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Summary: 

Age-related macular degeneration (AMD) is the leading cause of central visual 

impairment worldwide with an estimated 196 million people with the condition in 2020 and a 

projected increase in prevalence as a result of exponential aging. AMD leads to the painless, 

progressive loss of central vision which we require for essential tasks such as reading and 

recognising faces. AMD is a multifactorial condition characterised by macular photoreceptor 

loss and retinal pigment epithelium (RPE) cell reduction. AMD is classified into two distinct 

forms known as “dry” AMD or “wet” AMD. Geographic atrophy (GA) is the advanced form of 

dry AMD; features of GA include damage to outer retinal structures including localised RPE 

atrophy, photoreceptor cell death and choriocapillaris atrophy. Wet AMD, which is also known 

as neovascular AMD or exudative AMD is characterised by choroidal neovascularisation 

(CNV); the growth of new blood vessels from the underlying choroid into the RPE or 

subretinal space leading to haemorrhage or oedema and a sudden decrease in visual acuity. 

There are currently no treatments available for GA apart from lifestyle changes such as dietary 

modification and smoking cessation. The progression of early AMD into GA or CNV is 

unpredictable and despite wealth of research into AMD the molecular pathology underlying the 

condition remains unclear thereby limiting potential therapies.  

The retina and the RPE are especially prone to the development of reactive oxygen 

species leading to the accumulation of toxic substances in photoreceptor cells. As a result, 

photoreceptor cells undergo a constant renewal process with their outer segments being shed 

daily. This process is tightly coordinated in order to maintain a constant length of 

photoreceptor outer segments. Some of the phagocytosed material is recycled back to the 

photoreceptors and the remainder is exocytosed by the RPE and likely cleared by 

choriocapillaris. The major burst of phagocytic activity is under the control of the circadian 

clock. Dysfunctional rates of clearance of these components are likely a significant factor to 

drusen accumulation and subsequently the development of AMD in some individuals.  

Drusen are the characteristic pathological feature associated with AMD. They are 

extracellular deposits of lipids, proteins, iron and zinc located between the RPE and Bruch’s 

membrane. There is a wide variety in the size and distribution of drusen from individual to 

individual however there is symmetry in drusen size, number, density and fluorescence 

between eyes within an individual. This correlates with a high degree of symmetry of retinal 

blood vessel patterning in the eyes of an individual. Tight junctions (TJs) in the retinal 

vasculature form the inner blood retinal barrier (iBRB) which is essential for the maintenance 

of retinal homeostasis and preventing the entry of potentially damaging blood borne agents. 

Hudson et al 2019 have demonstrated that the gene CDLN-5 is regulated by BMAL1 and the 
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circadian clock. CDLN-5 encodes for claudin-5, one of the most enriched tight junction 

proteins in the iBRB. They demonstrated that persistent suppression of claudin-5 in mice 

exposed to a cholesterol enriched diet produced striking RPE atrophy. Similarly, suppression of 

claudin-5 in the macular region of non-human primates induced RPE cell atrophy. 

Furthermore, fundus fluorescein angiography (FFA) in healthy human subjects demonstrated 

an increased permeability of the iBRB in the evening compared to the morning. These findings 

indicate that there may be an inner-retina derived component in the early pathophysiological 

changes associated with AMD and suggests that regulating the dynamic expression pattern of 

claudin-5 at the iBRB could control the burden of material consumed by the RPE daily. AMD 

is considered a disease of the outer retina and for this reason the majority of research to date 

has focused on identifying pathological determinants in RPE cells. To our knowledge this is 

the first time an inner-retinal derived contribution to RPE cell atrophy has been demonstrated. 

Overall these findings directly implicate claudin-5 as a key mediator of subsequent RPE 

pathology and suggest that methods aimed at restoring the dynamic expression of this molecule 

in the aging eye may prevent or attenuate the progression of AMD.  

 To continue the clinical portion of this research, we are making a full assessment of 

circadian iBRB regulation in patients with defined degrees of dry AMD and age-matched 

controls. We have performed quantitative FFA and optical coherence tomography (OCT) in the 

morning and the evening in the same individual to assess retinal blood vessel integrity and retinal 

thickness changes. We have also screened participants’ blood samples at both timepoints to 

correlate any potential changes in inflammatory status, melatonin and cortisol levels and 

circadian mediated changes in clock components with barrier integrity at particular times of day. 

In addition, participants will have DNA isolated and subsequently genotyped for AMD risk 

variants such as Complement Factor H (CFH), Complement Factor B (CFB), Age-Related 

Maculopathy Susceptibility 2(ARMS2)/ High-Temperature Requirement A Serine Peptidase 1 

(HTRA1) and Apolipoprotein E (APOE) to determine if there is a link between severity of 

disease, risk variant and changes in iBRB integrity or vessel permeability. In gaining an 

understanding of circadian regulation of the iBRB in a clinical setting in human subjects, we will 

be positioned to make profound conclusions on its role in AMD pathophysiology, aiding our 

understanding of GA pathophysiology and potentially, in the future, development of therapeutic 

strategies to treat the condition.  
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CHAPTER 1: Introduction 
 
1.1. The Retina and Photoreceptor cells 

The retina is located at the posterior pole of the eye between the vitreous and Bruch’s 

membrane and consists of two primary layers: an inner neurosensory retina and an outer retinal 

pigment epithelium (RPE). The neurosensory retina converts light stimuli into neural impulses, 

these are partially integrated locally and transmitted to the brain via ganglion cell axons in the 

optic nerve. Retinal cells include neural cells (photoreceptors, bipolar cells and ganglion cells), 

glial cells, vascular endothelium, pericytes and microglia (Forrester et al., 2015). These cells 

are arranged in a highly organised matter and in histological sections appear as distinct layers 

as illustrated in Figure 1a (Naylor et al. 2019). There are three types of photoreceptor cells in 

the eye: rods, cones and intrinsically photosensitive retinal ganglion cells. Rods and cone cells 

are found in the outermost layer of the retina. There are approximately 115 million rods and 6.5 

million cones in the human eye (Forrester et al., 2015). Rods are responsible for sensing 

contrast, brightness and motion and cones for sensing fine resolution, spatial resolution and 

colour vision (Forrester et al., 2015). The density of rods and cones varies in different regions 

of the retina; the peripheral retina is rod dominated, with a maximum rod density in the 

perifovea and an absence in the fovea. Cone density increases at the macula and the fovea is 

composed of solely of cones (Sundaram et al. 2016). The outer segments of rods and cones 

contain flattened discs containing light sensitive visual pigments responsible for the absorption 

of light and initiation of the neuroelectrical impulse, these must be regenerated after photon 

capture (Forrester et al., 2015, Fritsche et al., 2014).  

The retinal pigment epithelium (RPE) is a single layer of epithelial cells located between 

the Bruch’s membrane and the photoreceptor layer of the retina. The RPE provides a unique 

support system to the photoreceptors by delivering resources needed to carry out visual 

function and recycling retinoids for phototransduction. The RPE has many other functions 

which include: maintaining adhesion of the neurosensory retina; providing a selectively 

permeable barrier between the choroid and neurosensory retina; phagocytosis of rod outer and 

to a lesser extent cone outer segments; synthesis of interphotoreceptor matrix; absorption of 

light scatter and transport plus storage of metabolites and vitamins (Sparrow et al., 2010, 

Strauss, 2005, Forrester et al., 2015) as illustrated in Figure 1b (Naylor et al., 2019). The RPE 

is highly polarised with its basal surface resting on Bruch’s membrane and its apical villi 

enveloping the photoreceptor outer segments (Shin et al. 2006). The basolateral surface acts as 

a barrier between the neuroretina and the highly permeable choriocapillaris forming the outer 

blood retinal barrier (oBRB) (Sparrow et al., 2010, Simo et al., 2010, Maneros et al., 2005). 
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Bruch’s membrane is a modified connective tissue layer located between the RPE and choroid 

(Forrester et al., 2015). 

 

Figure 1.1 a. Topographic relationship of the retinal pigment epithelium (RPE) within the 
retina.  
Figure 1.1 b. RPE anatomy and function. The functions of the RPE are labelled as follows: (1) 
Tight junction (TJ) of the outer blood retina barrier (oBRB); (2) Transport of fluid, nutrients, 
and metabolites (paracellular and transcellular); (3) Phagocytosis of photoreceptor outer 
segments (POS); (4) Absorption of scattered light; (5) Retinal adhesion; (6) Paracrine secretion 
(including vascular endothelial growth factor (VEGF)); (7) Maintaining balance across the sub-
retinal space. 
(Taken from Naylor et al., 2019). 
 

1.2. The Macula 

The macula lies in the posterior pole of the eye and is defined as the area of the retina 

bound by the superior and inferior vascular arcades. The macula is roughly 4.5mm in diameter 

and is located 3mm temporally to the optic disc. The macula can be subdivided into the 

foveola, the fovea, the parafovea and the perifovea (Sternberg Jr et al., 2017). The fovea is the 

central area of the macula and measures 1.5mm in diameter (Sternberg Jr et al., 2017, Forrester 

et al., 2016).  The macula has a yellow appearance due to the presence of xanthophyll 

carotenoid pigments. (Sternberg Jr et al., 2017). As the name suggests AMD preferentially 

targets the macular region of the retina, however the mechanistic rational for this is not known.  
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1.3. Retinal blood supply 

The retina is extremely metabolically active with the highest oxygen concentration per 

weight of any organ. The retina has a dual blood supply with its inner two-thirds supplied by 

branches of the central retina vessels and its outer one-third supplied by the choroidal 

circulation ( Forrester et al., 2015).  The larger branches of the central retinal artery and vein 

lie below the internal limiting membrane and are surrounded by astrocytes, pericytes and 

retinal muller cells (Daruich et al., 2018). The capillaries pass only as far as the inner nuclear 

layer, therefore the outer retina is normally avascular. The choroid is an extensive vascular 

complex located between the sclera and retina and divided into Sattler’s layer composed of 

medium and small sized vessels and Haller’s layer composed of large arteries (Daruich et al., 

2018, Forrester et al., 2015). The inner portion of the choroid is a network of fenestrated 

capillaries that supply nutrients to the retina and act as a conduit for the by-products of PR and 

RPE metabolism (Fritsche et al., 2014).   

 

1.4. The Blood Retina Barrier 

The retina has a highly selective blood-tissue barrier, the blood retina barrier (BRB) 

which is fundamental in establishing and maintaining an environment for optimum retinal 

function (Cunha-Vas et al., 2011). The BRB is comprised of the inner BRB (iBRB) which is 

formed by tight junctions (TJs) between retinal capillary endothelial cells and the outer blood 

retina barrier (oBRB) which is formed by TJs between RPE cells (Cunha-Vas et al., 2011). The 

BRB is a restrictive physical barrier which regulates ion, protein and water flux into and out of 

the retina. TJs between adjacent cells restrict the paracellular movement of plasma components 

and toxic molecules in to and out of the retina. Both the oBRB and iBRB perform similar roles 

of paracellular diffusion regulation however their molecular composition varies (Cunha-Vas et 

al., 2011).  

TJs are unique assemblies of transmembrane proteins and peripheral cytoplasmic 

proteins that interact with each other to form a complex network and allow for a high degree of 

paracellular selectivity. Transmembrane proteins include the claudins, the MARVEL (Mal and 

related proteins for vesicle trafficking and membrane link) family and junctional adhesion 

molecules (JAMs), which span the plasma membrane (Gonzalez-Mariscal et al., 2000). These 

extend into the paracellular space creating a seal characteristic of TJs (Campbell and 

Humphries, 2013). Peripheral cytoplasmic proteins such as zonula occludens-1, (ZO-1), -2 

(ZO-2) and -3 (ZO-3) anchor these transmembrane proteins to the plasma membrane and are 

vital in the initial formation and distinct organization of TJs (Bazzoni et al., 2000, Bazzoni et 

al., 2004).  
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Claudins are the main proteins involved in TJ strand formation and they directly 

regulate permeability, selectivity and mediate robust cell-cell adhesion (Shin et al., 2006, 

Colegio et al., 2003, Rizollo et al., 2011). There are 24 established members of the claudin 

family (Shin et al., 2006) and each member has a unique effect on permeability and selectivity. 

In fact, specific paracellular properties of different epithelia results from their particular 

patterns of claudin expression (Colegio et al., 2003, Saitou et al., 2000). In humans, claudin-1, 

-2 and -5 are the most important in the endothelial cells of iBRB (Daruich et al., 2018) and 

claudin-3, claudin-10 and claudin-19 have been detected in the RPE (Peng et al., 2010).  Some 

claudins are expressed in a tissue specific manner, for example claudin-5 is expressed 

predominantly endothelial cells (Morita et al., 1999) and is necessary to preserve the vascular 

barrier to small (<0.8 kDa) molecules in the brain (Nitta et al., 2003). Claudin-5 is the most 

enriched component of both the brain and retinal endothelial tight junction (Daneman et al., 

2010) and is of particular importance to our study as we will discuss further in this chapter.  

 

1.5. Prevalence and Natural History of AMD 

AMD is the leading cause of visual impairment in the developed world and accounts 

for 90% of severe vision loss in Ireland (HSE Model of Eye Care, 2017). Current CSO 

projections for Ireland estimate that the number of people aged 65 years or older will almost 

double over the period of 2006 to 2026, therefore the number of people in Ireland with sight 

loss will increase exponentially as the population ages (HSE Model of Eye Care, 2017). In 

2017 there were 225,000 people living with sight loss in Ireland and this was thought to 

increase to 272,000 by 2020 (HSE model of Eye Care, 2017). Globally, the prevalence of 

AMD is likely to increase from a projected 196 million people with AMD in 2020 to 288 

million in 2040 (Wong et al., 2014).  Klein et al., 2002 demonstrated that 9.5% of people aged 

over 75 years old developed late signs of Age-Related Maculopathy (ARM). Not only does 

visual impairment significantly reduce quality of life by affecting physical, emotional, 

functional and social wellbeing but also contributes to significant financial costs with the 

financial and economic costs of blindness in the Republic of Ireland expected to increase from 

€276.6 million and €809 million respectively in 2010 to €367 million and €1.1 billion 

respectively in 2020 (Green et al., 2016).  

AMD leads to the progressive, painless loss of central visual function. As clinical signs 

such as drusen and pigmentary changes may precede visual loss, early AMD is often diagnosed 

incidentally during the course of a routine eye examination. Visual impairment secondary to 

AMD has major impact on the quality of life in individuals with the condition; from the 

inability to undertake tasks that require visual discrimination such as reading, driving and 
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recognising faces to the ability to perform activities of daily living (Gopinath et al., 2014). 

Individuals with AMD report greater life stress lower activity levels and increased depression 

compared to those without AMD (Casten et al., 2018).  

AMD is characterised by the degeneration of various structures at the posterior pole of 

the eye including the outer retina, the RPE, Bruch’s membrane and the choriocapillaris. AMD 

is classified into two distinct forms known as “dry” AMD or “wet” AMD. Geographic atrophy 

(GA) is the advanced form of dry AMD; features of AMD include damage to outer retinal 

structures including sharply delineated, localised RPE atrophy, photoreceptor cell death and 

choriocapillaris atrophy (Sternberg Jr et al., 2017, Fleckenstein et al., 2018, Arya et al., 2018). 

GA leads to progressive, irreversible vision loss accounting for 10% of severe visual loss from 

AMD (Sternberg Jr et al., 2017). GA is generally bilateral, and lesions affect the perifoveal 

macula first, sparing the foveal centre until lesions gradually enlarge and coalesce to include 

the fovea. The degree of visual loss depends on the location of GA with respect to the fovea or 

central macula and patients may often demonstrate good visual acuity as a result of foveal 

sparing (Sternberg Jr et al., 2017).  Wet AMD, which is also known as neovascular AMD or 

exudative AMD is characterised by choroidal neovascularisation (CNV), the growth of new 

blood vessels from the underlying choroid into the RPE or subretinal space leading to 

haemorrhage, exudative retinal detachment and serous or haemorrhagic pigment epithelial 

detachments (Sternberg Jr et al., 2017, Cook et al., 2008). Patients with wet AMD generally 

present with a sudden decrease in central vision, often with distortion (Cook et al., 2008).  Wet 

AMD accounts for 75% of severe visual impairment secondary to AMD despite representing 

only 10-15% of total AMD cases (Sundaram et al., 2016, Cook et al., 2008). 

 

1.6. Clinical Examination, Grading and Treatment of AMD 

Clinical assessment of AMD involves best corrected visual acuity (BCVA), slit lamp 

fundal examination and retinal imaging including fundal photography, optical coherence 

tomography (OCT), fundus autofluorescence (FAF) and fundus fluorescein angiography 

(FFA). BCVA may often underestimate functional deficits in AMD, particularly relevant for 

GA where a patient's BCVA may be preserved due to foveal sparing (Fleckenstein et al., 

2018). OCT is used to assess macular thickness, RPE integrity, the presence of fluid collections 

and to determine the response to treatment. FAF provides invaluable information about the 

health of the RPE and in early AMD, can reveal areas of RPE alterations which are not visible 

on fundoscopy (Ly et al., 2017). FFA imaging examines both retinal and choroidal circulation 

and allows for the visualisation of blood vessels and CNV (Cook et al., 2008). The fenestrated 
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walls of the choriocapillaris allow free fluorescein to pass through whereas the iBRB does not 

allow any physiological fluorescein leakage (Sundaram et al., 2016). 

Many classification systems exist in order to determine the severity of AMD, these 

include the AREDS scale and the International Classification and Grading system for age 

related maculopathy which are both based on colour fundus photography. It is important to 

accurately classify AMD as this will determine the risk of progression of AMD and treatment 

options. The AREDS scale is based on drusen characteristics (size, type, area), pigmentary 

abnormalities (increased pigment, depigmentation, geographic atrophy (GA)) and presence of 

abnormalities characteristic of neovascular AMD. Advanced AMD was defined as the presence 

of one of more neovascular AMD abnormalities, photocoagulation for AMD or GA involving 

the centre of the macula. It comprises a 9-step severity scale combining a 6-step drusen area 

scale and 5-syep pigmentary abnormality scale. For ease of classification, the AREDS 

simplified severity scale was produced (Ferris et al., 2005) which allocated one risk factor for 

the presence of one or more large drusen (≥125µm or the width or a large vein at disc margins) 

and one risk factor for the presence of any pigmentary abnormality. These risk factors were 

summed across both eyes yielding a 5-step scale (0-4) on which the approximated 5-year risk 

of developing advanced AMD In at least one eye increases in this sequence: 

0 factors 0.5% 

1 factor 3% 

2 factors 12% 

3 factors 25% 

4 factors 50% 

  The distinction between wet and dry AMD is important in relation to the treatment 

pathways for the condition. Over the last two decades there have been major advances in the 

treatment of CNV with the advent of intravitreal injections targeting vascular endothelial 

growth factor (VEGF).  Pegaptanib (Macugen) was the first anti-VEGF licensed by the Food 

and Drug Administration (FDA) in the US in the treatment of AMD (Sternberg Jr et al., 2017). 

In 2006, a landmark trial demonstrated that monthly injections Ranibizumab (Lucentis) 

prevented vision loss in nearly 95% of patients and significantly reduced vision loss in 40% 

(Rosenfeld et al., 2006). Other anti-VEGF agents include Bevacizumab (Avastin) and 

Aflibercept (Eylea). Despite these advances in the treatment of neovascular AMD there are 

currently no available treatments for GA. Patients with visual loss secondary to GA are 

encouraged to use low vision aids and make lifestyle modifications including cessation of 

smoking, dietary changes with an increased intake of leafy green vegetables and advised to 
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take supplements such as macushield and lutein omega. The Age-Related Eye Disease Study 

(AREDS) (AREDS Report no. 8, 2008) was developed to assess the benefits of antioxidants 

(500mg Vitamin C, 400IU vitamin E, 15mg beta-carotene) and 80mg zinc (2mg copper) in the 

prevention of AMD progression. This study found that patients treated with antioxidants and 

zinc in categories 3 (a minimum of extensive intermediate drusen or at least 1 large druse 

present) and 4 (advanced AMD or vision loss from AMD in one eye) experienced a significant 

reduction in the risk of AMD progression (25%) compared to those receiving a placebo.  

 

1.7. Pathogenesis of AMD 

1.7.1. Normal retinal homeostasis 

 
The retina and the RPE are particularly prone to the generation of reactive oxidative 

species (ROS) as they have a high metabolic rate, a high concentration of polyunsaturated fatty 

acids and are exposed to constant light energy and high oxygen levels (Chakravarthy et al., 

2010, Fanjul-Moles et al., 2015). As a result, toxic substances accumulate in photoreceptor 

cells daily. The rod outer segments undergo a constant renewal process whereby they are 

regenerated over 7-12 days (Strauss et al., 2005, Sparrow et al., 2012). In fact, 10% of 

photoreceptor outer segments (POS) are phagocytosed daily and new POS are built (Crabb et 

al., 2002). Shed POS are phagocytosed by the RPE thereby allowing for essential molecules to 

be recycled back to the photoreceptors (Simo 2010, Strauss et al 2005). This process of disc 

shedding, phagocytosis and the formation of new photoreceptor outer segments is tightly 

coordinated in order to maintain a constant length of the POS (Strauss, 2005). Not all the 

components of the shed POS are recycled however, and some are cleared via the 

choriocapillaris (Boyle et al., 1991). Oxidative stress plays a vital role in AMD with age-

related cumulative damage in the RPE occurring due to an imbalance between the production 

and elimination of reactive oxygen species (ROS). Lipofuscin are retinal waste products from 

remnants of photoreceptor outer segment membranes, they accumulate in the RPE and are 

suspected to be the primary source of ROS in AMD and play a role in its exacerbation (Fanjul-

Moles et al., 2015, Sparrow et al., 2010). Dysfunctional rates of clearance of these components 

are likely a significant factor to drusen accumulation in some individuals (Kim et al., 2013, 

Yao et al., 2018). Significantly, this process of rod outer segment shedding is under control of 

the circadian clock with the major burst of phagocytosis taking place soon after the onset of 

light (LeVail., 1976). This is reflected by a significant increase in the number of phagosomes at 

this time (LeVail, 1976).  
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1.7.2. Risk factors for the development of AMD 

 
AMD is a complex, multifactorial condition with a varied rate of progression between 

individuals. Multiple risk factors have been identified for the development and progression of 

AMD including advancing age, genetic risk variants, lifestyle and environmental factors and 

phenotypic risk factors (Chakravarthy et al., 2010). As the name implies, age is the most 

important risk factor for the development of AMD (Chakravarthy et al., 2010). Aging is 

associated with structural and functional changes to the retina predisposing to the development 

of AMD (Ehrlich et al., 2008).  Significantly, aging is associated with a 30% loss of all rod 

photoreceptors and Bruch’s membrane thickening due to the accumulation of apolipoproteins 

B and E and cholesterol (Curcio et al., 2000). This thickening acts as a potential stimulus for 

inflammation and in combination with age related reduction in choroidal thickness leads to 

impaired transport of fluids and nutrients to photoreceptors (Curcio et al., 2000, Fritsche et al., 

2014, Garcia-Layana et al., 2017). Furthermore, there is an age-related decline in POS 

phagocytosis by the RPE leading to lipofuscin accumulation, ROS production and the 

subsequent loss of RPE cells (Garcia-Layana et al., 2017). Aging, in the presence of other risk 

factors including ethnicity, smoking, diet, and genetic variants increases likelihood of AMD 

development.  

Multi-ethnic studies show differing prevalence rates of any form of AMD between 

ethnic groups with a prevalence of 2.4% in an African population, 4.2% in an Hispanic 

population, 4.6% in a Chinese population and 5.4% in Caucasians (Heesterbeek et al., 2020). 

In agreement with this Cook et al., 2008 report that there is a higher prevalence of AMD in the 

European population and Wong et al., 2014 demonstrate that there is a higher prevalence of 

early AMD in Europeans than in Asians, however a similar prevalence of late AMD in the two 

demographics. Smoking is a modifiable risk factor associated with AMD. There is a strong 

association between smoking, development of AMD and progression to late AMD (Cook et al., 

2008, Velilla et al., 2013, Mitchell et al., 2002, Connelly et al., 2018). Cigarette smoke 

contains toxic compounds that promote oxidative damage, impair the choroidal circulation and 

activate the immune system thereby predisposing individuals to the development of AMD 

(Garcia-Layana et al., 2017, Velilla et al., 2013, Heesterbeek et al., 2020). It should be noted 

that many of the environmental and genetic risk factors associated with AMD are also 

associated with other multifactorial degenerative diseases of advanced age, including 

cardiovascular disease, Alzheimer's disease and Parkinson’s disease (Pennington et al., 2016, 

Heesterbeek et al., 2020). However, the association between AMD and lipid/ cardiovascular 

factors including cardiovascular disease, stroke, atherosclerosis, hypertension and lipid levels 

have been inconclusive (Heesterbeek et al., 2020, Pennington et al., 2016). Having a higher 
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body mass index (BMI) was found to increase the probability of developing AMD in some 

studies while others found no association (Heesterbeek et al., 2020). Diet has been found to 

play a possible role in the prevention of/ or delay of progression of AMD with dietary intake of 

long-chain polyunsaturated fatty acids (FA), fish and food rich in antioxidants lowering AMD 

risk (Sternberg Jr et al., 2017, Heesterbeek et al., 2020). Physical activity may confer a retinal 

health benefit as regular exercise is thought to increase antioxidant activity. Indeed, some 

studies demonstrate an association between physical activity and low odds of both early and 

late AMD (Heesterbeek et al., 2020). 

Genes play an important role in the development of AMD and the genetic susceptibility 

to AMD development and progression is further modified by environmental factors. Studies of 

the genetic associations of AMD have contributed significantly to the current knowledge of 

AMD pathology. Half of the genomic heritability can be accounted for by common and rare 

genetic variants in 34 genetic loci (Heesterbeek et al., 2020, Mitchell et al., 2018). These can 

be grouped into different biological pathways including those involved in the complement 

system (Complement factor H (CFH), Complement component 2 (C2), Complement factor B 

(CFB), Complement factor inhibitor (CFI), Complement component 3 (C3), and complement 

component 9 (C9); lipid metabolism (apolipoprotein E (APOE)); extracellular membrane 

remodelling (tissue inhibitor of matrix metalloproteinase activity 3 (TIMP3), high-temperature 

requirement A serine peptidase (HTRA1)) and cell survival including DNA repair, apoptosis 

and the stress response (Age-related maculopathy susceptibility 2 (ARMS2)) (Fritsche et al., 

2014).  The major AMD associated genetic variants are CFH rs1061170, ARMS2 rs1040924, 

C3 rs2230199, CFB rs64 1153 and Superkiller viralicidic activity 2-like (SKIV2L) rs429608 

(Connelly et al., 2018). In an Irish population, the presence of CFH and ARMS2 and older age 

are two main risk factors associated with the prevalence of AMD (Connelly et al., 2018). 

Homozygosity for minor the allele of either CFH or ARMS2 was a strong indicator of early 

AMD while heterozygosity for ARMS2 proved a strong indicator for late AMD. Carrying the 

CFH allele either as a homozygote or heterozygote strongly predicted progression within the 

early stages of AMD and progression to late AMD (Connelly et al., 2018). CFH is a major 

inhibitor of the complement pathway (Fanjul-Moles et al., 2015) and CFH Y402H 

polymorphism is strongly associated with AMD, playing a role in almost 60% of AMD at the 

population level (Garcia-Layana et al., 2017).  

Where other risk factors such as age, demographics and environmental risk factors are 

more valuable at earlier disease stages, phenotypic risk factors are of particular importance in 

predicting disease progression (Heesterbeek et al., 2020). The Beaver Dam eye study (Klein et 

al., 2002) investigated the 10-year incidence and progression of ARM demonstrating that eyes 

with soft indistinct drusen or RPE changes at baseline were more likely to develop late AMD at 
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follow up than eyes without these lesions. This study also demonstrated that soft drusen and 

pigmentary abnormalities significantly increase the risk for the development of geographic 

atrophy (GA) and exudative macular degeneration. The AREDS study was in agreement with 

this stating that large drusen and pigment changes were particularly predictive of developing 

advanced AMD (AREDS Report no. 8). Connelly et al., 2018 demonstrated that 75% of those 

who progressed from early to late disease over a four-year period had soft drusen and 

hyperpigmentation at baseline. 

It is likely that combinations of aging, the environment and protective or risk variants 

all influence the photoreceptor support system and determine the age of onset and severity of 

AMD (Fritsche et al., 2014) however the exact role of these factors remains unknown.  

 

1.7.3 Histopathology and Macular Translocation Surgery  

The unpredictable nature of the progression from early AMD to GA or CNV or both 

and the devastating effects on patients’ visual acuity and quality of life reinforce the need for a 

greater understanding of the pathogenesis of the condition. Understanding of the biology and 

pathophysiology at present, remains limited, which in turn limits therapies (Fritsche et al., 

2005). To date there have been two main histopathologic theories regarding the onset of AMD. 

One theory implicates the RPE as the primary site of damage with resultant choriocapillaris 

degeneration and photoreceptor loss whereas the other theory suggests that choroidal vascular 

insufficiency causes reduced clearance of waste from the extravascular space leading to 

secondary RPE and photoreceptor degeneration (McLeod et al., 2009, Bird et al., 1992, Curcio 

et al., 1996). It is important to note that both of these theories are based on the end results of 

advanced AMD, attempting to work back from this end point. However, the results of macular 

translocation surgery challenges these hypotheses as it suggests a different primary site of 

damage other than that directly involving the outer retina and choriocapillaris. 

Macular translocation surgery has been performed for both CNV and GA with the 

intention of restoring visual acuity by detaching the healthy neurosensory retina from the 

subretinal lesion, rotating it away from the damaged RPE and choriocapillaris and allowing the 

retina to be supported by healthy RPE and choroid. This has demonstrated positive results in in 

patients with subfoveal CNV. However, in eyes with GA that underwent macular translation 

surgery, the RPE atrophy reoccurred, initially as mild RPE changes and progressing to frank 

RPE atrophy a year post-operatively (Cahill et al., 2005).  The recurrence was continuous with 

the original pre-operative atrophic area and the dimensions were similar to those of the original 

areas of GA. The recurrence of GA suggests that primary pathology in AMD therefore may not 
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in fact lie in the choriocapillaris or the RPE but in the tissues implanted in this procedure. If 

GA is a panretinal condition, repositioning of more densely packed and metabolically 

demanding cells over peripheral cells may be sufficient to lead to RPE cell loss. Cahill et al., 

2005 also suggest that the primary defect in GA may arise from the photoreceptors leading to 

RPE death. If this is the case, then translocation of the defective sensory macula could result in 

accelerated damage to defective RPE that it is replaced over. It should be noted that in many 

diseases, abnormalities manifest downstream of the primary effector. We suggest that there is 

an inner blood retinal barrier derived mechanism of damage to the outer retina leading to 

AMD.  

 

1.8. Drusen 

Drusen are focal deposits of extracellular debris located between the basal lamina of 

the RPE and the inner collagenous layer of Bruch’s membrane (Rudolf et al., 2008). Drusen 

are composed of lipids which comprise >40% of drusen volume (including neutral lipids with 

esterified and unesterified cholesterol), proteins including complement proteins (C3, C3d, 

C3dg, C3b, C5, C6, C7, C8, C9, C5b-9 (MAC)), complement activators (β-amyloid and CRP), 

complement regulatory proteins (vitronectin and clusterin), TIMP3  and apolipoproteins (E, B, 

A-I, C-I, and C-II) plus zinc and iron ions  (Fritsche et al., 2014, Mitchell et al., 2018, Wang et 

al., 2010). Drusen lipids appear to be derived primarily from the RPE and photoreceptors, with 

a small contribution from the choroid blood supply whereas drusen proteins appear to come 

from both choroidal cells and serum with contributions from the RPE (Chakravarthy et al., 

2010, Crabb et al., 2002, Curcio et al., 2009). Diet derived lipoproteins (linolate) rather than 

photoreceptor derived lipoproteins (docosahexaenoate) are thought to dominate lipoprotein 

fatty acids in drusen (Curcio, 2018). 

AMD is a bilateral condition, and although there is a wide variety in drusen patterning 

between individuals, there is remarkable symmetry in drusen size, number, density and 

fluorescence between eyes within an individual (Mann et al., 2011, Bird, 1992, Barondes et al., 

1990). Barondes et al., 1990 have suggested that the symmetry of drusen may result from 

metabolic malfunction specific to the individual rather than the non-specific result of aging. 

Pseudodrusen which are also known as subretinal drusenoid deposits are located 

between photoreceptors and the RPE.  Reticular pseudodrusen (RPD) consist of membranous 

debris, unesterified cholesterol, apolipoprotein E, complement factor H and vitronectin. RPD 

consist of differing lipid constituents than conventional drusen suggesting a different origin of 

the lipids in the two forms of deposit (Wightman and Guymer, 2019). RDP are an exact mirror 

of the topography of rod photoreceptors in the human macula (Curcio et al., 2018) and 
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functional testing has demonstrated scotopic deficits, implicating rod photoreceptor 

deficiencies in RPD (Wightman & Guymer 2019). RPD can appear in eyes with no RPE 

pathology but are more common in AMD and are highly correlated with end stage disease 

phenotypes (Wightman and Guymer, 2019). Pseudodrusen have been found to confer a risk of 

AMD progression independent of drusen (Fritsche et al., 2014) and for this reason it has been 

suggested that pseudodrusen should be considered along with the AREDS severity score for 

predicting late AMD. There are similar risk factors for both drusen and pseudodrusen, 

including advancing age and smoking (Zhou et al., 2016). Genetic variants including CFH, 

ARMS2 and HTRA1 increase the risk of reticular pseudodrusen formation, however no genetic 

factor has been found to predispose to reticular pseudodrusen independent of those that carry 

risks for AMD (Zhou et al., 2016). 

Drusen are thought to result from a combination of the failure to clear debris in the 

RPE with a local chronic inflammatory response due to complement activated microglia 

recruited to the site of the debris (Bird, 1992, Khan et al., 2016). Bruch’s membrane serves as a 

semipermeable membrane facilitating the movement of nutrients and metabolites between the 

outer retina and choriocapillaris. Therefore, drusen accumulation impairs this transport as 

nutrients must traverse drusen before the flux reaches the retina which leads to RPE and 

photoreceptor damage (Khan et al., 2016, Stefansson et al., 2011).  

 

1.9. Circadian Rhythms and the iBRB 

The role of the sleep-wake cycle and the effect that it has on iBRB physiology is an 

essential aspect of our research. Aging leads to changes in circadian rhythm and 

suprachiasmatic nucleus functioning especially in those with aging-associated degenerative 

conditions and may be a risk factor for the development of diseases in this cohort (Fanjul-

moles et al., 2015, Vallee et al., 2020). The circadian clock is a timekeeper that adapts body 

physiology to diurnal cycles of about 24 hours, enabling individuals to anticipate changes in 

the environment and adapt appropriately. The circadian clock influences a wide range of 

processes including sleep-wake transitions, feeding and fasting patterns, body temperature and 

hormone regulation (Dierickx et al., 2018, Fanjul-Moles et al., 2015). The master clock is 

located in the suprachiasmic nucleus (SCN) in the hypothalamus. Light is transmitted from the 

retina to the SCN via melanopsin-expressing intrinsically photosensitive retinal ganglion cells 

(Kofuji et al., 2016). Neural and hormonal factors such as melatonin and glucocorticoids 

transmitted from the SCN synchronizes the peripheral clock in all organs to entrain them to the 

diurnal clock (Dierickx et al., 2018). Light is the most prevalent cue that entrains the circadian 

clock, but other cues include temperature, nutrition and social interactions (Fanjul-Moles et al., 
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2015). On a molecular level, the circadian clock is composed of a negative feedback loop of 

interacting genes that regulate their own transcription/ translation over a 24-hour period (Hood 

and Amir, 2017). BMAL1 and CLOCK the two core clock transcription factors form a 

heterodimer that binds rhythmically to enhancer boxes (E-boxes) in the promoters of the 

negative regulators Period (Per) and Cryptochrome (Cry). Following transcriptional induction 

of Per and Cry, PER and CRY proteins accumulate and dimerise in the cytosol where they are 

either degraded or establish an oscillating feedback loop by migrating to the nucleus to 

suppress the transcription of Bmal1 and Clock (Dierickx et al., 2018). The second BMAL1: 

CLOCK-dependent feedback loop is driven by rhythmic Ror and Rev‐erb transcription, their 

respective proteins accumulate and activate or repress Bmal1 transcription (Dierickx et al., 

2018). Aging leads to core clock component dysregulation.  

The secretion of a range of hormones including melatonin and cortisol is under the 

control of the circadian rhythm (Pan and Kastin, 2016). Melatonin is rhythmically produced by 

photoreceptors daily with a peak at night (Tosini and Menaker, 1996). Melatonin is an 

important antioxidant and participates in a diverse range of functions including sleep, circadian 

rhythm regulation and immunoregulation. Age-associated changes in day/night rhythm of 

melatonin production have been identified in the elderly (Fanjul-moles et al 2015). Cortisol 

release is also under the control of the circadian clock however in contrast to melatonin cortisol 

levels are higher during the morning. With age cortisol rhythms may be altered including a 

reduction of amplitude and a phase advance with a peak of earlier in the morning (Hood and 

Amir, 2017). Similarly, to melatonin the disruption of cortisol rhythm in the elderly may 

indicate progressive degeneration, however the evidence is mixed (Hood and Amir, 2017). 

There are reasons to believe that an impairment in circadian rhythm may affect the 

incidence and pathogenesis of AMD, particularly in relation to RPE rhythms. As we have 

discussed phagocytosis of POS is synchronised by circadian rhythms and occurs shortly after 

sunrise followed by lysosomal mediated clearance. Aging is associated with changes in the 

rhythmicity of melatonin production which can be a major factor contributing to the balance 

between phagocytosis and clearance and increased levels of ROS leading to degenerative 

changes in the retina (Stepicheva et al., 2019). In fact, mice that lacked the morning burst in 

phagocytosis but maintained basal RPE phagocytic activity developed age-related loss of 

photoreceptor protein and accumulated lipofuscin in the RPE (Nandrot et al., 2004). 

Furthermore, mice lacking melatonin exhibited a peak of phagocytosis 3 hours earlier and this 

shift resulted in increased lipofuscin accumulation in the RPE (Laurent et al., 2017). In support 

of this Rosen et al., 2009 reported that the production of melatonin is decreased in AMD 

patients in comparison to age-matched controls and Yi et al., 2005 concluded that 3mg of 

melatonin daily protected the retina and delayed macular degeneration.  
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The advent of spectral domain OCT (SD OCT) has allowed for precise internal retinal 

structure and retinal thickness analysis. Although not specific to AMD, several studies have 

reported diurnal variations in other macular diseases including diabetic macular oedema (DMO) 

and central retinal vein occlusions (CRVO) (Young-Joon et al., 2011, Gupta et al., 2008, Frank 

et al., 2004). However, studies investigating the diurnal variation of retinal thickness in healthy 

participants have provided differing results. Young-Joon et al., 2011 remarked that there was no 

difference in macular thickness in the morning and evening using SD-OCT. In contrast Ashraf 

and Nowroozzadeh 2014 demonstrated that macular thickness and macular volume were greater 

at 7am than 7pm in the inferior 6mm EDTRS subfield and the nasal 3mm and inferior 6mm 

subfields respectively, however the changes were close due to the repeatability and resolution of 

spectral domain OCT. Read et al., 2012 observed that although the total retinal thickness does 

not exhibit evidence of diurnal variation over the course of the day, a small but significant 

diurnal variation occurs in the thickness of the foveal outer retinal layers with the most 

prominent changes in the photoreceptor layers at the foveal centre. Other physiological 

circadian mediated changes include a significant diurnal change in subfoveal choroidal 

thickness, with this being thicker at night than during the day. However, this is suspected to be 

correlated to systolic BP as choroidal blood flow is poorly autoregulated and SBP decreases at 

night (Usui et al., 2012).  

 

1.9.1. Circadian Mediated Changes in Claudin-5 

 
Looking specifically at the interaction between TJ and circadian rhythms He et al., 

2014 demonstrated that chronic sleep restriction resulted in decreased tight junction protein 

expression of key components like claudin-5 and occludin and increased blood brain barrier 

(BBB) permeability to sodium fluorescein and biotin tracer molecules. Recently Hudson et al., 

2019 demonstrated that the gene CLDN5 which encodes claudin-5, is regulated by BMAL1 and 

the circadian clock. Claudin-5 transcript levels varied depending on the time of day of tissue 

collection, with transcript levels being lower in the evening when compared to the morning in 

all tissues examined (including mouse aorta, lung, heart, white fat, liver, adrenal gland, muscle, 

brown fat, cerebellum, hypothalamus and brainstem) . Although other TJ components ZO-1 and 

occludin appeared to cycle depending on the time of day, these did not appear to be circadian in 

nature. In addition, persistent suppression of claudin-5 expression in mice exposed to a 

cholesterol-enriched diet induced RPE depigmentation and atrophy. Notably mice lack a cone-

rich macula similar to the human retina but persistent targeted suppression of claudin-5 in the 

macular region of non-human primates also induced aberrant RPE structure.  It is essential to 
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note that claudin-5 is not expressed in the RPE which strongly suggests a passive paracellular 

diffusion of material from the systemic circulation toward to RPE.  

Hudson et al., 2019 also demonstrated that the macula in humans and nonhuman 

primates is more permeable in the evening than the morning. FFA imaging performed in 

healthy, young participants aged 18 and 30 years old demonstrated that fluorescein signal was 

evident and more prolonged in the evening compared to the morning in the same subject. 

Furthermore, Hudson et al., 2019 illustrated that this phenotype was also observed in non-

human primates. This demonstrated a size-selective passive diffusion of a systemically injected 

tracer molecule with movement from the inner retinal vasculature into the retinal parenchyma 

and diffusion to the outer retina and RPE. This is of particular importance as an inner-retina 

derived contributor to RPE pathology has not been previously described and may play a role in 

the pathogenesis of conditions involving the RPE such as AMD. We postulate that age-related 

aberrant claudin-5 cycling in the human retina may lead to a chronic, size-selective disruption 

of the iBRB with subsequent accumulation of material in the RPE contributing to drusen 

formation and subsequent RPE atrophy. We therefore propose a circadian-entrained cycling of 

the permeability of the inner retinal vasculature as a key contributing factor to a dynamic retinal 

interstitial kinesis that allows for replenishment of substrate to the photoreceptors and the 

clearance of material from the neural retina daily. These findings implicate an inner retina-

derived component in the early pathophysiological changes observed in AMD. We suggest that 

restoring the integrity of the iBRB may represent a novel therapeutic target for the prevention 

and treatment of GA. To continue the clinical portion of this research, we are making a full 

assessment of circadian iBRB regulation in patients with defined degrees of dry AMD and age-

matched controls. 

 

 1.10. Project Aims and Objectives 

 We wish to continue the clinical arm of the project carried out by Hudson et al., 2019 by 

making a full assessment of circadian iBRB regulation in patients with defined degrees of dry 

AMD and age-matched controls. We hypothesise that the cycling of the iBRB will cease in AMD 

participants. In gaining an understanding of circadian regulation of the iBRB in a clinical setting 

in human subjects, we will be positioned to make profound conclusions on its role in AMD 

pathophysiology, aiding our understanding of GA pathophysiology and potentially, in the future, 

development of therapeutic strategies to treat the condition.  

 The main objectives of this initial investigation are:  

• To establish the study methodology including:  
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o Participant recruitment. 

o Safety protocols. 

o Data collection. 

o AMD grading. 

o Results analysis.  

 

 With an established study methodology this project will be continued over the 

coming years by other members of the Campbell Laboratory with the goal of expanding 

the number of study participants in the current demographic of early mild and early 

intermediate AMD and extending this to later stages of AMD including GA and CNV. 

 

• Data collection: 

o Collection of fundal photographs, FFA, OCT and autofluorescence (AF) images 

in the morning and evening in the same individual. 

o  Collection of participants’ relevant medical history via a participant health 

questionnaire. 

o Collection of participants’ chronotype using the Munich Chronotype 

Questionnaire (MCTQ). 

o Collection of PBMCs for inflammatory status including IL-beta and IL-18 

production. 

o Collection of serum and plasma samples for cortisol, melatonin and S100B 

levels. 

o Collection of DNA from each participant for AMD variants. 

 

• Results analysis to assess circadian regulation of iBRB integrity in participants with 

specific grades of AMD (early mild AMD and early moderate AMD) and aged-matched 

control participants: 

o Quantitative FFA analysis comparing the morning and evening images in the 

same individual to assess retinal vasculature permeability and integrity. 

o Quantitative OCT analysis of the morning and evening images to assess retinal 

thickness changes and the presence of drusen and pseudodrusen. 

o Analysis of the MCTQ to determine participants’ chronotype and stratify these 

results within each participant category.   

 As described above we have collected participants’ blood samples at both timepoints 

however the analysis of these samples is beyond the scope of this current thesis and will be 

performed as part of the ongoing study. In particular, we will screen these samples to correlate 
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any potential changes in inflammatory status, melatonin and cortisol levels and circadian 

mediated changes in clock components with barrier integrity at particular times of day. In 

addition, participants will have DNA isolated and subsequently genotyped for AMD risk variants 

such as Complement Factor H (CFH), Complement Factor B (CFB), Age-Related Maculopathy 

Susceptibility 2(ARMS2)/ High-Temperature Requirement A Serine Peptidase 1 (HTRA1) and 

Apolipoprotein E (APOE) to determine if there is a link between severity of disease, risk variant 

and changes in iBRB integrity and vessel permeability. These results will be compared to the 

results of the same experiment in healthy human controls aged between 18-30 years completed 

last year.  
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CHAPTER 2: Methods and Materials 

2.1. Ethical Approval 

In July 2019 ethical approval was obtained from the Research and Ethics Committee 

in the Royal Victoria Eye and Ear Hospital (Appendix A). The participant information leaflet, 

consent form, MCTQ and patient health questionnaire was reviewed by the data protection 

officer (DPO) and deemed to be GDPR compliant.  

2.2. Recruitment 

2.2.1. Inclusion and Exclusion Criteria 

Inclusion criteria for the AMD group was as follows: male and female individuals of 

any age with a confirmed diagnosis of early mild or early moderate AMD. AMD severity was 

graded using the International Classification and Grading System for AMD and is discussed 

later in this section. 

 Exclusion criteria for the AMD group was as follows: documented allergy to sodium 

fluorescein or known shellfish allergy; AMD in early severe or late grade; previous treatment 

with intravitreal injections of anti-VEGFs for AMD, diabetic macular oedema (DMO), and 

retinal vein/ artery occlusions; history of uncontrolled ocular conditions including glaucoma 

and proliferative diabetic retinopathy; recent ocular surgery of any kind on test eye within 3 

months of investigations; recent surgery under general anaesthetic within 3 months of 

investigations; known inherited retinal dystrophy; previous retinal detachment. 

Inclusion criteria for the control group was as follows: male and female participants 

>65 years of age or aged <65 and age matched to a specific participant in the AMD group. 

 Exclusion criteria for the control group was as follows: documented allergy to sodium 

fluorescein or known shellfish allergy; previous diagnosis of AMD of any grade; previous 

treatment with intravitreal injections of anti-VEGFs for AMD, DMO, and retinal vein/ artery 

occlusions; history of uncontrolled ocular conditions including glaucoma and proliferative 

diabetic retinopathy;  recent ocular surgery of any kind on test eye within 3 months of 

investigations; recent surgery under general anaesthetic within 3 months of investigations 

known inherited retinal dystrophy; previous retinal detachment. 

  

2.2.2. Target recruitment numbers 

As this is a pilot study, we do not have previous studies to base our recruitment 

numbers on however based on power analysis we have established 100 participants with early/ 

early moderate and 100 control participants as a target number to recruit for the duration of the 
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study. It should be noted that this study will continue on over the course of several years with 

new research fellow overseeing the study. For this reason, we have accepted that the numbers 

required would not be obtainable over the course of one year and the main focus for the primary 

year of this study is to put structures in place and to establish recruitment and testing protocols. 

A target number of 20 participants in the AMD group and 15 control participants was 

established for the first year of the study.  

 

2.2.3. The recruitment process 

We identified two principle methods of recruitment for our study; recruitment of 

members of the public through promoting our research online and recruitment of patients 

through the hospital and outpatient setting.  

In order to publicise our study and make information regarding the recruitment process 

available to members of the public we entitled our project the Irish Retinal Circadian Project 

(IRCP) (Figure 2.1). We have built a website (www.circadianretina.com) in order to make 

information regarding the project and contact details of the research team available. The 

website also acted as a platform to post about publications in scientific journals relevant to the 

research or articles written about the study along with documenting our participation in 

upcoming or past conferences. The website facilitated participants interested in taking part in 

the study to learn more or those who have already taken part to stay up to date with our 

progress. The website was built and maintained using WordPress software. A twitter account 

(@circadianretina) was created in order to engage with other researchers and groups involved 

in ophthalmology in Ireland. We devised a study information leaflet which included study 

objective and description, eligibility criteria and discussed what taking part in the study would 

involve.  

 
Figure 2.1. The logo for The Irish Retinal Circadian Project (IRCP) 
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Fighting Blindness is an Irish patient-led charity with a wealth of knowledge regarding 

research in the field of ophthalmology and established connections with individuals living with 

sight loss and their families. Fighting Blindness regularly reaches out to members via mailing 

lists and Facebook groups, and regularly posts on their website and on Twitter about ongoing 

research projects, publications and conferences that their members may be interested in. In 

August 2019 we contacted Dr Laura Brady, Head of Research in Fighting Blindness and with 

Dr Brady’s assistance our information leaflet and call for applicants was disseminated through 

Fighting Blindness’s social media accounts, mailing lists and published on their website. 

Through this call for applicants we recruited individuals with AMD and control participants.   

We also recruited participants from Mr Cahill’s outpatient clinics in both The Royal 

Victoria Eye and Ear Hospital and Progressive Vision, a private ophthalmology clinic in The 

Beacon Hospital, Dublin. Progressive Vision uses electronic patient records (EPR) to manage 

their patient information, clinic scheduling and clinical management. There are two main 

systems of EPR in use in Progressive Vision; Medisoft (Medisoft Ltd, UK) can record clinic 

visits, assessments, investigations and ophthalmic procedures and Acuitas (Ocuco Ltd, Ireland) 

allows users to manage workflows, diary, examinations and SMS reminders.  

Both patients with early and early-intermediate AMD and age-matched controls were 

recruited from Progressive Vision. When patients who met the selection criteria attended 

Progressive Vision for their routine clinic appointment, the research was briefly discussed with 

them by an ophthalmologist or optometrist and they were asked if they would like to be 

contacted by one of the members of the research team to learn more about participating in the 

study. Post-operative cataract patients attending for routine follow up appointments were 

recruited as age-matched control participants.  

 

2.3. Public and patient participation 

There is a growing acknowledgement of the importance of involving the public in 

research. INVOLVE (2012) defines public involvement in research as research being carried 

out ‘with’ or ‘by’ members of the public rather than ‘to’, ‘about’ or ‘for’ them.  We wished to 

promote public and patient involvement (PPI) in our research project as early as possible as we 

felt this would help to provide a different perspective, especially considering individuals’ 

personal knowledge and experience with AMD. Public involvement offers unique insights and 

allows us to build and strengthen the relevance, transparency and ethics of our research and 

give us invaluable advice around encouraging participation in our study. We met with the 

Macular Impairment Support and Togetherness (MIST) group who are an Irish support group 

for those with loss of central vision. The MIST group is composed of those with AMD and 
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people who have family members with the condition; they meet several times a year and 

welcome guest speakers with experience or interest in AMD to run talks with the group. We 

have facilitated the MIST group to hold their meetings in the Smurfit Institute of Genetics and 

in the past have given talks to the group to discuss our research to them. Furthermore, in order 

to ensure that our methods, leaflets and questionnaires are sensitive to each participant's 

situations we ensure that we contact each participant following the study in order to see 

feedback and implement this going forward.  

 

2.4. Testing procedures 

Investigations were carried out initially in Progressive Vision for n=14 and in The 

Royal Victoria Eye and Ear Hospital for the remaining participants (n=13). It should be noted 

that all investigations were uniform in both locations. The below sections document the 

procured carried out in the order that they were carried out at each testing session.  

 

2.4.1. Informed consent 

 Following the recruitment of participants, a member of the research team contacted 

them over the phone to discuss the project in depth and questions regarding the research. 

Potential participants were informed that the study was voluntary, and they would be able to 

withdraw the participation at any stage during the course of the study. After this phone call an 

email was sent to the participant documenting the information discussed over the phone and a 

participant information leaflet was attached to this email.  

On the day of the study participants were again informed of the testing procedure, 

allowed to have all their questions answered to their satisfaction and were again informed that 

the study was voluntary, and they could withdraw consent at any point. Written informed 

consent was obtained from every participant prior to their involvement by a medically qualified 

designee. All research participants were deemed to have capacity to give informed consent.  

 

2.4.2. Munich Chronotype Questionnaire 

We used the MCTQ (see Appendix A) to assess participants’ chronotype. A 

chronotype is defined as an individual's sleep-wake time preferences based on their circadian 

rhythm (Ryu et al., 2018). Children generally have earlier chronotypes, progressively 

becoming later during development, reaching a maximum lateness around the age of 20 and 

then becoming earlier again with increasing age (Ronneberg et al., 2007). The MCTQ 
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estimates chronotype by measuring actual sleep timing, distinguishing between work and free 

days and it has been extensively used over the past 15 years across many different fields of 

research. The MCTQ uses the midpoint between sleep onset and offset on free days (mid sleep 

on free days MSF) to assess chronotype. The midpoint of sleep has been found to be one of the 

most accurate behavioural markers for circadian phase (Terman et al., 2001).  MCTQ 

parameters are MSW (mid sleep on weekdays), mid-sleep on free days (MSF) and mid-sleep 

on free days corrected for sleep debt on weekdays (MSFsc). The MCTQ uses MSFsc as a 

chronotype indicator with high MSFsc reflecting stronger eveningness tendency (Ronneberg et 

al., 2019). 

Other methods of evaluating chronotype include the Morningness Eveningness 

Questionnaire (MEQ), and physiological measurements such as Dim Light Melatonin Onset 

(DMLO) and polysomnography. The MEQ asks questions with Likert-type responses based on 

sleep preferences to determine a tendency towards morning-type, evening-type or intermediate 

type. However, the MEQ scores are inconsistent across younger and older age groups and also 

across different populations (Levandovski et al., 2013). DLMO is a physiological tool that may 

provide more biologically accurate info but are time-consuming and costly. The benefits of the 

MCTQ over these other methods are that it provides a quick, cost-effective and accurate way of 

measuring circadian features that have been correlated with several aspects of human health 

and performance. Ryu et al 2018 supported the validity of MCTQ in older adults, 

demonstrating that the MSFsc using MCTQ was significantly positively correlated with MSFsc 

using sleep diary and actigraphy. The limitations of the MCTQ are that all calculations rely on 

structured work schedules asking about work days and work free days, which may hinder its 

use in our population. Feedback from our participants regarding the MCTQ documented 

difficulties completing the MCTQ following retirement of without a structured work week. We 

addressed this by asking participants to only fill out the free day section if they did not work 

regularly.  

 

2.4.3. Participant Health Questionnaire 

To accompany the MCTQ we devised a participant health questionnaire to gather 

information about participants' past ocular history, past medical and surgical history, 

medications, allergies, family history, smoking history and ethnicity. The questionnaire was 

collected using an anonymised online form which automatically inputted to a password 

protected spreadsheet. Only the members of the research team had access to this spreadsheet. 

For safety the form was always completed prior to the investigations either by the participant at 
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home prior to coming in for testing or along with one of the research team on the day of the 

study.  

 

2.4.4. Measurement of Visual Acuity 

Visual acuity (VA) is related to the angle subtended at the eye by the smallest 

recognizable optotype (figure or letter of different sizes) and is measured by the patient's ability 

to identify progressively smaller optotypes (Hussain et al., 2006). VA was measured for all 

participants at both the morning and evening visit using the Snellen chart. Snellen charts were 

projected onto a screen 6m from participants and one eye was occluded at a time. Vision with 

and without pinholing was obtained and best corrected visual acuity (BCVA) was documented 

for each individual. The Snellen chart is the most widely adopted tool for measuring VA and 

was chosen for this study as it is the standard VA test used in both the Royal Victoria Eye and 

Ear Hospital and Progressive Vision and was readily available in these sites. Each letter on the 

Snellen chart subtends an angle of 5min of arc at the appropriate distance and each separate 

part of the letter subtends an angle of arm of 1 min of arc.  ‘Standard vision’ is the ability to 

recognise an optotype at a visual angle of 1 minute of arc. People with normal vision are able 

to read the 6-metre line at 6 metres i.e. 6/6 vision. Although Snellen charts are widely used 

they have several well documented limitations: firstly there is inconsistent progression in letter 

size between lines; secondly the letters used on the chart are not equally legible; thirdly the 

spacing between letters and rows is unequal and finally there are large gaps between acuity 

levels at the lower end of the chart (Falkenstein et al., 2008).  

 The ETDRS chart is a logMAR based chart and is currently considered the gold 

standard test for measuring and monitoring VA in AMD patients (Chew et al., 2011). 

LogMAR VA measurements are viewed to be more precise and reliable than Snellen VA 

measurements in those with both good and poor vision ranges (Bokinni et al., 2015). There are 

difficulties in introducing and employing logMAR based acuity measures as they take twice 

the time to read and there can be difficulties in standardising testing procedures and scoring 

methods. The technique for measuring VA using a logMAR chart is similar to that of the 

Snellen chart however the test distance is 4 metres.  In contrast to the Snellen chart the ETDRS 

chart employs regular geometric progression of the size and spacing of the letters following a 

logarithmic scale in steps of 0.1 log units, equal numbers of letters in each row and comparable 

legibility of the letters used (Falkenstein et al., 2008). The ETDRS measurements also yielded 

a better VA particularly in participants with vision <20/200 (representing advanced AMD) 

(Falkenstein et al., 2008) and gave less variability in results. For these reasons, researchers 

continuing this study should consider employing the ETDRS chart for assessing VA instead of 
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the Snellen chart. For assessment and comparison of visual acuity we converted participant’s 

Snellen Visual Acuity into an ETDRS equivalent using NHS guidelines. In the event of a 

change from the use of the Snellen Visual Acuity chart to the ETDRS chart the data collected 

to date would still be usable with the conversion applied however the different methods of 

assessing VA should be noted.  

 

2.4.5. Measurement of Intraocular Pressure 

All participants had their intraocular pressure (IOP) measured in both eyes at their 

morning and evening visits using a Goldmann applanation tonometer (GAT) mounted on a slit 

lamp. The GAT is considered the gold standard instrument for measuring IOP. A drop 

containing a combination of proxymetacaine hydrochloride 0.5% w/v and fluorescein sodium 

0.25% w/v was applied to each eye. Of note if the participants’ IOP was >25mmHg their 

central corneal thickness was measured using a pachymeter and adjustments to IOP were made 

based on the central corneal thickness. If a participants’ IOP was still >25mmHg then their 

pupils were not dilated, and they would not take part in the study on that occasion. 

 

2.4.6.  Methods of Pupil Dilation 

Following the measurement of intraocular pressure participants’ pupils were dilated 

using 1 drop of 1% tropicamide eye drops administered under the lower eyelid. Sufficient time 

was allowed for the pupils to dilate fully. On the first visit both pupils were dilated to allow for 

fundal photography in both eyes, on the second visit only the test eye was dilated.  

 

2.4.7. Peripheral Venous Sampling 

A 22-gauge cannula was inserted in either the antecubital fossa or the dorsum of the 

hand and peripheral blood samples were drawn from this at both the morning and evening 

visits. A yellow serum separating vacutainer containing silica particles and a serum separating 

gel was used to measure cortisol and melatonin, this sample was kept on ice following 

collection until analysis in the laboratory. Two purple ethylenediaminetetraacetic acid (EDTA) 

vacutainers were used for peripheral blood mononuclear cell isolation (PBMC), the EDTA acts 

as a potent anticoagulant binding to calcium in the blood. One PAXgene blood RNA tube was 

used to stabilise and collect intracellular RNA. 
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2.4.8. Fundal Photography and Grading 

Fundal images were acquired through participants’ dilated pupils and were taken of 

both eyes on the first visit. Images were acquired using a Topcon 50ex in Progressive Vision 

and a Topcon 50x in The Royal Victoria Eye and Ear Hospital. Three images were taken on 

each eye, a colour fundal image centered on the macula, a colour fundal image centered on the 

optic disc and a red free fundal picture centred on the macula.  These images were used to 

grade participants’ AMD severity or to confirm there were no signs of AMD present in control 

subjects.   

The grading system used was the modified version of the International Classification 

and Grading system for AMD (Bird et al., 1995), with the ARM category replaced with three 

categories of early AMD (as was used by Connolly et al., 2018, Figure 2.3).  

 

Participants were defined as follows:  

Category 1:  no disease (free of age-related macular abnormalities) 

Category 2: early mild AMD (>10 hard drusen <63 µm) 

Category 3: early moderate AMD (at least one soft druse >125µm) 

Category 4:  early severe AMD (soft drusen and hyperpigmentation) 

Category 5: late, choroidal neovascularisation 

Category 6: late, geographic atrophy 

Category 7: late, mixed choroidal neovascularisation and geographic atrophy 

The final grade for each patient is based on the worst eye in terms of severity. 

Following this we devised a grading form on an excel spreadsheet which documents image 

focus/ clarity, the presence and size of drusen, the presence of hyperpigmentation and 

hypopigmentation, and the presence of geographic atrophy in each eye.  

 

2.4.9. Optical Coherence Tomography and Fundus Autofluorescence Imaging Acquisition 

Following the acquisition of fundal images one eye was designated the test eye; in 

control participants and participants with an equal grade of AMD in both eyes the test eye was 

selected at random and in those with different grades of AMD in each eye the eye with the 

either early mild or early intermediate AMD was selected. Spectral Domain optical coherence 

tomography (SD-OCT) images of the retina centered on the macula were taken in the test eye 
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of each participant at both AM and PM visits using the Heidelberg Spectralis (Heidelberg 

Engineering, Heidelberg, Germany).  A fundus autofluorescence (FAF) image was also taken 

of the participant’s test eye using the Heidelberg Spectralis (Heidelberg Engineering, 

Heidelberg, Germany).  

 
2.4.10. Fundus Fluorescein Angiography Acquisition 

Fundus fluorescein angiography (FFA) images were captured with a 30° angle of 

viewing using the Heidelberg Spectralis (Heidelberg Engineering, Heidelberg, Germany). 

These were captured at both timepoints with a minimum of 48hours between visits to allow for 

fluorescein to be renally excreted. 2ml of sodium fluorescein 20% w/v (400mg) was injected 

intravenously by a medical doctor through a 22-gauge cannula followed by a 5ml flush of 

normal saline. Each participant was given the same dose of sodium fluorescein and each 

individual had the cannula sited at the same location for the AM and PM visit in order to 

ensure uniform time for fluorescein to travel from arm to eye. Immediately following the 

fluorescein administration angiography images were captured at regular intervals up to 10 

minutes. There is a protocol in place in the event of anaphylaxis in the Royal Victoria Eye and 

Ear Hospital and IM adrenaline, IV hydrocortisone and PO antihistamines are all readily 

available in the room where the investigations were taking place.  

 

2.5. Result Analysis 

2.5.1. Optical Coherence Tomography Analysis 

OCT images were analysed for retinal thickness at each area as designated by the 

ETDRS grid (Figure 2.5.1.) using technology on the Heidelberg Spectralis. These were 

aggregated and plotted using Prism. OCT images were also assessed for changes in the 

ellipsoid layer on OCT the presence of reticular pseudodrusen and the presence of 

hyperreflective crystalline deposits, all of which are associated with a worse prognosis in AMD 

(Filho et al., 2015, Sivaprasad et al., 2016, Wightman and Guymer 2019, Fragiotta et al., 

2019). 
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Figure 2.5.1. ETDRS grid over the human macula. The regions consist of the central fovea (1), 
inner macula (2) and outer macula (3).  
 

2.5.2. Manual Fundus Fluorescein Angiography Analysis 

The macula was divided into 3 regions based on the ETDRS grid, comprising (1) 

central fovea, (2) inner macula, and (3) outer macula (Figure 2.5.1.). Images were analysed 

using ImageJ technology. A circle corresponding to the area of the central fovea (0.58 pixel 

diameter), inner macula (1.72 pixel diameter) and outer macula (3.52 pixel diameter) 

respectively was drawn on each image based on an estimate of central foveal location (Figure 

2.5.2.). These three areas were manually mapped at every time frame for each participant using 

blood vessels as reference points to ensure the same the location was standard across all 

images. The raw intensity value of each area was calculated using the measure function on 

ImageJ and multiplying the intensity density by the mean area. In order to control for 

difference in overall light intensity between images we measured the raw intensity at three 

defined points along a blood vessel at each time point, averaged this value and divided the 

overall raw intensity value of each time point by the average blood vessel raw intensity value at 

the corresponding time point. Following this time defined time points were set to 100% (2 

mins, 3mins, 4mins, 5mins, 6mins, 7 mins, 8mins, 9mins, 10mins) to allow for comparison. 

The results were plotted on Prism. 
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Figure 2.5.2. An FFA image taken from a participant at the 5-minute time frame with circle the 
circle in a. corresponding to the central fovea (diameter of 0.58 pixels), the circle in b. 
corresponding to the inner macula (diameter of 1.72 pixels) and the circle in c. corresponding to 
the outer macula (diameter of 3.52 pixels).  
 
 
2.5.3. Automated Fundus Fluorescein Angiography Analysis 

In order to standardise image analysis and to ensure repeatability and accuracy of FFA 

quantification an app was developed to process and analyse the FFA image data without 

needing code. This app was developed by Dr Jeffery O’Callaghan in the Campbell Laboratory. 

This FFA software was initially used to analyse the FFA data collected by the Campbell 

Laboratory in non-human primates (NHP) and in healthy young volunteers ages 18-30 as 

presented Hudson et al., 2019 to allow for comparison between the manual analysis.  

The image processing workflow proceeds as follows: first it identifies and sorts 

images, extracts timepoints from the filename, crops/ flips and light corrects images where 

applicable, creates a montage/ tiff stack, registers images, defines macula and/ or reference 

vessels, applies the ETDRS grid, calculates the mean intensity and area, calculates the 

integrated grey level, quality controls for problematic cases and detects outliers. Initially a code 

was written in MATLAB using the MATLAB App Designer to develop the graphical user 

interface (GUI) (Figure 2.5.3.1.).  

In order to process the images the app creates an image stack converts the image to 

greyscale, extracts the timepoint from the file name, converts the minutes and seconds to 

decimal format, crops the image, applies illumination correction (if specified in the GUI), flips 

the image horizontally if the folder ends with OD, appends the images to a tiff stack, saves the 

stack, creates the montage and saves this and finally clears large variables to save memory. 

There is a section for reference vessel data which creates a maximum intensity projection 

a. b. c. 
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(MIP), if the “define macula” box is ticked on the GUI the user can double click the centre of 

the macula on the MIP. The code takes this coordinate and uses it as the centre point for the 

ETDRS grid. If it is not ticked then it assumes the middle of the picture is the macula centre. If 

reference vessel is ticked, a message box tells the user to click 3 points for a reference vessel. It 

takes these coordinates and uses it for normalisation later. The “generate region of interest 

(ROIs)” section assigns the macula centre from “define macula” and formulates different radii 

for the ETDRS grid. It then makes a mask for each of the 5 combinations of regions so that only 

the region of interest is considered.  

Data is generated in the “data collection” section. The regionprops function is used to 

apply the mask to each image from the stack and subsequently calculates the mean intensity and 

area. These two values are then multiplied to produce the integrated grey level (IGL). If the 

reference vessel is selected, then it will also divide the IGL by the average reference value for 

that image. There is an IGL value created for each ROI for each image in every subfolder. A 

remove outliers code looks at all data for participants and decides if any AM or PM data is an 

outlier (defined at being outside a 10th percentile). If anything is found to be below this it will 

be removed from the dataset. All of the remaining data, names, timepoints and key info is saves 

to a .mat file in the folder for analyses. 

The analyse function takes all the data in the .mat file and generates figures and 

statistics. Firstly, the user is asked to select the folder of data to analyse. Under “choose graphs” 

it determines which graphs to plot based on the values that were selected in the GUI. The 

“define timepoints” section allows the user to define the phases of the FFA images. This allows 

the user to specify which time points correspond to early phase or to mid phase and adjust if 

needed. The “normality test” section puts all of the data in to one vector in order to perform a 

normality test using the Anderson Darling test. This then plots a probability plot and histogram 

of the data, saves this and puts it on the app. Next, based on the results of the Anderson Darling 

test the software determines whether the data is from a normal distribution or not and sets the 

statistical methods and measures of central tendency for all of the following analyses. The “IGL 

vs time” section formulates graphs for each participant plotting IGL over time for AM and PM. 

The “cumulative intensity” sums the data for each region of interest and creates a boxplot. It 

also makes a boxplot for the percentage difference between sum PM and sum AM data. These 

figures are initialised, plotted and saved. Statistics are performed and data is appended to the 

table. Similarly, for the phases graphs, the required data is extracted using the timepoint indices 

and plotted. Again, the figure is posted to the app, saved to the folder and statistics are 

performed and appended to the table. The “rates of change” takes a line of best fit of the data 

within a phase, determines the slope and compares AM to PM statistically. Finally, the table is 
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saved to excel, all figures are closed and the info panel on the app will indicate that the analysis 

is complete.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.3.1. Example of the graphical user interface (GUI) of the FFA quantification app.  

 
Figure 2.5.3.2. An FFA image with the ETDRS grid applied by the FFA quantification app.  
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Figure 2.5.3.3. Sample images from the processing workflow. Image a. demonstrates a 
montage being created for a selected participant, image b. is a Tiff and registered stack and 
image c. is the maximum intensity projection for the same participant.  
 

 
Figure 2.5.3.4. Example of a graph produced for each region of the ETDRS grid using the FFA 
quantification software on a participant in the AMD cohort. Traces show the IGL (interpreted 
as the sum intensity) at each timepoint for one participant in the inner region, mid region, outer 
region, cc1 (inner and mid region) and cc2 (all three regions). 

c. b. a. 
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2.5.4. Blood Sample Analysis 

A peripheral venous sample was drawn from each participant at both the morning and 

evening visits to correlate any potential changes in inflammatory status, melatonin and cortisol 

levels and circadian mediated changes in clock components with barrier integrity at particular 

times of day. In addition, participants will have DNA isolated and subsequently genotyped for 

AMD risk variants to determine if there is a link between severity of disease, risk variant and 

changes in iBRB integrity and vessel permeability. Of note this analysis was carried out by 

another member of the Campbell Laboratory so will only be discussed briefly in this section.  

Serum and plasma samples were screened for cortisol and melatonin using ELISA 

analysis as per the Campbell Laboratory’s ELISA protocol. Peripheral blood mononuclear cells 

(PBMCs) were isolated and screened for inflammatory markers including IL-1beta and IL-18. 

RNAseq was performed to determine the levels of clock components BMAL-1, Per2 and Rev-

Erb alpha. Genotyping will be performed for known AMD risk variants associated with AMD 

including Complement Factor H (CFH), Complement Factor B (CFB), Age-Related 

Maculopathy Susceptibility 2(ARMS2)/ High-Temperature Requirement A Serine Peptidase 1 

(HTRA1) and Apolipoprotein E (APOE). This has not yet been performed but will be carried 

out once more participants have been recruited. This will determine if there is a link between 

severity of disease, risk variant and changes in iBRB integrity and vessel permeability.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 39 

CHAPTER 3: Results 

3.1. Participant Demographics 

 Category 1 

(n=9) 

Category 2 

(n=6) 

Category 3 

(n=11) 

Category 6 

(n=1)  

Gender     

Male n=6 n=1 n=1 n=1 

Female n=3 n=5 n=10  

Age     

Average 72.4 75.0 72.7 78.0 

Standard 

deviation 

6.8 5.7 7.1  

Height     

Average 169.9 161.7 165.4 180.0 

Standard 

deviation 

9.6 8.9 6.7  

Weight     

Average 82.2 72.3 66.9 79.0 

Standard 

deviation 

21.6 8.9 9.2  

Ethnicity     

Caucasian (% of 

category) 

100,00 % 100,00 % 100,00 % 100,00 % 

Table 3.1.1. Table demonstrating the gender, age, height, weight and ethnicity breakdown 
across the control group (category 1) and the three grades of AMD (category 2, category 3 and 
category 6) participants.   
 

 
In total 27 participants were recruited to take part over the first year of the study. Efforts were 

made to age match and gender match each category (as represented in Table 3.1.1.). Of note, a 

larger number of female participants were recruited in the early mild and early intermediate 

categories. This reflects the numbers of eligible participants that were interested in taking part 

in the study. We intend going forward to recruit more male participants in these categories. It 

should also be noted that all the participants involved in the study were Caucasian, again as the 

study numbers expand further, we intend to recruit participants of other ethnicities. 
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 Category 1 (n=9) Category 2 (n=6) Category 3 (n=11) Category 6 (n=1) 

 AM PM AM PM AM PM AM PM 

OD (LogMAR)         

Average  -0.03 0.09 0.03 0.00 0.10 0.11 0.12 0.22 

Standard deviation 0.08 0.10 0.09 0.09 0.10 0.11   

OS (LogMAR)         

Average 0.03 0.02 0.03 0.04 0.09 0.11 CF CF 

Standard deviation 0.21 0.22 0.09 0.08 0.07 0.08   

Table 3.1.2. Table representing the visual acuity (VA) in LogMAR values in each AMD grade. 
Of note the VA was measured using a Snellen chart and converted to LogMAR equivalent 
using the NHS conversion scale (see APPENDIX A). A LogMAR value of 0,00 equates to 6/6 
Snellen equivalent and negative values represent VA greater than a 6/6.  CF= count fingers.  
 

 Category 1 (n=9) Category 2 (n=6) Category 3 (n=11) Category 6 (n=1) 

 AM PM % IOP 

change 

AM PM % IOP 

change 

AM PM % IOP 

change 

AM PM % IOP 

change 

OD (mmHg)             

Average  14.44 14,67 -1.54 % 15.00 14.83 0.90 % 14.36 13.00 13.21 % 10.00 15.00  

Standard deviation 2.40 0,87 -13.87 % 2.45 1.72 10.04 % 2.54 2.76 20.34 %    

OS (mmHg)             

Average 15.22

2 

14.67 3.56 % 15.17 15.17 -0.35 % 15.20 14.73 4.80 % 10.00 15.00  

Standard deviation 2.17 1.23 8.62 % 2.71 2.14 6.90 % 4.94 4.74 11.28 %    

Table 3.1.3. Table representing intraocular pressure (IOP) measurements in the right eye (OD) 
and left eye (OS) at the AM and PM visit in each participant demographic. The percentage 
difference of IOP was measured comparing AM values with PM values.  
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The visual acuity in each group is shown in Table 3.1.2; in Category 2 and 3 the 

participants visual acuity is well preserved as we would expect to see in those with early mild 

and early intermediate AMD. The participant in Category 6 is count fingers (CF) in the left eye 

secondary to the progression of GA atrophy with foveal involvement in this eye, of note the 

eye with the better visual acuity was tested.  

  The normal IOP range is between 12-21 mmHg; all of the participant’s IOP 

measurements were below the upper limit of normal.  There was no remarkable change in IOP 

measurements between the AM and PM visit across the categories, this is unusual as IOP is 

known to demonstrate diurnal variation (Mansouri et al., 2020). IOP fluctuations range from 

2mmHg to 6mmHg non-glaucomatous eyes, however it should be noted that many studies 

regarding circadian mediated IOP fluctuations focus primarily on patients with glaucoma 

where the fluctuations are significantly greater and may be more than 10mmHg (Drance et al., 

1963, Agnifilli et al., 2014). We would expect to observe higher IOP measurements in our 

participants in the morning due to a nocturnal IOP rise (Mansouri et al., 2020). IOP peaks 

during and gradually decreases during the morning, reading the lowest value in the early 

afternoon (Agnifilli et al., 2014). Despite this, Agnifilli et al., 2014 also demonstrated that in 

healthy subjects no significant differences were found when comparing IOP in the morning 

with the afternoon-evening period, whereas patterns significantly differed when comparing the 

morning with the night which would be in keeping with our results. However , it should be 

noted that body position adds a possible bias to IOP measurements which is discussed at length 

by Mansouri et al., 2020.  A combination of hydrostatic changes and an elevation of episcleral 

venous pressure when the body is supine contributes to a consistent IOP elevation (Mansouri et 

al., 2020). This means that a supine body position during sleep causes an increased IOP at 

night. Consequently the positioning of the patient when measuring IOP plays an important role. 

When IOP is measured in the habitual positions (sitting during the day and supine at night) the 

IOP is highest at night whereas in some studies when IOP is measuring in the sitting position at 

all timepoints the IOP is often lower at night than during the day (Mansouri et al., 2020). For 

our study IOP was measured with participants sitting at both time points and as they had to 

travel from home to the hospital for testing they were generally prone for at least an hour 

before their IOP was measured which may account for the similar IOP measurements. Another 

possible explanation for the IOP measurements being similar in the morning an evening may 

be that the study numbers were too low to detect a difference between the morning and evening 

IOP values 
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 Category 1 (n=9) Category 2 (n=6) Category 3 (n=11) Category 6 (n=1) 

MSFsc (hours)     

Average 3,653 3,896 3,571 5,168 

Standard dev 0,905 0,946 0,921  

AM time post-

MSFsc (hours) 

    

Ave 4,036 3,752 4,200 2,499 

Std Dev 1,095 1,119 0,946  

PM time pre-MSFsc 

(hours)  

    

Ave 7,883 8,309 7,821 8,785 

Standard dev 0,725 0,771 0,893  

Table 3.1.4. Table representing the mid-sleep time on free days corrected for sleep debt on 
weekdays (MSFsc), the AM test time following MSFsc and the PM test time prior to MSFsc in 
each category as measured using the Munich Chronotype Questionnaire (MCTQ).  
 

The MCTQ was used to calculate participants chronotype, with larger values 

representing a later chronotype. It is known that as people age their chronotype becomes 

progressively earlier. There was no significant difference between groups with regards to their 

chronotypes.  
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3.2. Vignettes from Study Participants 

 

 
 

 
Figure 3.2.1. Fundal photographs taken from a. a Category 1 participant, b. a Category 2 
participant, c. a Category 3 participant and d. a Category 6 participant.  
 

 

 

 

d. 
 

c.  
 

b. 
 

a. 
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Figure 3.2.2. Optical coherence 
tomography (OCT) and autofluorescence 
images from taken from a. a Category 1 
participant, b. a Category 2 participant, c. 
a Category 3 participant and d. a 
Category 6 participant. 
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Figure 3.2.3. Fundus fluorescein 
angiography (FFA) images taken 6 
minutes following the administration of 
sodium fluorescein in: a. & b. the same 
Category 1 participant at the AM and 
PM timepoints respectively; c. & d. the 
same Category 2 participant at the AM 
and PM timepoints respectively; e. & f. 
the same Category 3 participant at the 
AM and PM timepoints respectively;  
g. & h. the same Category 6 participant 
at the AM and PM timepoints 
respectively.  



 46 

Figure 3.2.1. demonstrates a colour fundal photograph from a selected participant from 

each category. There are no drusen present or pigment abnormalities in the category 1 

participant, the category 2 participant has >10 small drusen (<63µm), the category 3 participant 

has >1 drusen >125µm and the category 6 participant has a well-defined area of RPE atrophy 

with visibility of the underlying choroidal vessels. Figure 3.2.2 demonstrates autofluorescence 

and OCT images from the same participant as seen in Figure 3.2.1. Notably in the category 2 

and 3 participants there are both classical drusen and reticular pseudodrusen present. It is 

important to identify those participants with reticular pseudodrusen as their presence are 

associated with a greater risk of progression to late stages of AMD. The category 6 participant 

has loss of normal foveal contour with RPE atrophy with increased reflectivity of the choroidal 

layer. Figure 3.2.3. are FFA images at 6 minutes taken at both the AM and PM visits. As these 

are just snapshots of the FFA images it is difficult to make any assumptions regarding 

differences in light intensity.  

 

3.3. Automated FFA Analysis 

3.3.1. Non-Human Primate Analysis 

The FFA results from the manual analysis of the non-human primate cohort (n=6 

monkeys, n=12 eyes) using ImageJ have been described in Hudson et al., 2019. In this section 

the results from the automated analysis of these same images will be discussed and compared 

to the results of the manual analysis. Of note the NHP subjects were anaesthetised prior to the 

FFA being performed and for this reason the images contain minimal artefact secondary to eye 

movement.  Figure 3.3.1.1 demonstrates the integrated grey level (IGL) plotted against time for 

a NHP subject with each graph representing a region of interest. For each graph there is an 

initial peak in IGL within the first minute following fluorescein administration representing an 

influx of fluorescein with a subsequent drop and a plateau in IGL level representing fluorescein 

clearance. In this particular subject, the PM IGL level is greater than the AM level at all 

regions of interest however it is important to look at the IGL across all subjects in further 

graphs. Figure 3.3.1.2. represents the probability plots for the NHP data analysis and 

demonstrates that the data follows a non-parametric distribution so will be analysed using the 

Wilcoxin rank sum test. Figure 3.3.1.3. represents the cumulative IGL per region of interest 

and the cumulative IGL percentage difference in all the NHP subjects. The cumulative IGL per 

region of interest takes the sum IGL data at each time point for each eye. Of note there is no 

significant change observed here and the error margin is large likely because this incorporates 

all NHP results combined instead of comparing the AM to PM for one individual subject. For 

this reason, it is more appropriate to assess the cumulative IGL percentage difference which 
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measures the sum light intensity in all AM time points vs all PM timepoints for each individual 

subject. The red is the median and bars are centered around 0 (meaning no difference between 

AM and PM) and although there is no statistically significant change in AM vs PM, we can see 

that the results are trending towards an increase in IGL in PM with the highest change in the 

fovea. As we have observed in Figure 3.3.1.1. however, the IGL varies substantially based on 

the time following fluorescein administration therefore it is important not only to measure the 

percentage difference over a specific phase in addition to the percentage difference across all 

timepoints. This can be seen in Figure 3.3.1.4. where the early phase represents all images 

captured from fluorescein administration up to two minutes and the mid phase represents 

images captured from two to six minutes. There is no late phase in this demographic as 

imaging stopped at six minutes. In the early phase there is a statically significant percentage 

increase in IGL in the PM session in the fovea only whereas in the mid phase there is a 

statically significant increase in IGL in the fovea and perifovea. This also corresponds well 

with the manual FFA analysis as reported by Hudson et al., 2019 where the most significant 

change in intensity in AM vs PM was noted at the six-minute timepoint. Figure 3.3.1.5. 

represents signal decay in AM and PM at the two- and six-minute mark i.e., the difference 

between the initial peak and the plateau where the peak is 100% as represented by the line at 

the top of the graph. There is a statically significant increase in signal decay in the fovea at 

both timepoints for the AM vs the PM representing a greater remaining IGL signal in the PM 

vs the AM. Similarly, Table 3.3.1. also measures the rate of signal change however this 

calculates a slope of the line that best fits the graph of IGL vs time as demonstrated in Figure 

3.3.1.6. and uses this to compare AM and PM results. Of note there is no difference noted in 

the early phase and this is likely as a result of the sharp IGL peak from fluorescein influx. 

However, in the mid phase in all regions except the fovea the AM slope is steeper representing 

greater fluorescein clearance.  
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Figure 3.3.1.1. Integrated grey level (interpreted as the sum light intensity) vs time in AM 

(blue) and PM (red) for each region of the ETDRS grid for one NHP subject (Figure 2.5.3.2.).  

 
 
Figure 
3.3.1.2. 
Probability 
plot for 
normal 
distribution 
for the 
NHP 
cohort. 
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Figure 3.3.1.3. Graph a. cumulative integrated grey levels (IGLs) in AM (blue) and PM (red) 

per region of interest and b. cumulative IGL percentage difference between AM and PM for 

each region of the ETDRS grid.  

 

 

 

Figure 3.3.1.4. Percentage change in IGL level in PM vs AM in a. the early phase and b. the 

mid phase. 
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b. 
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b. 
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* * 
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Figure 3.3.1.5. Signal decay of all subjects comparing AM (blue) to PM (red) at two chosen 
timepoints a. 2 minutes and b. 6 minutes. The line at 100 represents the maximum signal  
achieved.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3.1.6. and Table 3.3.1. Rate of signal change in AM vs PM for one NHP at the fovea 
and parafoveal region in the graph and the cumulative change across all subjects in the table.  
 

 

 

Significant change in median slope at AM vs PM? 

Region Early Phase Mid Phase 

Foveal No No 

Foveal + 

parafoveal 

No Yes 

Foveal + 

extrafoveal 

No Yes 

Parafoveal No Yes 

Perifoveal No Yes 

b. 
 

a. 
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3.3.2. Healthy Young Participant Analysis 

As in the NHP cohort, the results of the manual FFA analysis using ImageJ for the 

healthy young participant group (n=15) have been described in Hudson et al., 2019. Here we 

will discuss the automated analysis of this cohort with the addition of more participants to 

bring the participant number to n=28. Images were captured every 15 seconds for 10 minutes. 

Unlike the NHP the participants were not anaesthetised prior to FFA imaging, for this reason 

there is more artefact noted due to participant head or eye movement in between image 

capture. This leads to a greater variability between images for example participant movement 

leads to some images being darker than predicted with respect to other images in the sequence. 

In order to minimise variability, we have selected four of the best quality images at each phase 

for analysis. One of the major notable differences between the NHP and healthy young 

participant cohorts is that the human FFA images do not demonstrate the initial IGL peak 

which corresponds to the initial fluorescein influx (as seen in Figure 3.3.2.1). This peak is 

likely also present in the human participants but may be missed as the participants are not 

anaesthetised and the conditions are not as controlled as in the NHP cohort. For this reason we 

are unable to calculate the signal decay in the human participants. As with the NHP cohort, the 

probability plot for data analysis demonstrates that the data follows a non-parametric 

distribution. For the cumulative IGL per ROI (Figure 3.3.2.3. a.) there is greater variability 

noted as demonstrated by larger error bars, this is likely secondary to greater artefact in 

imaging. Looking at the cumulative IGL percentage difference (Figure 3.3.2.3. b.) the 

percentage increase in PM cumulative IGLs are significantly increased in both the foveal and 

parafoveal regions. In comparison to the NHP cohort, in the phase comparison we have data 

from the early and mid-phase along with the late phase (six- to ten-minutes) and have also 

analysed the phase comparison at six minutes as this was the timepoint where the major 

difference between AM and PM light intensity manifested. Notably there was a statistically 

significant percentage change in PM vs AM in all regions in the mid-phase and six-minute 

time point and in the fovea in the late phase. This is in keeping with the manual FFA analysis 

in this same cohort. There is substantial variability in the rate of signal change secondary to 

artefact and the only region with a significant change in the median slope at AM vs PM is in 

the fovea in the mid-phase (Table 3.3.2.).  

 

 

 

 

 



 52 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3.2.1. IGL vs time for a participant in the healthy young control cohort in AM (blue) 
and PM (red) 
 

 
Figure 3.3.2.2. Probability plot for normal distribution for the healthy human control cohort. 
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Figure 3.3.2.3. Graph a. cumulative integrated grey levels (IGLs) in AM (blue) and PM (red) 
per region of interest and b. cumulative IGL percentage difference between AM (blue) and PM 
(red) for each region of the ETDRS grid.  

Figure 3.3.2.4. Percentage change in IGL level in PM vs AM in a. the early phase, b. the mid 
phase, c. the late phase and d. at the 6-minute phase.  
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Figure 3.3.2.5. and Table 3.3.2. Rate of signal change in AM vs PM for one individual 
participant at the perifoveal region in the graph and the cumulative change across all 
participants in the table.  
 

 
3.3.3. AMD Participant Analysis  

The results discussed here represent new data collected between July 2019 and 

February 2020 as discussed in the methods section. Due to limited numbers (n=16) all AMD 

participants from category 2 to category 6 were combined into one AMD participant group. As 

the study numbers increase, we will be in a position to separate these groups for analysis. All 

images taken for each participant were analysed unlike the healthy young control group where 

the best four images at each phase were selected. FFA imaging in this older demographic 

proved to be more difficult than in the young healthy control group as participants often had 

difficulties in remaining in the same position for the duration of imaging. Subsequently, we 

modified the process by which images were captured aiming to obtain a series of good quality 

photographs at each minute mark. Despite this adaptation however there were still substantial 

artefacts noted in the images. This is reflected in large error bars and marked peaks and troughs 

of IGL when compared to time which are not in keeping with the parameters set in the NHP 

cohort (Figure 3.3.3.1.). As in the NHP and young healthy control cohorts the data was non-

parametrically distributed (Figure 3.3.3.2.). There was no difference in cumulative IGL per 

Significant change in median slope at AM vs 

PM? 

Region Early 

Phase 

Mid 

Phase 

Late 

Phase 

Foveal No Yes No 

Foveal + 

parafoveal 

No No No 

Foveal + 

extrafoveal 

No No No 

Parafoveal No No No 

Perifoveal No No No 
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ROI or in cumulative IGL percentage difference (Figure 3.3.3.3.). Interestingly, although there 

is no statistically significant change in PM signal compared to AM signal at each phase or six-

minute timepoint in the mid-phase there appears to be a downward trend (i.e., a decrease in PM 

signal vs AM signal) which could potentially indicate a change to the normal homeostasis in 

the AMD group. There is no significant change in the slope of the signal between AM and PM 

at each phase.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3.3.1. IGL vs time for a participant in the AMD participant group.  
 

 
Figure 3.3.3.2. Probability plot for normal distribution for the AMD participant group. 
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Figure 3.3.3.3. Graph a. representing cumulative integrated grey levels (IGLs) in AM (blue) 
and PM (red) per region of interest and b. representing cumulative IGL percentage difference. 
between AM (blue) and PM (red) for each region of the ETDRS grid. 
 

Figure 3.3.3.4. Percentage change in IGL level in PM vs AM in a. the early phase, b. the mid 
phase, c. the late phase and d. at the 6-minute phase. 
 

a
. 
 

b. 
 

a
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d. 
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Figure 3.3.3.5. and Table 3.3.3. Representing rate of signal change in AM vs PM for one 
individual participant at the parafoveal region in the graph and the cumulative change across all 
participants in the table.  
 

 
3.3.4. Healthy Age-Matched Control Analysis  

 
The results discussed here represent new data collected between July 2019 and 

February 2020 as discussed in the methods section. Of note there are limited numbers (n=9) in 

this participant group, we aim to expand these numbers as the study continues. Again, as in the 

AMD participant group all the images were analysed, and the quality was similar to the AMD 

participant group (Figure 3.3.4.1.) As with the other groups data was non-parametrically 

distributed as demonstrated in Figure 3.3.4.2. There is no statistically significant difference in 

cumulative IGL per ROI in AM vs PM or in cumulative IGL percentage difference in AM vs 

PM however it should be noted that the sample number is likely too low to establish statistical 

significance and there is a trending increase in PM however it is still 0 (Figure 3.3.4.3.). 

Similarly, in the phase comparison is no statistically significant change in any of the phases 

however the mid phase is trending towards significance with a percentage increase in PM. In 

the mid-phase in all regions except the fovea there is a significant change in the median slope 

in AM vs PM.  

 

Significant change in median slope at AM vs 

PM? 

Region Early 

Phase 

Mid 

Phase 

Late 

Phase 

Foveal No No No 

Foveal + 

parafoveal 

No No No 

Foveal + 

extrafoveal 

No No No 

Parafoveal No No No 

Perifoveal No No No 
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Figure 3.3.4.1. IGL vs time for a participant in the age-matched control group.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3.4.2. Probability plot for normal distribution for the AMD participant group. 
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Figure 3.3.4.3. Graph a. cumulative integrated grey levels (IGLs) in AM (blue) and PM (red) 
per region of interest and b.  cumulative IGL percentage difference between AM (blue) and PM 
(red) for each region of the ETDRS grid. 
 

Figure 3.3.4.4. Percentage change in IGL level in PM vs AM in a. the early phase, b. the mid 
phase, c. the late phase and d. at the 6-minute phase. 

a. 
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c. 
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Figure 3.3.4.5. and Table 3.3.4.  Representing rate of signal change in AM vs PM for one 
individual participant at the foveal and parafoveal region in the graph and the cumulative 
change across all participants in the table.  
 
 
 
 
 
 
 
 
 
 
 
 

Significant change in median slope at AM vs 
PM? 

Region Early 
Phase 

Mid 
Phase 

Late 
Phase 

Foveal No No No 

Foveal + 
parafoveal 

No Yes No 

Foveal + 
extrafoveal 

No Yes No 

Parafoveal No Yes No 

Perifoveal No Yes No 
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3.4. OCT Analysis for the AMD and Age-Matched Control Participants:   

 
 
Figure 3.4.1. Total OCT volume for each category of participant at AM and PM. 
 

 
Figure 3.4.2. Total OCT area for each participant category per ETDRS region; superior outer 
macula (SOM), superior inner macula (SIM), temporal outer macula (TOM), temporal inner 
macula (TIM), inferior outer macula (IOM), inferior inner macula (IIM), nasal outer macula 
(NOM), nasal inner macula (NIM) and central foveal thickness.  
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OCT analysis confirms that there is no significant change between AM and PM in total 

OCT volume in any participant cohort. Furthermore, is there no significant change in OCT area 

in any ETDRS region between AM and PM for all participant groups. This is in keeping with 

the results in the healthy young control analysis. As discussed in Chapter 1, although studies 

have demonstrated diurnal variation in retinal thickness in DMO and CRVO there have not 

been studies specifically investigating at diurnal variations in retinal thickness in AMD. 

Furthermore, results have been mixed with regards to diurnal variation of retinal thickness in 

healthy individuals.  Going forward it would be beneficial to analyse the thickness of 

individual retinal layers, especially as Read et al., 2012 have demonstrated that a significant 

diurnal variation occurs in the thickness of the foveal outer layers, with the most prominent 

changes occurring in the photoreceptor layers at the foveal centre. This may prove to be of 

particular interest as the pathology in AMD manifests in these retinal layers. 

 Table 3.4 compares the number and stage of reticular pseudodrusen in each participant 

category. As we have discussed previously the presence of reticular pseudodrusen confer a risk 

of progression to both forms of advanced AMD independent of classical drusen. Two 

participants in category 2 and all participants in category 3 were found to have at least one 

reticular pseudodrusen present on OCT. This is important to note as these individuals are at a 

higher risk of AMD progression.  

 

Table 3.4. Number and grade of reticular pseudodrusen present in each participant grading 
category. The staging system used for reticular pseudodrusen is described in Zweifel et al., 
2010. Stage 1 is defined by a diffuse deposit of granular hyperreflective material between the 
RPE and ellipsoid layer. Stage 2 represents the progression of material accumulation between 

 

Grading Category  

Stage of Reticular Pseudodrusen 

Stage 1 Stage 2 Stage 3 No reticular 
pseudodrusen 

Category 1 

(n=9) 

0 0 0 9 

Category 2 

(n=6) 

1 1 0 4 

Category 3 

(n=11) 

1 8 2 0 

Category 6  

(n=1) 

0 0 1 0 
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the RPE and ellipsoid forming mounds which distort the contour of the ellipsoid layer. Stage 3 
represents conical shaped reticular pseudodrusen which punch through the ellipsoid layer.  

 
CHAPTER 4: Discussion 

4.1 Implications of Results 
 

The focal point of this investigation was to continue the clinical arm of the research by 

Hudson et al., 2019 by making a full assessment of circadian iBRB regulation in patients with 

defined degrees of dry AMD and age-matched controls. As this was the first year of a study 

which is predicted to continue over a number of years the emphasis was on establishing study 

methodology including recruitment, inclusion and exclusion criteria, grading systems, testing 

protocols, participant safety and optimal imaging techniques. 

It is well documented that AMD is a leading cause of central visual impairment 

worldwide with a further projected increase in prevalence as a result of exponential aging. The 

condition represents a significant public health issue not only as it has a substantial impact on 

patients’ quality of life and ability to carry out activities of daily living but also as it carries a 

significant financial burden to the state. Despite the wealth of research into the condition there 

are currently no treatments available for GA. Furthermore, the progression from early AMD to 

late AMD remains unpredictable and the molecular pathology underlying the condition 

remains unclear. The majority of AMD research to date has focused specifically on the RPE 

and photoreceptors as this is where the pathology manifests.  However, Hudson et al., 2019 

have demonstrated an inner-retina derived contribution to RPE pathology which may play an 

important role in the pathogenesis of AMD. We propose that a circadian entrained cycling of 

inner retinal vasculature permeability is an integral factor in establishing retinal interstitial 

kinesis which allows for the daily clearance of material from the neural retina and the 

replenishment of essential substrates to the photoreceptors. We postulate that a chronic and 

size-selective disruption of the iBRB will lead to a downstream accumulation of material in the 

RPE over a prolonged period. In the aging eye with circadian clock dysregulation this retinal 

interstitial kinesis will be less tightly regulated leading to the accumulation and overload of the 

RPE with spent metabolites and dietary components with resultant drusen formation and RPE 

atrophy.  

Hudson et al., 2019 demonstrated that the gene CLDN5 which encodes claudin-5 

cycles in a distinct circadian rhythm regulated by BMAL1 and the circadian clock. Claudin-5 

transcript levels varied depending on the time of day of tissue collection, with transcript levels 

being lower in the evening when compared to the morning in all tissues examined. In addition, 

persistent suppression of claudin-5 expression in mice exposed to a cholesterol-enriched diet 
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induced RPE depigmentation and atrophy and persistent targeted suppression of claudin-5 in 

the macular region of non-human primates also induced aberrant RPE structure.  It is essential 

to note that claudin-5 is not expressed in the RPE which strongly suggests a passive 

paracellular diffusion of material from the systemic circulation toward to RPE. Hudson et al., 

2019 also demonstrated that the iBRB is highly dynamic with the macula in humans and 

nonhuman primates being more permeable in the evening than the morning. This permeability 

correlates to a decrease in claudin-5 expression in the evening. FFA imaging performed in 

healthy, young participants aged between 18 and 30 years old indicated that fluorescein signal 

was evident and more prolonged in the evening compared to the morning in the same subject. 

This phenotype was also observed in non-human primates. These clinical findings form the 

basis for our current research as we have extended this study to participants with AMD and 

age-match controls.  

We propose that the normal homeostatic iBRB cycling will cease in AMD subjects. 

This should manifest as no difference in IGL between the morning and evening images or a 

reverse where the IGL is greater in the morning than evening. Age-matched controls were also 

examined to ensure any differences in permeability were not secondary to age-related core 

clock component dysregulation. Examining our results for the percentage IGL change per-

phase for PM vs AM offers an indication that this may in fact be true. In the mid-phase we 

have demonstrated a downward trend in the AMD participant group and an upward trend in the 

age-matched control group along with the healthy young control and NHP groups. Although 

this is not statistically significant in the AMD or age-matched group it indicates a decrease in 

IGL in PM vs AM in the AMD participants in contrast to an increase in IGL in PM vs AM in 

all other participant groups. This would represent a change in the normal homeostatic iBRB 

cycling. If our hypothesis is correct dysregulated circadian mediated cycling of the iBRB could 

be an early indicator of AMD initiation or progression and restoring cycling by developing a 

novel form of gene therapy could prevent the development of GA.  

There are some notable limitations to our study including limited participant numbers 

and issues with image quality and artefact. Although we had intended on recruiting 25 AMD 

participants and 15 age-matched control participants our actual numbers were 18 and 9 

participants respectively. Unfortunately, our recruitment was halted early due to Covid-19 and 

the potential risks associated with bringing elderly participants into a hospital setting. In order 

to power the study sufficiently and produce significant results the participant numbers in all 

categories including GA and wet AMD participants need to be expanded further. Due to the 

limited numbers, we  have grouped all AMD participants together into one category for 

analysis. As the study continues over the coming years it would be beneficial to analyse each 

group independently to determine if there is a greater disruption to iBRB homeostasis as the 
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disease progresses and if the iBRB cycling is still preserved in those with early AMD. 

Furthermore, it would be interesting to compare iBRB cycling in those with and without 

reticular pseudodrusen as these are a known risk factor for AMD. With regards to image 

quality, going forward we will amend our process to ensure we have several good quality 

images at key timepoints which include initial fluorescein administration then at two minutes, 

four minutes, six minutes, eight minutes and ten minutes to allow for ease of comparison 

between groups and to minimise artefact.  

Although the results have not been discussed here, we also intend on screening the 

peripheral blood samples for circadian markers including cortisol and melatonin along with 

RNA levels of BMAL-1, Per2 and Rev-alpha to elucidate molecular changes in circadian 

rhythm associated transcripts in each individual. Genotyping will also be performed to 

determine if there is a link between severity of disease, risk variant and changes in iBRB 

integrity and vessel permeability. These will be performed in the next year of the study.  

Another focus of this research was to devise a programme for automated FFA analysis 

to ensure result validity, repeatability and time efficiency. This programme was initially used 

to analyse the NHP subject and young healthy control participants and was compared to the 

manual analysis using ImageJ as discussed in Hudson et al., 2019. As these results appear to 

correspond well with the manual analysis the programme was then used to analyse the AMD 

and age-matched control participants’ images. Going forward the automated FFA analysis 

should replace the manual ImageJ based analysis.  

Overall, the focal point of establishing study methodology was met with the 

recruitment of a total 27 participants and an expansion to n=28 young healthy controls. 

Although the numbers are still too low to provide statistically significant results our initial 

analysis suggests there may be a cessation of homeostatic iBRB cycling in the AMD cohort vs 

the age-matched control, healthy young control and NHP cohorts. This needs to be examined 

further with an increase in study numbers not only in the age-matched control, early mild and 

early moderate but also an expansion to include all grade of AMD including GA and wet AMD 

as iBRB cycling may be preserved in those with an earlier stage of the disease.  
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The Munich Chronotype Questionnaire (MCTQ) used to calculate participants chronotype.  
 
 
 
 
 

 
 
 
 
 
Letter from the Research and Ethics (REC) Committee in The Royal Victoria Eye and 
ear Hospital confirming ethical approval for the project. The letter is addressed to Dr 
Alan Hopkins, a research fellow who is also involved in the project. 
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The table used to convert participants’ visual acuity from Snellen to LogMAR.  
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