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Abstract

Retinal vessel characteristics have been linked to various health and lifestyle factors and
age-related eye diseases. However, most studies have been cross-sectional, limiting our
understanding of how retinal vessels change over time and the temporality of vascular mechanisms
underlying eye disease. Using data from the Canadian Longitudinal Study on Aging
Comprehensive Cohort, this research cross-sectionally and longitudinally investigated the
relationships between retinal vessel traits and 1) sociodemographic, health, and lifestyle factors,
2) the prevalence and 3-year incidence of glaucoma and changes in intraocular pressure and cup-
to-disc ratio, and 3) the prevalence of macular degeneration at baseline and its 3-year incidence.
We confirmed that retinal vessel traits are related to factors such as age, blood pressure, and
inflammatory markers, and provided additional evidence for a pathogenic role of the retinal
vasculature in eye disease development. This research offers a comprehensive analysis with

implications for improved treatment and prevention strategies in ophthalmology.

(150 / 150 words)
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Chapter 1: Introduction

The eye remains the only area where blood vessels can be directly and non-invasively
visualized using optical methods such as fundus photography.!-? Recent advancements in fundus
image analysis, particularly with the integration of artificial intelligence and deep learning, have
enabled automated, objective, and reproducible measurements of retinal vessel characteristics in
large population-based studies.>> These quantitative methods have been widely applied in
epidemiological research, with growing evidence linking retinal vascular geometry—such as

vessel diameter and tortuosity—to cardiovascular disease %!* and its risk factors. As such, changes

14-22 15,17, 23-

in retinal vessel diameter have been linked to several factors, including age, smoking,
27 body mass index (BMI), !> 17-20. 26-32 djgbetes,!” 27> 33 34 and stroke.® % 3340 Although less
frequently studied, tortuosity of the retinal microvasculature has been linked to a similar set of

determinants.?7- 2% 41-43

Beyond systemic health, some studies suggest a vascular role in age-related eye diseases
such as glaucoma and age-related macular degeneration (AMD). While AMD affects the central
area of the retina, glaucoma manifests as damage to the optic nerve; both diseases have been related

44.51

to cardiovascular signs and outcomes, prompting a series of cross-sectional and, less

frequently, longitudinal 2%

studies to uncover the pathogenic role of the retinal vasculature.
However, the causal relationship is still unclear due to conflicting results in the literature and
overall lack of prospective studies. Understanding the pathogenesis of age-related eye diseases
like AMD and glaucoma is becoming increasingly important to determine early identification and
prevention measures in the context of an exponentially aging population.’® ®° Thus, more

longitudinal investigations are needed to clarify the relationship between ocular health outcomes

and microvascular changes.



Objectives
The key knowledge gap that this thesis aims to address is that most population-based

studies assessing associations with retinal vessel characteristics have been cross-sectional. With
limited information on how vessels change over time and how this may affect the risk of ocular
disease, we aimed to:

e Objective one: Cross-sectionally and longitudinally examine the relationship between
sociodemographic, health, and lifestyle factors and retinal vessel traits (width, area,
tortuosity).

e Objective two: Cross-sectionally and longitudinally investigate the relationship between
retinal vessel characteristics and glaucomatous outcomes (intraocular pressure (IOP), cup-
to-disc ratio (CDR), and glaucoma prevalence and incidence).

e Objective three: Examine the relationship between retinal vessel characteristics (width

and tortuosity) and prevalence of AMD at baseline and its 3-year incidence.

Organization of the Thesis

This thesis is categorized as a secondary analysis of an existing dataset and organized into
chapters. Chapters 2 and 3 present an in-depth review of the relevant existing literature as it relates
to retinal vessels, how their characteristics are quantified, their determinants, and how they relate
to age-related eye disease. Chapter 4 presents the guiding conceptual framework for the thesis.
Chapter 5 provides background on the data source, the Canadian Longitudinal Study on Aging
(CLSA). Chapters 6 and 7 each present one manuscript that directly addresses the objectives. The
results as they relate to the objectives are discussed in chapter 8, in addition to comparisons to

existing literature, strengths and limitations, significance, and future directions of the research.



Chapter 2: Retinal Vessel Overview

Anatomy of the Retinal Microvasculature

The retina is a thin, light-sensitive, tissue located at the posterior pole of the eye and plays
an essential role in sight - it is responsible for transforming light into neural signals that can be
interpreted by the brain. ¢! As one of the most metabolically active tissues in the human body, the
retina relies on a constant supply of oxygen and glucose, making its blood flow crucial for optimal
visual function.®!

The retinal blood supply is provided by the ophthalmic artery, a major branch of the internal
carotid artery. % % The ophthalmic artery then divides into four smaller branches: the long and
short posterior ciliary arteries, the anterior ciliary arteries, and the central retinal artery. The central
retinal artery enters the eye at the optic disc, and divides into the superior and inferior retinal artery,
each dividing further into nasal and temporal branches. These arteries progressively narrow into
smaller vessels called arterioles, which are less than 200 pm in diameter, have thinner walls than
arteries and lack an internal elastic layer. ® The arterioles then merge into a dense network of
capillaries, the smallest blood vessels (10-15 pm in diameter), where oxygen and nutrient exchange
with the inner layers of retinal tissue occurs. This blood supply is characterized by a low flow rate
and high degree of oxygen exchange. 6> 6% 6

Deoxygenated blood then exits the capillaries and enters the venules, where it is returned
to the heart, mirroring the pattern of the arterial supply. ® The venules are slightly larger than the
arterioles with a diameter of 30-300 um, lack a smooth muscle layer, and converge into the central
retinal vein. This vein then exits through the optic disc to drain into the superior ophthalmic vein

or directly into the cavernous sinus. ¢! The retinal vasculature is easily visualized at the posterior

pole of the eye due to the transparent layers of the retina.



As an extension of the ganglion cell layer of the retina, the optic nerve provides a direct
link from the eye to the rest of the visual pathway in the brain. Blood supply to the optic nerve is
more complex, involving several branches of the internal carotid artery and the choroid. ®* The
optic nerve head is supplied by capillaries of the retinal arterioles, the choroid, and short posterior
ciliary arteries. > The region just beyond the optic nerve head is supplied by the pial vascular
plexus (derived from the internal carotid artery) and branches from the central retinal artery.

Venous drainage is achieved predominantly by the central retinal vein.

Regulation of Ocular Blood Flow

The retinal circulation lacks autonomic innervation so optimal blood flow is maintained
through local regulatory mechanisms.®® Dependant on perfusion pressure and resistance in the
blood vessels,®” these mechanisms include myogenic and metabolic control, flow-mediated

vasodilation, and intercellular conduction.

Myogenic control ensures stable blood flow despite arterial pressure fluctuations by
causing smooth muscle in blood vessels to contract in response to stretch, and relax when the
vessel is no longer stretched.®® Similarly, flow-mediated vasodilation occurs when increased blood
flow induces shear stress on endothelial cells, triggering a vasodilatory response. This response is
thought to be mediated by various factors including oxygen, carbon dioxide, angiotensin-II,

1.°8 Local metabolic control adjusts blood flow to meet the

adenosine, nitric oxide, and endothelin-
oxygen demands of retinal tissue; when metabolic activity increases, parenchymal cells produce

vasodilatory signals that enhance blood supply to the area.

The intercellular conduction theory is thought to link these forms of local control, allowing

them to work together to regulate blood flow.® Communication between endothelial cells may

4



facilitate the propagation of vasodilatory or vasoconstrictive signals along the vascular network.®¢
This rapid transmission of signals allows for coordinated adjustments in blood flow across
different regions of the retina. Thus, the regulation of retinal microvascular blood flow is highly
complex and relies on the interaction of multiple mechanisms to ensure consistent oxygen and

nutrient delivery under varying physiological conditions.

Methods of Viewing the Retinal Vasculature

Disruptions of the retinal vasculature can be sight threatening. For example, retinal vessel
occlusions (strokes), diabetic retinopathy, and hypertensive retinopathy can all cause vision loss
and have severe consequences on systemic health if the underlying diseases are not appropriately
treated. ° Each disease presents with distinct vascular changes that are visible upon fundus
examination. Thus, visualizing the posterior pole of the eye has become a crucial part of routine
eye exams, allowing for the diagnosis and monitoring of both ocular and systemic disease.

Historically, a device called an ophthalmoscope has been used to manually view the interior
of the eye. The first report of using an ophthalmoscope for fundus examination was in 1851 by
Hermann von Helmholtz.”® The tool revolutionized 19" century ophthalmology, allowing
physicians to view and describe retinal vessel occlusions, glaucoma, and diabetic retinopathy for
the first time. While ophthalmoscopy is still used today, it is one of the top three hardest clinical

"l and has limitations in screening for eye diseases like diabetic retinopathy,

skills to learn
glaucoma and hypertensive retinopathy. "> Physicians instead rely more on advanced imaging

techniques such as fundus photography and optical coherence tomography (OCT) to view the

posterior pole of the eye.



In 1926, Carl Zeiss developed the first commercially available fundus camera. > With
advancements from film to digital technology, high-resolution fundus images can be captured non-
invasively and stored to diagnose and monitor eye disease. Coloured filters for techniques like
autofluorescence, fundus fluorescein angiography, and indocyanine green angiography can be
applied to the camera system for visualization of specific aspects of the retinal vasculature and its
pathologies. As a cost effective and simple technique, fundus photography continues to be used
globally as a diagnostic tool in ophthalmology. 7

In 1996, a newer method of retinal imaging, OCT, was first developed. ’* Using infrared
light and the principle of optical scattering, OCT generates cross sectional images of the layers in
the retina. OCT-angiography has been developed to visualize the retinal and choroidal vasculature
by detecting movement of blood cells, and integration of Doppler imaging has further allowed for
blood velocity and vessel pulsatility to be measured throughout the retina. ”> Now one of the most
utilized forms of imaging technology, OCT has become indispensable in diagnosing and
monitoring several diseases, including diabetic retinopathy and macular degeneration. 7>

Ophthalmic diagnostics have certainly been revolutionized by advanced imaging
techniques. Fundus photography, in particular, has been integrated into data collection protocols
in several population-based studies, providing researchers with access to detailed views of the
retinal vasculature. * > 7® This, in addition to computerized methods of quantifying retinal vessel
traits, has shifted research towards utilizing precise measurements of retinal vessel characteristics

to gain insight into both ocular and systemic health.



Retinal Vessel Characteristics

Vessel Diameter

Assessments of retinal vessel diameter began with subjective methods. This is exemplified
by Wagener et al’s technique (1947) of grading the degree of arteriolar narrowing by comparing
arteriolar and venular diameter during ophthalmoscopic examination. ’’ Since then, researchers
have derived objective and repeatable measurements to analyze retinal vessel width.

A formula to do so was initially proposed by Parr and Spears. ’® This formula used
measurements from the arteriole branches closest to the optic disc to derive an approximation of
the width of the central retinal artery, the central retinal artery equivalent (CRAE). These
measurements were initially obtained by manually analyzing fundus images with a slide projector
system. Hubbard et a/ later modified the formula to include venules, thus being the advent of the
central retinal vein equivalent (CRVE). ° The arterio-venous ratio (AVR), a ratio derived from the
CRAE and CRVE, was also introduced at this time. Recognizing that the original formulas were
dependent on the number of blood vessels included in the analysis, Knudtson et al refined the
method so measurements would only be based on the six largest arterioles and venules. ’° This
improvement ensured consistency across eyes and standardized measurements across different
cameras and software. Many retinal vessel analysis software available today continue to generate

summary metrics of retinal vessel diameter using the revised Knudtson-Parr-Hubbard formula.

As mentioned, CRAE, CRVE, and AVR can be derived using these formulas. CRAE and
CRVE directly reflect the central arterial inflow and veinous outflow of the retina. 3° Meanwhile,
AVR is a non-specific parameter reflecting the general regulative state of the retinal circulation.
Smaller AVR typically denotes narrowing of retinal arterioles; this assumes constant venular

diameter 3! despite evidence showing arterioles and venules can be influenced by distinct factors



and exhibit different associations with disease. ¥ Consequently, both narrower arterioles and wider
venules can contribute to a smaller AVR, limiting its interpretation. Additionally, as a summary
parameter, AVR has been shown to convey less information than the individual parts of the ratio.®!
Since differing pathophysiological responses may be obscured when using AVR alone, 8! arteriolar

and venular diameter have increasingly been investigated separately.

Through such studies, it has been described that normal variation and pathogenic changes

in vessel width are thought to reflect cumulative structural damage from multiple processes,

16, 19 26, 89,90 17,24,26

including aging,'® ! genetics,***® hypertension, atherosclerosis,”! inflammation, and
endothelial dysfunction.!” 2 These processes may underly associations between retinal vessel
diameter and several health and lifestyle factors, which will be discussed further later in his

chapter.

Despite being widely used in population-based studies, measurements of vessel width still
have some limitations to their use. First, there remain issues with magnification effects from
cameras and ocular refractive media. The refraction status and axial length of the eye influence
image scaling, as the size of an object in a photograph is proportional to its true size and inversely
proportional to the eye’s optical dimensions.”” Thus, in longer eyes, the retinal vessels would
naturally appear more narrow and be measured as such. This is exemplified by associations
between narrower CRAE and CRVE and myopic refractions, though these often become
nonsignificant when magnification or refraction is accounted for in regression models. °* % To
address this issue, approaches such as adjusting for axial length or refractive error in regression
models °? or applying correction formulas for magnification °* have been developed. AVR has also
been used in lieu of CRAE or CRVE, despite its previously mentioned limitations, since it is a

dimensionless measure free from the effects of magnification. ** However, Wong et al found



minimal differences in estimates when correcting for refraction or not and argued that
magnification-related bias is unlikely to severely impact epidemiological studies where refractive
status was not collected.

Second, fundus images and vessel analysis software only offer a simplified view of the
retinal vasculature. Static fundus images do not capture dynamic vessel changes related to the
cardiac cycle. > %% % Furthermore, analysis software typically measure the reflective red blood
cell column in the vessels, ignoring the surrounding clear plasma zone, and underestimate lumen
diameter. - °7 However, given that pulsation only causes small changes in the vessels and blood
column is proportional to the lumen diameter, these measures remain good surrogates for overall
vessel diameter.

These limitations of vessel diameter have prompted the development of other parameters
to further characterize retinal vessels and provide a more comprehensive assessment of their

variation.

Vessel Tortuosity

The principle of optimal blood flow suggests that the circulatory system is structured to
deliver adequate blood supply with minimal energy expenditure. **°® Deviations from the optimal
architecture can lead to reduced and less efficient peripheral circulation. It is thought that vessel
tortuosity may capture information about the optimality of the vascular pattern. Defined as a
dimensionless measure of vessel curvature, higher tortuosity indicates a higher degree of twisting
or curvature. Tortuosity has been shown to reflect a different aspect of pathology than vessel

diameter, thus providing additional insights into microvascular variation. *!



Complex mechanisms underlie changes in vascular tortuosity. Hypoxia may stimulate the
production of angiogenic factors by the endothelial cells, leading to vessel elongation and
increased curvature. *% 1% More tortuous (curved) vessels are hypothesized to provide greater
surface area and lower blood velocity, enhancing oxygen and nutrient extraction. 01194
Degradation of elastin and weakening of the vessel wall from the effects of aging, hypertension,
or increased blood flow can also promote reduced axial tension, lengthening of the vessel, and a
subsequent increase in tortuosity. ' To note, severe tortuosity can increase resistance to blood
flow, which elevates shear stress in the vessels and contributes to the risk of thrombosis. '

Meanwhile, decreased tortuosity (straightening) of the blood vessels may be explained by
endothelial dysfunction and atherosclerosis, and can lead to impaired blood flow and perfusion.
106 Moreover, tortuosity can be limited by the number of branches of the vessels, which serve as
anchor points, and vessels with wider diameter are unable to curve at the same frequency as
narrower vessels. % Specific health and lifestyle factors impacting vessel tortuosity will be
described later in this chapter.

While tortuosity has been proposed as a valuable measure of vessel geometry, it also has
several limitations. As explained in a systematic review by Kalitzeos et al, there is a lack of
standardization in terms of image acquisition, calculation methods, and indices used across
studies.!” For example, tortuosity can be calculated simply as the ratio of the arc length to chord
length, although this does not consider the number of inflection points along the vessel.! Thus,
other common formulas using subdivided chord lengths or curvature-based methods have been
developed.!® Most software also rely on small areas to calculate tortuosity; therefore global

measurements are generally absent in the literature.!’” Abdalla et al had similar reservations in

their review, noting inconsistencies in how tortuosity is defined among various studies.!” They
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also emphasized that validation datasets are often small and that vessel dilation and elongation,
factors that may influence tortuosity, are rarely accounted for, raising concerns about measurement
accuracy. Therefore, further work to improve and standardize the measurement of tortuosity may

advance its utility in ophthalmic research.

Vessel Area

While measures of vessel diameter and tortuosity have frequently been used in population-
based studies, vessel area is infrequently considered. Two cross sectional studies assessing the
validity of vessel analysis software have investigated retinal vessel area in association with various
factors. In multivariate analysis of 250 subjects adjusting for age and gender, Maderuelo-
Fernandez et al found that venular area was inversely associated with systolic blood pressure
(SBP) (B= —0.114, 95% Confidence Interval (CI): —0.168, —0.061). ''° In the same study, a
cardiovascular risk score based on the Framingham risk equation was inversely correlated with
both arteriolar and venular area (Pearson correlation coefficient =-0.338 and -0.238, respectively).
In a similar validation study, Fukutsu et al observed that age, SBP and diastolic blood pressure
(DBP) were negatively correlated with both arteriolar and venular area (P<0.05 for Pearson
correlation coefficients). ' Therefore, both teams concluded that retinal vessel area could be a
useful indicator of cardiovascular risk, similar to diameter and tortuosity.

However, the significance of vascular area, its impact on perfusion, circulation, and clinical
relevance, remains to be elucidated. Three-dimensional renderings of the ocular vessels using OCT

technology have been used as indicators of retinal vessel perfusion, 2

although, vessel area is a
two-dimensional summary measure of vessels derived from en-face images of the retina. Since

vessels are inherently three-dimensional dynamic structures, a two-dimensional measurement may
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not fully represent the vascular structure and perfusion of retinal tissues. Thus, further research on

how variation in vessel area may impact retinal function is needed.

Vessel Analysis Software and QUARTZ

Grading images by human observers is time consuming and would not be feasible in
epidemiological studies with large sample sizes. Therefore, several computerized methods to
quantify retinal vessel characteristics have been developed. The Vascular Assessment and
Measurement Platform for Images of the Retina is a software application for semi-automatic
quantification of retinal vessel traits. ''* The system detects retinal landmarks (optic disc, retinal
zones, main vasculature), and quantifies parameters including vessel width, vessel branching
coefficients and tortuosity measures. Similarly, Singapore ‘I’ Vessel Assessment Program
automatically calculates arteriolar/venular calibre, tortuosity, branching angles, and fractal
dimensions. *! Interactive Vessel Analysis is another semi-automated software commonly used
among population-based studies of retinal vessel characteristics, requires trained graders, and only
provides measurements of CRAE, CRVE, and AVR. !’

While useful, these methods are restricted to analysis within a focal area around the optic
disc (0.5—1 disc diameter away from the disc margin), may have difficulty differentiating arterioles
from venules, and offer few parameters beyond vessel diameter. ''* Beyond this, vessel diameter
has mostly been limited to CRAE and CRVE measurements which do not capture variability across
the image and often depend on the number of vessels analyzed. Long processing times, lack of
automatic processing — necessitating subjective human input that affects both intra- and inter-

grader agreement, and expensive costs, further limit the use and accessibility of these methods.
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To overcome some of the limitations in traditional retinal vessel analysis, this research
utilized QUARTZ (Quantitative Analysis of Retinal Vessel Topology and Size), a deep learning
software, to analyze images from the CLSA. ¢ Deep learning is a subset of machine learning where
the system is trained to recognize patterns and analyze complex data using multiple layers of
artificial neural networks. !> QUARTZ was validated to analyze fundus photographs using images
from the United Kingdom (UK) Biobank and has demonstrated its effectiveness through
application in several large population-based studies. % 2% 4% 116

QUARTZ is fully automatic and processes most images in about 2 minutes. The software
reliably assesses image quality with a sensitivity of 91% and specificity of 100% in the CLSA,
where 82.77% of images were of adequate image quality. * Subsequently, the software identifies
and segments visible vessels across the image. Arterioles and venules are differentiated by
applying a probability-based label to each centreline pixel within the segment. * A voting strategy
is used to label the whole vessel segment as arteriole or venule, with an accuracy of 96% when
using a cut-off probability of 0.8.

Vessel characteristics are then measured across the image. Vessel diameter is determined
using a zero-crossings of the second derivative method, which estimates vessel edges by detecting
changes in color and brightness. !'” Diameter is calculated as the distance between the edge points
perpendicular to the centerline of the vessel. Meanwhile, tortuosity is measured using a subdivided
chord length method, where a straight line (chord) is drawn from the start to the end of the vessel
segment. ''® The actual path of the segment is compared to the chord length; if the vessel’s actual
length is longer than the chord, the vessel is more curved.

QUARTZ obtains thousands of measurements of diameter and tortuosity across the image.

The mean diameter and tortuosity of each arteriole and venule are summarized and weighted by
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the vessel segment length. Total vessel area is calculated from the average vessel width multiplied
by length and summed across the vessel segments. The measurements obtained by the software
represent global assessments of vessel characteristics, accounting for variability across the retina.

In using QUARTZ and similar analysis software, authors have uncovered significant
associations between retinal vessel characteristics and several sociodemographic, health, and

lifestyle factors.

Determinants of Retinal Vessel Characteristics

Age

Both arterioles and venules have been shown to narrow with increasing age in several
population-based studies. 22 However, some variability in these associations has been reported.
For example, only narrower arterioles were associated with age in the Inter99 Eye Study, ''° and
in Type 1 diabetics, age was only associated with narrower venules and not arterioles. >

Although less frequently documented, vessel widening has also been observed with age.
Using QUARTZ to provide a global measurement of vessel diameter, Tapp et a/ found that venules
widened by 1.0 um (95% CI: 0.9 um to 1.2 um) for each decade increase in age. *° In a similar
analysis, Tapp ef a/ also noted that venules widened with age regardless of diabetes status, whereas
arterioles narrowed with increasing age only in those without diabetes. 27 Owen et al observed that
arterioles were narrower with increasing age, whereas venular width increased with age, 3> while
Sun et al found the opposite pattern - wider arterioles and narrower venules were associated with
increasing age. *! Additional longitudinal analyses are needed to better understand the natural
history of retinal vessel changes with age and the factors contributing to the variability in these

associations.
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Age has also been associated with changes in vascular geometric pattern. In the UK
biobank, Tapp et al found that for each decade rise in age, venular tortuosity increased by 2.5%
(95% CI: 2.1% to 2.8%). *° Using the same dataset, more tortuous venules were consistently
associated with increasing age, whereas more tortuous arterioles were only associated with age in
those without diabetes. 2’ Owen et al also observed that arterioles were more tortuous with
increasing age. 3 These results were not consistent with results from Cheung et al, who reported
the opposite; more tortuous venules were associated with younger age, and less tortuous arterioles
were associated with older age. *! Overall, the existing evidence mostly supports that vessels

become more tortuous with age.

Sex

Several population-based studies have reported that women tend to have wider arteriolar
diameter than men. !7-2% 3% 3! Meanwhile, one study found that men had wider CRAE, ?* and one
study reported no significant sex differences in arteriolar diameter. '* Men consistently exhibit
wider venules than women, '* %2630 though some studies have found no significant differences
in venular diameter. !”> 2% 3! Regarding tortuosity, Cheung et al reported that female gender was
associated with more tortuous venules. *! Variation in vessel characteristics may emerge with age,
as multiple studies in children found no significant differences between males and females in

vessel diameter nor tortuosity. 120122

Ethnicity

Several studies have assessed ethnic differences in diameter and tortuosity in children. In

a multi-ethnic population of Singaporean children, Chinese children had narrower arteriolar and
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venular diameter in comparison to Malay and Indian Children. '?° Similarly, the Sydney Childhood
Eye Study, Asian and Middle Eastern children had wider arteriolar and venular diameter than
White children. '?! In the Child Heart and Health Study in England study, vessel tortuosity did not
differ significantly among White, South Asian (Indian, Pakistani, Bangladeshi), and African
Caribbean (black African, Caribbean, or British) children. !> Whereas other Asian children
(Afghani, Chinese, and Turkish) had less tortuous vessels.

These ethnic patterns have been shown to persist into adulthood. Data from the Multi-
Ethnic Study of Atherosclerosis (MESA) showed that Black and Hispanic people had wider
arteriolar diameter than White people. !7 In the same study, Black, Hispanic, and Chinese people
all had wider venular diameter than white people. Additionally, a study of healthy Asian adults
found that Chinese people had the narrowest CRAE among Indians and Malays, and also had the
most tortuous arterioles and venules. '** Lastly, in the Atherosclerosis Risk in Communities Study
(ARIC), African Americans had wider CRAE and CRVE in comparison to White people. 2°

Racial differences in retinal vasculature have been proposed to be due to a variety of
reasons. First, identification of vessels and measurement of diameter may differ between ethnic
groups due to differences in retinal and iris pigmentation. '*! Ethnic groups also differ in
susceptibility to cardiovascular disease, potentially impacting susceptibility to changes in the
retinal vasculature. ' Lastly, variation in retinal vasculature is largely influenced by genetics. In
a twin study conducted by Taarngj et a/, the heritability of retinal artery and vein diameters was
found to be 70% and 83%, respectively. '*°> Additionally, several genome-wide association studies
have identified links between various gene loci and the diameters and tortuosity of retinal arterioles

and venules. 338
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Blood Pressure and Hypertension

Mean Arterial Blood Pressure (MABP) represents the average blood pressure throughout
the circulatory system and is a commonly used summary measure of systolic and diastolic blood
pressure. '2° In the Funagata Study, higher MABP corresponded to narrower CRAE and CRVE;
this association was stronger with CRAE. '® These results were confirmed by von Hanno et al *°
and persisted in those with Type 1 and Type 2 diabetes in the Wisconsin Epidemiological Study of

Diabetic Retinopathy (WESDR) study. 2! ?® Narrower arterioles alone have consistently been

16, 20, 26, 31, 43 20, 26, 43

associated with higher MABP across several studies, while either wider or
narrower '°> venules have been reported. In a meta-analysis of five studies, higher MABP was
inversely associated with CRAE only (B=-3.07, 95% CI, —3.73 to —2.40). '?” Thus, it is generally
well-established that retinal vessels narrow with increasing MABP.

There is evidence to suggest age differences in the relationship between blood pressure and
retinal vessel diameter. Four studies have reported that with increasing age, the association
between retinal arteriolar diameter and higher MABP weakens. '%-2% 23 Similarly, a meta-analysis
of participant-level data found that the association between CRAE and hypertension was stronger
in participants under the age of 60 years old, and became nonsignificant in those above the age of
70, 128

In some studies, systolic and diastolic blood pressure have been assessed separately.
Interestingly, Dervenis et al, '* Ikram et al, * and Leung et al '° observed wider CRAE was cross-
sectionally associated with higher SBP while narrower CRAE and CRVE were associated with
DBP. In contrast, analysis of data from the UK Biobank showed that both narrower arterioles and
venules were linked with higher systolic and diastolic blood pressure. *? This relationship persisted

regardless of diabetes status in a separate study using data from the UK biobank. >’ Owens et al

similarly observed that arteriolar width was inversely associated with SBP and DBP, however

17



narrower venules were only slightly associated with DBP. *? Elevated SBP was associated with
narrower arterioles alone across other studies as well. !7- 119129

The longitudinal relationship between blood pressure and retinal vessel changes has been
investigated. Narrower CRAE and focal arteriolar narrowing have consistently been associated
with incident hypertension. '2°1*> As such, in a meta-analysis of six studies with participant level
data across 10,229 subjects, narrower CRAE was associated with a higher odds of developing
hypertension (overall adjusted Odds Ratio (OR)=1.65, 95% CI: 1.53,1.79). '?® In the same study,
having narrower CRAE at baseline was associated with a 5-year increase in SBP. '?® To further
support these findings, Xing et al suggested that retinal arteriolar narrowing may precede
hypertension, since linkage regions of retinal vessel diameter and essential hypertension
overlapped in their genome-wide linkage study. '

Few studies have looked at retinal vessel tortuosity in association with blood pressure and
hypertension. In the UK biobank, increased arteriolar and venular tortuosity were associated with
higher SBP and DBP. ** This was expanded on in a later analysis of the UK biobank data, where
Tapp et al found that associations with tortuosity were only significant in those without diabetes;
still, increased SBP and DBP were both associated with more tortuous arterioles and venules. 2’
In the European Prospective Investigation of Cancer (EPIC)-Norfolk eye study, however, arteriolar
and venular tortuosity were positively associated with SBP, but not DBP. 32 In contrast, the
Singapore Malay Eye Study found that less tortuous arterioles and more tortuous venules were
associated with higher MABP. * 4} Based on the existing literature, those with higher blood

pressure tend to have more tortuous vessels.
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Diabetes

17, 27, 33, 34 17, 33

Prevalence of diabetes has been linked to wider arterioles or venules.
Interestingly, those with diabetes in the Australian Diabetes, Obesity, and Lifestyle Study exhibited
wider CRAE, but this association disappeared after adjusting for CRVE. '*7 In addition, with a
median follow-up of 10 years, incidence of diabetes was not associated with arteriolar width in a
meta-analysis of 5 studies with participant level data for 18,771 subjects. '3 Instead, wider retinal
venular diameter alone corresponded to an increased risk of diabetes (overall Hazard Ratio
(HR)=1.09, 95%CI: 1.02, 1.15). 13® Wider vessels have also been associated with several diabetes-

27, 30, 32

related factors such as higher hemoglobin Alc, poorer glycemic control, 2! high serum

glucose, 3% and diabetic retinopathy. 3% 140 141

While most evidence suggests a relationship between vessel widening and diabetes, some
prospective studies have indicated the opposite. The 10-year incidence of diabetes was associated
with narrower arteriolar diameters, but not venular diameters, in the Beaver Dam Eye Study
(BDES). '*? Additionally, narrower arterioles, as indicated by smaller AVR, were associated with
incidence of diabetes over a mean follow-up time of 3.5 years in the ARIC study. ' Although,
this should be interpreted with caution as smaller AVR may also reflect venular widening, as
previously described. Associations between both CRAE and CRVE and incident diabetes were not
statistically significant in the Rotterdam study. '** Overall, the literature reveals inconsistent
associations between retinal vessel diameter and diabetes, with most cross-sectional studies
reporting wider vessels, contrasted by some longitudinal observations of narrowing.

In terms of tortuosity, Owen ef al/ observed that venules were 6.5% more tortuous (95% CI:
2.8%, 10.4%) among those with type 2 diabetes compared to with those without in the EPIC-

Norfolk study. 3 Tapp et al confirmed this relationship using data from the UK biobank. 27 In

contrast, Cheung et al observed that venular tortuosity was not associated with diabetes, and less

19



tortuous arterioles were associated with diabetes. ** The studies differ in the ethnicity of their

cohorts and the methods of vessel analysis software, potentially leading to contrasting results.

Stroke

Stroke has generally been associated with wider venular diameter & % 3537

and narrower
arterioles. 7% In a meta-analysis of 6 cohort studies comprised of 20,798 subjects, wider venular
diameter was associated with incident stroke (pooled HR =1.15, 95% CI: 1.05, 1.25), whereas
arteriolar diameter was not. ¥ Wider CRVE was consistently associated with 22-year stroke
mortality in the WESDR.!*® Null associations between stroke and vessel diameter have also been
reported.' 147

Very few studies have assessed the relationship between stroke and vessel tortuosity.
Tortuosity as a continuous variable was not associated with the risk of stroke in the Singapore
Malay Eye Study. *> Meanwhile, Sandoval-Garcia et al found that more tortuous arterioles were
associated with stroke in a study of participants with type two diabetes. '*’ This is in agreement
with findings from Owen ef al, where more tortuous arterioles were associated with prevalent

stroke in the EPIC Norfolk study. 32

Heart Disease

Corresponding well to the stroke findings outlined above, Wong et al reported that
narrower arterioles and wider venules were also associated with the 5-year development of heart
disease in the Cardiovascular Health Study. ° This relationship may be impacted by sex, as some
studies have found that it only persists in females. ®® This was the case in a meta-analysis by

McGeechan et al composed of participant-level data from 22,159 subjects from 6 population-based
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studies - wider retinal venules and narrower retinal arterioles were associated with increased risk
of coronary heart disease in women, but not in men. '° However, in a more recent analysis of the
16-year follow-up ARIC data, incidence of heart failure was associated with narrower arterioles
and wider venules in both sexes, suggesting that observed sex differences may attenuate over
time.!! In the same study, adverse cardiac remodeling (left ventricular hypertrophy and systolic
and diastolic dysfunction) showed similar associations. Mortality due to cardiovascular outcomes
has also been associated with narrower arterioles and wider venules in the ARIC and Rotterdam
studies. %12

Prevalent myocardial infarction and incident coronary events were not associated with
vessel tortuosity in the EPIC-Norfolk Study * and the Edinburgh Type 2 Diabetes Study, 47
respectively. However, an Australian clinic-based study found that straighter venules were
associated with prevalent coronary artery disease, but only in women. '* Additionally, in a recent
genome-wide association study, genetic variants linked to retinal venular tortuosity were also

associated with coronary artery disease. ¢ Further research is needed to clarify how vessel

tortuosity relates to cardiovascular disease.

Cholesterol

Serum total cholesterol is comprised of two main lipoproteins: high-density lipoprotein
(HDL) and low-density lipoprotein (LDL). These components have distinct associations with

vessel diameter. HDL (“good”) cholesterol is consistently associated with narrower venules !> !7

20, 25, 27, 30-32, 119, 149 and narrower arterioles. 227 3% 119 149 Nyll associations between HDL

cholesterol and arterioles have also been reported. 2% 3% 31139 Meanwhile, increased LDL (“bad”)

cholesterol is generally linked to wider venules, as observed in the Singapore Malay Eye Study
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(SiMES), 3! MESA, 7 UK Biobank, 2’ and a Singaporean population-based study. 2° Despite
defined relationships with its components, total cholesterol as a whole is generally not associated
with vessel diameter; !> 2% 1% 1% however, higher levels of total cholesterol have been linked to
wider venules in a Singaporean population ?° and narrower arterioles in the EPIC-Norfolk study
and UK Biobank.?’ Given the differing effects of HDL and LDL on the risk of heart disease, '** it
naturally follows that the components of cholesterol may also affect the microvasculature through
separate mechanisms.

Additionally, HDL cholesterol was inversely associated with venular tortuosity in the
Singapore Malay study *' and EPIC Norfolk study. ** In data from the UK Biobank, Tapp et al
found that HDL cholesterol and total cholesterol were both inversely associated with venular
tortuosity, but only in participants without diabetes. 2’ In contrast, in a population of children from
the UK, more tortuous arterioles were associated with higher total cholesterol and levels of LDL
cholesterol, not HDL cholesterol (venules were not assessed in this study). !'® The natural history

of how retinal vessel geometry is impacted by cholesterol remains unclear.

Body Mass Index

Associations between body composition and retinal vessel traits have been studied in

children and adults alike. Among three studies of either Australian or Singaporean subjects,

151, 152 23, 151, 152

children with higher BMI tended to have wider venules and narrower arterioles.
Similar trends have been seen in adults - higher BMI has consistently been associated with wider
venular diameters. !> 17-20:26-32 Thig relationship was stronger in men than women in data from the
20,23,2527,29 1yt

Tromso study. *° Adults with higher BMI also tend to have narrower arterioles,

null associations have also been observed. '”-3! Longitudinally, Wang et al reported that wider
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venules at baseline were associated with incident obesity (OR=1.8; 95% CI: 1.0, 3.1) and weight
gain (OR=1.7; 95% CI: 0.9, 3.2) over five years using data from the BMES; this relationship
persisted in those with and without diabetes and hypertension.!>* Meanwhile, arteriolar diameter
was not related with 5-year incidence of obesity or weight gain. The relationship between retinal
vessel diameter and body composition is generally consistently documented in the literature.
Conversely, findings on the link between retinal vessel tortuosity and BMI are mixed. In
two separate analyses of data from the UK biobank, those with higher BMI had more tortuous

venules; 27 ?°

no association was observed with arteriolar tortuosity. Meanwhile, data from the
Singapore Malay Eye Study showed that less tortuous arterioles were associated with higher

BMI.*! Thus, the effect of body composition on retinal vessel geometry remains ambiguous due to

limited reports in the literature.

Inflammation

Inflammation has frequently been studied as a determinant of retinal vessel traits. Wider
venules have consistently been associated with inflammatory markers. 1> 7> 2327 In a recent
systematic review, 23 studies showed that increased levels of C-Reactive Protein (CRP) were
associated with wider venules but had no association with retinal arterioles. '** As such, in meta-
analysis of 9 studies with 22,422 participant-level data, CRP was not associated with retinal
arteriolar diameter but was modestly associated with venular diameter (correlation coefficient
=0.09, 95% CI: 0.05, 0.12). In the same study, IL-6 was only associated with venular diameter,
and white blood cell count was linked with both venular and arteriolar diameter, with stronger
associations seen for venular diameter. Prospectively, higher CRP has been associated with a

greater decrease in CRVE over 15 years in the BDES. !°
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Only one study has investigated the relationship between inflammatory markers and retinal
vessel tortuosity. Using data from the UK Biobank and stratifying by diabetes status, Tapp et al
found that higher CRP was associated with more tortuous venules in those with and without
diabetes.?’” White blood cell count and granulocyte count were associated with more tortuous
venules and less tortuous arterioles. Associations were generally stronger in those with diabetes

than without.

Smoking

Smoking status has consistently been associated with wider retinal blood vessels. Dervenis
et al found that current smokers in the Thessaloniki cohort have wider arterioles and venules than
non-smokers, with a stronger association among venules. '# These findings have been confirmed
within other population-based study cohorts including the EPIC-Norfolk study, *> Inter99 study,
119 and several others. !5 17> 20 21,25,26,28,30, 31, 155

This relationship seems to follow a dose-response pattern. Former smokers tended to have
wider vessel diameter in the Tromse, Rotterdam, ARIC, and BMES studies, but the association
was stronger in current smokers as opposed to former.?> 2% 3% 155 Similarly, widening of CRVE
corresponded to a higher number of pack-years in the BDES, BMES, and in those with type two
diabetes in the WESDR.!> 2! 155 Furthermore, Myers et al observed that CRVE decreased with
increasing time since smoking cessation, while the number of years participants smoked was
positively related to wider CRVE. °

One study has previously assessed smoking’s effect on vessel tortuosity. Owen et al found
that venular and arteriolar tortuosity were positively associated with smoking, but only in women

rather than men. Gender differences were partially explained by height. *2
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Alcohol

Compared to subjects who have never consumed alcohol, those who do consume alcohol

14,26, 155 17,20

tend to have either narrower arterioles alone, or both narrower arterioles and venules.
Null findings have also been noted. 2> To the best of our knowledge, no previous studies have

investigated the effect of alcohol consumption on retinal vessel tortuosity.

Overall, retinal blood vessel characteristics, particularly diameter, have been extensively
researched and linked to various demographic, health, and lifestyle factors. However, numerous
discrepancies in published results make it challenging to ascertain the true impact of overall health
on the retinal microvascular. Furthermore, limited reports on vessel tortuosity in relation to these

factors provide little clarity on the role of vascular geometry.
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Chapter 3: Age-Related Eye Disease and Blood Vessels

What 1s Glaucoma?

Glaucoma is the most common cause of irreversible vision loss worldwide. ¢° In 2020, an
estimated 3.61 million people were blind, and 4.14 million people were visually impaired due to
glaucoma, accounting for 8% of all blindness in the world. The prevalence of glaucoma in Canada
has been estimated to be between 2.7% and 3.9%. 1°6-158 This corresponds to a significant financial
burden associated with various direct and indirect healthcare costs, including ocular hypotensive
drugs, physician visits, glaucoma procedures, and loss of productivity. °* In Canada, the treatment
of glaucoma is estimated to be around C$300 million annually. '*° Not only does glaucoma pose a
significant economic burden, but it is also associated with reduced quality of life and is a
significant predictor of depression and other comorbidities. 16! 162

Broadly, glaucoma can be classified into two categories, open angle glaucoma (OAQG) or
angle closure glaucoma (ACG), based on the anatomy of the anterior segment (Appendix 1).!63-165
Normally, aqueous humour is produced by the ciliary body, located behind the iris. The fluid then
flows through the pupil into the anterior chamber and exits the eye through the trabecular
meshwork at the angle formed between the iris and the cornea. In OAG, there is increased
resistance to aqueous outflow within the trabecular meshwork, whereas in ACG, the angle becomes
blocked due to the apposition of the iris or the lens. Typically, these disruptions in aqueous flow
cause an increase in intraocular pressure (IOP), which is indeed the only modifiable factor for
glaucoma targeted by treatment. ' That being said, normal tension glaucoma (NTG), where the
angle is open and IOP is normal, can occur. '’

NTG, OAG, and chronic ACG are characterized by progressive degeneration of the optic

nerve with apoptosis of retinal ganglion cells (RGC) leading to thinning of the retinal nerve fiber
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layer (RNFL). '¢7 This is typically seen as rapid progressive cupping of the optic disc which is
often measured as the cup-to-disc ratio (CDR); the average CDR of a normal eye is around 0.3 to
0.5, and higher CDRs can be indicative of glaucomatous damage. '** Early glaucoma can be
asymptomatic and remain undiagnosed until bilateral vision loss is noticed by the patient. 6% 16
As the disease progresses, irreversible visual field loss begins in the mid-periphery, progressing
until only a small central or peripheral area of vision remains if left untreated. !4 Patients may also
experience reduced contrast sensitivity, impaired colour perception, and difficulty reading.

Many risk factors have been associated with the development of the disease. Glaucoma is
consistently associated with older age, Black race, elevated IOP, family history of glaucoma, and
high myopia. !"1"* Mixed evidence exists for other risk factors including diabetes and migraine.
Leske et al also showed that thinner central corneal thickness may be a predictive factor for
glaucoma and its progression in those with ocular hypertension.'”

While the causes of glaucoma are not fully understood, various hypotheses have been
proposed to explain its occurrence and progression. For example, the mechanical theory of
glaucoma suggests that elevated IOP compresses the optic nerve at the lamina cribrosa, causing
mechanical strain on RGC axons and subsequently signalling cell apoptosis. 1% 17> While evidence
for this theory exists, it does not explain all cases of glaucoma as some patients with elevated IOP
do not develop the disease, some glaucoma patients do not have elevated IOP, and glaucoma can
progress even after controlling IOP. Thus, pressure independent hypotheses have emerged
including vascular, genetic, glymphatic, biochemical, autophagy dysregulation, and translaminar
pressure. It is likely that a combination of these mechanisms contribute to the pathogenesis of
glaucoma since no one theory fully explains its development. " For the purpose of this thesis, the

vascular hypothesis of glaucoma will be elaborated.
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Vascular Hypothesis of Glaucoma

The vascular theory of glaucoma postulates that RGC loss may occur due to impaired
ocular blood flow from increased IOP or impaired autoregulation from vascular deregulatory
factors. "7 178 Vascular dysregulation and fluctuating vessel perfusion induce oxidative stress,
mitochondrial dysfunction, ischemia, and ultimately, cell apoptosis at the optic nerve head. '7% 17
However, some controversy remains since reduced ocular blood flow may be a secondary
consequence of RGC loss — less blood flow is required to satisfy the metabolic needs of fewer
cells. 176 Therefore, more longitudinal studies are needed to determine if vascular changes precede
the development of glaucoma or are a consequence of the disease process.

Supporting the vascular theory, numerous studies have linked blood pressure dysregulation

with glaucoma. Separate systematic reviews indicated that reduced ocular perfusion pressure and

179 180

dips in nocturnal blood pressure were associated with glaucoma and its progression,
respectively. Other meta-analyses have revealed a 1.71-fold increased risk of glaucoma in
hypertensive individuals ** and a positive association between higher IOP and blood pressure. +°
Furthermore, one mendelian randomization study demonstrated a causal effect between high blood
pressure and both RNFL thinning (a clinical sign of glaucomatous damage) independent of 1OP,
in addition to elevated IOP itself. '8! Therefore, dysregulation of blood pressure may certainly be
a contributing pathogenic factor for glaucoma.

Beyond blood pressure, glaucoma has been associated with cardiovascular diagnostic signs
and conditions. For example, in a recent analysis of data from the Vitamin D Assessment cohort,

increased arterial stiffness predicted the 10-year incidence of glaucoma (HR= 1.40, 95%CI: 1.14-

1.71). 182 Additionally, in a retrospective chart review including 540 eyes, those with a history of
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cardiovascular disease had higher odds of developing rapidly progressive glaucoma in comparison
to those without cardiovascular disease.'®* Reciprocally, having glaucoma has been associated with
an increased risk of developing ischemic heart disease, coronary artery disease, myocardial
infarction, and stroke. *6-*® Lastly, Funk ef al noted that patients from the Mayo Clinic with low-
tension glaucoma had a higher odds of having various systemic vascular conditions including
diabetes, migraine, anemia, and Raynaud’s syndrome.'®* Glaucoma and cardiovascular disease
share several risk factors, potentially contributing to findings across published literature. 4°
Various properties of retinal vessels may be implicated in the vascular hypothesis of
glaucoma. With the development of modern imaging technologies and software to analyze retinal
images, links between glaucoma and specific retinal vessel characteristics have been identified and

will be discussed below.

Cross-Sectional Findings:
Cross-sectional associations between retinal vessel diameter and glaucoma have been

185188 and venules '*% 186188 haye been associated

indicated in the literature. Narrower arterioles
with OAG in several studies. The Blue Mountains Eye Study showed that the narrowest quintile
of CRAE was associated with a higher odds of having glaucomatous damage as indicated by visual
field defects and optic disc cupping. '** However, this association was only significant in those
older than 65 years of age, in those with diabetes, and stronger in those with a history of
smoking.!'%

As a significant risk factor for the development and progression of glaucoma, the

relationship between IOP and retinal vessels has also been investigated. Amerasinghe et al

observed that narrower venules corresponded with ocular hypertension (IOP > 21 mmHg) in eyes
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without diagnosed glaucoma. 3¢ Only arteriolar narrowing was associated with increased IOP in
a study by Freiberg et al. '°° This is only partially supported by findings from the WESDR, where
those with higher IOP had narrower CRVE and wider CRAE. 2! In contrast, vessel width was not

l, 188

associated with ocular hypertension in a study by Rudnicka et a nor with IOP in a study by

Klein et al.>®

Thus, while some evidence suggests a relationship between retinal vessel narrowing
and elevated IOP, these findings have not been consistently reported.
Indicators of optic nerve health have also been associated with retinal vessel diameter.

99, 191, 192

Narrower arterioles and venules have been associated with thinner RNFL thickness and

193,194 in children and adults. Horizontal cup diameter, cup area and

reduced neuroretinal rim area
volume, and the average nerve width were also positively associated with retinal venular diameter
in 12 year old Australian adolescents. 1

In terms of tortuosity, straighter arterioles were associated with glaucoma and elevated IOP
in the Singapore Malay Eye Study. '**> Adults with thinner neuro-retinal rims and thinner ganglion
cell layer thickness also tend to have less tortuous vessels. * 1% These studies are in contrast to

the null results reported by Rudnicka ez a/ in their analysis of the EPIC-Norfolk eye study; vessel

tortuosity was not associated with glaucoma nor ocular hypertension (P>0.05). '8

Longitudinal Findings:
There are very few longitudinal studies assessing the association between retinal vessel

57,58 and

characteristics and the incidence of glaucoma. Two studies reported conflicting results,
only one study has investigated longitudinal changes in vessel characteristics in relation to IOP. '*°

For example, Kawasaki et a/ investigated the association between retinal vessel diameter

and the 10-year incidence of primary OAG using data from 2417 participants in the Blue Mountain
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Eye Study.’® After adjustment for age, sex, family history of glaucoma, smoking, diabetes,
hypertension, hypercholesterolemia, body mass index, spherical equivalent refraction, and cup-to-
disc ratio, people with narrower CRAE had a higher 10-year incidence of glaucoma (OR per SD
decrease = 1.77, 95% CI:1.12, 2.79). This was consistent even in subgroup analysis of eyes with
low OAG risk (IOP <20 mmHg or CDR<0.6). Hypertension status did not modify this relationship.
CRVE was not associated with the 10-year incidence of glaucoma (OR per SD decrease = 1.33,
95% CI: 0.86, 2.06).

In contrast, in an analysis of 3469 participants aged 55 years or older with a mean follow-
up time of 6.5 years, Ikram et al found that neither arteriolar diameter (OR per SD decrease = 0.82,
95% CI: 0.66, 1.03) nor venular diameter (OR per SD increase = 1.20, 95% CI: 0.95, 1.53) were
statistically significantly associated with incident OAG. * This was following adjustment for age,
gender, follow-up time, diabetes, smoking, total-to-HDL cholesterol ratio, mean perfusion
pressure, and intima media thickness. Baseline retinal vessel diameters did not predict changes in
any optic disc metrics, including cup area, rim area, or vertical CDR.

Freiberg et al investigated the relationship between IOP with retinal vessel diameter and
tortuosity after 3 to 6 years of follow-up. '*° In the analysis of data from 2089 participants of the
Danish eye and vision cohort, elevated IOP at follow-up was associated with widening of
arterioles, but not with changes in venular diameter. In addition, increased IOP at follow-up was
associated with an increase in arteriolar tortuosity above baseline levels, and having higher IOP at
baseline was associated with more tortuous venules at follow-up.

While some cross-sectional and longitudinal studies have suggested a role of vessel
narrowing in the development of glaucoma and its associated signs, the published literature has

generally been inconsistent, warranting further investigation.
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What is Age-Related Macular Degeneration?

AMD is a leading cause of blindness in developed countries, particularly among people
older than 65, and accounts for 8.7% of all blindness worldwide. °° Estimates suggest that the
total prevalence of AMD globally is approximately 8.69% and varies by age and ethnicity. *°
Projections indicate this number will rise to 300 million by 2040, driven by exponential aging of
the world’s population. 3° In Canada, AMD prevalence ranges between 3.2% - 8.7%, '3 %7 with
an estimated incidence of 1.68%. !°® Canadian projections align with global trends, predicting an
increase in prevalence to 10.9% by 2050. '’

AMD imposes a significant burden on individuals and society alike. Increased rates of
depression and anxiety are common among those with AMD, likely due to its chronic and
progressive nature. '*> 2% In 2005, the economic impact of AMD in Canada, including

unemployment and treatment costs, was estimated at $2.6 billion annually.?"!

With an aging
demographic, prevention of AMD is becoming increasingly important to limit morbidity.

AMD is a progressive dysfunction and degeneration of the photoreceptor cells in the
macula region of the retina and is broadly categorized into early, intermediate, or late-stage
AMD .2 Although the development of drusen can be part of the normal aging process, it is also
the hallmark sign of AMD-related change. Drusen appear as small yellow lesions that are an
accumulation of debris (lipids, glycoproteins, immune components) excreted by the retinal
pigment epithelium (RPE) and remain trapped between the RPE and Bruch’s membrane. 5> 2%

Early AMD is characterized by small to medium drusen (63-125 pm) with no visible retinal

pigmentary changes. % In intermediate AMD, large drusen (>125 pum) are accompanied by retinal
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pigmentary changes, such as non-geographic atrophy, hyperpigmentation, or RPE granularity, that
can be visualized due to migration of RPE cells. 2% 203

Advanced, or late stage, AMD can develop in one of two different forms:
proliferative/neovascular (wet) AMD or non-proliferative (dry) AMD. 2% In those with non-
proliferative AMD, areas of cell death in the choroid, photoreceptor layer, and RPE develop, and
as they widen, are diagnosed as geographic atrophy. 7> 2%%2%* Symptoms of dry AMD are chronic
and progressive, ranging from no visual impairment to reduced central vision, general blurriness,
decreased vision at night, visual distortions, and faded colour vision. 2% 292 Meanwhile, in
neovascular AMD, hypoxia and oxidative stress are thought to cause upregulation of vascular
endothelial growth factor, encouraging growth of abnormal choroidal or retinal blood vessels into
the subretinal space. Subsequently, areas of fluid leakage, hemorrhage or lipid exudation develop.
75.203 This is associated with rapid vision loss, as macular edema and intraocular hemorrhage can
have significant impacts on the central vision. 2> Visual distortions are also commonly reported
among wet AMD patients. 2%

No effective treatment for dry AMD has been found to date. However, changes in lifestyle
such as nutritional supplements and smoking cessation have been recommended to prevent
progression of the disease. 2°° Meanwhile in neovascular AMD, injections of anti-vascular
endothelial growth factor are the current gold standard treatment that provide the highest chance
of improving visual acuity. 2%

AMD has several known risk factors that may contribute to its development. AMD is
consistently associated with older age, family history of the disease, and previous cataract
surgery.”’® AMD is more prevalent among people with European ancestry than in those with

59, 206

African ancestry and several major genes have been identified as risk factors for AMD.?"’
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Smoking is a strong predictor of AMD development with an established dose-response among
various studies. >* 208211 Adverse effects of being overweight or obese in addition to having higher
levels of serum cholesterol have been related to AMD. 2% 212215 Alcohol consumption has been
related to the presence of soft drusen and AMD. 206-20%-216.217 [hjabetes may be associated with late
AMD, but the evidence is inconsistent among different study designs. 2%

AMD is a complex disease and the biological mechanisms leading to its development are
not well understood. Generally, AMD development and progression are attributed to a

multifactorial pathogenesis involving the vasculature and choriocapillaris (described below), and

genetics, oxidative stress, and inflammatory factors.

Vascular Hypothesis of AMD
The modern hemodynamic theory of AMD was first proposed by Friedman in 1997. 28

Inspired by the mechanisms underlying atherosclerosis, his model hypothesized that lipid
deposition causes increased resistance in the short posterior ciliary arteries, which supply the
choroid. This may result in either decreased choroidal perfusion or an increase in choriocapillary
pressure. The choroid supplies the outer layers of the retina; thus, in reducing the choroidal
perfusion, RPE metabolism is impaired leading to cell atrophy. Meanwhile, an increase in
choriocapillary pressure may reduce the rate of cellular byproduct removal, leading to the
formation of drusen. This theory has recently been revised by Gelfand and Ambati in 2016. 2!
They hypothesized that drusen accumulate as a result of local hemodynamic parameters within the
choriocapillaris, such as impaired heat dissipation, shear stress, and endothelial dysfunction, which

then determine the progression towards geographic atrophy or neovascular AMD.

34



These theories have been extended to the retinal circulation, where inhibition of retinal
vessel perfusion may also contribute to the pathogenesis of AMD. As such, prevalence and

incidence of AMD or AMD-related changes in the retina have been associated with high blood

209, 212 0 221,222 49-51, 213,

pressure, vascular stiffness, 2?° carotid plaques, and cardiovascular disease.
223 A potential hemodynamic pathogenesis has also been supported by results showing that the
presence of the cilioretinal artery, which is present in about 20% of people and is thought to provide
an alternative route for blood supply from the choroid, is associated with a lower risk of developing
choroidal neovascularization. 224225

However, it should be noted that the causal association between cardiovascular disease,
changes in the retinal vasculature, and AMD have yet to be fully understood. While the presented
mechanisms would suggest AMD develops due to initial disruptions of the vasculature, Friedman
also noted that changes in the choroid occasionally occur secondary to changes in the RPE,
suggesting that the tissues rely on each other to remain fully functional. 2'* Furthermore, some
studies have found that AMD may precede cardiovascular diseases. 22 2?7 There is contrasting

evidence associating changes in the retinal microvasculature with AMD among several cross-

sectional and longitudinal studies.

Cross-Sectional Findings

Cross-sectional studies examining the relationship between retinal vessel traits and AMD
have been inconsistent. Some studies reported null associations between AMD and vessel
diameter. 2223 Meanwhile, others have shown vessel narrowing to be associated with AMD, as
exemplified by Toulouie ef a/, who found that those with narrower CRAE were more likely to have

central geographic atrophy. 22° Similarly, Klein ef al showed that exudative AMD was linked with

35



focal arteriolar narrowing. ¢ Furthermore, narrower arteriolar diameter has been linked with
changes in retinal pigmentation, an early feature of AMD, in several studies. °% 22> 23! However,
other studies have reported contrasting findings. Wider CRAE corresponded with early AMD and
the presence of drusen in the Handan Eye Study, 2** and wider CRVE was associated with early
AMD in the Singapore Malay Eye Study. *! Additionally, a study conducted in participants with
human immunodeficiency virus found that both CRAE and CRVE were wider in those with AMD
in comparison to those without. 23*> Thus, the literature presents mixed evidence, with both wider
and narrower vessels being cross-sectionally implicated in AMD.

To the best of our knowledge, no published studies have examined the association between
AMD and retinal vessel tortuosity. However, conference proceedings using data from the
Singapore Malay Eye Study suggested that more tortuous venules were weakly associated with
signs of early AMD, even after adjustment for cardiovascular risk factors. ** While these findings
have not undergone peer review, they highlight the potential of venular geometry in AMD

pathogenesis and warrant further investigation.

Longitudinal Findings

Six longitudinal studies have investigated the association between retinal vascular diameter
and AMD. Five of these studies found no statistically significant associations between vessel
diameters and incident AMD itself. 2% However, most of these studies reported statistically

significant associations between arteriolar narrowing and other AMD-related signs.

Using data from the Blue Mountain Eye Study, there was no statistically significant
association between baseline CRAE and the 5-year incidence of late or early-stage AMD. 3>

However, focal retinal arteriolar narrowing was associated with the incidence of early-stage AMD
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(OR=2.0, 95%CI: 1.2-3.2). The risk of developing late-stage AMD lesions (geographic atrophy or
neovascularization) was higher in those with focal arteriolar narrowing at baseline after adjustment
for age, but this association did not persist after adjustment for sex, smoking, and mean arterial

blood pressure. This study was limited in the number of incident late-stage AMD cases.

In a more recent analysis of the BMES, Liew ef al assessed the relationship between
baseline arteriolar or venular diameter and the 10-year incidence of early or late AMD. 3 They
found no statistically significant associations with CRAE or CRVE but confirmed that incident
AMD was associated with focal arteriolar narrowing. On stratified analysis, the incidence of late-
stage AMD was statistically significantly associated with focal arteriolar narrowing in those with
hypertension, as opposed to those without. Additionally, an increased risk of 10-year incident
pigment abnormalities (early AMD) was associated with both narrower arteriole and venule

diameters.

Null results were found using data from the Rotterdam Study, where vessel diameter was
not associated with incident AMD, progression of early to late AMD, nor the incidence of AMD-
specific lesions. ** However, in age stratified analysis, arteriolar narrowing did predict AMD in

those 75 years of age or older.

The Beijing Eye Study was a prospective population-based study carried out in Northern
China. > Diameters of the temporal and nasal, superior and inferior, vein and artery were not
statistically significantly associated with incident early AMD (P>0.05) in unadjusted analysis.
There was also no association found with general nor focal arteriolar narrowing (P>0.05). Most
people in this study were under the age of 70, potentially resulting in limited numbers of AMD

cases and statistical power. The authors also mention the potential of selection bias leading to
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underestimating AMD incidence; participants who were excluded at follow-up had lower visual

acuity at baseline which may have been due to having AMD.

In a recent secondary analysis of the prospective Age-Related Eye Disease Study data,
Toulouie et al assessed the association between several AMD outcomes and retinal vessel
characteristics. 22> Their results indicated that those with narrower arterioles, in terms of both
CRAE (B=-0.026, 95% CI: -0.045 to -0.007, P=0.007) and AVR (B=—-5.794, 95% CI: -11.48 to -
0.112, P=0.046), had higher incidence of central geographic atrophy. Lower AVR was also
associated with greater AMD severity at baseline in multiple regression models. However, 5-year
progression of AMD severity score, progression to choroidal neovascularization, and progression

to central geographic atrophy were not associated with arteriolar nor venular diameter.

Similarly, in an analysis of data from the Beaver Dam Eye Study, CRAE was not cross-
sectionally associated with any signs of, or diagnoses of, early or late AMD. ® Focal arteriolar
narrowing was associated with increased retinal pigment (OR=1.47, P=0.002), RPE
depigmentation (OR=1.51, P=0.01), late AMD (OR=2.72, P<0.001), geographic atrophy
(OR=1.93, P=0.10) and exudative AMD (OR=3.31, P<0.001) at baseline. Wider CRAE was also
associated with 10-year incidence of RPE depigmentation, but not AMD itself. Associations
remained similar after adjustment for smoking status, history of heavy drinking and vitamin use,

and mean average blood pressure.

Overall, the published literature is inconsistent. Both narrowing and widening of vessels
have been cross-sectionally linked with AMD. Longitudinal studies generally confirm the lack of
an association between vessel diameter and incident AMD but highlight the potential role of
arteriolar narrowing in predicting early AMD-related signs. Largely, evidence remains

inconclusive regarding the role of retinal vessels in AMD.
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Chapter 4: Conceptual Framework

Figure 4.1: Conceptual framework diagram for objectives 2 and 3

Potential Modifiers:
Sex, age

Retinal Vessel Traits | _ J
(Diameter, tortuosity)

Potential Confounders:
Age, sex, race/ethnicity, income,

SBP, DEP, EMI, diabetes, stroke,
alcohol, smoking

__________ - Glaucoma/AMD

Objective 1 was descriptive in nature so we will only show a conceptual framework for
Objectives 2 and 3 (Figure 1). The exposure of interest was the baseline retinal vessel trait
(diameter or tortuosity). The outcomes at baseline were glaucoma, glaucoma-related outcomes
(IOP or CDR), or macular degeneration. We also assessed 3-year development of the two eye
diseases and 3-year change in IOP and CDR. Based on the literature review and methods used in
previous studies, we selected potential confounders that are known risk factors for the diseases and
have been associated with retinal vessel traits in prior research. Thus, the confounders we included
were age, sex, ethnicity, income, SBP, DBP, BMI, diabetes, stroke, alcohol, and smoking. We do
not believe that any of these variables act as mediators or colliders. We also assessed age and sex
as potential effect modifiers by including interaction terms (e.g. sex*vessel diameter) in the

statistical models and conducting stratified analyses.
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Chapter 5: Data Source

The Canadian Longitudinal Study on Aging (CLSA) is a nationwide, prospective cohort
study that investigates how biological, psychological, environmental, and social factors shape the
trajectory of health and aging. 23° Research using data from the CLSA aims to enhance the health
and quality of life of aging Canadians by identifying strategies for disease prevention and
improving health services.

This thesis utilizes baseline and first follow-up data from the Comprehensive Cohort of the
CLSA, which is comprised of 30,097 Canadians aged 45-85 years. 23 Data collection involved in-
home interviews supplemented by physical assessments conducted at one of the Data Collection
Sites (DCS) in 11 cities across Canada: Victoria, Surrey, Calgary, Winnipeg, Hamilton, Ottawa,
Montreal, Sherbrooke, Halifax, and St. John’s. The CLSA follow-up period will ultimately span
over 20 years, with data collected every three years. Baseline assessments were completed between

2012 to 2015, while data was gathered between 2015 to 2018 for the first follow-up.

Sampling and Recruitment

The CLSA used two different sampling frames for the recruitment of participants into the
Comprehensive Cohort: provincial health registration databases, and random digit dialling (RDD)
of landline telephones. 237> 2% Due to unique differences across provincial databases, participants
from Alberta and Quebec were recruited entirely through RDD. Eligible participants residing
within 25-50km of a DCS were identified and randomly selected from provincial databases. For
RDD, a random sample of landline phone numbers was chosen within the specified geographic

areas and one individual from each eligible household was randomly invited to participate.
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Sampling was stratified by province, age, and sex, resulting in 56 strata total. Selection
probabilities were varied by strata to ensure the targeted number of participants were recruited in
each group. 2°% 2% Following preliminary analysis, data from the 2006 census was used to identify
neighbourhoods of low socio-economic status which were then oversampled to ensure those

groups were properly represented.

Sampling and Analytic Weights

Both analytic and sampling weights were calculated. >*® The sampling weights were
calibrated by self-reported education, age, sex, and DCS location to account for the socio-
demographic characteristics of the target population. The analytic weights were scaled to the

provinces since the sampling rates were smaller in the larger provinces.

Response Rates

Of those initially contacted to participate in the CLSA, 45% provided consent for further
contact. 28 However, only 10% completed the baseline assessment, which included both the in-
home interview and a DCS visit. At the first follow-up, the overall retention rate was 94.5%, with

1.8% of Comprehensive Cohort participants having passed away since the baseline assessment. 2*°

Ethics Approval

Written informed consent was obtained from participants during recruitment. Research
Ethics Board approval was acquired for all CLSA sites in July 2010. The University of Ottawa
Office of Research Ethics and Integrity gave approval for the present analysis in January 2023 (H-

01-23-8331).
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ABSTRACT

Purpose: To determine the factors cross-sectionally and longitudinally associated with retinal
vessel diameter, total area, and tortuosity in the Canadian Longitudinal Study on Aging (CLSA).
Methods: Of the 30,097 adults between ages 45 and 85 years old in the CLSA Comprehensive
Cohort, 26,076 had at least one retinal image gradable by QUARTZ, a deep learning algorithm
that automatically assessed image quality, distinguished between arterioles and venules, and
estimated retinal vessel traits over the entire retina. Questions were asked about demographic,
lifestyle, and medical factors. Blood pressure, cholesterol, and C-reactive protein were measured.
Participants returned for follow-up three years later. Multiple linear regression was used to provide
adjusted estimates.

Results: Current smoking was strongly associated with wider arteriolar and venular diameters and
their widening over 3 years (P<0.05). Current smoking was also associated with a larger arteriolar
and venular area and a 3-year increase in venular area (P<0.05). Obesity was positively associated
with venular diameter, total venular area, 3-year change in total venular area, and venular tortuosity
(P<0.05). Diastolic blood pressure was negatively associated with both arteriolar and venular
diameter, area, and tortuosity, both cross-sectionally and longitudinally (P<0.05). Diabetes was
associated with wider arteriolar diameters cross-sectionally, and type 1 diabetes was associated
with 3-year widening of arteriolar diameters (P<0.05).

Conclusions: This work provides comprehensive information on the factors associated with retinal
vessel traits and their change. Factors like smoking, obesity, blood pressure, and diabetes were

longitudinally related to retinal vessel traits, which play a role in the development of eye disease.
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INTRODUCTION

Modern digital fundus photography and image analysis software provide a unique, non-
invasive opportunity to visualize and obtain objective measurements of the retinal vasculature. '3
Retinal arterioles and venules are believed to reflect the health of the systemic microcirculation,
which may play a key role in the development of many ocular and systemic diseases. ** Therefore,
the retinal vasculature may provide a valuable method for assessing the overall health of the
microvascular system by enabling the detection of structural and pathological changes.

The retinal vasculature is thought to be affected by aging, hypertension, inflammation,
arteriosclerosis, and endothelial dysfunction although the full extent of factors is still under
investigation. ¢ Many prior epidemiological studies examining factors associated with retinal
vessel traits in adults have been cross-sectional. ° These studies have indicated that retinal
arteriolar and venular diameter have distinct factors associated with them indicating the
importance of examining them separately. ¢ For example, Tapp et al found that body mass index
(BMI) and other measures of adiposity were associated with arteriolar and venular diameter in
opposite directions. '° Racial and ethnic differences in vessel diameter have been identified. °
However, most studies only had a few racial and ethnic groups that could be examined at a time.

While many studies have focused on retinal vessel diameter, other parameters such as
tortuosity and area have been less frequently researched. Prior research has reported an association
between systolic blood pressure and venular area. !! Retinal vessel tortuosity, or curvature, can
indicate the health of the vasculature by providing insight into hemodynamics and perfusion. Its
associated factors include age, sex, blood pressure, and body mass index. %'

The Canadian Longitudinal Study on Aging (CLSA) is a population-based study that

collected comprehensive health related data from a large cohort of Canadians and is comprised of
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many racial and ethnic groups. '> Despite the abundance of retinal images collected by the study,
these data have been underutilized by researchers. To address this, we examined the factors
associated with retinal vessel diameter, total area, and tortuosity, as well as their changes over a

three-year period in a Canadian population.

METHODS
Study Population and Design

We conducted both cross-sectional and longitudinal analyses using data from the Canadian
Longitudinal Study on Aging (CLSA) Comprehensive Cohort. '* This study includes 30,097
Canadian adults aged 45 to 85 years, recruited through random sampling of provincial healthcare
databases and random digit dialing of landline phones. Baseline data were gathered between 2012
and 2015 through in-home interviews and physical assessments at CLSA Data Collection Sites
(DCS) in cities across Canada, including Victoria, Vancouver, Surrey, Calgary, Winnipeg,
Hamilton, Ottawa, Montreal, Sherbrooke, Halifax, and St. John's. Follow-up data were collected
in the same manner three years later, between 2015 and 2018.

Participants were eligible if they were aged 45-85 years, lived in the community, spoke
English or French, and resided within 25-50 km of a data collection site. Exclusion criteria
included cognitive impairment, full-time membership in the Canadian Armed Forces, living on a
federal First Nations reserve or settlement, residing in a long-term care facility, or not being a
permanent resident or citizen. Written informed consent was obtained for all participants.
Research Ethics Board approval was acquired for all CLSA sites in July 2010. The University of
Ottawa Office of Research Ethics and Integrity gave approval for the present analysis in January

2023 (H-01-23-8331).
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Data Collection
Retinal images

Nonmydriatic retinal images were taken in each eye at both baseline and follow-up visits
using a Topcon TRC-NWS8 fundus camera with the Nikon D90 camera attached. Images were
macular-centered and had a 45-degree field-of-view. Most images were saved in JPEG format
with a resolution of 4288 x 2848 pixels. Images from one site were saved with a resolution of

4928 x 3264 pixels. These were resized to a resolution of 4288 x 2848 pixels.

Retinal vessel traits

Retinal images were processed using a deep learning algorithm called QUARTZ
(Quantitative Analysis of Retinal Vessel Topology and Size). '3 Within the QUARTZ vessel
analysis module, ! vessel width was measured using zero-crossings of the second derivative and
tortuosity was measured using a subdivided chord length method. The methods used within the
vessel analysis module have been previously well documented and validated. > QUARTZ
measures vessels across the inner retinal layer (supplied by the ophthalmic artery via the central
retinal artery) contained in fundus images, which include arterioles, pre- and post-capillaries, and
venules. On the CLSA data, QUARTZ can determine inadequate image quality with a sensitivity
0f' 91% and a specificity of 100%. QUARTZ can also distinguish between an arteriole and a venule
with 88% accuracy, increasing to 96% using a probability cutoff of 0.8. ! QUARTZ obtained
thousands of measures of diameter and tortuosity from across the entire retinal image. The mean
diameter, area, and tortuosity of each arteriole and venule were then summarized weighted by the

vessel segment length for each image. Area was calculated from the average vessel width
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multiplied by length, summed across vessel segments. Diameter and area are given in pixels and

pixels?, respectively, while tortuosity is a unitless measure.

Demographic, health, and lifestyle data

Demographic data including age, sex, income, and race/ethnicity were collected at baseline
during the in-home visit using the interviewer administered questionnaire. Income was assessed
by asking participants “What is your best estimate of the total household income received by all
household members, from all sources, before taxes and deductions, in the past 12 months?”.
Participants were grouped into 5 categories: >$150 K, $150-$100 K, $100-$50 K, $50 K-$20 K,
Refused.

Smoking status was assessed by asking participants “Have you smoked at least 100
cigarettes in your life?”” and “At the present time, do you smoke cigarettes daily, occasionally (at
least once in last 30 days), or not at all (not in last 30 days)?””. We defined current smokers as those
who had smoked at least 100 cigarettes and currently smokes daily or occasionally. Former
smokers were those who reported smoking at least 100 cigarettes in life but had not smoked in the
last 30 days. Frequency of alcohol consumption was similarly assessed by asking participants
“About how often during the past 12 months did you drink alcohol?”. We categorized responses
into never, occasionally (zero to three times a month), weekly (between one and five times a week),
or daily (six or more times a week).

During the DCS interviewer-led questionnaire, participants were asked to report doctor
diagnoses of several health conditions including heart disease (yes, no), stroke (yes, no) or diabetes
(none, Type 1, Type 2, or neither). Height and weight were measured using standardized

procedures during the DCS visit. Body mass index (BMI) was calculated as weight (kg)/height
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squared (m?) and classified according to the World Health Organization categories (underweight
<18.5 kg/m?, normal weight 18.5-24.9 kg/m?, overweight 25.0-29.9 kg/m?, and obese >30.0
kg/m?). Blood pressure was measured using the VSM BpTRU monitor (Medaval, Dublin, Ireland).
Six blood pressure measurements were acquired, and an average of measurements two through six

was used.

Blood tests

Non-fasting venipuncture blood was collected from each participant during the DCS visit
and analysed at each DCS laboratory. Several soluble and cellular biomarkers were measured in
serum including total cholesterol and the concentration of high-sensitivity C-reactive protein (hs-

CRP) using the Cobas 8000 modular analyzer (Roche Diagnostics).

Statistical Analysis

The normality of the retinal vessel outcome measures was assessed using standardized
normal probability plots. Diameter and area were normally distributed while tortuosity measures
were multiplied by 1000, and the natural log was taken to achieve normality. Multiple linear
regression models were used to examine the associations with each retinal vessel trait. Both
baseline and 3-year changes in retinal vessel traits were examined. Change models were adjusted
for the baseline value of the retinal vessel trait. Regression models were run on right eyes since
the sample sizes were slightly bigger for right eyes. The complex survey design (weights and

strata) was accounted for in all analyses.

RESULTS
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Of the 30,097 CLSA participants, 26,076 (87%) had at least one acceptable QUARTZ
image quality score and were therefore included in subsequent analyses. At Round 2, 92% returned
to follow-up. Those with an acceptable QUARTZ quality score were compared to those without
acceptable scores in Table 1. Those with an acceptable score were substantially younger and less
likely to have diabetes than those who were excluded. Also, shown in Table 1 are the descriptive
statistics for the retinal vessel traits for right and left eyes to show their similarity. Values for right
and left eyes were highly correlated (r>0.60). Only right eyes were used in subsequent analyses.

Using linear regression, variables in cross-sectional analyses which showed statistically
significant positive associations with arteriolar diameter included (Table 2): older age, female sex,
Black race, Southeast Asian, South Asian, Arab and West Asian, Latin American, Other, and Mixed
ethnicities (compared to White race), lower income, smoking, and diabetes (P<0.05). For example,
Type 1 diabetes was associated with greater arteriolar diameter compared to people without
diabetes (f=0.67, 95% CI 0.31, 1.04) (Table 2 and Figure 1). Negative statistically significant
associations were found with diastolic blood pressure (P<0.05). For example, each 10mmHg
increase in diastolic blood pressure was associated with a narrower arteriolar diameter ($=-0.34,
95% CI -0.39, -0.29). Weekly and daily drinkers of alcohol had thinner arterioles than never
drinkers (P<0.05). Similar but fewer positive statistically significant associations were found with
venular diameter (Table 2) including: older age, female sex, Black race and Latin American
ethnicity (compared to White race), lower income, obesity (Figure 2), and smoking while a
negative statistically significant association was found with diastolic blood pressure (Figure 3)
(P<0.05).

There were fewer associations when examining vessel diameter using the longitudinal data

(Table 2). Older age, female sex, current smoking, and Type 1 diabetes were positively statistically
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significantly associated with 3-year change in arteriolar diameter while diastolic blood pressure
was negatively associated (P<0.05). For example, Type 1 diabetes was associated with a 3-year
increase in arteriolar diameter compared to people without diabetes (f=0.45, 95% CI 0.09, 0.81).
Similarly, older age and former and current smoking were positively statistically significantly
associated with 3-year change in venular diameter while diastolic blood pressure was negatively
associated (P<0.05).

There was a statistically significant positive association between arteriolar area and current
smoking status, cholesterol, and hs-CRP (P<0.05) (Table 3). For example, higher hs-CRP levels
were associated with a greater arteriolar area (=0.18, 95% CI1 0.01, 0.36). Older age, female sex,
Black race, East Asian, Southeast Asian, and South Asian ethnicities (compared to White race),
low and missing income (compared to high income), systolic blood pressure, diastolic blood
pressure, and daily alcohol use (compared to never drinkers) were negatively associated with
arteriolar area (P<0.05). Like arteriolar area, venular area was negatively associated with older
age, female sex, South Asian ethnicity, and systolic blood pressure (P<0.05). In contrast, venular
area was positively statistically significantly associated with the following variables: Arab and
West Asian and Latin American ethnicities (compared to White race), overweight and obesity,

former and current smoking, hs-CRP and cholesterol (P<0.05).

Using longitudinal data, arteriolar area had very few statistically significant associations
(Table 3). Three-year change in arteriolar area was negatively associated with older age and higher
diastolic blood pressure (P<0.05). Meanwhile, the 3-year change in venular area was positively
statistically significantly associated with lower income, overweight and obesity, and former and
current smoking (P<0.05). For example, obesity was associated with a 3-year increase in venular

area compared to people with normal BMI ($=3.52, 95% CI 1.51, 5.51). The 3-year change in
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venular area was also negatively associated with older age, female sex, East Asian ethnicity
(compared to White race), underweight BMI (compared to normal), diastolic blood pressure, type
1 diabetes, and hs-CRP concentration (P<0.05).

In Table 4, we present associations for vascular tortuosity using both cross-sectional and
longitudinal data. Arteriolar tortuosity was statistically significantly negatively associated with
diastolic blood pressure, and East Asian, Southeast Asian, South Asian, Arab and West Asian, and
mixed ethnicities (compared to White race), while systolic blood pressure, stroke and cholesterol
were positively associated (P<0.05). Venular tortuosity was positively associated with older age,
overweight and obesity, systolic blood pressure, current smoking status, and hs-CRP (P<0.05). For
example, current smokers had more venular tortuosity than never smokers (f=0.04, 95% CI 0.02,
0.06). East Asian and Arab/West Asian ethnicities and diastolic blood pressure were negatively
associated with venular tortuosity (P<0.05).

Longitudinally, arteriolar tortuosity was positively associated with female sex, Other
ethnicity (compared to White race), and heart disease and negatively associated with Mixed
ethnicity and missing income data (compared to high income) (Table 4) (P<0.05). 3-year change
in venular tortuosity was positively associated with lower income, and systolic blood pressure, but
negatively associated with older age, East Asian ethnicity, and diastolic blood pressure (P<0.05).

No statistically significant interactions by age (<65, >65) or sex were detected.

DISCUSSION
This work is one of the few very large studies to comprehensively examine risk factors for
retinal vessel traits in adults using both cross-sectional and longitudinal data. We have both

identified new associations and confirmed previously reported associations.
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Several demographic variables were associated with the retinal vessel traits and their
changes. We found that older age was associated with wider arteriolar and venular diameter and
widening over the 3 years while other studies found a narrowing with age. ® These differences may
be due to the way the retinal vessels were measured. We used QUARTZ, which obtains thousands
of measures of diameter from across the entire retinal image while other studies only measured
vessels near the optic disk and then used models to project the diameter of the CRAE or CRVE.
It's possible that the CRAE and CRVE do narrow with age but that there is a widening of the
arterioles and venules more broadly across the retina. Our results are partially supported by
findings from the UK Biobank using QUARTZ, which also showed that venular diameter widened
with age. * We found that older age was associated with a reduction in retinal arteriolar and venular
area, both cross-sectionally and over a three-year period, which is consistent with other research.
11,14,15

We also saw several associations with race/ethnicity and arteriolar traits such that people
from almost every other racial/ethnic group had wider, less tortuous arterioles than White people.
No prior study has included as many racial and ethnic groups as the CLSA, but this finding is
consistent with prior research. %716 These associations persisted after adjustment for
cardiovascular risk factors like smoking, obesity, blood pressure, and diabetes. Some have
proposed that racial and ethnic differences in vessel diameter could be due to measurement error
due to ocular pigmentation; !” however, differences in vessel geometry could also be due to genetic
differences. '3-2° Lower incomes were also associated with wider vessels although not in
longitudinal analyses. Lower income may be a marker for a less healthy lifestyle, more medical

comorbidity, or living in a less healthy environment.
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Lifestyle factors were also associated with retinal vessel traits. Current smoking was
strongly associated with wider arteriolar and venular diameters and their widening over 3 years.
Current smoking was also associated with a larger arteriolar and venular area and a 3-year
widening of venular area. This is consistent with prior research. ®*!"23 Proposed biological
mechanisms include impaired autoregulation of retinal vessel diameter, 2 response to nicotine-

25 and inflammation. 2®?” For example, smoking is thought to cause

induced tissue hypoxia,
vascular injury which elevates inflaimmatory markers. 2® A systematic review found that
inflammatory markers like CRP are associated with wider retinal vessels. % By contrast, weekly
and daily alcohol use were associated with narrower arteriolar diameters cross-sectionally but not
longitudinally. The MESA study also showed a negative association between alcohol and arteriolar
diameter. 7 Excessive alcohol consumption has been shown to constrict retinal vessels in healthy
volunteers. *° The mechanism of this constriction may be through activation of the sympathetic
nervous system and its effect on vascular smooth muscle cells. '  Obesity was positively
associated with venular diameter, total venular area, 3-year change in total venular area, and
venular tortuosity. Tapp et al also found a positive association between body mass index and
venular diameter in the UK Biobank. !° Several studies have found a positive association between
obesity and CRVE in children, adolescents, and adults. 32 The effect of obesity on the eye has
been described in a review. *

Medical factors were also associated with retinal vessel traits. Diastolic blood pressure
was fairly consistently negatively associated with diameter, area, and tortuosity, both cross-
sectionally and longitudinally. These results are consistent with prior literature. ¢ Systolic blood

pressure was associated with area and tortuosity but only cross-sectionally. The effect of

hypertension on the eye has been described. **3 Diabetes was associated with wider arteriolar
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diameters cross-sectionally while type 1 diabetes was specifically associated with 3-year widening
of arteriolar diameters. This dilatation of retinal arterioles has been observed in previous studies ¢
and in people with early-stage diabetic retinopathy. *® The widening is thought to be due to changes
in retinal metabolism and can lead to hyper-perfusion and tissue damage. ¢ The concentration of
CRP was consistently positively associated with retinal venular traits in our cross-sectional
analyses but was negatively associated with venular area in longitudinal analyses. Previous studies
have also found stronger associations between inflammatory biomarkers and venular traits
compared to arterial traits. 2 Widening of venules is thought to be caused by endothelial
dysfunction leading to vessel remodeling; increased nitric oxide production may also be involved.
29,37

Strengths of this research include the use of a large, national, longitudinal dataset with
extensive questionnaire, physical exam, and blood data. We used a deep learning approach called
QUARTZ to provide retinal vessel data on the entire retina rather than only the area around the
optic disk. We had data on 9 different racial and ethnic groups, more than any other study has
presented. A limitation of this work is that some people did not have an image that could be
evaluated by QUARTZ. They tended to be older and more likely to have diabetes than those who
did have a gradable image. Some people did not return to follow-up or did not have a retinal image
taken at follow-up, so our sample size is reduced for the longitudinal analyses. The majority of
the sample was White so our sample size in the other racial/ethnic groups is small. Some exposure
or confounder data were collected by self-report (smoking, alcohol, stroke, diabetes), which could
lead to misclassification. However, any misclassification would be unlikely to differ by the value

of the retinal vessel trait. This would lead to bias towards the null meaning our measures of
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association are conservative. Finally, without data on refractive error or axial length, we were
unable to convert from pixels to micrometers.

In conclusion, this work provides comprehensive information on the factors associated
with retinal vessel traits. Factors like smoking, alcohol, blood pressure, obesity, and diabetes were

related to retinal vessel traits, which may increase the risk of subsequent eye disease. *
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Table 6.1: Selected characteristics of those with at least 1 image with an acceptable

QUARTZ image quality score

Acceptable Score Unacceptable Score | P-value
(n=26,076) (n=4,021)

Age, Years 58.8(9.7) 67.4 (10.8) <0.001
Female sex 52.6% 51.2% 0.261
Race/ethnicity 0.712

White 93.8 93.3

Black 0.8 1.2

East Asian 0.8 0.8

Southeast Asian 0.4 0.3

South Asian 0.9 0.9

Arab and West Asian 0.5 0.4

Latin American 0.4 0.3

Other 0.8 0.9

Mixed 1.8 1.9
BMI, kg/m2 28.4 (5.6) 28.6 (5.5) 0.005
SBP, mmHg 120.0 (16.3) 124.3 (18.0) <0.001
DBP, mmHg 74.7 (10.0) 72.9 (10.4) <0.001
Smoking <0.001

Never 44.3% 39.3%

Former 44.3% 47.5%

Current 11.4% 13.2%
Alcohol <0.001

Never 2.4% 4.2%

Occasional 42.7% 46.4%

Weekly 41.5% 33.0%

Daily 13.4% 16.4%
Diabetes <0.001

None 83.2% 76.7%

Type 1 0.6% 1.2%

Type 2 8.8% 14.3%

Neither Type 7.4% 7.8%
Arteriolar diameter OD, pixels 15.6 (1.6)
Arteriolar diameter OS, pixels 16.1 (1.8)
Venular diameter OD, pixels 17.4 (1.8)
Venular diameter OS, pixels 17.7 (1.9)
Arteriolar area OD, kilopixel? 236.69 (44.76)

Arteriolar area OS, kilopixel®

226.03 (48.35)

Venular area OD, kilopixel®

263.43 (47.90)

Venular area OS, kilopixel®

255.24 (49.30)

Arteriolar tortuosity* OD 1.2 (0.4)
Arteriolar tortuosity* OS 1.2 (0.4)
Venular tortuosity* OD 1.2 (0.2)
Venular tortuosity* OS 1.2 (0.2)
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*Tortuosity measures were multiplied by 1000 and the natural log taken to achieve normality

BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood pressure; OD=right;
OS=left
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Table 6.2: Difference in retinal vessel diameter by sociodemographic factors and clinical variables in cross-sectional and

longitudinal analyses*

Arteriolar Diameter

Venular Diameter

Arteriolar Diameter

Venular Diameter

n=21,754 n=21,754 Change n=16,796 Change n=16,796
B 95% CI B 95% CI1 B 95% CI B 95% CI1

Age, Per 10 Years 0.21 0.17,0.25 0.38 0.34,0.43 0.12 0.08, 0.15 0.27 0.23,0.31
Female sex 0.12 0.06, 0.18 0.24 0.18, 0.31 0.07 0.01,0.12 0.05 -0.01, 0.11
Ethnicity

White Ref Ref Ref Ref

Black 1.27 0.83, 1.71 0.37 0.07, 0.68 0.19 -0.29, 0.67 0.06 -0.24, 0.37

East Asian 0.11 -0.19, 041 -0.02  -0.34,0.29 0.26 -0.10, 0.63 0.33 -0.15, 0.80

Southeast Asian 0.95 0.13, 1.77 0.28 -0.25, 0.81 0.42 -0.02, 0.86 0.67 -0.21, 1.55

South Asian 1.05 0.65, 1.46 0.22 -0.38, 0.81 0.23 -0.16, 0.62 0.14 -0.23, 0.50

Arab and West Asian 0.58 0.23,0.93 -0.09  -0.46,0.29 0.26 -0.02, 0.55 0.06 -0.23, 0.34

Latin American 0.60 0.24, 0.95 041 0.08, 0.74 0.21 -0.05, 0.47 -0.03 -0.47, 0.40

Other 0.81 0.29, 1.34 0.36 -0.02, 0.75 -0.11 -0.44, 0.22 -0.10 -0.46, 0.26

Mixed 0.40 0.18, 0.63 -0.02 -0.32,0.27 0.15 -0.04, 0.33 0.02 -0.21, 0.24
Income

High 0 Ref Ref Ref Ref

1 0.04 -0.03, 0.11 0.05 -0.02, 0.12 0.04 -0.01,0.10 |0.03 -0.03, 0.09

2 0.14 0.06, 0.23 0.19 0.09, 0.29 -0.00 -0.08, 0.08 | 0.02 -0.08, 0.11

Low 3 0.24 0.05,0.44 0.24 0.05,0.43 -0.05 -0.23,0.13 | 0.05 -0.13,0.23

Missing 0.12 -0.02, 0.26 0.01 -0.12, 0.15 -0.06 -0.18,0.06 | -0.09 -0.21, 0.03
BMI

Underweight -0.04 -0.41,0.32 | 0.04 -0.45, 0.53 0.29 -0.21, 0.80 0.30 -0.22,0.82

Normal Ref Ref Ref Ref

Overweight -0.04 -0.11, 0.03 | 0.06 -0.02, 0.14 -0.01 -0.07,0.05 | -0.01 -0.08, 0.06

Obese 0.07 -0.02,0.15 |0.16 0.07, 0.25 -0.01 -0.08,0.06 | 0.06 -0.02, 0.14
SBP, per 10mmHg -0.02 -0.05,0.01 | 0.02 -0.01, 0.05 0.02 -0.01, 0.05 0.02 -0.01, 0.05
DBP, per I0mmHg -0.34 -0.39,-0.29 | -0.15 -0.20, -0.10 | -0.05 -0.09, -0.01 | -0.04 -0.09, 0.00
Smoking

Never Ref Ref Ref Ref

Former 0.10 0.04,0.16 | 0.10 0.04,0.17 |0.02 -0.03, 0.07 | 0.06 0.01,0.12
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Current 0.72 0.60,0.83 | 0.61 0.49,0.73 0.28 0.18,0.38 [0.24 0.13,0.34
Alcohol

Never Ref Ref Ref Ref

Occasional -0.18 -0.47,0.12 | -0.09 -0.35, 0.17 0.04 -0.23,0.30 | -0.04 -0.33,0.26

Weekly -0.33 -0.62,-0.03 | -0.20 -0.46, 0.06 0.03 -0.24,0.29 | -0.08 -0.37,0.22

Daily -0.38 -0.69, -0.08 | -0.23 -0.50,0.04 | -0.02 -0.30, 0.25 | -0.08 -0.39, 0.23
Diabetes

None Ref Ref Ref Ref

Type 1 0.67 0.31,1.04 -0.05 -0.53,0.43 | 0.45 0.09,0.81 | 0.29 -0.09, 0.68

Type 2 0.26 0.14, 0.37 0.01 -0.12,0.13 | 0.10 -0.01, 0.21 | -0.09 -0.21, 0.02

Neither Type 0.13 0.02,0.24 0.03 -0.09, 0.15 | 0.07 -0.01,0.16 | 0.08 -0.04, 0.20
Stroke 0.10 -0.22,0.41 | 0.09 -0.20,0.38 | 0.17 -0.02,0.36 | 0.27 -0.07, 0.61
Heart Disease 0.07 -0.04,0.17 | -0.03 -0.16, 0.09 | 0.05 -0.05,0.14 | 0.01 -0.10, 0.13
hs-CRP 0.00 -0.00, 0.01 | 0.01 0.01,0.02 | 0.00 -0.00, 0.01 | -0.00 -0.01, 0.00
Cholesterol -0.02 -0.05, 0.01 | 0.00 -0.03,0.03 | 0.02 -0.01, 0.04 | 0.01 -0.01, 0.04

*Estimates are adjusted for each variable in the table and province; change models also adjusted for baseline vessel trait

BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood pressure; CRP=c-reactive protein; Ref=reference
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Table 6.3: Difference in retinal vessel area (kilopixels) by sociodemographic factors and clinical variables in cross-sectional
and longitudinal analyses*

Arteriolar Area Venular Area Arteriolar Area Venular Area
n=21,754 n=21,754 Change n=16,796 Change n=16,796
B 95% CI B 95% CI B 95% CI B 95% CI
Age, Per 1 Year -1.72  -1.84,-1.61 -149  -1.61,-1.37 -0.66 -0.76,-0.55 | -096 -1.07,-0.86
Female sex -3.01 -4.86,-1.30 -10.80 -12.73, -8.87 -1.07 -242,033 |-331 -490,-1.72
Ethnicity
White Ref Ref Ref Ref
Black -17.20 -28.48,-5.82 7.58 -6.72,21.89 1.13  -7.52,9.79 -5.73  -17.89, 6.44
East Asian -23.43  -30.88,-15.99 | 3.37 -4.72,11.47 -4.15 -11.89,3.58 |-16.99 -28.82,-5.16
Southeast Asian -12.01 -23.40, -0.62 -32.33  -74.29,9.62 0.85 -12.36,14.08 | -3.15 -23.31,17.01
South Asian -28.48 -38.82,-18.14 | -17.43  -32.37,-2.48 -7.03 -16.43,2.37 |-12.53 -25.76, 0.70
Arab and West Asian -4.97 -18.89, 8.95 17.21 4.46, 29.95 446 -5.23,14.15 |9.23 -4.38,22.86
Latin American 9.37 -1.50,20.24 11.61 0.31,22.91 479 -2.80,12.39 |6.85 -5.86,19.55
Other -4.43 -15.65, 6.78 -2.98 -16.19, 10.23 -0.25 -11.25,10.75 | 0.55 -6.87,7.98
Mixed -0.67 -8.46,7.11 6.56 -0.18, 13.30 -1.07 -6.05,3.91 -4.25 -10.70, 2.01
Income
High 0 Ref Ref Ref Ref
1 -0.64 -2.61,1.33 -0.57 -2.61, 1.48 -1.35 -2.92,0.21 0.23 -1.49,1.96
2 0.62 -1.92,3.16 1.06 -1.82,3.93 -0.92 -2.94,1.09 1.50 -0.82, 3.81
Low 3 -5.99 -10.58, -1.39 -2.40 -7.61,2.82 207 -2.07,6.22 491 1.11, 8.70
Missing -4.04 -7.57,-0.53 0.82 -2.83,4.47 -0.87 -3091,2.17 0.13 -3.01,3.32
BMI
Underweight -1.66 -11.58, 8.27 -1.16 -9.83, 7.51 -2.20  -10.89,6.48 |-10.21 -18.70,-1.72
Normal Ref Ref Ref Ref
Overweight -0.42 -2.41,1.57 3.16 1.11,5.21 0.17 -143,1.76 2.59 0.84,4.34
Obese -1.87 -4.23, 0.48 6.76 4.16, 9.35 -0.57 -2.32,1.19 3.52 1.51,5.51
SBP -0.20 -0.28, -0.12 -0.23 -0.32,-0.15 0.05 -0.02,0.13 0.01 -0.07,0.09
DBP -0.70 -0.83, -0.57 0.09 -0.05, 0.22 -0.30 -041,-0.20 |-0.16 -0.28,-0.04
Smoking
Never Ref Ref Ref Ref
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Former 1.37 -0.31, 3.05 2.21 0.46, 3.96 1.06 -0.32,2.44 1.60 0.13,3.07

Current 11.90 8.69, 15.11 20.03 16.60,23.47 |-0.54 -3.13,2.06 348 0.28, 6.68
Alcohol

Never Ref Ref Ref Ref

Occasional -1.42 -7.61,4.76 3.58 -2.74,9.89 | -3.75 -8.79,1.28 0.94 -5.99,7.88

Weekly -3.97  -10.21,2.26 3.11 -3.22,9.43 -4.21 -9.28,0.86 1.96 -4.99, 8091

Daily -8.10 -14.64, -1.57 1.28 -5.27,7.82 -5.20 -10.58,0.18 | 1.45 -5.73,8.64
Diabetes

None Ref Ref Ref Ref

Type 1 -1.54 -14.76, 11.69 | -14.72 -31.67,2.24 |-2.88 -12.21,6.45 |-14.86 -24,19,-5.53

Type 2 -2.21 -5.39, 0.95 1.02 -2.24,4.28 -2.40 -5.02,0.22 -1.02 -4.27,2.23

Neither Type -1.68 -5.00, 1.65 0.65 -2.76, 4.06 1.61 -0.94,4.14 1.19 -1.51,3.90
Stroke -7.93 -14.99, -0.87 | -2.00 -11.73,7.71 0.84 -7.48,9.16 3.14  -4.40,10.69
Heart Disease 0.62 -2.43, 3.68 -1.37 -4.95,2.20 -1.19 -3.63,1.24 -1.58 -4.40,1.23
hs-CRP 0.18 0.01, 0.36 0.30 0.13,0.47 -0.10 -0.21,0.02 -0.26  -0.43,-0.09
Cholesterol 1.51 0.72,2.30 1.92 1.08, 2.75 0.14 -0.51,0.79 -0.44 -1.14,0.26

* Estimates are adjusted for each variable in the table and province; change models also adjusted for baseline vessel trait

BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood pressure; CRP=c-reactive protein; Ref=reference
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Table 6.4: Difference in retinal vessel tortuosity by sociodemographic factors and clinical variables in cross-sectional and

longitudinal analyses*

Arteriolar Tortuosity | Venular Tortuosity Arteriolar Venular Tortuosity
n=21,698 n=21,672 Tortuosity Change | Change
n=16,704 n=16,670
B 95% CI B 95% CI B 95% CI B 95% CI
Age, per 10 years -0.00  -0.01, 0.01 0.01 0.00, 0.02 -0.00  -0.00, 0.00 -0.01 -0.01, -0.01
Female sex 0.02  -0.00,0.03 0.00 -0.01,0.01 0.01 0.00,0.02 -0.00 -0.01, 0.00
Ethnicity
White Ref Ref Ref Ref
Black 0.00 -0.09, 0.09 0.00 -0.05,0.05 0.01 -0.03,0.06 0.01 -0.01,0.04
East Asian -0.39 -0.45,-0.33 -0.05 -0.10,-0.01 -0.01 -0.05, 0.03 -0.03  -0.06, -0.01
Southeast Asian -0.24 -0.37,-0.12 0.06 -0.15,0.27 -0.02 -0.07, 0.03 -0.02 -0.08, 0.05
South Asian -0.18 -0.24, -0.11 -0.01 -0.08, 0.05 -0.03  -0.06, 0.01 0.00 -0.03,0.04
Arab and West Asian -0.21 -0.32,-0.11 -0.06 -0.10, -0.01 0.01 -0.03,0.05 -0.00 -0.04,0.03
Latin American -0.06 -0.14,0.02 -0.01 -0.06, 0.04 0.01 -0.02,0.04 -0.04 -0.08,-0.01
Other -0.10 -0.20, 0.00 -0.04 -0.08,-0.00 0.05 0.01,0.09 0.01 -0.02,0.04
Mixed -0.06  -0.13, -0.00 0.02  -0.03,0.07 -0.02  -0.04,-0.00 ]0.01 -0.01,0.03
Income
High 0 Ref Ref Ref Ref
1 -0.00 -0.02,0.01 -0.00 -0.01,0.01 -0.00 -0.01.0.00 -0.00 -0.01, 0.00
2 -0.01 -0.03, 0.01 0.00 -0.01,0.02 -0.00 -0.01, 0.01 0.01 -0.00, 0.02
Low 3 0.01 -0.03,0.05 0.02 -0.01,0.05 -0.01 -0.04,0.01 0.02  0.00, 0.04
Missing 0.01 -0.02,0.04 0.02 -0.01,0.04 -0.02  -0.04, -0.01 -0.00 -0.02, 0.01
BMI
Underweight 0.00 -0.07,0.07 0.04 -0.02,0.11 0.00 -0.05,0.05 0.00 -0.03,0.04
Normal Ref Ref Ref Ref
Overweight -0.02 -0.03, 0.00 0.02  0.01,0.03 0.00 -0.00, 0.01 0.00 -0.00, 0.01
Obese -0.02  -0.04, 0.00 0.04  0.03,0.05 -0.00 -0.01, 0.01 -0.00 -0.01, 0.01
SBP, per 10 mmHg 0.01 0.01,0.02 0.01  0.01,0.02 0.00 -0.00, 0.00 0.01 0.00,0.01
DBP, per 10 mmHg -0.02  -0.04, -0.01 -0.03  -0.03, -0.02 -0.00 -0.01, 0.00 -0.01 -0.01, -0.00
Smoking
Never Ref Ref Ref Ref
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Former -0.00 -0.02,0.01 0.00 -0.01, 0.01 -0.00 -0.01,0.01 0.00 -0.00, 0.01

Current 0.01 -0.01, 0.04 0.04 0.02,0.06 0.01 -0.01,0.02 0.00 -0.01, 0.02
Alcohol

Never Ref Ref Ref Ref

Occasional 0.00 -0.05,0.05 0.00 -0.03,0.04 0.00 -0.02,0.02 -0.01 -0.03,0.01

Weekly 0.01 -0.04, 0.06 0.00 -0.03,0.04 0.01 -0.02,0.03 -0.00 -0.02,0.02

Daily -0.01 -0.07,0.04 0.00 -0.04, 0.04 0.02 -0.01, 0.04 -0.00 -0.02,0.02
Diabetes

None Ref Ref Ref Ref

Type 1 0.07 -0.04,0.17 0.03 -0.03,0.08 0.04 -0.01,0.09 0.01 -0.03,0.05

Type 2 -0.02 -0.05,0.01 0.00 -0.01, 0.02 0.01 -0.00, 0.02 0.01 -0.01,0.02

Neither Type -0.01 -0.03, 0.02 -0.00 -0.02,0.01 0.01 -0.00, 0.02 -0.00 -0.01, 0.01
Stroke 0.07  0.00, 0.14 0.01 -0.04, 0.06 -0.00 -0.05,0.04 -0.01 -0.03, 0.02
Heart Disease -0.01 -0.03, 0.02 -0.00 -0.02,0.02 0.01 0.00, 0.03 -0.00 -0.01, 0.01
hs-CRP, per 10 units 0.01 -0.00, 0.03 0.02 0.01,0.03 -0.00 -0.01, 0.00 -0.00 -0.01, 0.01
Cholesterol 0.01 0.00, 0.01 -0.00 -0.01, 0.00 0.00 -0.00,0.01 -0.00 -0.00, 0.00

* Estimates are adjusted for each variable in the table and province; change models also adjusted for baseline vessel trait

BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood pressure; CRP=c-reactive protein; Ref=reference
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Figure 6.1: Mean arteriolar diameter by diabetes status using cross-sectional data
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Figure 6.2: Mean venular diameter by BMI category using cross-sectional data
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Figure 6.3: Mean venular diameter by diastolic blood pressure using cross-sectional data
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ABSTRACT

Purpose: To cross-sectionally and longitudinally examine whether retinal vessel traits are
associated with glaucoma-related outcomes (glaucoma, cup-to-disc ratio (CDR), and intraocular
pressure (IOP)) and age-related macular degeneration (AMD).

Methods: Baseline and 3-year follow-up data from the 30,097 participants of the Canadian
Longitudinal Study on Aging were used. QUARTZ, a deep learning algorithm, was used to extract
data from retinal images including arteriolar and venular diameter, tortuosity, and vertical CDR.
Glaucoma and AMD were self-reported. Intraocular pressure was measured. Multiple linear and
logistic regression were used to adjust for demographic, lifestyle, and clinical factors.

Results: Greater venular tortuosity was associated with a smaller CDR (B=-0.034, 95% CI
-0.041, -0.027) and lower IOP (=-0.39, 95% CI -0.67, -0.10) at baseline. Using longitudinal data,
greater venular tortuosity was associated with a reduced 3-year development of glaucoma
(OR=0.52, 95% CI 0.31, 0.87) and a 3-year reduction in the CDR ($=-0.006, 95% CI -0.010,
-0.002). Having wider arterioles was associated with a lower odds of glaucoma (OR=0.90, 95%
CI 0.85, 0.96) at baseline but there was no association using longitudinal data. Wider venular
diameter was associated with a higher odds of AMD at baseline (OR=1.11, 95% CI 1.04, 1.18) and
a higher odds of the 3-year development of AMD (OR=1.15, 95% CI 1.07, 1.24).

Conclusions: This work provides additional longitudinal analysis of the relationship between
retinal vessel traits and age-related eye disease. Understanding how changes in the retinal
microvasculature affect the development of eye disease may lead to better treatment and

prevention strategies.
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INTRODUCTION

Glaucoma and age-related macular degeneration (AMD) are two of the leading causes of
visual impairment and blindness in the world. ! Glaucoma is characterised by a progressive loss
of retinal ganglion cells, which can be visualized on ophthalmic examination as optic disc cupping
and measured by the cup-to-disc ratio. 2 High intraocular pressure (IOP) is a major risk factor for
the development of glaucoma and remains the only modifiable factor targeted by treatment.
Meanwhile, AMD is a progressive degeneration of multiple retinal tissues including the
photoreceptors, retinal pigment epithelium, Bruch’s membrane, and the choriocapillaris due to
various age-related changes. 3> Choroidal neovascularization and geographic atrophy can occur in
late-stage AMD, causing vision to deteriorate. Disruptions of the retinal vasculature have been
found in both diseases. *°

Because most prior research has been cross-sectional, the temporal relationship of the
disease and the vascular disruptions are not entirely clear. For example, arteriolar narrowing has
been found in glaucoma patients. * However, it is not clear if that narrowing leads to glaucoma or
if the decreased metabolic needs of a glaucomatous retina lead to the narrowing. Since cross-
sectional studies can suffer from reverse causality, longitudinal studies are critical to establish the
temporality of retinal vessel diameter and age-related eye disease. Two longitudinal studies
examined the link between retinal vessel diameter and the incidence of glaucoma with one of them
finding a statistically significant association and one finding null results. %’ Five longitudinal
studies examined retinal vessel diameter and the incidence of AMD or its signs with all but one
finding null results. 812 However, longitudinal studies require much larger sample sizes than cross-
sectional studies to be adequately powered. Using longitudinal data from the 30,097 participants

of the Canadian Longitudinal Study on Aging, !> we examined the relationship between retinal
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vessel traits including diameter and tortuosity (i.e. curvature) and age-related eye diseases

including glaucoma and AMD.

METHODS
Study Population and Design

Data originating from the Canadian Longitudinal Study on Aging (CLSA) Comprehensive
Cohort were used for both cross-sectional and longitudinal analyses. !> The CLSA recruited 30,097
Canadian adults aged 45 to 85 years through random sampling of provincial healthcare databases
and random digit dialing of landline phones. Data collection began at baseline between 2012 and
2015 through in-home interviews and physical assessments at CLSA data collection sites in cities
across Canada, including Victoria, Vancouver, Surrey, Calgary, Winnipeg, Hamilton, Ottawa,
Montreal, Sherbrooke, Halifax, and St. John's. Follow-up data were collected in the same manner
three years later, between 2015 and 2018.

Eligible participants were aged 45 to 85, community dwelling, and were fluent in either
English or French. Participants were also required to live within 25 to 50 km of a data collection
site. Exclusion criteria included cognitive impairment, full-time membership in the Canadian
Armed Forces, living on a federal First Nations reserve or settlement, residing in a long-term care
facility, or not being a permanent resident or citizen. Written informed consent was obtained for
all participants. Research Ethics Board approval was acquired for all CLSA sites in July 2010.
The University of Ottawa Office of Research Ethics and Integrity gave approval for the present

analysis in January 2023 (H-01-23-8331).
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Data Collection
Retinal images

A Topcon TRC-NWS8 fundus camera with an attached Nikon D90 camera was used to take
nonmydriatic retinal images in each eye. Images were centered on the macula and had a 45-degree
field-of-view. The large majority of the images were saved in JPEG format with a resolution of
4288 x 2848 pixels. Images from one site were saved with a resolution of 4928 x 3264 pixels and

were resized to 4288 x 2848 pixels to be consistent with the other images.

Retinal vessel traits

Retinal image analysis in this study was performed using QUARTZ (Quantitative Analysis
of Retinal Vessel Topology and Size) was used. '*!°> QUARTZ takes measurements across the inner
retinal layer, encompassing arterioles, pre- and post-capillaries, and venules. In the CLSA data,
QUARTZ can evaluate inadequate image quality with a sensitivity of 91% and a specificity of
100%. '* Furthermore, QUARTZ distinguishes between arterioles and venules with an accuracy of
88%, which improves to 96% when a probability cutoff of 0.8 is applied. '* QUARTZ produced
thousands of measures of diameter and tortuosity from across the entire retinal image. These
measurements were then summarized by calculating the mean diameter and tortuosity for each
arteriole and venule, weighted by their respective segment lengths. The units for diameter are
pixels while tortuosity is a unitless measure with greater scores indicating curvier vessels.
Measurements of the optic nerve vertical cup-to-disc ratios were also obtained from QUARTZ.

Larger cup-to-disc ratios may indicate glaucoma.

Other Ocular Data
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Participants were asked at baseline and follow-up if they had ever been diagnosed by a
doctor with glaucoma or AMD. Corneal-compensated intraocular pressure was measured in each
eye using the Reichart Ocular Response Analyzer (Reichart Technologies, Depew, NY, USA).
Pinhole-corrected visual acuity was measured in each eye using the illuminated Early Treatment

of Diabetic Retinopathy Study chart with scores converted to logMAR for analysis.

Demographic, health, and lifestyle data

At baseline, demographic information such as age, sex, income, and race/ethnicity were
gathered during the in-home visit using the interviewer administered questionnaire. Income data
were obtained by asking participants “What is your best estimate of the total household income
received by all household members, from all sources, before taxes and deductions, in the past 12
months?”. Participants were categorized into 5 groups: >$150 K, $150-$100 K, $100-$50 K, $50
K-$20 K, Refused.

Participants were asked two questions to ascertain smoking status, including “Have you
smoked at least 100 cigarettes in your life?” and “At the present time, do you smoke cigarettes
daily, occasionally (at least once in last 30 days), or not at all (not in last 30 days)?”. Current
smokers were defined as those who had smoked at least 100 cigarettes and currently smokes daily
or occasionally. Former smokers were those who reported smoking at least 100 cigarettes in life
but had not smoked in the last 30 days. Similarly, participants were asked “About how often during
the past 12 months did you drink alcohol?” to assess frequency of alcohol consumption. We
categorized responses into never, occasionally (zero to three times a month), weekly (between one

and five times a week), or daily (six or more times a week).
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During the interviewer-led questionnaire, participants were asked to report doctor
diagnoses of health conditions. Responses with respect to diabetes status were categorized as none,
Type 1, Type 2, or neither type. Height and weight were measured using standardized procedures.
Body mass index (BMI) was calculated as weight (kg)/height squared (m?) and classified
according to the World Health Organization categories (underweight <18.5 kg/m?, normal weight
18.5-24.9 kg/m?, overweight 25.0-29.9 kg/m?, and obese >30.0 kg/m?). '® Blood pressure was
measured using the VSM BpTRU monitor (Medaval, Dublin, Ireland). Six readings were taken.

The average of the second through sixth measurement was used for analysis.

Statistical Analysis

Those with and without glaucoma/AMD were compared. Multiple linear regression
models were used to examine the associations between each baseline retinal vessel trait and the
IOP, CDR and the 3-year change values. Change values were calculated by taking the follow-up
value minus the baseline value. Multiple logistic regression models were used to assess the
associations between each baseline retinal vessel trait and baseline eye disease (glaucoma or AMD)
or the 3-year development of eye disease. All models contained both the arteriolar and venular
trait, as researchers have noted that they may confound each other. !”-!® Models were adjusted for
age, sex, race, income, BMI, systolic and diastolic blood pressure, stroke, smoking, alcohol, and
province. Models for the 3-year change outcomes were also adjusted for the baseline level of the
outcome to account for floor/ceiling effects (i.e. those who already have narrow vessels may be
less likely to become narrower over time). Regression models for CDR and IOP were run for right

eyes only since it is not possible to account for both the complex survey design (weight and strata)
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and the correlation between eyes. The complex survey design (weights and strata) was accounted

for in all analyses. Stata/SE Version 16.1 for Windows was used.

RESULTS

Of the 30,097 CLSA participants, 26,076 (87%) had at least one acceptable QUARTZ
image quality score. Of those with acceptable QUARTZ image quality scores who answered the
question on glaucoma (n=25,942), those with and without a report of glaucoma are compared in
Table 1. Those who reported a diagnosis of glaucoma were older, more likely to be female, more
likely to have diabetes, to have higher IOP, and worse cup-to-disc ratio. They also had wider
arteriolar and venular diameter. Those who reported a diagnosis of AMD (Table 2) had worse
visual acuity, were older, more likely to be female, more likely to have diabetes, and had wider
venular diameter. A high percentage of CLSA participants returned to follow-up (92%). Of those
with retinal images, there were 464 people (2.1%) with incident glaucoma and 415 with incident
AMD (1.9%).

The cross-sectional adjusted associations between retinal vessel traits and glaucoma-
related outcomes are shown in Table 3. After adjustment for demographic, lifestyle, and medical
variables, having wider arterioles was associated with a lower odds of glaucoma (OR=0.90, 95%
CI 0.85, 0.96) while having wider venules was associated with a higher odds of glaucoma
(OR=1.09, 95% CI 1.04, 1.15). Neither arteriolar nor venular tortuosity were associated with
glaucoma (P>0.05). Both wider arterioles and wider venules were associated with a smaller cup-
to-disc ratio (f=-0.002, 95% CI-0.003, -0.001 and p=-0.001, 95% CI -0.002, -0.000 respectively).
Arteriolar and venular tortuosity were associated with cup-to-disc ratio but in opposite directions

(B=0.009, 95% CI 0.005, 0.013 and B=-0.034, 95% CI -0.041, -0.27, respectively). Wider venules
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were inversely associated with IOP ($=-0.19, 95% CI -0.23, -0.15) while arterioles were not
associated with IOP. Both arteriolar and venular tortuosity were associated with IOP (f=-0.26,
95% CI -0.44, -0.08 and =-0.39, 95% CI -0.67, -0.10, respectively).

The longitudinal adjusted associations between retinal vessel traits and glaucoma-related
outcomes are shown in Table 4. Unlike our cross-sectional associations between vessel diameter
and glaucoma (Table 3), there were no statistically significant associations between retinal vessel
diameter and the 3-year development of glaucoma. To determine whether the cross-sectional
association between arteriolar diameter and glaucoma at baseline was due to reverse causality, we
examined whether glaucoma at baseline was associated with 3-year change in arteriolar diameter.
In fact, it was strongly associated (p=-0.21, 95% CI -0.37, -0.05) (data not shown) indicating that
the cross-sectional association may have been due at least in part to reverse causality. Venular
tortuosity was strongly inversely associated with the 3-year development of glaucoma (OR=0.52,
95% C10.31, 0.87). Also, venular tortuosity was inversely associated with 3-year change in cup-
to-disc ratio (f=-0.006, 95% CI -0.010, -0.002). Venular diameter and arteriolar tortuosity were
inversely associated with 3-year change in IOP ($=-0.07, 95% CI -0.11, -0.03 and f=-0.18, 95%
CI-0.36,-0.01).

The cross sectional and longitudinal adjusted associations between AMD and retinal
vascular diameter and tortuosity are shown in Table 5. Having wider arterioles was associated
with a lower odds of AMD at baseline (OR=0.85, 95% CI 0.79, 0.91). By contrast, wider venular
diameter was associated with a higher odds of both baseline AMD and the 3-year development of
AMD (OR=1.11, 95% CI 1.04, 1.18 and OR=1.15, 95% CI 1.07, 1.24, respectively). Arteriolar

tortuosity was not associated with AMD, while more tortuous retinal venules were strongly
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associated with a lower odds of having AMD at baseline (OR=0.45, 95% CI 0.29, 0.69) but not

with the 3-year development of AMD (OR=0.64, 95% CI1 0.37, 1.10).

DISCUSSION

We have identified many cross-sectional and some longitudinal associations between
retinal vessel traits and age-related eye disease. Sometimes the cross-sectional and longitudinal
associations were consistent and other times they were not.

First, using cross-sectional data, arteriolar diameter was inversely associated with
glaucoma and cup-to-disc ratio. This is consistent with most prior literature included in a
systematic review and a more recent study by Rudnicka et al that reported that narrower arterioles
were associated with glaucoma. #!° However, in our study, arteriolar diameter was not associated
with the 3-year development of glaucoma or 3-year change in cup-to-disc ratio. To check if reverse
causality was in part causing the cross-sectional association, we examined whether glaucoma at
baseline was associated with the 3-year narrowing of retinal arterioles and indeed it was.
Therefore, the cross-sectional association that we found between arteriolar diameter and glaucoma
may have only been due to reverse causality. To date, to our knowledge, only one longitudinal
study has established a statistically significant association between arteriolar diameter (CRAE)
and the incidence of glaucoma. °

Evidence supporting a vascular pathogenesis of glaucoma and also the potential for
vascular changes to develop secondary to glaucoma is discussed in a review. 2° In short, the
vascular theory of glaucoma proposes that low perfusion pressure, impaired vascular
autoregulation, and faulty neurovascular coupling may cause glaucoma. 2° However, there is also

evidence in humans and animal models that the opposite is true: that glaucoma could cause
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vascular abnormalities perhaps in part because glaucomatous retinal ganglion cells may need
reduced blood supply. ° More longitudinal studies are necessary to disentangle the temporal
relationship between vessel abnormalities and glaucoma.

Venular diameter was positively associated with both baseline AMD and the 3-year
development of AMD. Most prior studies in a recent systematic review have not found a
statistically significant association between vessel width and signs of AMD although three studies
are consistent with our findings. 2! For example, Jeganathan et al found in a cross-sectional study
that widened venular diameter was associated with early AMD (OR=1.52, 1.11, 2.09). ?* Liew et
al found in a longitudinal study that wider venules were associated with the 10-year development
of RPE abnormalities (RR=1.1, 95% CI 1.0, 1.3). ! Also, Wickremasinghe et al found that wider
venular diameter was associated with worse response to bevacizumab in patients with neovascular
AMD. * By contrast, we found that arteriolar diameter was negatively associated with baseline
AMD. This is consistent with findings from a systematic review by Toulouie et al, where narrower
CRAE was associated with central geographic atrophy in eyes with AMD. ?* Additionally, several
studies using optical coherence tomography angiography have demonstrated an association
between AMD and reduced vascular density. °> Trinh et al proposed that reduced vascular density
might be due in part to vessel thinning or constriction. °

In addition to vessel diameter, we also examined tortuosity. We found that venular
tortuosity was negatively associated with the 3-year development of glaucoma and change in cup-
to-disc ratio. This is consistent with Wu et al 2® and Koh et al 2’ who found that less tortuosity
(straighter vessels) was associated with glaucoma and a thinner neuroretinal rim, respectively. We
found that increased venular tortuosity was also inversely associated with baseline AMD. We are

not aware of any prior studies that examined tortuosity and AMD. Ischemic heart disease death

83



is also associated with straighter retinal vessels. 28 Witt et al proposed that reduced tortuosity may
cause endothelial dysfunction and impairments in oxygenation in the microvasculature. 2®

Finally, we also examined the association between retinal vessel traits and IOP and the 3-
year change in IOP. There is evidence to suggest that some topical hypotensive medications for
glaucoma treatment, particularly beta-blockers and marginally prostaglandin analogues, are
associated with narrowing of the retinal vessels. 2*3° However, regarding the reverse direction,
only one previous study, to our knowledge, has assessed retinal vessel traits and their longitudinal
relation to change in IOP. 3! That study found no longitudinal associations between retinal vessel
diameter and IOP change. However, they did show that increased IOP at follow-up was associated
with increased arteriolar tortuosity, while higher IOP at baseline was associated with more tortuous
venules at follow-up. We were unable to replicate these findings in our study and instead found
that arteriolar tortuosity was inversely associated with IOP and its 3-year change. This is consistent
with findings from a cross-sectional study conducted by Wu et al, who found that arteriolar
tortuosity was lower in eyes with higher IOP. %

Strengths of this research include the use of a large, national, longitudinal dataset with
comprehensive physical exam and questionnaire data, the use of a deep learning approach called
QUARTZ to provide retinal vessel data on the entire retina rather than only the area around the
optic disc, and the assessment of multiple ocular outcomes. A limitation of this work is that
glaucoma and AMD were assessed by self-report of a doctor’s diagnosis, which is less valid than
an eye exam or a medical record. However, for glaucoma, we had supplementary data from the
retinal image and the physical exam such as CDR and IOP. Another limitation is that we do not
know in which eye the person had glaucoma or AMD. Other analyses for CDR and IOP were

limited to right eye data only to match the eye used for the retinal vessel traits. Furthermore, we
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lacked data on axial length so were unable to convert pixels to microns. Finally, statistical power
was reduced for our longitudinal analyses due to losses to follow-up and a smaller number of
incident versus prevalent cases of glaucoma and AMD.

This work provides additional longitudinal analysis of the relationship between retinal
vessel traits and age-related eye disease. Our strongest and most consistent evidence is that wider
retinal venules are associated with AMD and that venular tortuosity is associated with glaucoma
and glaucoma-related traits. Understanding how changes in the retinal microvasculature affect the

development of eye disease is crucial to improving treatments and prevention strategies.
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Table 7.1: Selected characteristics of those with and without a report of glaucoma at

baseline
Glaucoma (n=1,169) No Glaucoma (n=24,773)
Mean (SD) or % Mean (SD) or %

Age, Years 66.89 (10.50) 58.50 (9.58)
Female sex 58.17% 52.46%
Race/ethnicity

White 93.53% 93.82%

Non-white 6.47% 6.18%
BMI, kg/m2 28.62 (6.11) 28.43 (5.69)
SBP, mmHg 123.09 (18.08) 119.84 (16.22)
DBP, mmHg 72.32 (10.75) 74.75 (9.90)
Smoking

Never 41.24% 44.50%

Former 48.69% 44.06%

Current 10.06% 11.43%
Alcohol

Never 2.40% 2.37%

Occasional 49.24% 42.37%

Weekly 32.42% 41.94%

Daily 15.95% 13.31%
Diabetes

None 73.30% 83.69%

Type 1 1.51% 0.56%

Type 2 17.10% 8.37%

Neither 8.09% 7.38%
I0P, mmHg OD 17.38 (4.91) 15.61 (3.94)
IOP, mmHg OS 17.71 (5.43) 16.03 (3.94)
CDR OD 0.50 (0.12) 0.44 (0.09)
CDR OS 0.50 (0.12) 0.44 (0.09)
Arteriolar diameter OD, pixels 15.88 (1.99) 15.65 (1.64)
Arteriolar diameter OS, pixels 16.27 (2.16) 16.10 (1.78)
Venular diameter OD, pixels 18.10 (2.33) 17.51 (1.81)
Venular diameter OS, pixels 18.38 (2.64) 17.75 (1.91)
Arteriolar tortuosity* OD 1.24 (0.45) 1.23 (0.39)
Arteriolar tortuosity* OS 1.26 (0.46) 1.23 (0.39)
Venular tortuosity* OD 1.19 (0.32) 1.18 (0.24)
Venular tortuosity* OS 1.20 (0.29) 1.20 (0.25)

*tortuosity measures were multiplied by 1000 and the natural log taken to achieve normality

BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood pressure;
[OP=intraocular pressure; CDR=cup-to-disc ratio; OD=right eye; OS=left eye
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Table 7.2: Selected characteristics of those with and without a report of AMD at baseline

AMD (n=979) No AMD (n=24,952)
Mean (SD) or % Mean (SD) or %

OD pinhole visual acuity, logMAR 0.21 (0.25) 0.08 (0.15)
Age, Years 68.39 (11.95) 58.54 (9.54)
Female sex 59.22% 52.47%
Race/ethnicity

White 94.55% 93.78%

Non-white 5.45% 6.22%
BMI, kg/m2 28.61 (6.45) 28.44 (5.68)
SBP, mmHg 124.92 (20.28) 119.84 (16.19)
DBP, mmHg 72.79 (10.95) 74.72 (9.92)
Smoking

Never 41.78% 44.40%

Former 49.25% 44.11%

Current 8.98% 11.48%
Alcohol

Never 2.93% 2.36%

Occasional 46.84% 42.52%

Weekly 33.12% 41.79%

Daily 17.11% 13.34%
Diabetes

None 76.20% 83.56%

Type 1 0.29% 0.59%

Type 2 14.19% 8.53%

Neither 9.32% 7.32%
Arteriolar diameter OD, pixels 15.70 (1.96) 15.66 (1.64)
Arteriolar diameter OS, pixels 16.14 (2.27) 16.10 (1.79)
Venular diameter OD, pixels 18.15 (2.41) 17.52 (1.82)
Venular diameter OS, pixels 18.52 (2.67) 17.76 (1.92)
Arteriolar tortuosity* OD 1.22 (0.43) 1.23 (0.39)
Arteriolar tortuosity®* OS 1.23 (0.44) 1.24 (0.39)
Venular tortuosity* OD 1.14 (0.30) 1.18 (0.24)
Venular tortuosity* OS 1.16 (0.31) 1.20 (0.25)

*tortuosity measures were multiplied by 1000 and the natural log taken to achieve normality

AMD=age-related macular degeneration; BMI=body mass index; SBP=systolic blood pressure;

DBP=diastolic blood pressure; OD=right eye; OS=left eye
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Table 7.3:

Cross-sectional associations between retinal vessel traits and glaucoma outcomes

Model* | Vessel Glaucoma CDR 10P

Traitt n=23,993 n=23,824 n=23,279
OR 95% CI B 95% CI B 95% CI

1 Arteriolar 090 0.85,0.96 |-0.002 -0.003,-0.001 |0.04 -0.01, 0.09
diameter
Venular 1.09 1.04,1.15 |-0.001 -0.002,-0.000 |-0.19 -0.23,-0.15
diameter

2 Arteriolar 1.08 0.85,1.36 |0.009 0.005,0.013 -0.26  -0.44,-0.08
tortuosity
Venular 092 0.56,1.50 -0.034 -0.041,-0.027 | -0.39 -0.67,-0.10
tortuosity

*Each model run separately containing both the arteriolar and venular trait; models also adjusted
for age, sex, race, income, BMI, systolic and diastolic blood pressure, stroke, smoking, alcohol,
and province

T Per 1 pixel increase in diameter or 1 unit increase in tortuosity

CDR=cup-to-disc ratio; IOP=intraocular pressure; CI=confidence interval; OR=odds ratio
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Table 7.4: Longitudinal associations between baseline retinal vessel traits and glaucoma

outcomes
Model* | Vessel Development of CDR Change IOP Change
Traitt Glaucoma
n=20,994 n=18,108 n=19,386
OR  95% CI B 95% CI B 95% CI
1 Arteriolar 1.06 0.94,1.18 -0.000 -0.001, 0.000 |-0.02 -0.06, 0.02
diameter
Venular 1.01  0.93,1.10 -0.000 -0.001, 0.000 |-0.07 -0.11,-0.03
diameter
2 Arteriolar 1.12  0.79, 1.58 0.001  -0.001,0.003 |-0.18 -0.36,-0.01
tortuosity
Venular 0.52  0.31,0.87 -0.006 -0.010, -0.002 | -0.24 -0.50, 0.01
tortuosity

*Each model run separately containing both the arteriolar and venular trait; models also adjusted
for age, sex, race, income, BMI, systolic and diastolic blood pressure, stroke, smoking, alcohol,

and province; change models also adjusted for baseline level of outcome

T Per 1 pixel increase in diameter or 1 unit increase in tortuosity

CDR=cup-to-disc ratio; [OP=intraocular pressure; Cl=confidence interval, OR=o0dds ratio
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Table 7.5: Cross-sectional and 3-year longitudinal associations between baseline retinal
vessel traits and baseline AMD and the 3-year development of AMD

Model* | Vessel Traitt

AMD at Baseline
n=24,000
OR 95% C1

Development of AMD
n=20,854
OR 95% CI

1 Arteriolar diameter

0.85 0.79,0.91

0.98 0.89, 1.07

Venular diameter

.11 1.04,1.18

1.15 1.07,1.24

2 Arteriolar tortuosity

096 0.75,1.22

1.23 0.85,1.78

Venular tortuosity

045 0.29,0.69

0.64 0.37,1.10

*Each model run separately containing both the arteriolar and venular trait; models also adjusted

for age, sex, race, income, BMI, systolic and diastolic blood pressure, stroke, smoking, alcohol,

and province

+ Per 1 pixel increase in diameter or 1 unit increase in tortuosity

AMD=age-related macular degeneration; Cl=confidence interval; OR=0dds ratio
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Chapter 8: Discussion

This thesis aimed to address three objectives in its investigation of retinal vessel traits in
relation to sociodemographic, health, and lifestyle factors, and age-related eye disease. This
discussion section includes our findings as they relate to each objective, comparison of results to
previous literature, strengths and limitations, implications and significance of our work, and future

research.

Objective Onme: Cross-sectionally and longitudinally examine the relationship between

sociodemographic, health, and lifestyle factors and retinal vessel traits (width, area, tortuosity).

Vessel Diameter

Older age was significantly associated with having wider arteriolar (3=0.21, 95% CI=0.17,
0.25) and venular diameter (f=0.38, 95% CI= 0.34, 0.43). Longitudinally, for every 10-year
increase in age at baseline, arteriolar diameter widened by 0.12 pixels (95% CI: 0.08, 0.15) at

follow-up, while venular diameter increased by 0.27 pixels (95% CI: 0.23, 0.31). This is in partial

1 27, 29

confirmation of other reports of arteriolar 3! and venular widening with increasing age.
However, these findings are not consistent with those of several other epidemiological studies
reporting that vessels narrow with age.'*?> ' As mentioned in manuscript one, we hypothesize
that CRAE and CRVE may narrow with age but that there is a widening of the arterioles and

venules more broadly across the retina.

We confirmed that White people generally have narrower arterioles than people of other
races and ethnicities. For example, on average, Black people had wider arterioles by 1.27 pixels
(95% CI: 0.83, 1.71) in comparison to White people. This is consistent with findings from a study

of Australian children '?! and adults in the MESA and ARIC study.!”-2¢
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SBP was not associated with arteriolar or venular diameter in cross-sectional or

longitudinal analyses. Previous literature has been heterogenous in this sense, with studies

128 14, 19, 25

suggesting higher SBP may be associated with wider venules and either wider or
narrower arterioles. !> 3% 42 119, 128129 1n contrast, we observed that DBP was consistently
negatively associated with arteriolar and venular diameter, both cross- sectionally and
longitudinally. For example, for every 10mmHg increase in DBP, venules narrowed by 0.15 pixels
(95% CI: -0.20, -0.10). This is in agreement with several studies. '* 1% 2% 273242 [nterestingly,
18, 21, 28, 30

previous studies have shown that MABP has been associated with narrower vessels,

potentially being driven by the association between the vessels and DBP over SBP.

There were few associations between systemic health conditions and vessel diameter.
Stroke and heart disease were not associated with vessel diameter. Diabetes was consistently
associated with wider arteriolar diameters cross-sectionally, while type 1 diabetes was specifically
associated with 3-year widening of arteriolar diameters (=0.45, 95% CI: 0.09, 0.81). Venular

diameter was not associated with diabetes in cross sectional or longitudinal analysis. These results

/ 27 1_34

are in agreement Tapp ef a/ “' and Islam et al.”* However, other studies have indicated that both

17.33 meanwhile a meta-analysis showed

wider venules and arterioles are associated with diabetes,
only venules were associated with incident diabetes. '*® We also noted that obesity was positively

associated with venular diameter ( =0.16, 95% CI: 0.07, 0.25). Obesity and variation in body

composition have repeatedly been associated with wider venules across several previous studies.

15,17, 20, 26, 28-31

The concentration of CRP was positively associated with retinal venular diameter in cross-

sectional analyses; for every mg/L increase in CRP serum concentration, venular area was 0.30
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kilopixel? (95% CI: 0.13, 0.47) larger. Markers of inflammation, including CRP, have consistently
been associated with wider venules in the literature. '> 172326 We were unable to corroborate
findings by Myers et al, who saw that higher CRP was associated with a greater decrease in CRVE

over 15 years. !°

As lifestyle factors, smoking and alcohol consumption were associated with vessel
diameter. Both current and former smoking were associated with wider arteriolar and venular
diameters, and their widening over 3 years. The associations were generally stronger among
current smokers compared to former smokers; in cross-sectional analysis, the effect on arteriolar
diameter was $=0.10 (95% CI: 0.04, 0.16) for former smokers versus f=0.72 (95% CI: 0.60, 0.83)
for current smokers. This pattern has been observed previously. !> 17 20: 21, 25. 26, 28, 30-32, 119, 155
Although, the literature also reports that venules are more strongly associated with smoking than
arterioles, which we were not able to verify. In addition, we confirmed that arteriolar diameter was

inversely associated with daily and weekly alcohol consumption (=-0.33, 95% CI: -0.62, -0.03

and B=-0.38, 95% CI: -0.69, -0.08, respectively). '+ 17.20.26

Vessel Area

We directly confirmed that smaller arteriolar and venular area may be a marker of age,
systolic blood pressure, and diastolic blood pressure.!!®!!'! Assuming that vessel area and diameter
are proportional, our results are largely supported by literature that has previously assessed

associations between vessel diameters and health and lifestyle factors. Larger venular area, like

15,17, 20, 26, 28-31 15,17, 20, 21, 25, 26, 28, 30-

wider venular diameter, may be a marker of obesity, smoking,
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32, 119, 155 15, 17, 23-26

and inflammation, while smaller arteriolar area, like narrower arteriolar

14, 17, 20, 26 8,37-40

diameter, may be a marker of alcohol consumption, and stroke.

Interestingly, both larger arteriolar and venular area were associated with higher total
cholesterol. This is partially supported by other studies in the literature. Wider venules *° and

27, 32

narrower arterioles have been associated with total cholesterol. Meanwhile, high HDL

15,17, 20, 25, 27, 30-32, 119, 149 and

(“good”) cholesterol is consistently associated with narrower venules
narrower arterioles. 2°27-3% 119199 Increased LDL (“bad”) cholesterol is generally linked to wider

venules. 7 2% 2731 Future research should perhaps focus on the relationship between individual

components of cholesterol and blood vessels.

Total vessel area remains an under-measured vascular parameter. However, as a potential
indicator of retinal perfusion, it may provide additional information on how various factors

influence retinal blood supply.

Vessel Tortuosity

Other race/ethnicities generally had less tortuous arterioles than White people. For
example, arterioles were less tortuous (f=-0.39, 95% CI: -0.45, -0.33) in East Asians in comparison
to White people. This is in contrast to a European study of children, where vessel tortuosity did
not differ appreciably amongst most ethnic groups.!?? Perhaps this difference does not become

apparent until later in life.
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Being overweight (=0.02, 95% CI: 0.01, 0.03) or obese (f=0.04, 95% CI: 0.03, 0.05) was
positively associated with venular tortuosity cross-sectionally. This is consistent with findings
from Tapp et al in two separate analyses of data from the UK biobank .>”?* We were unable to
confirm results from Cheung et al, who observed that higher BMI was associated with less tortuous
arterioles. *! No consensus has yet been reached on how BMI impacts vessel tortuosity. However,
our results, being in agreement with those from Tapp et a/, may indicate that BMI has a more

significant impact on venular tortuosity over that of arterioles.

Higher SBP was also associated with more tortuous arterioles and venules (=0.01, 95%
CI: 0.01, 0.02, for both), and increasing venular tortuosity over three years (f=0.01, 95% CI: 0.00,
0.01). Meanwhile, diastolic blood pressure showed the opposite association; it was negatively
associated with tortuosity cross-sectionally and longitudinally associated with reduced venular
tortuosity over three years (3=-0.01, 95% CI: -0.01, -0.00). Our results partially agree with findings
from an analysis of data from the UK biobank, where Tapp et al observed that higher SBP was
associated with more tortuous arterioles. ** However, they also reported that higher DBP was
associated with more tortuous venules, which we were not able to confirm. Additionally, in two
studies using data from the Singapore Malay Eye Study, Cheung et al reported opposite results to
ours, where less tortuous arterioles and more tortuous venules were associated with higher
MABP.*!:#3 Therefore, more studies to better understand changes in vessel tortuosity in response

to high blood pressure are warranted.

Those with stroke at baseline had slightly more tortuous arterioles (=0.07, 95% CI: 0.00,

0.14) in comparison to those without stroke. Similar findings were reported by Owen ef al ** and
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Sandoval-Garcia et al. '*” Meanwhile, tortuosity was not associated with stroke risk in an analysis

of data from the Singapore Malaya Eye Study. ¥

In our study, current smoking was cross-sectionally associated with more tortuous venules
(B=0.04, 95% CI: 0.02, 0.06). Owen et al previously observed that venular and arteriolar tortuosity

was associated with smoking, but only in women compared to men. >

Lastly, higher CRP concentration was also associated with more tortuous venules in cross-
sectional analysis (=0.02, 95% CI: 0.01, 0.03). This is consistent with a large study (n=50,233)
using data from the UK biobank, where higher CRP, as opposed to lower levels, was associated

with a higher percent difference in venular tortuosity. %’

Objective Two: Cross-sectionally and longitudinally investigate the relationship between retinal
vessel characteristics (width and tortuosity) and glaucomatous outcomes (IOP, CDR, and

glaucoma prevalence).

In manuscript #2, in confirmation with the existing literature, we found that those with
narrower arterioles had higher odds of having glaucoma (OR=0.90, 95% CI: 0.85, 0.96) '3>-1%° and
higher CDR (B=-0.002, 95% CI: -0.003, -0.001) 86189 at baseline. This is also supported by cross-
sectional findings linking narrower arterioles to thinner RNFL thickness *° and thinner neuroretinal
rim. '% Upon longitudinal analysis, we found that vessel diameter was not associated with the
three-year development of glaucoma. This was in agreement with Ikram et al, who also reported

null associations between arteriolar and venular diameter and incident glaucoma. >’ However, our
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results were inconsistent with one other longitudinal study by Kawasaki et a/, who found a positive

relationship between narrower CRAE and incident glaucoma. 8

When we looked at the reverse association with change in arteriolar diameter as the
outcome, and baseline glaucoma as the exposure, the association was statistically significant; those
with glaucoma at baseline had a higher degree of vessel narrowing over three years. This suggests
that reverse causality may be implicated in the cross-sectional associations seen in our own study
and those reported in the literature. Further longitudinal studies are needed to disentangle the

temporal relationship between arteriolar narrowing and glaucoma.

We were unable to confirm results of three previous studies indicating that those with
glaucoma may have narrower venules. '8¢ 188239 These studies did not adjust for arterial diameter
in their models, which may be why we found the opposite; in adjusting for the fellow vessel, wider
venules were cross-sectionally associated with glaucoma independent from the effects of arteriolar
diameter (OR=1.09, 95% CI: 1.04, 1.15). Meanwhile, we saw that venular diameters were
inversely associated with IOP (=-0.19, 95% CI: -0.23, -0.15) and its three-year change (=-0.07,
95% CI: -0.11, -0.03) which is more consistent with the literature; !> 186 although, null results have
also been reported. 8% 1 Further investigation into these relationships is warranted to clarify the

role of venular changes in glaucoma pathogenesis.

Venular tortuosity was inversely associated with CDR ($=-0.034, 95% CI: -0.041, -0.027),
its three-year change (=-0.006, 95% CI: -0.010, -0.002), and the 3-year development of glaucoma
(OR=0.52, 95% CI: 0.31, 0.87). This is consistent with cross sectional findings relating less
tortuous venules to a thinner neuroretinal rim ' and primary OAG '° in the SiMES. Straighter
venules have also been associated with thinner RGC thickness, an early structural change in

laucoma. ?° Meanwhile, Rudnicka et a/ observed that straighter arterioles and venules were not
g g
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associated with glaucoma. ' Overall, there is some evidence to suggest that straighter vessels

may be an indicator of early glaucomatous changes and glaucoma itself.

Lastly, we observed that IOP (B=-0.26, 95% CI: -0.44, -0.08) and its three-year change (p=-
0.18, 95% CI: -0.36, -0.01) were inversely associated with arteriolar tortuosity. Conversely, no
association was found between ocular hypertension and vessel tortuosity in the EPIC-Norfolk Eye
study. '8 Conflicting evidence was also reported by Freiburg et al; they did not observe cross-
sectional associations between tortuosity and IOP but did report that an increase in IOP from
baseline to follow-up was associated with more tortuous arterioles. Higher IOP at baseline was
also associated with more tortuous venules at follow- up. While our results are not consistent with

previous studies, we present further evidence to suggest a vascular role in IOP variation.

Objective Three: Examine the relationship between retinal vessel characteristics (width and

tortuosity) and prevalence of AMD at baseline and 3-year follow-up.

This objective was addressed in manuscript #2. We observed that those with narrower
arteriolar diameter had higher odds of having AMD at baseline (OR=0.85, 95% CI: 0.79, 0.91).
This is consistent with some cross-sectional studies noting that narrower arterioles were associated
with either AMD itself, **° or AMD-related pigmentary changes. >**2*! Meanwhile, several others
have reported null % 22231 or the opposite effects 23> 233 in terms of AMD or AMD-related
outcomes and arteriolar diameter. While we did not find any longitudinal associations between
arteriolar diameter and AMD, other studies have seen increased risk of AMD or related outcomes

with focal arteriolar narrowing 3% or narrower CRAE. 334
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We also saw that wider venular diameter was positively associated with AMD at baseline
(OR=1.11, 95% CI: 1.04, 1.18) and its 3-year development (OR=1.15, 95% CI: 1.07, 1.24). The
literature presents conflicting evidence for this relationship. Our findings are consistent with data
from the Singapore Malay Eye Study, where wider venules were associated with prevalent early
AMD. 23! However, null results were reported with respect to venular diameter and AMD

232

prevalence in the Handan Eye Study ?*? and the Singapore Indian Eye Study. **° Longitudinally,

incidence of early AMD-related pigment abnormalities has been linked to wider venules in the

BMES, > whereas incidence of AMD itself is generally not associated with venular diameter.>*>

225

Lastly, we observed that less tortuous venules were associated with AMD at baseline
(OR=0.45, 95% CI: 0.29, 0.69). To the best of our knowledge, this is a novel finding, and no other
published studies have assessed this relationship. It should, however, be noted that our results
disagree with conference proceedings using data from the Singapore Malay Eye Study that
suggested the opposite. 2** Further investigation is therefore warranted, as both studies suggest a

role of vessel geometric pattern in AMD pathogenesis, despite opposing results.

Strengths

The CLSA’s large sample size and national scope make it a uniquely valuable resource for
Canadian researchers. The study provides comprehensive data on participants, including self-
reported survey responses and objective physical assessments. This enabled us to examine a wide
range of factors related to retinal vessel traits and adjust for several confounding factors when
assessing their relationship with glaucoma and AMD. Furthermore, access to longitudinal data

allowed us to assess how retinal vessel traits changed over a three-year period. We were also able
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to determine development of AMD and glaucoma over three years by selecting a cohort free of
either disease at baseline, offering insights into the temporal vascular mechanisms underlying age-
related eye diseases. The CLSA also maintained a high retention rate at the three-year follow-up
period (95%), 2*¢ providing adequate power to detect statistically significant longitudinal

associations.

In addition, the use of QUARTZ allowed us to extract retinal vessel data across the entire
retina, rather than a restricted area around the optic nerve; this provided a more global assessment
of retinal vessels in comparison to other methods. Lastly, in our statistical analysis, we included
both the arteriolar and venular trait in regression models when assessing their relationship with the
eye disease outcomes. Not only did this address the potential confounding relationship between
the vessels, 8! it may also negate biasing effects from unmeasured parameters such as genetic

factors. 3

Limitations

The research presented in this thesis has several limitations. First, the CLSA had a
participation rate of 45% with an overall response rate of only 10%, introducing the possibility of
selection bias. *® Additionally, while the CLSA is a nationwide study, it is not nationally
representative, and the results may not apply to provinces/territories and populations excluded
from the comprehensive cohort. This, in addition to having small sample sizes in some ethnic
groups, limits the external validity of this research.

The CLSA also did not collect axial length, preventing us from converting arteriolar and
venular diameter and area measurements from pixels into micrometers. Pixels are not a clinically

relevant unit of measurement; therefore, the clinical applicability of this research is limited.
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While the use of QUARTZ is a strength of the present analysis, our results may differ from
those found in the existing literature due to differences in methodology. Measurements from
different vessel analysis software have generally been shown to lack agreement. 24 24! This is
likely due to differing algorithms for vessel segmentation, vessel labeling, and estimating vascular
diameter/tortuosity. 2*! Since QUARTZ uniquely analyzes retinal vessel traits across the entire
fundus image rather than a focal area around the optic disc, direct comparisons to the existing
literature are even more problematic. > Additional factors contributing to heterogeneous results
may include differences in study populations, disease definitions and diagnostics, and different
methods in controlling for the many confounding factors that can affect retinal vessel
characteristics. 232 The lack of standardization across several methods in this area of research

contribute to lack of homogeneity.

Both manuscripts heavily relied on self-reported health and lifestyle factors. Specifically,
in manuscript 2, glaucoma and AMD were not based on a standardized set of diagnostic criteria,
nor were they confirmed by an ophthalmologist’s assessment. The validity of self-reported eye
disease, although infrequently studied, is low. For example, Linton et al reported that the sensitivity
of in-person self-reported AMD in the BDES was 17.9%, suggesting that individuals who have the
disease tend not to report it. >** In contrast, specificity was quite high (98.7%), indicating that when
participants did report having AMD, it was likely to be accurate. It is generally accepted that self-
reported eye disease underestimates the true prevalence, leading to nonsignificant or erroneous
results. 2% In the present study, it is unlikely that misclassification of eye disease, or other factors,
differed based on retinal vessel parameters, therefore conservatively biasing results towards the

null.
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Furthermore, diagnosis of AMD and glaucoma were not assessed at the eye-level, and we
used data from the right eye only. Since both glaucoma and AMD can affect the eyes unilaterally
or asymmetrically, it is possible that the outcomes were non-differentially misclassified, again
biasing our results towards the null. Additionally, the CLSA did not differentiate between the types
and severity of glaucoma or AMD. We were therefore unable to run subgroup analyses on the types
or severity of the eye diseases, potentially limiting the generalizability of our study since our results

may not be the same across all types/severities of eye disease.

Significance and Implications

This research is the first to investigate retinal vessel characteristics in relation to a
comprehensive set of factors and age-related eye disease in a Canadian population. By leveraging
previously underutilized retinal images from the CLSA alongside its longitudinal data, this
research provides additional insight into how health and lifestyle determinants are related to the
retinal microvasculature over time. Furthermore, we have advanced the understanding of the
vascular mechanisms underlying glaucoma and AMD. While more research is needed to translate
our findings into clinical applications, some future implications of this research involve the

screening, prevention, and treatment of both systemic and ocular disease.

Both glaucoma and macular degeneration can be asymptomatic in their early stages, often
remaining undiagnosed while vision is lost. 1% 16 It is also understood that early detection and
treatment of cardiovascular disease reduces the risk of adverse cardiovascular events and their
associated chronic disabilities. >** Thus, strategies for early diagnoses are crucial. If a causal
association truly exists between changes in the retinal vasculature and subsequent disease

development, fundus images and retinal vessel analysis could serve as a quick, non-invasive, and
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cost-effective screening tool. By flagging patients with early microvascular signs for additional
assessment, they could be identified, monitored, and treated sooner. Thus, integration of retinal
vessel analysis into screening strategies for both ocular and systemic disease may be a valuable

future clinical application.

Similarly, incorporating retinal vessel traits into prediction models may help identify
individuals at risk of developing disease, allowing for targeted monitoring and earlier intervention
for those with higher risk profiles. For example, it has been shown that including retinal vessel
traits into stroke models improved prediction of its incidence by approximately 10% beyond the
use of traditional risk factors.’ %> Applying this approach to eye disease and other chronic

conditions could reduce their burden through proactive healthcare interventions.

The assessment of retinal vessel traits could also improve treatment strategies. Should a
causal association exist between early microvascular changes and disease development, it may be
possible to target these vascular issues directly, providing an alternative treatment pathway for
disease management. Retinal vessels may also reflect a patient’s response to treatment, and may
therefore serve as a valuable tool for tracking treatment effectiveness. >** For instance, retinal
vessel narrowing may be reversed in response to blood pressure reduction.?*® Thus, measurement

of retinal vessel characteristics has the potential to be incorporated into treatment strategies.

The research presented in this thesis lays the foundation for future clinical applications of
retinal vessel analysis. While more longitudinal studies are needed to fully understand the
relationships between health and the retinal microvasculature, this field of study could change
efforts to screen for, prevent, and treat systemic and ocular disease. This may lead to earlier
diagnoses, more targeted interventions, and ultimately, improved patient outcomes and reduced

healthcare burdens.
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Conclusions and Future Directions

Data from the CLSA has confirmed several previously known factors contributing to retinal
vessel diameter and tortuosity. We also offered new insights into vessel area as a marker of
cardiovascular risk factors. Lastly, in agreement with previous studies, we have highlighted the
potential role of the retinal vasculature in the pathogenesis of AMD and glaucoma and changes in
IOP and CDR in a Canadian population. As an immediate next step, formal mediation analyses
could further clarify the role of the microvasculature in relation to known risk factors that impact

both the retinal vessels and the development of age-related eye disease.

The CLSA is an ongoing prospective cohort study that will continue to follow its
participants over 20 years. Continued analysis of new longitudinal data from the CLSA offers a
valuable opportunity to further understand the natural history of retinal vessel changes over time
in the face of sociodemographic, health, and lifestyle factors and how this may contribute to the
development of ocular disease. Additionally, we have been notified that an updated version of
QUARTZ is now able to convert pixel measurements into micrometers by standardizing images to
the size of the optic disc. This advancement may allow for more clinically relevant interpretations
of retinal vessel data; future studies using retinal images from the CLSA should prioritize using

this to enhance the translational potential of the findings.

On a broader note, the scope of ophthalmological data collected by Canadian studies can
be expanded moving forward. Future investigators of population-based studies should consider
incorporating more comprehensive ocular testing, like visual fields, OCT, measurements of axial
length or refraction, and physician diagnoses of eye disease based on established criteria into their
protocols. This may enhance the clinical relevance of research findings. For example, data
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collected from OCT images like RNFL and RGC thickness may further clarify structural impacts
of blood vessel changes while visual field information may provide a functional understanding.
This will also help overcome the limitations of self-reported eye-disease faced in the present

research by providing more objective quantified endpoints for more certain conclusions.

Moreover, working towards standardized protocols in this area of research as a whole is
imperative. This includes establishing consistent statistical methods and retinal vessel analysis
techniques using verified software. This will improve comparability of results across research

groups and accelerate the translation of research findings into clinical practice.
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Appendix 1: Anterior Chamber Anatomy and Pathology

Supplemental Figure 1: Anterior chamber angle anatomy and normal and pathological fluid
dynamics (Image from Weinreb et al '%)
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