that data how much variability was being caused by contrast enhancement.  

Although our study only evaluated retinal arterioles, it may be expected that retinal venules will follow similarly as they are usually larger in diameter and darker in appearance than retinal arterioles and thus contrast enhancement should have less of an effect than arterioles. 

Finally, I demonstrated that a single gaussian model for vessel width measurement in a sample of LBC1921 images was more reliable than a double gaussian profile, probably related to the nature of the images that are of varying quality and the lack of a clear central light reflex from vessels in this population. 
Thus I proceeded to use a CLAHE-enhanced greyscale conversion from our RGB fundal images and analysed vessel widths using a single gaussian model. The next chapter details my investigation into whether we can improve upon current formulae to summarise retinal vessel diameters into measures such as the AVR, by considering some of the other features that occur in a retinal vascular junction. 
Chapter 6
Development of an “optimal” formulation to summarise retinal vascular diameters

Introduction

Derived initially from the work of Parr14, 15 and Hubbard17, summarising measures of the retinal arteriolar diameters (Central retinal arteriolar equivalent (CRAE)) and venular diameters (Central retinal venular equivalent (CRVE)) and their quotient (arteriovenous ratio – AVR) have proved of use in large epidemiological studies19, 20, 22, 25, 588. The techniques used to combine individual retinal vessel widths into an equivalent central retinal vessel width are based on both theoretical and empirical formulae. Parr and Hubbard derived formulae for the CRAE and CRVE respectively by examining a prospective group of retinal images with branching points, calculating the relationship between individual trunk vessels and their respective branch vessels and using a root mean square deviation (RMSD) model that best fit the observed data. The resultant formula for the AVR was of great use for a large number of epidemiological studies. However, Knudtson et al38 pointed out the drawbacks of these formulae including the fact that they were not completely independent of the number of vessels measured and that because they contained constants within the equations, they were dependent upon the units with which the vessels were measured.  Hence, Knudtson et al developed new formulae for calculating the AVR, based on the concept of a branching coefficient (BC), where:

BC = [(Branch 1)2 + (Branch 2 2)] / Trunk 2 

Using a young, normotensive population they calculated a mean branching coefficient of 1.28 for arterioles and showed that the revised formulae was superior to the previously used Parr-Hubbard formulae38. 1.28 compares well with a theoretical BC of 1.26, derived from Murray’s law44. The derivation of this theoretical value stems from the fact that across any vascular network, Murray calculated that:

Trunk vessel 3 = (Branch 1) 3 + (Branch 2) 3. 

Hence, if Branch 1 and Branch 2 are of the same width, then:

Trunk vessel = [2 * (Branch vessel)] 1/3, and hence:

Trunk vessel = 1.26 * branch vessel (1.26 = (2) 1/3). 

Thus the theoretical branching coefficient only applies for symmetrical dichotomous vessel branching (where branch 1 = branch 2). 

I undertook a prospective study to ascertain the relationship between the degree of asymmetry at retinal vascular junctions (asymmetry index (AI) = Branch 1/ Branch 2) and the BC. In addition, I examined the influence of the degree of eccentricity of the vascular junction from the optic disc and the angle between the branch vessels on the BC. Finally, I compared different formulae based on the BC in their predictive ability to calculate the trunk vessel diameters from the two branch vessel widths, including a technique described by Zamir58 that incorporates the angle between the vessel branches.  

Section 6.1
Methods
Ethical approval for the study was obtained from the local research ethics committee. The initial part of the study involved recruiting 13 individuals who were within the age-group 18 – 40 years of age. All individuals recruited were healthy, normotensive individuals, with no prior history of hypertension, or any other cardiovascular diseases. After full-informed consent was obtained, 1% tropicamide was instilled into the eye as before. After approximately 20 minutes, the pupils were inspected to ensure full dilatation. A 60 degree colour photograph of the fundus of each of the individuals was taken, centred on the optic disc, using the Canon 60UVi® fundal camera, with a Canon 20D® digital camera, set at maximum resolution (8 megapixels). The image was taken at the same resolution for all photographs (3504 by 2336 pixels) and all images were stored as TIFF files. 

All images were analysed using the custom-written image analysis program in the Matlab® environment as desribed above. Images were converted from colour to grayscale, and underwent contrast enhancement (CLAHE). Using the original colour image, arteriolar and venular branching points were identified in each image. A point either side of the vessel was chosen to create a line perpendicular to the vessel. Using microdensitometry, the profile of this created line was fitted to a single Gaussian curve as described earlier. The same principles governing acceptance or rejection of the vessel width measurements as before were used. The vessel width was calculated as the mean width of the intensity profiles at half the height of the intensity profile peak42. Widths were calculated for both branches and the trunk vessel of each evaluable branching point in each image. A portion of vessel segment that was fairly uniform in thickness and not obscured by other crossing vessels was chosen. In addition, the distance from the branching point of all vessels measured for each individual vascular junction was made as uniform as possible. Only vessel junctions that were of good photographic image quality were measured. 

To determine the degree of eccentricity of each vessel junction from the optic disc, the distance from the branching point to the nearest circumferential edge of the optic disc was measured (in pixels). In addition, the vertical optic disc diameter was measured (also in pixels), and the distance of the branching point from the edge of the optic disc was expressed in units of disc diameters. 

Bifurcation angles (ω) were measured as described before. 
This dataset was then used to formulate a new calculation of the branching coefficient, based on a step-wise least squares linear regression model. Variables that were considered for inclusion into this model were the asymmetry index of the retinal vessel widths (AI), the eccentricity (in disc diameters) of the branching point and the angle (ω) between the branch vessels. 

Finally, another group of normal, non-hypertensive individuals with no prior history of cardiovascular disease and aged between 18 and 40 years were recruited. This “testing” group also had mydriatic retinal photography performed. A 50-degree colour photograph of the fundus centred on the optic disc was taken, using a Topcon ® fundal camera with a Nikon® digital camera, set at a different resolution (3008 x 1960 pixels). Again, all images were stored in TIFF format. This “testing” group underwent the same image analysis measurements as the first group. The ability of the branching coefficient calculated using the linear regression model from the first group to predict trunk vessel arteriolar measurements from the two branch arteriolar vessels in this “testing” group was compared with a constant branching coefficient of 1.28 calculated by Knudtson et al38. In addition, we compared the above two predictive formulae for summarising retinal vessel widths with a theoretical formula based on work by Zamir58, which incorporates the angle (ω) between retinal vessel branches to calculate the branching coefficient. Zamir calculates that the branching coefficient for a symmetrical dichotomous junction should be (2 * {cos ω + 1})1/2. 

Statistical Analysis

Inspection of the data revealed a normal distribution. Pearson’s Correlation Coefficient was used for all bivariate correlations. Step-wise linear regression was used to model a formula for the BC as the dependent variable, and the AI, angle between the branch vessels (ω), and degree of eccentricity as the independent variables. Statistical significance was considered when p < 0.05.  

Section 6.2
Results

For the “training” group, 16 fundi of 13 individuals (8 females) were photographed and analysed. Mean age was 27 years (range 19 to 38 years). These 16 fundi provided 125 individual arteriolar branching points and 90 venular branching points. The ICC for the arteriolar BC of the 16 fundi was ICC = -0.16, (95% confidence intervals -0.19 to 0.16). This would indicate that each individual fundus had as much variation as between the different fundi and therefore we justify our use of individual fundi to provide multiple numbers of branching points.

For the second “testing” group, 22 fundal images of 11 individuals (7 females) were analysed. Mean age was 26 years old (range 21 to 32 years). These 22 fundal images provided 86 evaluable arteriolar branching points.

Table 1 shows the mean and 95% confidence intervals for both the arterioles and venules for the “training” group of the branching coefficient, asymmetry index, angle at vessel bifurcation and the degree of eccentricity. In addition, it shows the mean and 95% confidence intervals for the arterioles of the “testing” group. 

Table 1: Table demonstrating the mean branching coefficient, asymmetry index, angle between the two branches, and degree of eccentricity for the arteriolar branching points of both the “training” and “testing” group, as well as the venular branching points of the “testing” group. 

	
	Training Group
	Testing Group
	

	
	Arteriolar

(n=125)
	Venular

(n=90)
	Arteriolar Only

(n=86)
	 t test (for arteriolar branches)



	Branching Coefficient (BC)
	1.25 (1.18 to 1.32)
	1.22 (1.14 to 1.3)
	1.26 (1.17 to 1.34)
	p=0.86

	Asymmetry Index (AI)
	0.74 (0.72 to 0.78)
	0.75 (0.71 to 0.78)
	0.78 (0.75 to 0.81)
	p=0.18

	Angle (degrees)
	79 (76.2 to 82.5)
	75.8 (72.5 to 79.1)
	81.2 (77.9 to 84.5)
	p=0.46

	Degree of Eccentricity (Disc Diameters)
	2.04 (1.9 to 2.19)
	2.4 (2.18 to 2.62)
	1.58 (1.42 to 1.75)
	p=0.0001*


n = no of branching points, * p<0.05

Training Group:

Arteriolar Branching Points:

The AI was the only parameter in this group that was significantly associated with the branching coefficient (R=0.275, p=0.002). A stepwise linear regression model was constructed with the branching coefficient as the dependent variable, and the AI as the independent variable (Figure 1):

Branching Coefficient = 0.78 + 0.63 * (AI)

p=0.002, N=125

Neither the degree of eccentricity (R=0.022, p=0.81) or the angle (ω) between the two arteriolar vessel branches (R=0.03, p=0.75) were associated with the arteriolar branching coefficient.

Venular Branching Points:

Neither the AI, the degree of eccentricity nor the angle (ω) were associated with the branching coefficient for the venular junctions (R=0.03, p=0.76: R=0.05, p=0.63: R=-0.59, p=0.58, respectively). 

Testing Group:

Because there was no association between the venular branching coefficient and any of the variables from the “training” group, only arteriolar vascular junctions were analysed in the “testing” group. 

As in the “training” group, the only parameter associated with the branching coefficient was the AI (R=0.22, p=0.041). 

The predictive ability of the regression model for the branching coefficient formed from the “training” group to determine the trunk diameter from the two branch vessel diameters was compared with the constant branching coefficient of Knudtson et al (equal to 1.28), as well as the theoretical formula of the branching coefficient by Zamir. This predictive ability of the three models for the branching coefficient was compared using a least squares technique. 

The mean difference between the calculated and measured arteriolar widths for the three different formulae to predict the trunk diameter from the two branch diameters is summarised in table 2 below (mean arteriolar trunk width = 15.56 pixels):

Table 2: Table demonstrating the mean difference, range of difference and standard deviation of the differences between the calculated and measured arteriolar trunk vessel widths using the three different summarising formulae.

	
	Mean Difference between Calculated and Measured Widths
	Range of  Difference between Calculated and Measured Widths
	Standard Deviation of Differences

	Linear Regression Model (BC = 0.78 + 0.63 * AI)
	±2.16 
	±0.01 to 10.58
	±1.83

	Constant BC = 1.28
	±2.23 
	±0.06 to 11.76
	±1.90

	BC = (2 * (cosω + 1)1/2
	3.43 
	±0.08 to 14.34
	±2.79


Table 2: N (branching points) = 86; BC = Branching Coefficient

(All values in pixel units). 

A subanalysis was performed on only those trunk blood vessels that were greater than 15 pixels in diameter as these may more accurately reflect the larger vessels that are measured to calculate the CRAE, CRVE and AVR in epidemiological studies. In total, 49 trunk vessels measured greater than 15 pixels in diameter. The mean difference (in pixels) between the calculated and measured vessel widths using the least squares technique was 2.57 for the linear regression model, 2.67 for the constant branching coefficient and 4.83 for the “Zamir” formula.  

Section 6.3
Discussion

This study shows that the branching coefficient of both retinal arterioles and venules varies greatly, even in a young healthy normotensive population. Whilst our mean branching coefficient for retinal arterioles closely matches both the calculated value by Knudtson et al38, and the theoretical optimum value for a symmetrical dichotomous vessel junction, a better model of fit for the observed values of the branching coefficient can be achieved by relating it to the degree of asymmetry of the two vessel branches. This linear regression model equation was then tested on a different, independent dataset that was not used to derive the calculated formula, and we found the formula to be slightly superior both to the formula using a fixed branching coefficient value of 1.28 and the theoretical formula devised by Zamir58 which relates the branching coefficient to the angle between the two vessel branches. 

This relationship of the branching coefficient to the AI was also observed by Parr & Spears15, when they developed their empirical formula to calculate the trunk arteriole from retinal branch arterioles. However, rather than try to alter the branching coefficient with this observation, these authors developed a new formula that required a conversion of measured units into micrometers, (necessary due to the presence of a constant within their formulated equation). Knudtson et al pointed out the limitations of this approach, and the distinct advantages of using a dimensionless parameter such as the branching coefficient. However, we believe that rather than describing the branching coefficient as a constant value, relating it in terms of the asymmetry index may improve its accuracy in predicting arteriolar trunk vessel widths from the respective branches. This approach retains the advantages of having a dimensionless BC, as the asymmetry index is a ratio and therefore remains dimensionless. In addition we deliberately used a different camera set-up, degree of field of view and resolution of retinal photographs between both the “training” group that was used to derive the linear model, and the “testing” group used to test the formulated model. The calculation of the BC should be independent of all these factors. A relationship between the asymmetry index and the branching coefficient should also be expected from theoretical formulae, as the optimum value of the branching coefficient as 1.26 derives from the assumption of a symmetrical dichotomous branching.

Although the improvement in predictability of the linear regression model in determining trunk arteriolar widths compared to the technique by Knudtson et al was modest, even a small improvement may have significant advantages in the ability to detect cardiovascular associations with retinal vascular geometrical measurements such as the arteriovenous ratio (AVR) in larger epidemiological studies. Although the difference between the linear regression model and the technique by Knudtson et al was not statistically significant (p=0.287), power calculations (α = 0.05, 1- β = 0.8) estimate a sample size of approximately 11,000 to be able to detect this size of difference as significant. The linear regression model developed in this study improves upon the predictability of trunk arteriolar widths by approximately 3% when compared to the method described by Knudtson et al38. Knudtson et al showed that their revised calculations for the AVR led to tighter confidence intervals for cardiovascular associations, when compared to the original Parr-Hubbard formula. Further large epidemiological studies are needed to determine if this revised BC model is able to reveal smaller associations between retinal vascular changes and cardiovascular disease. 

We chose a much larger field of view than either Knudtson et al or Parr & Spears, because we also wished to explore whether the degree of eccentricity of the retinal junctions influenced the calculated BC. Although there was a significant difference between the “training” group and the “testing” group in terms of degree of eccentricity of the arteriolar junctions, no relationship between the degree of eccentricity and BC was found. Thus we can conclude that the calculated BC from peripheral arteriolar junctions appears no different from more central arteriolar junctions. In addition, we performed a subanalysis on only the larger arterioles (greater than 15 pixels) to confirm that the appropriateness of the linear regression model over a constant BC of 1.28 persists for this group. Thus this model appears valid in calculating the AVR using only the six largest arterioles and venules within 0.5 to 1.0 disc diameters of the edge of the optic disc, as recommended by Knudtson et al. 

Of the three BC-based formulae tested in this study, the principle based on the theoretical formula by Zamir58 using the angle between the two branch vessels was the least accurate. We found no association between the angle between the two branches and the BC for either arterioles or venules. Zamir’s formula has been proposed as an optimal system of vessel branching designed to minimise drag in a vascular network. Our findings suggest that the optimal principle of minimum work (minimum energy requirements) across the retinal vascular network as devised by Murray plays a more prominent role in a healthy, young, normotensive population. 

Interestingly, there was no relationship between the BC of venules and the AI. This suggests that venules may exhibit different optimal principles than arterioles, possibly due to their different physiological function although this is not entirely clear. Our mean venular BC (1.22) was also different form the mean BC calculated by Knudtson et al (1.11). The lack of association between the BC and AI for venules also emphasises that there is no intrinsic mathematical relationship between these entities that makes association inevitable, thus lending further evidence to the significance of the arteriolar association. 

Based on our findings, we recommend calculating the CRAE using the same methodology as Knudtson et al, except incorporating our linear regression model for the BC, rather than a constant. For the CRVE, as no relationship exists between the AI and the BC, we recommend using a constant BC as before. Because our calculated BC for venules was closer to the theoretical value than that by Knudtson et al, we shall use our calculated BC four our study.
In determining the degree of eccentricity of the retinal vascular junctions, this study makes the assumption that the average optic disc size between individuals approximates to the same in order to measure this in terms of optic disc diameters. It also assumes that in peripheral vascular junctions, the greater degree of ocular curvature does not unduly influence the relative widths between the vessel trunks and branches. In addition, a limitation of the study is the assumption that all of the individuals photographed were normotensive, as no blood pressure measurements were taken. It is possible that some of the subjects had undiagnosed hypertension or other cardiovascular disease. 

Summary

I describe a new equation to describe the branching coefficient of retinal arterioles in terms of the asymmetry of the two vessel branches, based on an empirically derived linear regression model. In a dataset of retinal photographs from a young, healthy, normotensive population that was not used to derive the new formula, the model appeared superior to using a constant value for the branching coefficient. This further revision to summarising retinal arteriolar widths may improve our ability to detect smaller associations between cardiovascular disease and retinal vascular network geometry. We will utilise this new formula to determine the CRAE in our study on cognitive associations with retinal vascular network geometry. In addition, we will utilise the venular BC of 1.22 as determined in our study to determine the CRVE, as this is closer to the theoretical optimum of 1.26
Having devised a revised formula for the CRAE, CRVE and the AVR, we make use of this in our main study, assessing the association between cognition and retinal vascular network within the LBC1921 study group. 
Chapter 7
The Association of Retinal Vascular Network Geometry and Cognitive Function in the Lothian Birth Cohort of 1921

Introduction:

In the previous section, we have established and tested a custom-written computerised analysis package within the Matlab® computing environment, and we have revised summarising formulae for the CRAE. We now will utilise this software to examine the association between quantifiable measures of retinal vascular network geometry and cognitive function in the LBC1921 population. 

Section 7.1
Methods:

The details of the LBC1921 population were outlined in Chapter 2. From the original Lothian-based population that had cognitive function testing performed, as part of the Scottish Mental Survey 1932, approximately 350 subjects were believed to be still alive and living independently in the community. The exact figure is difficult to know, but previous recruitment drives (as part of earlier studies on the LBC1921 population) had identified approximately this number of subjects. As all study subjects had previously been part of other studies relating to cognitive function testing, their details were already known to the Department of Psychology at Edinburgh University and all subjects that had previously participated had volunteered that they would be happy to be involved in any further studies that may be planned. Ethical approval for the study was obtained from the Lothian Local Research Ethics Committee, and the study was carried out according to the World Medical Organisation Declaration of Helsinki on research involving human subjects589. All subjects were contacted by telephone in July / August 2003 and informed about this new study examining the relationship between retinal vascular changes and cognitive function. Of these 350 subjects, a total of 321 were willing to attend for further cognitive function testing, as well as objective assessment of their vision and fundal photography. All subjects attended between December 2003 and September 2005 for their cognitive function testing and retinal photography (all performed at the one visit). All assessments were performed at the Princess Alexandra Eye Pavilion, Edinburgh. All cognitive assessments were performed by one of two trained psychometricians from the Department of Psychology, University of Edinburgh. The visual assessments and retinal photography for approximately the first one hundred subjects were performed by myself. The subsequent subjects had their visual assessments performed by the psychometricians and the fundal photography performed by one of two ophthalmic photographers at the Princess Alexandra Eye Pavilion. All participants gave full, informed consent prior to entry into the study. 
Power Calculation of the study

Because our study population are a finite size, we attempted to recruit the total group (size approximately 350). Of this group, 321 agreed to participate in the study. Thus we are not able to do a typical a priori power calculation to determine what study size is required to find an association with a certain percentage chance. However, with a study group of 300, this would provide an 80% chance of (β = 0.2) of detecting a correlation between an individual retinal vascular parameter and the measures of cognitive function (α = 0.05) of approximately R=0.16 (approximately 2.5% of the variance). 
The following tests were performed on study participants:

Cognitive function testing:
The tests that were performed have been outlined in Chapter 2. They were performed in the same order as listed in Chapter 2 for all participants. The total time taken to complete all the cognitive function testing was approximately 1.5 to 2 hours. Following the cognitive function testing, all participants had a short break before proceeding to the next stage of testing.
Visual assessment:

The following visual tests were performed on all participants:

1
Distance LogMar Acuity (best corrected) card (Sussex Vision, Lancing, UK) testing at 6 metres

2
Near Logmar Acuity (best corrected) card (Sussex Vision, Lancing, UK) testing at approximately 30 centimetres
3
Contrast Sensitivity (best corrected) at one metre using the Pelli-Robson chart (Sussex Vision, Lancing, UK).

All the above tests were performed on each eye. Standard illumination levels were used for all tests. “Best corrected” for these tests represented visual acuity with their corrective spectacles (if prescribed) for either near or distance. No refractions were carried out. If a patient had forgotten their spectacles, pinhole testing was used to represent their “best corrected” vision.

Fundal Photography:
After the visual assessments were completed, subjects had both pupils pharmacologically dilated using 1% tropicamide (Minims). Pupils were assessed after 20 minutes and further 1% tropicamide would be administered if pupillary dilatation was considered insufficient. Fundal photography was performed using a mydriatic retinal camera (Kowa® Pro 1 professional fundus camera, Japan) with a 50º field of view centred on the optic disc. After film processing (Fujifilm® Provia 100F) (performed by one of two professional ophthalmic photographers), the 35mm photographs were then digitally scanned at 3200 dpi using an Epson 3200 Perfect Scanner® and stored in Tagged Image File Format (TIFF). The best quality image of either eye was used to perform the retinal vascular parameter measurements. 
In addition, all subjects had their sitting mean arterial blood pressure (MABP) recorded using a manual sphygmomanometer. Any significant past medical history was recorded, as well as any significant past ocular history. Finally, a list of all medications each individual was taking was recorded. 
This completed the assessments on the study participants. Cognitive assessment scores were recorded and stored in an SPSS Inc. (Chicago, Il.) separate form the visual data. The visual assessments and retinal vascular geometrical parameters were also recorded and stored on an SPSS Inc. (Chiago, Il.) dataset. After completion of the study and verification of the accuracy of the datasets (by manually checking every tenth subject’s raw data with the computerised dataset), both datasets were merged and analysed. 
Outcome Measures:
The following parameters of retinal vascular network geometry were defined as outcome measures, and were compared with the cognitive function tests:
1
Measures of vessel calibre:

a
Central Retinal Arterial Equivalent (CRAE)


b
Central Retinal Venular Equivalent (CRVE) 


c
Arteriovenous Ratio (AVR)

2
Optimality of peripheral arteriolar junctions:


a
Degree of deviation of the median Branching Coefficient (BC) of the five most 

proximal arteriolar vessel bifurcations from optimality (1.26)

b
Degree of deviation of the median angle of the five most proximal arteriolar 


vessel bifurcations from optimality (75 degrees)
The association of these retinal parameters was explored with the following cognitive tests:

1
Logical Memory Scale (immediate, recall and combined)
2
Controlled Oral Word Association Test (Verbal fluency)

3
Raven’s Standard Progressive Matrices
The tests above were the primary outcome areas of interest as they represent the major cognitive domains of memory, executive functioning and nonverbal reasoning. In addition, the following tests were also assessed:
4
Digital Symbol Test
6
National Adult Reading Test

7
Spot-the-word Test

8
Wechsler Test of Adult Reading (WTAR)

9
Letter-Number Sequencing

10
Simple and Choice Reaction Times 
11
Inspection Times

These secondary outcome measures evaluated elements of executive functioning, pre-morbid intelligence and novel measures of processing speed. 
Statistical Analyses:
The association of these measures would be correlated using the Pearson’s product-moment correlation coefficient (R) both before and after controlling for gender, earlier cognitive function (as determined by the SMS1932 score), mean arterial blood pressure (sitting – MABP), social class category, an years of full-time formal education. This would be performed using a partial correlation technique. Normality of data was examined before using Pearson’s correlation, and data were appropriately transformed in order to ensure normality (see below). All analyses were performed using SPSS Inc. (Chicago, Il) v11.0. 
Exclusion criteria

Any subjects who had a mini-mental state score of less than 24 were excluded from participation in the study. In addition, any subjects who had both fundal images of too poor a quality as to make any retinal measurements were excluded. The range of quality of fundal images in this population were of a general mixed quality, as expected due to the high prevalence of medial opacities in this elderly group. However, most fundal images were of sufficient quality to have some (if not all) of the retinal vascular parameters measured. 

Section 7.2
Results
Descriptive Demographics:
A total of 321 individuals participated (all aged 83 or 84 years of age) in the study. There were 145 males (45.2 %) and 176 females (54.8%). All were of Caucasian ethnic origin. 9 subjects (3 males) had a MMSE score of less than 24, and were excluded from remaining analyses (Figure 1). 
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Figure 1: The histogram above shows the distribution of MMSE scores in the LBC1921 group. The nine subjects that had a MMSE score of < 24 were excluded from the study, leaving a further 312 subjects for analysis. 

Of the 312, a total of 281 (130 males – 45.7%; 155 females – 54.3%) had fundal images of sufficient quality to analyse at some of the retinal vascular parameters. A total of 31 images (14 males and 17 females) were of insufficient quality to perform any analysis. For the remaining 281 individuals, the parameters of CRAE, CRVE and AVR were measured in all of these subjects. For deviation of the median BC and angles from optimality, n= 222 (i.e. 59 images either were of too poor quality to analyse all 5 proximal arteriolar junctions, or less than five proximal arteriolar junctions were evaluable within the 50 degree field). 

The following flow chart (Figure 2) describes the progress of the subjects through the study:


[image: image61]
Figure 2: Flow diagram illustrating the passage of participants throughout the study.

For the cognitive tests, a small number of tests were not performed on the 312 subjects, related to omission on the part of the psychometricians or the cognitive tests being introduced just after the start of the study. The following lists the numbers that have absent cognitive tests:

1 individual for delayed A & B and total Logical Memory Recall 
1 individual for verbal fluency (C, F, L and total)
4 individuals for Raven’s progressive matrices

2 individuals for the digit symbol test
1 indiviudal for the NART

7 individuals for “spot-the-word” test

15 individuals for the WTAR test

0 individuals for letter-number sequencing

3 individuals for simple and choice reaction times

5 individuals for total inspection times

The following tables provide descriptive statistics for each of the cognitive function scores for the 281 participants that had some retinal vascular parameters measured:

	
	N
	Minimum
	Maximum
	Mean
	Std. Deviation

	Story A immediate recall age-83
	281
	0
	19
	9.94
	4.01

	Story B immediate recall age-83
	281
	1
	24
	9.73
	3.98

	Story A delayed recall age-83
	280
	0
	17
	6.34
	4.01

	Story B delayed recall age-83
	280
	0
	22
	7.13
	4.12

	Logical Memory total score age-83
	280
	1
	75
	33.14
	14.08

	Verbal Fluency C age-83
	280
	2
	31
	13.51
	5.04

	Verbal Fluency F age-83
	280
	3
	30
	13.44
	4.49

	Verbal Fluency L age-83
	280
	3
	28
	13.16
	4.35

	Verbal Fluency total score age-83
	280
	11
	77
	40.11
	12.61

	Raven's Matrices score age-83
	277
	6
	51
	30.40
	8.68

	Digit Symbol total correct age-83
	279
	12
	82
	42.69
	12.24

	NART correct score age-83
	280
	13
	49
	35.58
	7.42

	Spot the word total correct age-83
	274
	26
	59
	49.29
	6.92

	WTAR correct score age-83
	270
	20
	50
	42.83
	5.79

	Letter-number Sequencing total correct age-83
	281
	3
	20
	9.95
	2.74

	Mean simple reaction time age-83
	278
	.209
	.982
	.30890
	7.7555E-02

	Mean time of correct responses four choice reaction time age-83
	278
	.533
	1.401
	.78582
	.14133

	Inspection time correct responses total
	277
	40
	126
	102.30
	12.99


Table 1: Descriptive statistics of cognitive scores in the LBC1921 population that had retinal image analysis

For those that had insufficiently good images (n=31) to measure any of the parameters of retinal vasculature, the descriptive statistics are as follows:
	 
	N
	Minimum
	Maximum
	Mean
	Std. Deviation

	Story A immediate recall age-83
	31
	2
	19
	10.55
	4.21

	Story B immediate recall age-83
	31
	3
	21
	10.58
	3.98

	Story A delayed recall age-83
	31
	0
	17
	7.55
	4.37

	Story B delayed recall age-83
	31
	0
	19
	7.65
	4.14

	Logical Memory total score age-83
	31
	6
	71
	36.32
	15.22

	Verbal Fluency C age-83
	31
	4
	26
	13.26
	5.56

	Verbal Fluency F age-83
	31
	7
	22
	13.84
	4.61

	Verbal Fluency L age-83
	31
	4
	24
	13.23
	4.60

	Verbal Fluency total score age-83
	31
	16
	67
	40.32
	13.51

	Raven's Matrices score age-83
	31
	3
	46
	27.45
	10.62

	Digit Symbol total correct age-83
	31
	12
	64
	38.77
	13.64

	NART correct score age-83
	31
	15
	48
	34.74
	8.69

	Spot the word total correct age-83
	31
	32
	59
	48.74
	7.38

	WTAR correct score age-83
	27
	24
	50
	41.74
	7.18

	Letter-number Sequencing total correct age-83
	31
	4
	13
	8.61
	2.16

	Mean simple reaction time age-83
	31
	.217
	.552
	.32668
	8.6811E-02

	Mean time of correct responses four choice reaction time age-83
	31
	.561
	1.051
	.79932
	.12815

	Inspection time correct responses total
	30
	71
	127
	100.10
	14.76


Table 2: Descriptive statistics of cognitive scores in the LBC1921 population that did not have retinal image analysis

Finally, to assess whether there was any significant difference between the group that were excluded because of poor quality fundal images and the remaining group, the differences were compared using the student t test (Table 3). 
Independent Samples Test

	
	t-test for Equality of Means
	
	
	
	
	

	
	t
	Sig. (2-tailed)
	Mean Difference
	Std. Error Difference
	95% Confidence Interval of the Difference
	

	
	
	
	
	
	Lower
	Upper

	Story A immediate recall age-83
	.794
	.428
	.61
	.76
	-.90
	2.11

	Story B immediate recall age-83
	1.135
	.257
	.85
	.75
	-.63
	2.34

	Story A delayed recall age-83
	1.580
	.115
	1.21
	.77
	-.30
	2.72

	Story B delayed recall age-83
	.666
	.506
	.52
	.78
	-1.02
	2.06

	Logical Memory total score age-83
	1.186
	.237
	3.19
	2.69
	-2.10
	8.47

	Verbal Fluency C age-83
	-.266
	.791
	-.26
	.96
	-2.15
	1.64

	Verbal Fluency F age-83
	.473
	.637
	.40
	.85
	-1.27
	2.08

	Verbal Fluency L age-83
	.083
	.934
	6.87E-02
	.83
	-1.56
	1.70

	Verbal Fluency total score age-83
	.088
	.930
	.21
	2.40
	-4.52
	4.94

	Raven's Matrices score age-83
	-1.750
	.081
	-2.95
	1.68
	-6.26
	.37

	Digit Symbol total correct age-83
	-1.671
	.096
	-3.92
	2.34
	-8.53
	.69

	NART correct score age-83
	-.588
	.557
	-.84
	1.43
	-3.65
	1.97

	Spot the word total correct age-83
	-.414
	.679
	-.55
	1.32
	-3.14
	2.05

	WTAR correct score age-83
	-.907
	.365
	-1.09
	1.20
	-3.44
	1.27

	Letter-number Sequencing total correct age-83
	-2.629
	.009*
	-1.34
	.51
	-2.34
	-.34

	Mean simple reaction time age-83
	1.196
	.233
	1.7778E-02
	1.4866E-02
	-1.14737E-02
	4.7030E-02

	Mean time of correct responses four choice reaction time age-83
	.509
	.611
	1.3502E-02
	2.6528E-02
	-3.86975E-02
	6.5702E-02

	Inspection time correct responses total
	-.869
	.386
	-2.20
	2.53
	-7.18
	2.78


Table 3: Differences between the analysed and un-analysed individuals (for retinal parameters), in terms of their cocgnitive scores (student t test). *** The only significant difference between the two groups was a higher Letter-Number sequencing score in those that were excluded because of poor quality fundal images.
Descriptive Statistics of the retinal vascular network geometry:
Below is a table of the retinal vascular network parameters.
	
	N
	Minimum
	Maximum
	Mean
	Std. Deviation

	CRAE (pixels)
	281
	26.74
	64.54
	40.5991
	5.7593

	CRVE (pixels)
	281
	33.95
	78.46
	52.5470
	6.8286

	AVR 

(pixels)
	281
	.55
	1.21
	.7790
	.1090

	Median BC
	222
	.88
	1.99
	1.3210
	.2130

	Square Root Transformation of Median BC from 1.26
	222
	.00
	.85
	.3688
	.1761

	Median angle
	222
	48.30
	104.60
	71.9410
	9.6263

	Square root transform angle deviation from75 degrees
	222
	.55
	5.44
	2.6284
	1.1104


Table 4: Descriptive statistics of the retinal vascular network parameters. The derivation of the square root transform of the median BC and median angle (from optimality) is discussed below. 
For previous cognitive scores (aged 11), there were 22 individuals that had no SMS1932 score (of the 281 cases). In addition, 2 individuals had no recording of either social class category or years of formal, full-time education.
2
Correlative statistics between cognition and retinal vascular network geometry 
The following table illustrates the Pearson’s correlation coefficient for the CRAE, CRVE and AVR and the Logical memory score (immediate (story A & B), recall & total). No association between logical memory and these retinal vascular parameters was evident. 
	
	
	CRAE
	CRVE
	AVR

	Story A immediate recall age-83
	Pearson Correlation
	.026
	-.022
	.038

	
	Sig. (2-tailed)
	.667
	.716
	.529

	
	N
	281
	281
	281

	Story B immediate recall age-83
	Pearson Correlation
	-.015
	-.036
	.000

	
	Sig. (2-tailed)
	.796
	.546
	.997

	
	N
	281
	281
	281

	Story A delayed recall age-83
	Pearson Correlation
	-.074
	-.065
	-.014

	
	Sig. (2-tailed)
	.220
	.282
	.816

	
	N
	280
	280
	280

	Story B delayed recall age-83
	Pearson Correlation
	.017
	-.049
	.049

	
	Sig. (2-tailed)
	.780
	.416
	.417

	
	N
	280
	280
	280

	Logical Memory total score age-83
	Pearson Correlation
	-.012
	-.049
	.021

	
	Sig. (2-tailed)
	.838
	.415
	.721

	
	N
	280
	280
	280


Table 5: Pearson’s correlation coefficients for measures of vessel width with the components of logical memory.
The following table illustrates CRAE, CRVE, and AVR with COWAT (both its constituent letters C, F and L and the total score. 

	
	
	CRAE
	CRVE
	AVR

	Verbal Fluency C age-83
	Pearson Correlation
	-.059
	-.021
	-.038

	
	Sig. (2-tailed)
	.322
	.731
	.531

	
	N
	280
	280
	280

	Verbal Fluency F age-83
	Pearson Correlation
	-.125
	-.075
	-.057

	
	Sig. (2-tailed)
	.037*
	.208
	.344

	
	N
	280
	280
	280

	Verbal Fluency L age-83
	Pearson Correlation
	-.131
	-.069
	-.056

	
	Sig. (2-tailed)
	.028*
	.248
	.351

	
	N
	280
	280
	280

	Verbal Fluency total score age-83
	Pearson Correlation
	-.113
	-.059
	-.055

	
	Sig. (2-tailed)
	.058
	.327
	.364

	
	N
	280
	280
	280


Table 6: Pearson’s correlation coefficients for measures of vessel width with the components of verbal fluency.
Note that there was a trend for thinner arterioles (smaller CRAE) with increasing verbal fluency for both the letters F, L and the total score. 
The following table illustrates the association of the CRAE, CRVE and AVR with the Raven’s Progressive Matrices score. 
	
	
	CRAE 
	CRVE 
	AVR 

	Raven's Matrices score age-83
	Pearson Correlation
	-.048
	-.102
	.038

	
	Sig. (2-tailed)
	.426
	.091
	.530

	
	N
	277
	277
	277


Table 7: Pearson’s correlation coefficients for measures of vessel width with Raven’s progressive matrices. 
Finally, the following table illustrates the association between CRAE, CRVE and AVR with the Digital Symbol test, NART, Spot-the-word, WTAR, Letter-Number Sequencing, simple and choice reaction times and total inspection times.
	
	
	CRAE
	CRVE
	AVR

	Digit Symbol total correct age-83
	Pearson Correlation
	-.136
	-.120
	-.025

	
	Sig. (2-tailed)
	.023*
	.044*
	.679

	
	N
	279
	279
	279

	NART correct score age-83
	Pearson Correlation
	-.042
	-.110
	.052

	
	Sig. (2-tailed)
	.486
	.067
	.386

	
	N
	280
	280
	280

	Letter-number Sequencing total correct age-83
	Pearson Correlation
	-.059
	-.040
	-.029

	
	Sig. (2-tailed)
	.327
	.509
	.634

	
	N
	281
	281
	281

	Spot the word total correct age-83
	Pearson Correlation
	-.078
	-.154
	.058

	
	Sig. (2-tailed)
	.197
	.011
	.337

	
	N
	274
	274
	274

	WTAR correct score age-83
	Pearson Correlation
	-.056
	-.151
	.074

	
	Sig. (2-tailed)
	.359
	.013
	.224

	
	N
	270
	270
	270

	Mean simple reaction time age-83
	Pearson Correlation
	.042
	.037
	-.011

	
	Sig. (2-tailed)
	.491
	.542
	.856

	
	N
	278
	278
	278

	Mean time of correct responses four choice reaction time age-83
	Pearson Correlation
	.132
	.085
	.049

	
	Sig. (2-tailed)
	.027
	.159
	.416

	
	N
	278
	278
	278

	Inspection time correct responses total
	Pearson Correlation
	-.025
	-.040
	.015

	
	Sig. (2-tailed)
	.676
	.512
	.802

	
	N
	277
	277
	277


Table 8: Pearson’s correlation coefficients for measures of vessel width with the remaining components of cognition.
Again, small associations were detected between the CRVE and the Digital symbol test, the NART, the “Spot-the-word” test, the WTAR test as well as the CRAE with the Digital symbol test and the choice reaction times. 
I then performed partial correlation controlling for gender, MABP and the original SMS1932 score, years of full-time formal education and social class to determine whether any of the previous small associations were still statistically significant. 
Partial Correlation Controlling for…    Gender, SMS1932 Score & MABP, Social Class and years in Full-time education:
                           

 CRAE  
CRVE 

AVR         

Verbal fluency (C)    
             -.0702  
 -0.0195       
-.0529 

            



  P= 0.27 
P= .755 
P= .396  

Verbal fluency (F)        
 -.1170  
-.0620 

-.0623   

                         


 P= .060
  P= .320
 P= .318
Verbal fluency (L)         
-.1311
 
 -.0570

-.0689     

                           

P= .037*
P= .361 
P= .269   

Verbal fluency (total)    
 -.1148
 
 -.0494  
-.0672  

                         


  P= .066
P= .150 
P= .280 

N=249
Table 9: Partial correlation coefficients for measures of vessel width with the components of verbal fluency.
Note that after correcting for gender, SMS1932 score, MABP, social class and years of full-time education, the associations of CRAE with the tests of visual fluency (letters C, F and L and the total score) are now no longer significant, except a small association with verbal fluency (L).
Controlling for…    Gender, SMS1932 score, MABP social class and years of full-time education    

         


      
      CRAE           CRVE            AVR   

RAVENS SCORE (R)    
       .0005             -.0294            .0196   

                                         
       P= .938         P= .645          P= .759

N=246



    

Table 10: Partial correlation coefficients for measures of vessel width with the Raven’s progressive matrices.
Controlling for... Gender, SMS1932 Score and MABP, social class and years of full-time education:

         

   CRAE  
 CRVE      
  AVR   

Digital Symbol    -.1131    
 -.0671     
-.0514  

                             P= .084   
 P= .307             P= .434   

NART      
    -.0066             -.0309             .0103     

             
   P= .920           P= .506    
P= .875   

Spot-the-word     -.0222   
  -.1068              .0618    

           

    P= .735  
  P= .103           P= .346    

WTAR                -.0043     
 -.0868               .0644     

         
   
    P= .948  
 P= .186           P= .326    

Choice Reaction  .1138
   .0700

 .0415


     P=.082
  P=.286
 P=.528
N=232
Table 11: Partial correlation coefficients for measures of vessel width other cognitive measures. 
Controlling for these variables removes any association with the measures of retinal vessel width.

I now examine the association of the median BC and the median angle of the five most proximal arteriolar junctions with the cognition tests. Rather than measuring the absolute values of BC and angles at arteriolar junctions, we wished to evaluate their degree of deviation from optimality. As such, we recalculated the values of the median Branching Coefficient (BC) and the Median angles to account for their respective optimal values (1.26 for BC and 75 degrees for angles). Transformation of both the root mean square of the median BC and the median angles resulted in positively skewed data, as one might intuitively expect (Figures 3 & 5).
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Figure 3: Histogram distribution of deviation of root mean square of median BC from 1.26 (optimality).
Note the severely skewed distribution, with skewness statistic 1.424, standard error 0.163, ratio 8.73 (a value of greater than 2 or -2 indicates a skewed distribution). Thus, the data was transformed using the “ladder of powers” step-wise approach was performed to normalise the data590. This resulted in a square-root transformation (y = x ½). 
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Figure 4: Square root transformation of root mean square deviation of the median BC from 1.26 (optimality).
The transformed data now has a skewness statistic 0.314, standard error 0.163, ratio 1.92. 
Furthermore, because the angle deviation from 75 degrees was not normally distributed (skew statistic 0.675, standard error 0.162, ratio 4.16), a transformation using the “ladder of powers” step-wise approach as before was performed to improve the normality of the data590. This resulted in a similar square-root transformation (y = x ½). 
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Figure 5: Histogram distribution of root mean square deviation of the angle from 75 degrees (optimality).
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Figure 6: Histogram distribution of square root transform of root mean square of deviation of angle from 75 degrees.

Note the transformation has a more normal distribution than the actual angle of deviation from 75 degrees (skew statistic -0.033, standard error 0.162, ratio -0.2).

Now utilising the two transformed measures of peripheral junction geometry, we re-assessed the correlations with cognition:
	
	
	Square Root Transformation of Median BC from 1.26
	Square root transform angle deviation from 75 degrees

	Story A immediate recall age-83
	Pearson Correlation
	.046
	-.115

	
	Sig. (2-tailed)
	.495
	.089

	
	N
	222
	222

	Story B immediate recall age-83
	Pearson Correlation
	-.046
	-.130

	
	Sig. (2-tailed)
	.497
	.053

	
	N
	222
	222

	Story A delayed recall age-83
	Pearson Correlation
	.009
	-.035

	
	Sig. (2-tailed)
	.895
	.603

	
	N
	221
	221

	Story B delayed recall age-83
	Pearson Correlation
	-.094
	-.127

	
	Sig. (2-tailed)
	.164
	.059

	
	N
	221
	221

	Logical Memory total score age-83
	Pearson Correlation
	-.024
	-.116

	
	Sig. (2-tailed)
	.725
	.085

	
	N
	221
	221

	Verbal Fluency C age-83
	Pearson Correlation
	-.124
	-.034

	
	Sig. (2-tailed)
	.065
	.612

	
	N
	221
	221

	Verbal Fluency F age-83
	Pearson Correlation
	-.061
	-.091

	
	Sig. (2-tailed)
	.365
	.179

	
	N
	221
	221

	Verbal Fluency L age-83
	Pearson Correlation
	-.052
	-.030

	
	Sig. (2-tailed)
	.439
	.652

	
	N
	221
	221

	Verbal Fluency total score age-83
	Pearson Correlation
	-.090
	-.056

	
	Sig. (2-tailed)
	.182
	.410

	
	N
	221
	221

	Raven's Matrices score age-83
	Pearson Correlation
	-.061
	.087

	
	Sig. (2-tailed)
	.369
	.198

	
	N
	219
	219

	Digit Symbol total correct age-83
	Pearson Correlation
	-.002
	.041

	
	Sig. (2-tailed)
	.975
	.547

	
	N
	221
	221

	NART correct score age-83
	Pearson Correlation
	.032
	.027

	
	Sig. (2-tailed)
	.637
	.686

	
	N
	221
	221

	Spot the word total correct age-83
	Pearson Correlation
	.014
	.023

	
	Sig. (2-tailed)
	.834
	.742

	
	N
	215
	215

	WTAR correct score age-83
	Pearson Correlation
	-.004
	.038

	
	Sig. (2-tailed)
	.957
	.581

	
	N
	212
	212

	Letter-number Sequencing total correct age-83
	Pearson Correlation
	-.021
	-.017

	
	Sig. (2-tailed)
	.752
	.796

	
	N
	222
	222

	Mean simple reaction time age-83
	Pearson Correlation
	.073
	-.086

	
	Sig. (2-tailed)
	.283
	.203

	
	N
	221
	221

	Mean time of correct responses four choice reaction time age-83
	Pearson Correlation
	.069
	-.014

	
	Sig. (2-tailed)
	.306
	.832

	
	N
	221
	221

	Inspection time correct responses total
	Pearson Correlation
	-.050
	.039

	
	Sig. (2-tailed)
	.465
	.561

	
	N
	220
	220


Table 12: Pearson’s correlation coefficients of association between the square root transforms of the measures of arteriolar junctions (BC and angles) and the cognitive tests. 

There was evidence of a trend for the degree of deviation of the angle from optimum with logical memory (highlighted above in the table). To further explore this association between logical memory and degree of angle deviation from 75 degrees, a partial correlation was performed, controlling for gender, Mean arterial blood pressure (sitting) and SMS1932 score, years of full time formal education and social class as before.
Controlling for..    GENDER    SMSSCORE  SOCLCODE  YRSEDUC   SITMABP

              LOGMEMA    LOGMEMB    MEMDELA    MEMDELB  Total score

SQRTANGD      -.1556     -.1654     -.0707     -.1519     -.1556

No.s          (  202)    (  202)    (  202)    (  202)    (  202)

              P= .026*   P= .018*   P= .315    P= .030*   P= .026*

Table 13: Partial correlation coefficients of association between the square root transforms of the measures of arteriolar junctions (BC and angles) and the cognitive tests. 

Thus, there is evidence that some of these factors may act as suppressor variables, and when controlled for, result in an significant association with three of the four components of logical memory, as well as the total score. This is unlike the previous associations of vessel width and cognition, which were no longer significant after controlling for gender, previous cognition, blood pressure, social class and years of full time education. 
Section 7.3
Discussion:
Our Primary Hypothesis:
Our primary hypothesis in this thesis is that changes in retinal vascular network geometry (either retinal vessel widths or geometry of proximal arteriolar junctions) occur in association with changes in cognitive function, related to the close homology between the retinal and cerebral microcirculations, and the evidence of cognition being related to cerebrovascular disease. 
Retinal vessel widths:

The supposed relationship between the retinal vasculature and cognition was that either retinal arteriolar widths would be positively correlated to cognition, and that the AVR (as a broad measure of arteriolar width) would also be positively correlated to cognition (for venules, the supposed relationship is more complex as there is mounting evidence of increasing widths of venules being related to cardiovascular pathology, possibly via inflammatory mediators25, 591. Thus, it was possible that venular widths would either be unrelated (and thus changes in arterioles would be reflected in the AVR) or would be negatively correlated to cognition in this group (i.e. larger width of venules would reflect poorer cognitive scores). 
Proximal retinal arteriolar bifurcation geometry:

In addition, it was believed that cognition might reflect an alteration in the geometry of proximal arteriolar junctions in the BC and the angles. Thus, we hypothesised that a deviation from the optimum (1.26 for BC and 75 degrees for angles) would be negatively correlated with cognition (i.e. the greater the degree of deviation from the optimum, the lower the cognitive score). 
Summary of findings:
There was a small but definite association between the degree of deviation of angles at arteriolar bifurcations from optimum (75 degrees) and the cognitive domain of logical memory. Firstly, the actual median angle of the five most proximal arteriolar bifurcations was translated into a root mean square deviation from the ideal optimum (75 degrees). The rationale behind this step is based on the fact that the principle of minimum work as devised by Murray et al45 will approximate to an angle of 75 degrees for an idealised vascular bifurcation, and that a deviation above or below this value will both result in suboptimal efficiency across that particular vascular network, and therefore it is deviation from optimality rather than absolute value that interests us. The root mean square would result in all values of deviation being positive. Thus, a deviation 10 degrees above optimum would be equated with an angle 10 degrees below optimum. The resultant translated dataset is now very positively skewed, and it was necessary for us to transform the data into a more normal distribution before performing correlative statistics that assume normality of data. The most appropriate transform as noted above was a square root transform, which resulted in negligible skewness statistics. Thus our final measure of degree of deviation of angle from optimum is the Square root of the root mean square of the deviation from 75 degrees. 
Using this variable, we found a trend of association with three of the four components of logical memory in this population, and with the overall logical memory score. The correlations represented small associations (as one might expect). However, we then performed a partial correlation in order to control for other important variables. We controlled for gender143, 486, 592, blood pressure27, 413, previous cognition, social class category593 and years of full-time formal education143. The resultant partial correlation confirms the persistence of the association of the angle deviation with the same components of logical memory with coefficients approximately r=-0.16 (i.e. explaining approximately 2.5% of the variance). The partial correlation increased the degree of association of the square root transform of angle deviation with logical memory, and therefore there is evidence of some of the controlling variables acting as suppressor variables (a variable that increases the predictive validity of other variables in a regression equation594). A correlation of this size provides evidence of a low-to-slight association, according to Guilford’s criteria on correlation coefficient interpretation. However, with such large numbers (df =200), this increases our confidence that this is unlikely to be due to chance and stresses the need for alrge studies when exploring any relationships between parameters of retinal vascular network geometry and systemic associations. Although there is the danger of finding chance correlations when so many different variables are analysed, the use of Bonferroni corrections to reduce the P value of significance would not be appropriate due to the large degree of interitem correlation of the different cognitive tests595. In addition, the use of Bonferroni corrections has been criticised596, as it acounts for a “universal null hypothesis”, i.e. that the null hypothesis states that there is no difference between groups for any of the variables under study. However, the role of individual associations are not then considered in their own right. Thus in our study, a Bonferroni-adjusted P value would have tested the null hypothesis that all variables of retinal vascular network geometry were not associated with any of the parameters of cognition, which is not the question under investigation in our study. In our study, it was important to examine individual associations, as each cognitive test would represent specific domains of overall cognition. Further, no studies to date have explored parameters such as angles at retinal arteriolar junctions and cognition, and in such exploratory studies, it has been reccommended that adjustments for multiple testing should not be performed597. However, future confirmatory studies examining this particular hypothesis should incorporate multiple-testing adjustments.  In our study, any chance associations might be expected to become no longer significant, when partial correlation accounting for the five controlling variables was performed. This was the case for the associations of retinal vessel width, but the association between angle deviation from optimality and memory was increased, stressing the importance of being able to control for relevant confounding (or suppressor) variables. Furthermore, the degree of deviation of angles from optimality was associated with three elements of memory (Immediate A, Immediate B and Delayed B), as well as the overall total score, increasing our confidence in finding a genuine association. Thus, this appears not a serendipitous finding, but based on an “a priori” hypothesis that the greater the deviation of angles from optimum, the lower the possible cognitive score. However, although the association was statistically significant, its size may be too small to consider it particularly of clinical utility. However, an important conlusion from this finding is that deviation of angles from optimality may serve as a more sensitive indicator of retinal vascular network geometrical change and that large epidemiological studies that utilise measures such as the AVR usually have study populations in the thousands. These studies have largely neglected the use of network geometry such as angle between branch vessels, and have concentrated on using measures of vessel widths. 
Why association with logical memory?

Interestingly, we only found an association between memory function and deviation of angles from optimality. The most expected association between retinal vasculature changes with cognition would have been executive function, e.g. the digital symbol test or verbal fluency. However, these did not associate with any retinal vascular changes. Memory is certainly affected by vascular dementia (though less than those with Alzheimer’s type dementia598) and mild cognitive impairment of vascular origin599 and is an important element of overall cognition. In a non-demented community-dwelling population like our own in this study, the National Heart, Lung and Blood Institute Twin study found a significant association of MRI-white matter hyperintensities (a feature of cerebral small vessel disease) and recall memory using the California Verbal Learning Test599. The authors state that “while frontal-subcortical circuits generally are not considered involved with memory encoding, they may underlie working memory function”. It is no longer believed to be the case that memory is solely reliant on the hippocampus and medial temporal lobe region, but that multiple cortical-subcortical circuits may be involved600-602, lending evidence to the role of the cerebral small vessels. Working memory, which refers to the ability to hold and manipulate information mentally, is considered a component of executive function485. 
Recently, the cognitive profile in patients with CADASIL (the archetypal model of pure cerebral small vessel disease) showed memory affected in approximately 70% of subjects, illustrating the role that a suboptimal vasculature may have on cognitive memory changes603. Furthermore, it has been proposed that cerebral small vessel disease may play a role in the episodic memory impairment characteristics of mild cognitive impairment604. Their study found a significant difference in the WMS-R Logical Memory I and II tests between healthy controls and individuals with mild cognitive impairment (both those with hippocampal atrophy only and those with white-matter hyperintensities only). Furthermore, the degree of loss of logical memory between the hippocampal atrophy group and the white-matter hyperintensity group was the same. Thus, the authors suggest that cerebral small vessel disease may compromise executive control processes that are critical for working memory, which in turn may lead to episodic memory deficits and mild cognitive impairment. 
Another important reason as to why logical memory may have been detected as being associated with arteriolar angles is the population under study. This population are by definition a non-demented, community-dwelling elderly population without dementia.  Memory is often the first domain of cognition that is affected in subjects with mild cognitive impairment, with otherwise relatively preserved cognitive and functional abilities604. In this respect, there may have been a greater degree of variation of logical memory scores, in relation to all the other domains of cognition tested in this study. This is borne out by the coefficients of variation for each of the domains, as listed below.
	Cognitive Test
	Coefficient of Variation

	Logical memory (Total Score)
	0.436

	Verbal Fluency
	0.320

	Raven’s Progressive Matrices
	0.309

	Digit Symbol Test
	0.306

	NART
	0.217

	Letter-Number Sequencing
	0.287

	“Spot-the-word” Test
	0.1453

	WTAR
	0.1435


This may suggest that the greater degree of spread of values for logical memory increased the sensitivity to detect an association.   
What is the potential mechanism of changes in arteriolar bifurcation angles?
Murray predicted that to minimise the principle of work across the vascular network, the angles between two vessels at a bifurcation should approximate to 75 degrees45. Whilst there is an obvious large range of potential values for bifurcation angles, studies corroborate mean values of bifurcation angles do indeed approximate to 75 degrees59, 605, 606. However, as illustrated by Zamir et al46, other minimisation principles exist, such as vascular volume, vascular surface area and shear stress. Using an animal model (isolated arterioles examined in vivo from cremasteric muscle) to evaluate actual measured angles for third order arterioles with theoretical angles calculated to minimise surface area, volume, shear stress or power losses found that the minimisation of power losses modelled the actual observed angles most closely. Thus, it appears that the principle of minimum work across the vasculature might reflect the true optimisation principle that governs small vessel geometry. Hence, we utilised the degree of deviation from an optimum angle of 75 degrees. Furthermore, additional work by Frame and Sarelius606 has shown that angles are not constant and “anatomically invariant”, but change significantly with blood flow. Comparing angle bifurcations in the same animal model as above, they compare the same arterioles at rest and after dilation with adenosine administration. Interestingly, they find that this resultant increase in vessel calibre (and hence blood flow) results in changes of angles between third order arterioles of up to 50 degrees. What is equally important is that this change is not unidirectional, i.e. that some angles decrease and others increase and that approximately equal numbers of each do so. Subanalysis of the decreased versus increased angle vessels revealed a trend for pre-existing larger bifurcation angles (i.e. at rest) to decrease in size after dilatation. Thus this formed the rationale upon which we evaluated the degree of deviation from optimality (75 degrees) in the arteriolar bifurcation angles and root mean squared the values, so that an angle of approximately 100 degrees would be considered equally “deviant” as an angle of 50 degrees. Thus the work by Frame & Sarelius suggests that bifurcation angles reflect changes in blood flow in the microvasculature and that it does not translate into a narrowing or widening of the angle, but a change from optimality. 

The actual mechanism as to how the arteriolar angles change with blood flow remains unclear and warrants further study. However, Frame & Sarelius offer the following possibilities:
1
Vasoconstriction of the trunk smooth muscle resulting in alteration of the relative orientation of the branch segments with respect to each other and a consequent angle change.
2
Oblique orientation of smooth muscle of the arteriolar walls (with respect to the longitudinal axis of the vessel) resulting in a change in “pitch” (±20 degrees) between the two vessel branches.
3
In small vessels, local changes in transmural pressure or the volume flow at a vessel bifurcation may mechanically alter the shape of the apex of the vessel bifurcation.

Griffith & Edwards suggest that the endothelium may play a role in optimisation of vascular geometry, via Nitric Oxide (NO) and endothelin-1 release56, 59.

What is the evidence that changes in angles of arterioles reflects other cardiovascular disease?

As stated in the introduction, relatively few studies have explored relationships between arteriolar bifurcation geometrical angles and cardiovascular disease, fewer still of the retinal vasculature.  Retinal arteriolar bifurcation angles have been found to be reduced in hypertension53, increasing age60 and low birth weight males61. No relationship was reported between vascular bifurcation angles (of the five most proximal arteriolar junctions) and peripheral vascular disease, compared with healthy controls55. However, these studies utilised absolute retinal arteriolar angles, rather than degree of deviation from optimum. 
Studies have also looked at the relationship between the cerebral circulation and optimality of arteriolar bifurcation angles, particularly with reference to saccular aneurysms. Rossitti & Lofgren607, 608 have previously shown that branching coefficients, junctional exponents and bifurcation angles of intracerebral arteries all conform to optimality principles of minimum work. However, Ingebrigtsen et al have shown that optimality only occurs distal to the circle of Willis609. In addition, they found a deviation from optimality for angle bifurcation geometry predicted the presence of intracranial aneurysms, as measured using 3D digital subtraction angiography. 
In this well-defined population of non-demented community-dwelling subjects, deviation of arteriolar bifurcation angles was the only retinal geometrical parameter that was associated with cognition. The other parameter of proximal arteriolar junctions, viz. the median branching coefficient was not related to any measures of cognition. Neither was the median BC, expressed as the deviation form the optimal norm (BC=1.26). Very few other studies have utilised the BC as a measure of arteriolar geometry, but it has distinct advantages over the junctional exponent in that it can be calculated when either of the branch vessels are of greater width than the trunk vessel. This is not necessarily a rare event, and was also described by Ingebrigtsen et al609in their evaluation of cerebral geometry and presence of aneurysm. One of the limitations of measuring peripheral retinal arteriolar junctional BCs is that the effect of the photographic 2D conversion of an essential interior of a sphere may have increased the apparent width of branch vessels, in comparison to trunk vessels and thus affected BC measurement. However, we detected no relationship between degree of eccentricity and BC in our normal healthy normotensive population with which we derived our revised formula for the CRAE. In addition, Ingebrigtsen et al only detected an association with deviation of bifurcation angles from optimality with cerebral aneurysms, but not BCs or junctional exponents. This might suggest that bifurcation angles are a more sensitive indicator than either of these entities for impaired blood flow. 
The most frequent parameter of retinal vascular network geometry that has been utilised in large epidemiological studies is the arteriovenous ratio (AVR) and its constituents, the CRAE and the CRVE. Although there was a weak association with the CRVE and some of the tests of pre-morbid cognitive function, controlling for prior cognitive function (at age 11) removed this association. This emphasises the importance of assessing cognitive change, rather than measuring absolute values of cognition as these will be affected by a multitude of other factors, such as their pre-morbid IQ, level of education, etc. Our finding of no association with these measures and cognition concurs with the ARIC study. Although that was a much larger study and was in a middle-aged population, there was fewer cognitive tests performed and the cognitive function tests were not performed at the same time as retinal photography. In addition, they were unable to control for earlier cognition, unlike our study. 
These parameters of vascular widths have proved of great value in large epidemiological studies in detecting associations between retinal vasculature and systemic cardiovascular disease. However, it is possible that the difficulties incumbent in providing an overall summary value of arterial and venular widths for each fundus results in only very small differences being detected and thus requiring very large numbers to detect any associations with cardiovascular disease. 
A possible reason for the AVR not relating to cognition is that as a quotient, if both elements of the AVR associate with cognition in the same direction, no relationship will be detected. This limitation of the AVR has been well described, and some believe that this makes it too crude a measure and that the CRAE and CRVE should be reported instead of their quotient610. However, the CRAE and the CRVE are not dimensionless and therefore will be vulnerable to magnification changes as a result of retinal photography611. This might have particular relevance in assessing cognition, as cognition is known to be associated with myopia612, and there is evidence that increased axial length is associated with smaller arterioles and venules36. Thus, this may further decrease the utility of assessing measures such as CRAE and CRVE with cognition. 
Another limitation of these parameters with reference to our study is that this is a relatively healthy population that are still independently living at the age of 83, and therefore might be expected to have little in the form of severe vascular disease. Thus these measures may be too crude for our purposes. 
Limitations of the study

Firstly, our population was a finite size and therefore although we would have liked to have increased the size to increase the likelihood of detecting positive associations, this was not possible. However, this is balanced by the fact that this population was extremely well described and that we could uniquely control for prior cognition. 
Secondly, the quality of the retinal photography in this elderly population was not ideal, due to the prevalence of medial opacities. This resulted in not being able to measure every parameter of retinal vascular network geometry for every individual, although we tried to optimise our computerised image analysis to obtain as many measurements on as many individuals as possible. 

Thirdly, as stated earlier this is a population that by definition are reasonably in good health and therefore will not exhibit the full spectrum of cognitive decline present in the general population. However, as before the ability to control for prior cognition counterbalances this limitation. It might be expected that a similar study on this population a couple of decades ago might have increased our ability to detect any associations between retinal vascular network geometry and cognition, as more subjects could be evaluated and a more “pathological” component with a greater diversity of cognition may be present.
Conclusions:
In an elderly, non-demented independently living population of elderly North European individuals, there was a small but definite association between the degree of deviation from optimality of the retinal arteriolar bifurcation angle and logical memory. No other associations between retinal bifurcation angles and cognition were detected. Furthermore, no other parameters of retinal vascular network geometry (branching coefficients, CRAE, CRVE or AVR) were associated with cognition in this population. Whilst this association is small, it suggests that features of retinal arteriolar bifurcation geometry may be more sensitive to early vascular changes than vessel widths, and future large epidemiological studies should consider employing these measures in assessing associations of the retinal vasculature with systemic pathology. 
Chapter 8

Conclusions of thesis and future directions
The retinal vasculature is unique in that it is the only human microcirculation that can be directly visualised in vivo, and hence subject to photography and computerised image analysis. This permits the use of the retinal vasculature as a window to systemic cardiovascular pathology. The process whereby we analyse the parameters of retinal vascular network geometry requires a robust, reliable set of measurements that minimise the noise to signal ratio in order to obtain measures that are sensitive to changes in systemic disease. 

In this thesis, I have described the development and reliability testing of a system of measuring different parameters of retinal vascular network geometry. I have developed a new summarising formula for the central retinal arterial equivalent, which should be used by further epidemiological studies using measures of retinal vascular calibre. However, despite the improvements in detecting changes in retinal vascular calibre, no association between any measures of retinal vascular calibre with cognition were detected in the LBC1921 population, when previous pre-morbid cognition is controlled for. Rather, this thesis found a small association between the memory component of cognition and the degree of deviation from optimality of retinal arteriolar bifurcation angles. This result suggests that measuring arteriolar bifurcation angles may be a more sensitive indicator to mild cardiovascular change than measuring summary vessel widths, particularly in such a reasonable healthy population as the one studied here. In addition, measurement of arteriolar bifurcation angles is relatively straightforward and can be performed much quicker than summary measures of retinal vessel widths in any individual. 
The thesis provides evidence of the aging eye acting as a window to the aging brain, and the retinal vasculature reflecting the memory component of cognition. The LBC1921 population employed in this study is unique in being so well described and having earlier cognition (at age 11) recorded. Because this population are independently living, non-demented and relatively healthy at age 83, we might expect that a more heterogeneous population might have detected a greater degree of association. However, this needs to be counterbalanced by the lack of premorbid cognition scores of such a population. The premorbid cognition scores in this population at age 11 enabled us to exclude any of the small associations of retinal vessel widths with cognition. 
Future studies performing measures of retinal vascular network geometry should incorporate a measure of deviation of arteriolar bifurcation angles from optimality, as this has been under-utilised in the past, in favour of concentrating on measures of vascular calibre. Whilst these measures of vascular calibre have proved of great use in large epidemiological studies, it is unclear whether changes in these parameters are sensitive enough to detect changes in smaller studies. 
As the population ages, the prevalence of cognitive impairment will increase and measures to counteract this will become increasingly important. This thesis provides further evidence of a vascular component to cognitive impairment. Therapeutic interventions acting on the systemic vasculature may offer the possibility to ameloriate age-related cognitive decline.  
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Appendices

How do various eye features affect the way the retinal blood vessels at the back of the eye are distributed

You are being invited to take part in a research study.  Before you decide it is important for you to understand why the research is being done and what it will involve.  Please take time to read the following information carefully and discuss it with others if you wish.  Ask us if there is anything that is not clear or if you would like more information.  Take time to decide whether or not you wish to take part.

Thank you for reading this.

The purpose of the study is to find out how certain eye conditions affect the way the blood vessels at the back of the eye are distributed, e.g. the length of a patients eye may affect how the blood vessels appear. 

You have been chosen because you have a feature of the eye that may have an effect on the way the retinal blood vessels are distributed at the back of the eye. 

It is up to you to decide whether or not to take part.  If you do decide to take part you will be given this information sheet to keep and be asked to sign a consent form. If you decide to take part you are still free to withdraw at any time and without giving a reason.  A decision to withdraw at any time, or a decision not to take part, will not affect the standard of care you receive.

If you agree to take part in the study, we shall ask a few questions regarding your general health. We will then record your blood pressure, and your pupils will be dilated by drops. After approximately twenty minutes, we will take photographs of the retina of the eyes. 

There are no restrictions on you as a result of participating in the study. 

There are no foreseen risks of taking part in this study. Nor should there be any side effects.

The possible benefits of the study are to help us understand how the pattern of retinal blood vessels at the back of the eye are affected by certain eye conditions. 

If you should have any complaints regarding the study, you should register a complaint with the clinical director of the Princess Alexandra Eye Pavilion. 

Your participation in the study is entirely confidential. 

Your General Practitioner will be informed of your participation in this study. 

We hope to publish the results of the study in a peer-reviewed medical journal. This can often take approximately a year after the study has finished. 

The doctors performing this study will NOT be paid for this study. 

This study has been reviewed by the Lothian Ethics committee.

For further information on the study, contact Dr Harry Bennett (0131 536 1000). Dr H Bennett is not directly involved in the study and will be happy to answer any questions you may have. 

You will be given a copy of this information sheet, and a signed consent form to keep. 
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CONSENT FORM
Title of Project:

Effect of the cognition on retinal vascular patterns

Name of Researcher:

Prof Ian Deary

Prof B Dhillon,

Dr N Patton








Please Tick the Boxes
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1.
I confirm that I have read and understand the information sheet dated ............................ 

(version ............) for the above study and have had the opportunity to ask questions.


2.
I understand that my participation is voluntary and that I am free to withdraw at any time, 

without giving any reason, without my medical care or legal rights being affected.


3.
I agree to take part in the above study.



________________________
________________
____________________

Name of Patient


Date
Signature

_________________________
________________
____________________

Name of Person taking consent
Date

Signature

(if different from researcher)

_________________________
________________
____________________

Researcher


Date

Signature


1 for patient;  1 for researcher;  1 to be kept with hospital notes

GP INFORMATION LEAFLET

Date

Professor Baljean Dhillon

Princess Alexandra Eye Pavilion

Chalmers Street

Edinburgh

EH3 9HA

Tel: 0131 536 3904

Dear Dr

Title of project

The ageing eye as a window to the ageing brain: retinopathy, maculopathy and cognitive change from age 11 to age 80 in the Lothian Birth Cohort 1921
Your patient (name and address of subject) has agreed to participate in this study. This involves a clinic visit at the Princess Alexandra Eye Pavilion where vision testing, pupillary dilatation with tropicamide eye-drops, and colour fundus photography will be carried out.

Potential participants are invited from a cohort of individuals followed by Professor Ian Deary at the Department of Psychology, University of Edinburgh (Lothian Birth Cohort 1921 Study). They have well-documented cognitive function to which we would like to add fundus-imaging and magnetic resonance brain imaging (MRI) information. 

Should eye disease be detected (for example, cataract or macula disease), or should any abnormality be detected on MRI, your patient will be managed appropriately and you will be informed of any planned investigations or treatment.

Dr Harry Bennett, Consultant at the Princess Alexandra Eye Pavilion, has agreed to act as independent advisor to potential participants and he can be contacted through Mrs Sandra Donough, medical secretary on 0131 5363901.

Yours sincerely,

Professor Baljean Dhillon

Consultant Ophthalmologist
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15TH April, 2005
Dr Niall Patton
Lions Eye Institute
Sir Charles Gairdner Hospital

Verdun Street

NEDLANDS  WA  6009
Dear Dr Patton,

HUMAN RESEARCH ETHICS COMMITTEE – Trial 2005-007 Retinal Vascular Network Geometry: a comparative study between three different measurement techniques
The Human Research Ethics Committee reviewed your proposal for the above study at its meeting on 12th April, 2005. It was requested that the following matters be drawn to your attention but it was agreed that the Deputy Chairman be empowered to approve the study on receipt of amended documentation. 

Please highlights all changes with a highlighter pen so all changes are clearly shown.

· Please insert a footnote on the patient information sheet and insert version and date 

· Please delete 'ideal' and replace with 'suitable' in the sentence "Therefore you are an ideal participant" 

As the responsibility for the conduct of the trial lies with you as the investigator, you should sign all communications to the committee by you

Please quote Ethics 2005-007 on all correspondence associated with this study.     

Yours sincerely

MS S DAVIS

ACTING CHAIR

HUMAN RESEARCH ETHICS COMMITTEE

Instructions for administration of mini-mental state examination

Orientation
1
Ask for the Date. Then ask specifically for parts omitted, eg 


“Can you also tell me what season it is?” Score one point for 


each correct answer.



2
Ask in turn, “Can you tell me the name of this hospital?” (town, 


country, etc.) Score one point for each correct answer.

Registration
Ask the patient if you may test his/her memory. Then say the names of 

3 unrelated objects (Lemon, key and ball), clearly and slowly, about 

one second for each. After you have said all 3, ask the patient to repeat 

them. This first repetition determines his/her score (0-3) but keep them 

until he/she can repeat all 3, up to 6 trials. If all 3 are not eventually 

learned, recall cannot be meaningfully tested.

Attention 
Ask the patient to spell the word “world” backwards. The score is the and 

number of letters in correct order (eg DLROW=5; DLRW=4; Calculation 
DLORW, DLW=3; OW=2; DRLWO=1).

Recall

Ask the patient if he/she can recall the 3 words you previously asked 

him/her to remember. Score 0-3.

Language
Naming: 
Show the patient a wristwatch and ask him/her what it 



is. Repeat for pencil. Score 0-2.



Repetition:
Ask the patient to repeat the sentence “No Ifs, Ands or 



Buts” after you. Allow only one trial. Score 0-1.



3-stage command: Give the patient a piece of plain blank paper and 



repeat the command “Take the piece of paper in your 



right hand. Fold the paper in half with both hands, and 



put the paper down in your lap.” Score one point for 



each part correctly executed. 



Reading:
On a blank piece of paper print the sentence “Close 




your eyes” in letters large enough for the patient to see 



clearly. Ask him/her to read it and do what it says. 




Score 1 point only if they actually close their eyes.



Writing:
Give the patient a blank piece of paper and ask him/her 



to write a sentence for you. Do not dictate a sentence; it 



is to be written spontaneously. It must contain a subject 



and verb and be sensible. Correct grammar and 




punctuation are not necessary. Score 1 point.



Copying:
On a clean piece of paper, draw interesting pentagons, 



each side about 1 in., and ask him/her to copy it exactly 



as it is. All 10 angles must be present and 2 must 




intersect to score 1 point.

Logical Memory I (Immediate and delayed recall)
Story A:

Anna / 

Thompson / 

of South / 

Boston / ,
employed / 

as a cook / 
in a school / 

cafeteria / 

reported / 
at the City Hall / 

Station / 

that she had been held up / 

on State Street / 
the night before / 
and robbed / 

of fifty-six dollars / . 
She had four / 
small children / , 
the rent was due / , 

and they had not eaten / 

for two days /. 
The police /, 
touched by the woman’s story /, took up a collection / 

 for her /.

Max Score = 25

Story B:

Robert / 
Miller / 
was driving / 

a ten-ton / 

truck / down a high-way / 

at night / 
in the Mississippi / 
Delta / 
      carrying eggs / 
to Nashville / , 
when his axle / 
broke / . 
His truck skidded / 
off the road / , 

into a ditch /. 

He was thrown / against the dashboard / 
and was badly shaken /. 
There was no traffic / 
           and he doubted that help would come / .

Just then his two-way radio / buzzed /.
 He quickly answered / , 

“This is Grasshopper” /. 

Max Score = 25
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CHORD

ACHE
DEPOT
AISLE
BOUQUET
PSALM
CAPON
DENY
NAUSEA
DEBT
COURTEQUS
RAREFY
EQUIVOCAL
NAIVE
CATACOMB
GAQOLED
THYME
HEIR

RADIX
ASSIGNATE
HIATUS
SUBTLE
PROCREATE
GIST

GOUGE

kord

ak

dep'd

book'a, booka', boka'
sém

Ka'pn

di-rit
nd'si-s,nd'zhe
det

kirt'yss
rar'-i-fi”
i-kwiv'a-kl
né-ev
kat'a-koom
jald

fim

ar

ra'diks
as'-ig-nat
Hi-a'tes

sut'l

prokri-at

jist

gowj

SUPERFLUOUS

SIMILE
BANAL
QUADRUPED
CELLIST
FACADE
ZEALOT
DRACHM
AEON
PLACEBO
ABSTEMIOUS
DETENTE
DYLL
PUERPERAL
AVER
GAUCHE
TOPIARY
LEVIATHAN
BEATIFY
PRELATE
SIDEREAL
DEMESNE
SYNCOPE
LABILE

CAMPANILE

$06-plr'idb-es,
SU-pir'flcb-as

sim'i-fi
ban-al'
kwod'rob-ped
chetist
fa~séd"
z6l'st

dram

g'on
pla-sé'bo”
ab-ste'mi'os
da-tat {Fr)
idl, id'al
pU-Or'per-al
a-vir

go sh
1o'pi-a-ri
le-Vi'a-then
bi-at'i-fi
prelit
sk-de'ri-af
di-man’, di-men"
sing'ke-pe
126l

kam-pan-E‘ l§,
kam-pan-e'le












Study Number…………………..

Verbal Fluency

C



F



L
	Item No.
	Item Pair
	Item No.
	Item-Pair

	1    
	holomator-dross
	31
	palindrome-lentathic

	2
	meridian-phillidism
	32
	baggalette-riposte

	3
	froin-oratory
	33
	chloroleptic-lapidary

	4
	groudy-toga
	34
	frembulous-ontology

	5
	roster-falluate
	35
	akimbo-peristy

	6
	scaline-accolade
	36
	thole-leptine

	7
	naquescent-plinth
	37
	elegy-festant

	8
	fremoid-vitriol
	38
	isomorphic-thassiary

	9
	stamen-dombus
	39
	byzantine-chloriant

	10
	visage-hyperlistic
	40
	canticle-grammule

	11
	centaur-tritonial
	41
	proactive-monotheism

	12
	plankton-whippen
	42
	peremptory-paralepsy

	13
	biothon-palfrey
	43
	obsidian-plassious

	14
	metulate-pristine
	44
	lignovate-epicene

	15
	equine-psynomy
	45
	intervantation-rictus

	16
	malign-vago
	46
	venady-monad

	17
	orifice-serple
	47
	dallow-octaroon

	18
	legify-archaic
	48
	loxeme-legerdemain

	19
	coracle-prestasis
	49
	pinnace-strummage

	20
	breen-malinger
	50
	bulliner-trireme

	21
	archipelago-zampium
	51
	hoyden-clinotide

	22
	wraith-stribble
	52
	shako-strubbage

	23
	grottle-strumpet
	53
	bellisary-cyan

	24
	clavanome-bestiary
	54
	methagenate-pleonasm

	25
	necromancy-ghoumic
	55
	narwhal-epilair

	26
	paramour-imbulasm
	56
	aurant-baleen

	27
	phalanx-distruvial
	57
	penumbra-rubiant

	28
	clegger-minim
	58
	farrago-gesticity

	29
	paraclete-elezone
	59
	viridian-psynoptic

	30
	reticule-fluxent
	60
	threnody-epigrot


a





B





b





c





� EMBED Equation.3  ���





Vessel width measurements (AVR, CRAE, CRVE) N=281





Remaining 312 subjects





Mini-Mental State Examination < 24 


(N=9 Excluded)





Total entry into Study 


N = 321





Peripheral arteriolar junction measurements (BC and angles) N=222
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