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ABSTRACT 
 

Title: Second Eye at Risk (SEAR) - Predicting the Development of Advanced 

Age-Related Macular Degeneration  

 

Hypothesis 1: In people who develop a choroidal neovascular membrane 

(CNVM) secondary to Age-Related Macular Degeneration (AMD), presenting 

visual acuity varies. Eyes with worse visual acuities at presentation have 

worse visual acuity outcomes compared to eyes that present with better visual 

acuities despite treatment.  

Aim 1: To determine and compare the visual acuity of first and second eyes 

diagnosed with CNVM secondary to AMD at presentation and through two 

years of follow-up to determine the long-term visual consequences of poor 

presenting visual acuity.  

Methods 1: Retrospective review of clinical notes of patients presenting with 

newly diagnosed CNVM secondary to AMD in their first eye from the Royal 

Victorian Eye and Ear Hospital from January 2012 to April 2014. Visual acuity 

was recorded up to two years. Visual acuity in the second eye developing 

CNVM was recorded at diagnosis and for a further two years from the time of 

diagnosis. 

Results 1: First eyes presented with a visual acuity of 6/52 and second eyes 

presented with a visual acuity of 6/21. Although this did not reach statistical 

significance, first eyes tended to have worse visual acuity during the 2 years 

of follow up. This suggests that there is room to identify and begin treatment 

earlier once CNVM has developed. 
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Hypothesis 2:  Reduced microperimetric macular sensitivity, or a decrease in 

microperimetric macular sensitivity over time, is associated with an increased 

risk of developing CNVM in an eye with large drusen whose fellow eye has 

CNVM secondary to AMD. 

Aim 2: To determine if reduced macular function, or a decrease in macular 

function over time, as determined by microperimetry, can predict the 

development of CNVM in eyes with large drusen whose fellow eye has CNVM 

secondary to AMD. 

Methods 2: Participants with unilateral CNVM secondary to AMD in one eye 

and large drusen in the other eye (study eye, group 1) were recruited 

prospectively from the Royal Victorian Eye and Ear Hospital, East Melbourne, 

Victoria Australia between February and May 2014. All participants underwent 

microperimetry testing at baseline and 12 months study eye developed CNVM 

or GA. 

Results 2: Reduced microperimetric sensitivity is associated with the 

development of CNVM or GA collectively (P=0.045). All eyes that developed 

CNVM or GA had a mean macular microperimetric sensitivity less than 25dB 

at baseline. This confirms our hypothesis, and provides further evidence that 

macular function, as tested by microperimetry, may be a useful biomarker for 

predicting disease progression.  

 

Hypothesis 3: Microstructural changes, such as drusen, EZ disruption, HF, 

RPD and nGA, are independently associated with decreased retinal function, 
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which partially explain the reduced microperimetric retinal sensitivity seen in 

eyes that progress to late AMD from Aim 2. 

Aim 3: To determine if macular structure-function relationships explain the 

reduced microperimetric macular sensitivity in fellow eyes with large drusen 

that ultimately go on to develop late AMD of people with unilateral CNVM 

secondary to AMD in their other eye. 

Methods 3: Group 1 from Aim 2 was used in Aim 3. Controls with bilateral 

intermediate AMD in both eyes (group 2) were recruited as a comparison 

group. All participants from groups 1 and 2 underwent multimodal imaging, 

including spectral domain optical coherence tomography, fundus 

autoflourescence, and fundus infrared reflectance.  

Results 3: Mean microperimetric macular sensitivity is lower in cases 

compared to controls (P<0.001) at baseline and is independently associated 

with the development of CNVM or GA collectively (P=0.039), and GA alone 

(P=0.005) when taking into account microstructural changes.  

 

Conclusion: People with CNVM secondary to AMD are presenting with poor 

vision in an Australian population, which limits their long-term visual outcome 

despite treatment. Within our study population, all eyes developing late AMD 

had a baseline mean microperimetric macular sensitivity less than 25dB. 

Furthermore, microperimetric macular sensitivity is associated with the 

development of late AMD whose fellow eye already has established CNVM 

independent of microstructural changes. This provides substantial evidence 

that microperimetric macular sensitivity, in conjunction with the quantification 

of structural changes, may prove to be a useful biomarker that could 
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potentially allow for greater risk stratification of those likely to develop late 

AMD. As such, macular microperimetry has the potential to become a useful 

clinical tool with practical implications in terms of monitoring.
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GLOSSARY OF ABBREVIATIONS 1 

 2 

Abbreviation Meaning 

AMD Age-related macular degeneration 

ANCHOR 

Anti-VEGF Antibody for the Treatment of Predominantly 

Classic Choroidal Neovascularization in Age-Related 

Macular Degeneration 

Anti-VEGF Anti-vascular endothelial growth factor 

AREDS Age-Related Eye Disease Study 

CATT 
Comparison of Age-related Macular Degeneration Treatment 

Trials 

CNVM Choroidal neovascular membrane 

FAF Fundus autofluorescence 

FIR Fundus infrared reflectance 

GA Geographic atrophy 

HF Hyper reflective foci 

IVAN Inhibit VEGF in Age-related choroidal Neovascularisation 

logMAR Logarithm of the minimal angle of resolution 

MAIA Macular Integrity Assessment microperimeter 

MARINA 

Minimally Classic/Occult Trial of the Anti-VEGF Antibody 

Ranibizumab in the Treatment of Neovascular Age-Related 

Macular Degeneration 

nAMD Neovascular age-related macular degeneration 

OCT Optical coherence tomography 



 X 

Abbreviation Meaning 

PRN Pro re nata 

RAP Retinal angiomatous proliferation 

RPD Reticular pseudodrusen 

RPE Retinal pigment epithelium 

SD Standard deviation 

SD-OCT Spectral domain optical coherence tomography 

VA Visual acuity 
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CHAPTER 1: INTRODUCTION 1 

 2 

Age-related macular degeneration (AMD) is the leading cause of visual 3 

impairment in those aged 50 years and over in the developed world with signs 4 

of disease present in up to 13% of the population.1, 2 As the world’s population 5 

continues to age, AMD will become an increasingly greater burden on the 6 

elderly population, families, care takers and the health care system. 7 

Fortunately, effective treatments in the form of anti-vascular endothelial 8 

growth factor (anti-VEGF) agents targeting choroidal neovascular membranes 9 

(CNVM), which is the major cause of devastating visual loss in AMD, have 10 

become available in the last decade. These treatments have revolutionised 11 

AMD management and greatly improved prognosis. When an eye develops 12 

CNVM secondary to AMD, the prognosis in terms of visual acuity of that eye 13 

has been shown to be heavily dependent on the visual acuity at the time of 14 

commencing treatment.3 The amount of visual recovery of each eye is likely 15 

related to the amount of reversible and irreversible structural and functional 16 

damage that has occurred to the retina secondary to the CNVM at the time 17 

treatment starts. Unfortunately, when a CNVM does develop the patient may 18 

not present to a clinician for some time, as it may go unnoticed for some time. 19 

Accordingly, one of the major challenges facing the treatment of AMD is the 20 

ability to accurately predict the imminent development of a CNVM. This has 21 

made it difficult to adequately monitor and start treatment in a timely fashion in 22 

a disease that is so prevalent. Therefore, it is of utmost importance that a 23 

biomarker that can accurately predict, or detect the earliest indication of the 24 
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development of CNV be developed in order to maximise the potential benefits 1 

of the currently available treatments. 2 

  3 

This chapter will review the background, epidemiology, and potential 4 

biomarkers of AMD. 5 

 6 



 3 

1.1 Background of AMD 1 
 2 

1.1.1 Characteristics of AMD 3 

AMD is a progressive and degenerative disorder of the macular region of the 4 

retina affecting people 50 years and older. Structurally, it primarily affects the 5 

retinal pigment epithelium (RPE), Bruch’s membrane, and choriocapillaris 6 

complex.4 The characteristic clinical hallmark of AMD is the presence of 7 

subretinal deposits at the macula known as drusen in association with 8 

pigmentary abnormalities.5 Clinically drusen appear as pale-yellow subretinal 9 

deposits. Histologically, drusen have been reported to consist of deposits of 10 

extracellular material located between the retinal pigment epithelium (RPE) 11 

and the inner collagenous zone of Bruch’s membrane.6 Various lipids 12 

(esterfieid cholesterol, phosphatidylcholine) are thought to make up at least 13 

37-44% of the volume of drusen, while various proteins (vitronectin, 14 

complement component 9, apoE, clusterin, ATP synthase subunit β, and 15 

retinol dehydrogenase 5) have also been identified.7 Drusen may be classified 16 

clinically on their fundoscopic appearance as soft with indistinct or distinct 17 

borders but are now primarily classified according to their size due to the 18 

clinical implication that larger drusen infer a greater risk of progression to late 19 

AMD.8, 9 Drusen under 63µm in diameter are known as small drusen or 20 

druplets, those over 63µm but under 125µm are known as medium drusen, 21 

and those over 125µm are known as large drusen. Druplets are considered a 22 

part of the normal ageing process and do not confer an increased risk of 23 

progressing to late AMD.8  24 

 25 
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Other clinical characteristics of the early stages of AMD include areas of hypo 1 

or hyperpigmentation and reticular pseudodrusen (RPD), all of which confer a 2 

significant increase in risk of progressing to late AMD.8 Histologically areas of 3 

hyperpigmentation associated with AMD correlate with areas of intra or 4 

subretinal migration of RPE cells, while areas of hypopigmentation 5 

correspond to areas of RPE depigmentation or loss.10 RPD were first 6 

described in 1990 by Mimoun et al. as a yellowish, interlacing network most 7 

frequently occurring along the vascular arcades best seen with blue-light and 8 

infrared photography.11 With multi-modal imaging becoming increasingly 9 

available and constantly advancing, RPD are more easily and more frequently 10 

identified on infrared (or near-infrared) and fundus autofluorescent imaging.12- 11 

14 This network of lesions is thought to represent discrete collections of 12 

material in the subretinal space, which extend through the outer nuclear layer 13 

while affecting photoreceptor integrity, and are associated with RPE damage, 14 

localised retinal gliosis and an increased risk of progression to late AMD.15, 16 15 

 16 

There are two broad types of late AMD; geographic atrophy (GA) and 17 

neovascular AMD (nAMD). GA is defined as a sharply delineated lesion over 18 

175µm in diameter with an absence of the RPE and a choroidal vessel visible 19 

in its base.8 This area of atrophy can start outside the fovea and slowly 20 

encroach on the fovea and reduce central vision late in the course of the 21 

disease.17   22 

 23 

nAMD is characterised by the development of choroidal neovascular 24 

membranes (CNVM) which can result in devastating and dramatic loss of 25 
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central vision over a short period of time. CNVM are thought to originate from 1 

the choroidal vasculature, which has extended through the RPE-Bruch’s 2 

membrane barrier. More recently, Idiopathic choroidal polypoidal 3 

vasculopathy is also now considered a distinct form of CNVM and retinal 4 

angiomatous proliferation (RAP) neovascularisation has also been 5 

appreciated in which neovascularisation stems from the retinal vasculature.18- 6 

21 The natural history of CNV is that it gradually grows in size by 10-18µm per 7 

day towards the foveal centre while causing a deterioration in central vision by 8 

virtue of bleeding and exudation that leads to scarring, referred to as a 9 

disciform scar.8, 22, 23 10 

 11 

Previously several classification schemes of AMD have been in use both 12 

clinically and in research making comparisons difficult. A recent review by a 13 

panel of AMD specialists proposed a standardised clinical classification 14 

scheme based on fundoscopic findings and the risk of developing late AMD.8 15 

Five groups were described and include no apparent ageing changes, normal 16 

ageing changes, early AMD, intermediate AMD and late AMD (Table 1). As 17 

the risk of progression for an individual eye is significantly affected by the 18 

status of the fellow eye a person-based assessment was preferred, with the 19 

individual being classified as per the eye with the most advanced form of 20 

AMD. 21 

 22 

 23 

 24 

 25 
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Table 1: AMD clinical classification8 1 
Classification of AMD Definition 

No apparent ageing changes No drusen and no AMD pigmentary 
abnormalities 

Normal ageing changes Only druplets (small drusen ≤63 µm) and no 
AMD pigmentary abnormalities 

Early AMD Medium drusen >63 µm and ≤125 µm and no 
AMD pigmentary abnormalities  

Intermediate AMD Large drusen >125 µm and/or any AMD 
pigmentary abnormalities 

Late AMD Neovascular AMD and/or any geographic 
atrophy 

 2 

1.1.2 Epidemiology  3 

AMD is one of the world’s leading causes of visual impairment and visual loss. 4 

A systematic review has revealed that the overall global prevalence of AMD is 5 

8.69%, of which 0.37% relates to late AMD.1 Globally, AMD accounts for 6 

approximately 1% of all visual impairment and 5% of all visual loss.24  AMD 7 

has also been found to be more prevalent in European than in Asian or 8 

African populations.1 In 2014 the estimated prevalence of the early stages of 9 

AMD was 155 million people, and those with late AMD was 10 million people.1 10 

It has been projected that the number of people with AMD will grow to 196 11 

million in 2020 and 288 million in 2040.1  12 

 13 

Within Australia, AMD is the leading cause of visual impairment and visual 14 

loss in the elderly. The early stages of AMD affect 15.1%, late AMD affect 15 

0.68% of Australians aged 40 years and over, and of those with late AMD 16 

approximately two thirds develop neovascular AMD.25 The prevalence of AMD 17 

is strongly age related with the prevalence of the early stages of AMD 18 

increasing from 6% in those aged 40 to 49 up to 36% of those aged 90 years 19 
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or older.25 It has been estimated that approximately 17,700 new cases of CNV 1 

secondary to AMD are diagnosed each year in Australia.26 In 2010 it was 2 

estimated that 1.023 million Australians were diagnosed with AMD, 3 

comprising of 856, 000 with the early stages of AMD and 167, 000 with late 4 

AMD in at least one eye.27 5 

 6 

1.1.3 Burden of AMD 7 

AMD places a significant burden on the patient, their family, caretaker, the 8 

health care system and on society as a whole. With the exponential increase 9 

in the global population combined with the ageing population of developed 10 

countries AMD will continue to become a greater and greater issue.  11 

 12 

It is well documented that AMD and central visual field loss can severely 13 

impact on a patient’s quality of life. Such vision loss has a significant 14 

emotional impact on the individual and interferes with the ability to read, 15 

recognise faces, drive, and perform day-to-day tasks.28-31 It is also linked to 16 

increased rates of anxiety and depression.30-33 Although visual acuity is often 17 

utilised as an outcome measure of success in clinical studies of AMD, it does 18 

not fully characterise the patient’s functional vision which include other factors 19 

such as reduced contrast sensitivity, reduced night vision, difficulty in 20 

adjusting to different lighting conditions, decreased colour vision, the size and 21 

shape of the scotoma, and increased glare.28 People with nAMD have also 22 

been reported to have an increased risk of falls, and quadrupled need for 23 

assistance with day-to-day tasks.31 Specifically related to AMD, intravitreal 24 

anti-VEGF treatments have been reported to improve the quality of life in 25 
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those who gain vision and maintain quality of life in those who maintain vision 1 

with such treatments.34 Thus, in order to achieve the best possible outcome in 2 

people with AMD both eyes should be treated as effectively as possible. It is 3 

also important to note that although the visual function of both eyes 4 

contributes to the quality of life of the patient, it is the better seeing eye which 5 

has been shown to be the major determinant in the vision impaired.30, 35 6 

Therefore, to ensure the best outcomes, and to try and maintain quality of life, 7 

it is critical that treatments are started as soon as possible. For these reasons 8 

it is crucially important that the fellow eye of those with unilateral CNVM 9 

secondary to AMD be monitored in an effective and efficient. 10 

 11 

The cost of treatment of nAMD is difficult to truly quantify but is likely to be 12 

very high, both financially and in terms of resource allocation. In the United 13 

States it has been estimated that intravitreal anti-vascular endothelial growth 14 

factor (anti-VEGF) drugs cost $11,400 USD per person, over a 6-month 15 

period.36 Importantly, this estimate does not take into account the cost of staff, 16 

investigations, and other resources utilised to support these patients leading 17 

to a substantial underestimation of the true cost.37 Within Australia, it has 18 

been estimated that the total financial cost of managing AMD was $6,982 19 

AUD per person per year in 2010, which equates to $748.4 million AUD.27 20 

When taking into account other losses, such as productivity losses and other 21 

costs associated with aids or modifications, the estimated cost of AMD rises 22 

to $48,028 AUD per person, equating to $5,148.2 million AUD in total.27 23 
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With the continuing trend of an ageing population and an exponentially 1 

increasing population globally, AMD will remain a significant burden for the 2 

foreseeable future both in Australia and around the world. 3 

 4 

1.1.4 Current treatments for AMD 5 

Currently, the only possible intervention available for the early stages of AMD 6 

is the use of supplements. Two major trials have attempted to assess the use 7 

of supplements in preventing the progression of AMD.38, 39 The Age Related 8 

Eye Disease Study (AREDS) group performed a large, randomised, placebo- 9 

controlled multicentre study investigating the effects of high dose vitamin C, E, 10 

beta-carotene and zinc on the progression of AMD from 1992 to 1998 with 11 

3640 enrolled participants (AREDS1).38 They reported a 28% reduced risk of 12 

progressing to late AMD in those with extensive intermediate drusen, GA not 13 

involving the centre of the macula, or at least 1 druse, or those with visual 14 

acuity less than 20/32 due to AMD in 1 eye. In lower risk AMD groups, the 15 

progression to late AMD was too low to draw meaningful conclusions. 16 

However, the supplements were only given in one dosage making it 17 

impossible to determine exactly what dosage is beneficial for patients. 18 

Furthermore, serious concerns have been raised about the high dosages 19 

used in the AREDS1 study, which greatly exceeded the daily recommended 20 

allowances.40, 41 In particular beta-carotene has been shown to increase the 21 

risk of cancer in high risk groups (smokers, asbestos exposure),42, 43 vitamin E 22 

has been linked to increased rates of heart failure in vasculopaths,44 while 23 

zinc was associated with increased genitourinary disorders, and decreased 24 

copper levels.41, 45 Subsequently, an AREDS2 study was undertaken to 25 
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assess the supplementation of lutein, zeaxanthin, and omega 3 fatty acids 1 

and the reduction of zinc and omission of beta-carotene from the original 2 

AREDS1 formula.39, 46 From this, it was suggested that lutein, zeaxanthin and 3 

omega 3 fatty acid supplementation may be a replacement for beta-carotene 4 

in the original AREDS1 formulation. However, the efficacy of these have been 5 

difficult to elucidate due to various confounding factors and the fact that there 6 

was no true control group.47 Overall it seems that nutrient supplementation 7 

may play a role in helping reduce or slow the risk of progression to late AMD, 8 

however, with the current available data it is difficult to draw definite 9 

conclusions as to what supplements to recommend to patients with various 10 

stages of AMD. 11 

 12 

In contrast, there have been major advances in the past decade in the 13 

treatment and management of nAMD, which is responsible for the most 14 

substantial vision loss associated with AMD. These treatments have involved 15 

the use of intravitreal anti-VEGF agents and have revolutionised the 16 

management and outcomes of  nAMD. 17 

 18 

Two major landmark studies provided evidence of the effectiveness of 19 

intravitreal anti-VEGF agents for neovascular AMD.48, 49 The Anti-VEGF 20 

Antibody for the Treatment of Predominantly Classic Choroidal 21 

Neovascularization in Age-Related Macular Degeneration (ANCHOR) Study 22 

Group showed that the monthly administration of ranibizumab for 23 

predominantly classic subfoveal CNV had significantly better visual outcomes 24 

compared to those who received photodynamic therapy with verteporfin.49, 50 25 
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This study showed that in those receiving ranibizumab, there was a significant 1 

and substantial improvement in the visual acuity at 2 years with an average 2 

improvement from base line of up to 10.7 letters compared to a loss of 9.8 3 

letters in the group receiving photodynamic therapy. Furthermore, up to 41% 4 

of the patients receiving ranibizumab improved by 15 letters or more at 2 5 

years.  6 

 7 

The Minimally Classic/Occult Trial of the Anti-VEGF Antibody Ranibizumab in 8 

the Treatment of Neovascular Age-Related Macular Degeneration (MARINA) 9 

Study Group compared the use of monthly intravitreal ranibizumab to sham 10 

intravitreal injections for either minimally classic or occult CNV.48 Those 11 

receiving ranibizumab experienced an average increase of 7.2 letters 12 

compared to a decrease of 10.4 letters in the sham group. Furthermore, up to 13 

33.8% of patients receiving ranibizumab increased their vision by 15 letters or 14 

more at 2 years. 15 

 16 

Bevacizumab is considered the ‘parent’ molecule from which ranibizumab was 17 

derived but is approximately 5-10% of the cost.51 As a result there has been 18 

considerable interest in the efficacy and safety of bevacizumab as a possible 19 

treatment option for nAMD. Two major studies comparing bevacizumab to 20 

ranibizumab have been undertaken; the Inhibit VEGF in Age-related choroidal 21 

Neovascularisation (IVAN),51 and the Comparison of Age-related Macular 22 

Degeneration Treatment Trials (CATT).52  23 

 24 
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In the CATT study, participants with nAMD were randomly assigned to one of 1 

four treatment groups receiving either ranibizumab or bevacizumab and 2 

treated either monthly or on a PRN basis for 24 months.52 After the first 12 3 

months participants that were initially assigned to monthly treatment were, 4 

randomly reassigned to continue monthly treatment or PRN treatment. At 24 5 

months there was no difference in visual acuity between the two different 6 

drugs while the rates of death and arteriothrombotic events were also 7 

similar.53 After the initial 24 months, participants were released from the 8 

protocol and were treated at the clinicians discretion.52 At 5 years data was 9 

collected from 647 participants. The ranibizumab group statistically lost more 10 

letters (-4 letters) and had more arteriothrombotic events compared to the 11 

bevacizumab group. There were no significant differences between the 12 

treatment groups in terms of morphologic changes or other safety outcomes. 13 

 14 

In the IVAN study participants with nAMD were randomly assigned to either 15 

ranibizumab or bevacizumab and to either monthly or PRN treatment.51 At two 16 

years bevacizumab was reported to be neither non-inferior nor inferior to 17 

ranibizumab in terms of visual acuity. Additionally, there was no difference in 18 

safety outcomes between the two drugs. 19 

 20 

These studies therefore provide evidence that bevacizumab may be an 21 

effective and more cost effective alternative to ranibizumab. 22 

  23 

Although the initial studies were based on monthly intravitreal injections of 24 

anti-VEGF agents, subsequent reports suggested that individualising 25 
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treatment could produce similar results with the added benefit of less frequent 1 

treatment episodes with the reduced risk associated with each intravitreal 2 

injection (burden of coming to the health care service on a routine basis and 3 

the risk of endophthalmitis).54 One common protocol used in Australia and the 4 

USA is the “inject and extend” regime. Once the CNV has become inactive 5 

the time between injections is progressively increased. Another commonly 6 

practiced regime, especially in Europe, is that of “pro re nata” (PRN) in which 7 

patients receive 3 monthly injections, and are then reviewed monthly, but only 8 

injected if there are signs of activity returning. A recent systematic review has 9 

compared the two types of regimes.54 The average number of injections in 10 

those practicing the PRN regime was 5.60 compared to 8.09 in the inject and 11 

extend over the 12 month period, however from a visual outcome point of 12 

view it suggests superiority of the inject and extend regime compared to the 13 

PRN regime with an improvement of 10.4 letters compared to 5.4 letters 14 

respectively over a 12 month period. 15 

 16 

1.1.5 Importance of early treatment 17 

Studies of current and previous treatment options of nAMD have repeatedly 18 

supported the notion that commencing treatment as early as possible 19 

maximises the efficacy of the treatment by preserving or improving vision as 20 

much as possible. Thus, it is imperative that treatments be initiated as early 21 

as possible in the disease process before substantial and irreversible damage 22 

occurs to the retina. 23 

 24 

The introduction of intravitreal humanized anti-VEGF antibody fragments has 25 
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revolutionised the treatment of neovascular AMD as shown in the ANCHOR 1 

and MARINA studies.48-50 A subgroup analysis of the MARINA Study showed 2 

that baseline VA and CNV lesion size were important predictors of visual 3 

acuity at 24 months, with better baseline VA and smaller CNV lesion size 4 

being associated with more favourable outcomes.55 Real-world use data from 5 

over 12,000 eyes receiving 92,976 intravitreal ranibizumab injections in the 6 

United Kingdom has produced results that are consistent with these major 7 

trials despite having fewer treatments episodes than those seen in the major 8 

trials.3 These results confirmed that baseline visual acuity is positively 9 

associated with better visual acuity at up to 3 years of follow up, while the 10 

change in visual acuity was negatively associated with visual acuity at 11 

baseline. Therefore, although those with poorer baseline visual acuity 12 

experience a greater improvement in visual acuity with treatment they do not 13 

improve to the level of visual acuity of those with a better baseline visual 14 

acuity. 15 

Despite the recent evolution of nAMD treatments, it seems that early 16 

identification and initiation of treatment still remains an important factor 17 

governing the long-term visual outcome. Unfortunately, our current ability to 18 

monitor and identify the earliest time point at which vision disturbance from 19 

CNVM occurs or to predict when the actual CNVM will develop with any 20 

practical accuracy is lacking. It is therefore imperative that an accurate 21 

prognostic biomarker be developed if we are to maximise the gains of our 22 

current and future treatment options. 23 

  24 

 25 
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1.2 Predictors of AMD progression 1 
 2 

1.2.1 Clinical signs 3 

In order to quantify the risk of a particular eye progressing to late AMD based 4 

on clinical examination the Age-Related Eye Disease Study Research Group 5 

(a multicentre prospective cohort of 4757 people aged 55 to 80 years) 6 

developed a 9-step severity scale based on stereoscopic colour fundus 7 

photographs.56 This included a 6-step drusen area scale and a 5-step 8 

pigmentary abnormality scale for the risk of developing late AMD within 5 9 

years. Eyes with the lowest score had less than 1% chance of developing late 10 

AMD over 5 years, while approximately 50% of eyes with 9 points progressed 11 

to late AMD over 5 years. However, this was felt to be too complex for the 12 

clinical setting and a simplified severity scale was developed.9, 57 This 13 

simplified scale ranges from 0 to 4 points, with one point given for the 14 

presence of large drusen, 1 point for pigment abnormalities, 1 point if both 15 

eyes have intermediate drusen, and 2 points if the fellow eye has nAMD 16 

(Table 1). Eyes at highest risk of progressing to late AMD are those with large 17 

drusen and pigmentary changes whose fellow eye already has established 18 

CNV. Of this particular subgroup of eyes, 53.1% had progressed to late AMD 19 

within 5 years time.   20 

 21 

 22 

 23 

 24 

 25 
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Table 2: Five Year Rates of Late AMD (in One or Both Eyes for Patients With 1 
Both Eyes at Risk)57 2 

 Patients without late AMD in 
either eye at baseline 

Patients with late AMD in one 
eye at baseline 

Risk 
factors 

No. at 
Risk No. % No. at 

Risk No. % 
0 1466 6 0.4    
1 635 20 3.1    
2 465 55 11.8 149 22 14.8 
3 328 85 25.9 178 63 35.4 
4 317 150 47.3 273 145 53.1 
 3 

Therefore, with current grading schemes it is only possible to narrow down the 4 

risk of developing a CNVM secondary to AMD in those at greatest risk to 5 

53.1% in 5 years. This lack of accuracy combined with the enormous 6 

prevalence of AMD makes monitoring particularly troublesome. Long-term 7 

visual acuity outcomes are also likely compromised by the difficulty in 8 

monitoring those with early AMD given that the long-term outcome is 9 

dependent on the visual acuity at commencement of treatment. It is therefore 10 

imperative that a biomarker that can more accurately predict the development 11 

of CNVM secondary to AMD be developed, so that we can more effectively 12 

monitor and target those at greatest risk in order to preserve as much vision 13 

as possible by starting treatment as early as is possible. 14 

 15 

More recently, multimodal imaging has been utilised to further characterise 16 

microstructural pathological changes occurring in AMD. The presence of 17 

RPD, as identified by a combination of SD-OCT, FAF and FIR, has been 18 

reported to be a risk factor for the development of late AMD. In one study it 19 

was reported that RPD was an independent risk factor for the development of 20 

GA, but not for the development of CNVM over a 2.3-year follow-up period.15 21 

It therefore appears that multimodal imaging has the potential to further 22 
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characterise microstructural changes occurring in AMD that may allow us to 1 

further risk stratify eyes and hopefully provide a more accurate prediction of 2 

disease progression.  3 

 4 

1.2.2 Retinal sensitivity as a potential biomarker of AMD 5 

There is substantial anatomical and functional evidence to support that 6 

photoreceptor degeneration and functional decline of both cone and rods 7 

occur in the early stages of AMD before progression to late AMD.58-62 8 

 9 

Previous studies utilising standard automated perimetry to quantify the retinal 10 

sensitivity in patients with the early stages of AMD have shown a lower retinal 11 

sensitivity level in the parafoveal region with a relative sparing of the foveal 12 

region.63 Additionally, there appears to be a preferential vulnerability of the 13 

rod pathways in the early stages of AMD in eyes that are at high risk of 14 

developing CNV.64 Rod impairment has also been shown to be greater than 15 

cone impairment in the majority of patients with early stages of AMD.59-61 One 16 

study that assessed the scotopic (rod mediated function) and photopic (cone 17 

mediated function) sensitivity of the macula in eyes with early stages of AMD 18 

reported that 59% had reduced scotopic sensitivity, 27% had both reduced 19 

scotopic and photopic sensitivity and 14% had reduced photopic sensitivity.59  20 

 21 

Drusen, pigmentary changes and RPD have also been associated with a 22 

decrease in retinal function. 65-67 It has been reported that the larger and the 23 

more confluent the drusen the worse the retinal function.65, 66 However, some 24 

studies have only shown lowered retinal function associated with large drusen 25 
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over 125µm in diameter,68 whilst another study utilising optical coherence 1 

tomography (OCT) and microperimetry reported reduced sensitivity of the 2 

retina directly overlying drusen.66 3 

 4 

Given that AMD is a disease that affects the RPE-photoreceptor complex it 5 

seems logical to think that tests targeting these anatomical components may 6 

provide a meaningful and useful method to determine the activity level of the 7 

disease and to assess for the risk of progression to late AMD. 8 

 9 

1.2.3 Biomarkers of AMD 10 

To date, a wide spectrum of functional and imaging biomarkers of the retina 11 

have been considered,69-77 however, none have yet proven to be specific or 12 

sensitive enough to accurately determine disease activity or progression. 13 

 14 

Retinal function is dependent on both the structural and physiological integrity 15 

of its constituent components. It follows that a disruption to any of these 16 

components can result in a change of retinal function. It is also possible that 17 

deficits in retinal function may occur before anatomical changes become 18 

clinically apparent. When structural changes do occur, they may not always 19 

reflect physiologic change that has prognostic significance and may be more 20 

difficult to reverse than physiological change alone.70 21 

 22 

In support of this, previous studies have reported deficits in retinal function in 23 

those with early or intermediate AMD, with some of these claiming prognostic 24 

value.65, 71, 78-80 This has included foveal dark adapted sensitivity,81 flicker 25 
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perimetry,62, 71 S-cone mediated sensitivity and colour matching82, 83 and 1 

microperimetry. 66, 79, 84-86 In a prospective study of 18 participants, a reduction 2 

in foveal dark-adapted sensitivity at baseline was reported to predict the 3 

progression to late AMD with 100% sensitivity and 92% specificity at a mean 4 

follow up of 45 months.81 In another prospective study of 151 participants 5 

followed for 24 months, flicker sensitivity was found to be significantly reduced 6 

in eyes with late AMD before the clinical onset of GA or CNVM71 Additionally, 7 

in those that subsequently developed GA the rate of change of their flicker 8 

sensitivity (decline) was significantly greater than those that did not progress 9 

to GA.71 This strongly suggests that an identifiable decrease in retinal function 10 

precedes the development of clinically evident CNVM. Therefore, retinal 11 

function appears to have the potential to predict the imminent development of 12 

late AMD. 13 

 14 

1.2.4 Microperimetry and AMD 15 

Microperimetry is a relatively new psychophysical test for measuring retinal 16 

sensitivity and has the ability to precisely measure a specific area on repeated 17 

examinations. It achieves this by incorporating fundus tracking (via imaging), 18 

which allows a stimulus to be projected to an exact location on the fundus at 19 

baseline and subsequent follow-up visits. In contrast, conventional automated 20 

visual field testing relies on the patient’s ability to fixate, which poses a 21 

particular problem, especially in patients with macular diseases, such as 22 

AMD, in which retinal fixation may be unreliable and therefore the tested 23 

areas may not represent the same spot as what was tested previously, 24 

therefore making it difficult to monitor changes over time of a specific area. 25 
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This precise localization of retinal sensitivity using microperimetry has opened 1 

up the opportunity for researchers to explore structure-function relationships 2 

to a much greater degree than what has been previously been possible.  3 

 4 

Thus far, investigators using microperimetry have reported a reduction in 5 

retinal sensitivity in eyes with AMD. In a multicenter study of 319 eyes, mean 6 

retinal sensitivity was found to be significantly lower in eyes with early or 7 

intermediate AMD compared to age-matched controls.87 In another study, 8 

microperimetry was compared to multifocal electroretinogram in eyes with 9 

early AMD and normal visual acuity in patients with and without late AMD in 10 

the fellow eye.78  This study confirmed a decrease in macular function in early 11 

AMD compared to controls despite normal visual acuity. However, they were 12 

unable to show a functional difference between eyes with the early stages of 13 

AMD whose fellow eye had late AMD compared to subjects with bilateral early 14 

AMD.  15 

 16 

Other studies have taken advantage of the ability of microperimeters to 17 

precisely stimulate a specific part of the retina by correlating these point 18 

retinal sensitivities to structural changes identified by imaging modalities. 19 

Such studies have consistently shown a reduction in retinal sensitivity 20 

overlying drusen,66, 79, 84, 85 and ellipsoid zone (EZ) disruption.66, 79, 85 The 21 

association between retinal function and hyperreflective foci (corresponding to 22 

pigment changes) is less clear with some studies reporting an association and 23 

others not.66, 79 In contrast, multiple studies have shown no association 24 
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between retinal sensitivity and RPE thickness or photoreceptor outer segment 1 

length.66, 79  2 

 3 

Furthermore, microperimetry has been shown to detect decreases in retinal 4 

sensitivity over a 12 month time period in eyes with intermediate AMD, which 5 

was not reflected by a change in visual acuity.86 This highlights the utility of 6 

microperimetry as a sensitive means of documenting retinal function, which 7 

may be able to detect significant changes earlier than has been previously 8 

possible.  9 

 10 

1.2.5 Optical coherence tomography and AMD 11 

Recent advances in spectral domain optical coherence tomography (SD-OCT) 12 

have provided unprecedented in vivo high-resolution detail of the retinal 13 

microstructure in both health and disease. So fine is its detail it has been 14 

termed “optical biopsy”.  15 

 16 

SD-OCT is based on spectral interferometry and Fourier transformation, 17 

which assess interference patterns as a function of frequency.88 Commercially 18 

available machines have an axial resolution of up to 3 to 7µm and a 19 

transverse resolution of up to 15-20µm.89 This fine detail has allowed 20 

identification of pathological changes that occur in AMD that have not 21 

previously been seen on fundus photography or clinical examination.88, 90-93 22 

Some of the pathological changes investigated in early AMD with OCT include 23 

drusen area, volume and associated photoreceptor loss, RPD, EZ, retinal 24 

pigment epithelium abnormalities, and photoreceptor layer thickness.88, 94-100 25 
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Ideally, such a biomarker would provide clear endpoints for clinical 1 

management as well as for trials targeting early AMD.  However, currently 2 

there are no biomarkers that have been reported to reliably predict the 3 

progression of early to late disease. 4 

 5 

The functional implications of these pathological structural changes are only 6 

starting to be investigated. Whether structure or function, or a combination of 7 

both, may predict disease progression is currently unknown. However, there 8 

are proponents of each.66, 101  9 

 10 

Utilising OCT, Wu et al77 have recently described and classified a series of 11 

sequential steps leading to frank drusen-associated GA. These lesions, which 12 

have been termed nascent geographic atrophy (nGA), are seen on high- 13 

resolution OCT but not on colour fundus photography or fundal examination.  14 

 15 

Recently, studies have combined the structural aspects of macular imaging 16 

with macular functional assessments to try and better understand the 17 

pathological processes of AMD. Wu et al.76 assessed the retinal sensitivity of 18 

specific areas affected by various structural changes secondary to AMD via 19 

microperimetry. They reported a progressive decrease in sensitivity over 20 

specific structural changes starting with large drusen (>125µm) and RPD 21 

having the least reduction in sensitivity followed by pigmentary changes to 22 

nGA to drusen associated atrophy. They theorised that retinal function was 23 

related to the integrity of the EZ band and the degree of RPE elevation 24 

secondary to drusen. In nGA the EZ band is disrupted, while in large confluent 25 
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drusen the EZ band is disrupted in addition to the RPE being markedly 1 

elevated. Interestingly, sites of nGA were not associated with the lowest 2 

macular sensitivity, despite being the precursor to frank geographic 3 

atrophy.102 This may be explained by the fact that nGA lesions are small and 4 

adjacent to normal retina. Therefore, the normal retina may be co-stimulated 5 

by the microperimetry stimulus thus giving a falsely high sensitivity.  6 

 7 

From the above, it is clear that pathological structural changes are strongly 8 

related to functional retinal changes, particularly in the setting of GA. 9 

However, by the time structural changes have occured the functional changes 10 

may not be reversible. In contrast, functional changes in the absence of 11 

structural changes may have an element of reversibility. Furthermore, 12 

although there is substantial evidence with regards to the structure-function 13 

relationships in regards to the development of GA, there is a lack of evidence 14 

for a marker that may portend the imminent development of CNVM. It is 15 

therefore important that functional tests continue to be investigated in the 16 

hope of identifying reversible functional decline that may indicate the imminent 17 

development of CNVM before permanent structural changes have taken 18 

place. 19 

1.3 Summary of Background 20 
 21 

AMD is one of the commonest causes of visual loss and blindness in the 22 

elderly population across the world. A significant proportion of our financial 23 

and other resources are dedicated to treating and supporting those suffering 24 

from AMD. With the projected increase in the world’s population combined 25 
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with population ageing, AMD will continue to be a major burden on society. It 1 

is therefore imperative that we find ways to optimise the management of AMD 2 

with the current tools that we have at our disposal. Currently, intravitreal 3 

treatments for nAMD have revolutionised the prognosis and management of 4 

AMD. However, in order to maximise the potential benefits from these 5 

therapies it is important to start these therapies as soon as is possible in order 6 

to improve or maintain the maximum amount of vision. Doing so will have the 7 

flow on effect of reducing the effect that AMD has on quality of life and reduce 8 

the need for support services for those severely affected. 9 

Macular functional and structural changes have been well documented to 10 

change leading up to the development of GA with the new discovery of nGA 11 

and reports showing decreasing retinal function just prior to clinical detection. 12 

Although some reports have suggested that a functional deficit is present in 13 

eyes that go on to develop CNV secondary to AMD, none have yet been 14 

clinically accurate enough to be meaningful. Furthermore, it seems logical that 15 

functional changes without associated structural changes may be easier to 16 

reverse. As such, functional tests of the macula may hold the key to 17 

identifying eyes that will go on to develop CNV secondary to AMD in a 18 

clinically meaningful manner. 19 

 20 

 21 

 22 

 23 
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CHAPTER 2: AIM 1 1 

 2 

2.1.1 Hypothesis 1  3 

In people who develop a CNVM secondary to AMD, presenting visual acuity 4 

varies. Eyes with worse visual acuities at presentation have worse visual 5 

acuity outcomes compared to eyes that present with better visual acuities 6 

despite treatment. 7 

 8 

2.1.2 Aim 1 9 

To determine and compare the visual acuity at presentation of first and 10 

second eyes diagnosed with CNVM secondary to AMD at presentation and 11 

through two years of follow-up to determine the long-term visual 12 

consequences of poor presenting visual acuity.  13 

 14 

2.1.3 Methods for Aim 1 15 

All clinical notes from the Medical Retina clinic at the Royal Victorian Eye and 16 

Ear Hospital from January 2012 to April 2014 were retrospectively reviewed to 17 

identify patients that were newly diagnosed with CNVM secondary to AMD in 18 

their first eye. Once identified, patient notes were reviewed for visual acuity for 19 

up to two years for that particular eye. During that review period CNVM 20 

developing in their second eye was also noted. Visual acuity in the second 21 

eye developing CNVM was recorded at diagnosis and for a further two years 22 

from the time of diagnosis. 23 
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 1 

Inclusion criteria 2 

Inclusion criteria included patients over 50 years old with CNVM secondary to 3 

AMD being diagnosed in their first eye between January 2012 and April 2014. 4 

 5 

Exclusion criteria 6 

• CNVM not secondary to AMD,  7 

Other ocular conditions that would affect visual acuity (e.g. high 8 

myopia, visually significant media opacity, glaucoma, amblyopia, 9 

corneal pathology, other retinal pathologies),  10 

• Neurological (e.g. multiple sclerosis) or systemic conditions (e.g. 11 

diabetes mellitus, uncontrolled hypertension) that could affect visual 12 

acuity. 13 

• Medications known to affect vision.  14 

 15 

Data collection 16 

The following data was collected:  17 

• Presenting visual acuity at the time of diagnosis of CNVM in the first 18 

and second eyes respectively. 19 

• Visual acuity at 6 months, 1 year and 2 years post diagnosis of CNVM 20 

in first and second eyes respectively. 21 

• Frequency of ophthalmology reviews. A review frequency of 6 monthly 22 

or more frequent was defined as “actively reviewed”. 23 

 24 

 25 
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Statistics 1 

• Visual acuity 2 

o Snellen visual acuities were converted to logarithm of the minimum 3 

angle of resolution (logMAR) for statistical purposes. 4 

• Statistical tests  5 

o Paired samples t-test was used to determine the statistical 6 

difference between visual acuities of first and second eyes. 7 

o Correlation coefficients between visual acuity of first and second 8 

eyes at time of presentation of second eye were calculated.   9 

o Pearson correlation coefficients were calculated to determine any 10 

association between the presenting visual acuity in the first and 11 

second eye at the time of diagnosis of that respective eye and the 12 

visual acuity of the other eye. 13 

o Point biserial correlation coefficient was calculated to determine if 14 

there was any correlation between presenting visual acuity of the 15 

respective eye and whether or not a patient was being actively 16 

reviewed. 17 

o The following formula was used to calculate sample size based on 18 

data from this study (taking into account different variances and 19 

different sample sizes of the two populations):103-105 20 

𝑛! =
(ℴ!! + ℴ!!/𝑘)(z!!!!

+ 𝑧!!!)!

𝜇! − 𝜇! !  

𝑛! = 𝑘 ∙ 𝑛! 

𝑛! = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑓𝑜𝑟 𝑔𝑟𝑜𝑢𝑝 1,𝑛! = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑓𝑜𝑟 𝑔𝑟𝑜𝑢𝑝 2,    

𝜇! = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 1, 𝜇! = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 2, 
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 𝜎! = 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 1,𝜎! = 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 2, 

𝛼 = 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑦𝑝𝑒 1 𝑒𝑟𝑟𝑜𝑟,𝛽 = 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑦𝑝𝑒 2 𝑒𝑟𝑟𝑜𝑟,  

𝑧 = 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑧 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑎 𝑔𝑖𝑣𝑒𝑛 𝛼 𝑎𝑛𝑑 𝛽, 

𝑘 = 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 2 𝑡𝑜 𝑔𝑟𝑜𝑢𝑝 1 1 

• Statistical package 2 

o Statistical analyses were performed using commercially available 3 

statistical software (IBM SPSS Statistics, Version 20.0.0; 4 

IBM/SPSS, Inc., Chicago, IL) 5 

 6 

2.1.4 Results of Aim 1 7 

89 patients presented to the medical retina clinic at the Royal Victorian Eye 8 

and Ear Hospital with CNVM secondary to AMD in their first eye between 9 

January 2012 and April 14 who met the criteria stated above (Table 3).  Of 10 

these, 48 were males (54%) and 41 were females (46%). The mean age was 11 

78.93, with a range from 60 to 96 years of age (standard deviation 6.7). 12 

Of these 89 patients, 38 developed CNVM secondary to AMD in their second 13 

eye during the same period. Of these, 22 were males (58%) and 16 were 14 

females (42%). The mean age was 80.35, with a range from 67 to 94 years of 15 

age (standard deviation 5.97). 16 

 17 

Table 3: Characteristics of eyes developing CNVM. 18 

Characteristic First 
eyes SD % Second 

eyes SD % 

Number 89  100 38   42.7 
Age average 78.93 6.7  80.35 6.0  
Age range 60-96   67-94   
Female 41  46.1 16   42.1 
SD = Standard deviation 19 
 20 
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Presenting visual acuity results (Table 4, Figure 1): 1 

First eyes presented with an average visual acuity of 6/52. Second eyes 2 

presented with an average visual acuity of 6/21. This difference was not 3 

statistically significantly different (P=0.074, paired samples t-test). The 4 

distribution of presenting visual acuities is shown in Figure 1 and Table 4. Of 5 

note, there were a larger proportion of first eyes presenting with a visual 6 

acuity of 6/48 or worse when compared to second eyes (39.3% and 18.4% 7 

respectively).  8 

 9 

Using this data, it is predicted that 127 first eyes and 54 second eyes would 10 

be needed to show a statistically significant difference with a power of 0.8 and 11 

an alpha of 0.05. 12 

 13 

Table 4: Distribution of presenting visual acuities in first and second eyes. 14 
Eye 6/6-6/9 6/12-6/18 6/24-6/36 6/48-6/60 <6/60 
First  7 (7.9%) 18 (20.2%) 29 (32.6%) 19 (21.3%) 16 (18.0%) 
Second  4 (10.5%) 13 (34.2%) 14 (36.8%) 4 (10.5%) 3 (7.9%) 
 15 

Figure 1: Presenting visual acuities in first and second eyes. 16 
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 1 

Ongoing visual acuity results after diagnosis in each eye respectively 2 

(Table 5, Figure 2): 3 

First eyes and second eyes developing CNVM managed at the medical retina 4 

clinic at the Royal Victorian Eye and Ear Hospital made substantial 5 

improvements in their mean visual acuities within the first 6 months which was 6 

then maintained at up to 2 years of follow-up. Second eyes tended to have 7 

better visual acuities than first eyes post diagnosis up to 2 years, although this 8 

did not reach the threshold for statistical significance. 9 

 10 

Table 5: Visual acuity post diagnosis in first and second eyes. 11 
Time LogMAR 1st eye LogMAR 2nd eye P* 

Baseline 0.933 (6/52) 0.610 (6/21) 0.074 

6 months 0.727 (6/32) 0.484 (6/18) 0.142 

1 year 0.792 (6/37) 0.466 (6/18) 0.316 

2 years 0.720 (6/31) 0.468 (6/18) 0.146 
*Wilcoxon signed-rank test 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
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Figure 2: Visual acuity of first and second eyes with CNVM. 1 

 2 
 3 
Error bars = 95% confidence interval 4 
 5 
 6 
Correlation between first and second eyes (Figure 3 and 4): 7 

There was no correlation between the visual acuity of either the first (Pearson 8 

correlation coefficient=0.007, P=0.951) or second eye (Pearson correlation 9 

coefficient=0.062, P=0.717) at the time of diagnosis of CNV compared to the 10 

other eye (Figures 3 and 4). There was also no correlation between whether a 11 

patient was being actively reviewed and the visual acuity of the second eye at 12 

the time of diagnosis of CNV in the second eye (point biserial correlation 13 

coefficient=0.112, P=0.504). 14 

 15 
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Figure 3: Scatter plot of visual acuity of first eye versus second eye at time of 1 
diagnosis of CNVM in first eye. 2 

 3 
 4 
Figure 4: Scatter plot of visual acuity of second eye versus first eye at time of 5 
diagnosis of CNVM in second eye. 6 

 7 
 8 

2.1.5 Discussion of Aim 1 9 

Our results show that Australian patients from a tertiary referral centre 10 

developing nAMD in both eyes tend to have a better visual acuity in their 11 

second eye compared to their first eye at presentation. Although the results 12 

from our study did not reach statistical significance they are consistent with 13 

previous reports from France,106 the United Kingdom107 and the Fight Retinal 14 

Blindness! Project.107  15 
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Chevreaud et al.106 reviewed the notes of 264 patients with nAMD from a 1 

single centre in France in January 2013 and reported that the presenting best 2 

corrected visual acuity in first eyes was 0.68 logMAR, whilst it was 0.36 3 

logMAR in second eyes. Zarranz-Ventura et al.107 reported on data from the 4 

multi-centre neovascular age-related macular degeneration database in the 5 

United Kingdom which involved 11,135 patients undergoing treatment for 6 

nAMD. They reported that the presenting visual acuity of first eyes was 0.66 7 

logMAR compared to 0.41 logMAR in second eyes.  8 

 9 

Data from the Fight Retinal Blindness! Project, which collectively analysed 10 

data from 1992 people from 13 Australian centres, 1 New Zealand centre and 11 

1 Swiss centre also showed a similar disparity between the presenting visual 12 

acuities of first and second eyes developing CNVM secondary to AMD.108 In 13 

this report first eyes had a mean visual acuity of 49.7 logMAR letters at 14 

baseline, whilst second eyes had a mean visual acuity of 61.2 logMAR letters 15 

at baseline. Although, the exact numbers of eyes from each contributing 16 

centre was not specifically published, there was a median of 104 eyes (range 17 

26 to 304) from each centre. Thus, the majority of participants came from 18 

Australian centres. Within the subset of Australian centres, 5 were private 19 

practices and 8 were academic centres. In contrast to the data from the Fight 20 

Retinal Blindness! Project, our data contains only Australian patients and is 21 

from one public clinic within Victoria, Australia. This provides complementary 22 

data to that published from the Fight Retinal Blindness! Project. 23 

 24 
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The long-term (up to 2 years) visual acuity outcome of nAMD managed at an 1 

Australian tertiary referral centre also tends to be better in second eyes 2 

compared to first eyes. Although these results did not reach statistical 3 

significance, they are consistent with the report from the large multi-centre 4 

United Kingdom study that show that long-term visual acuity is heavily 5 

dependent and positively associated with the presenting visual acuity of that 6 

particular eye.3 Furthermore, other studies have also shown that second eyes 7 

undergoing active treatment have a better long-term visual acuity than first 8 

eyes do. In the United Kingdom at three years after commencing treatment 9 

first eyes had an average visual acuity of 0.65 logMAR whilst second eyes 10 

had an average visual acuity of 0.56 logMAR.107 The Fight Retinal Blindness! 11 

Project reported that second eyes were on average 11.7 letters better than 12 

their corresponding first eye at 7 years.109 13 

 14 

Thus, although our results did not reach statistical significance, there is 15 

substantial evidence in the literature to support the notion that second eyes 16 

developing CNVM secondary to AMD tend to present with a better visual 17 

acuity than first eyes and consequently also do better in the long term. 18 

 19 

Using the data from our study, sample size calculations revealed that a 20 

population of 127 first eyes and 54 second eyes would be needed to show a 21 

difference in presenting visual acuity in first and second eyes to obtain a 22 

power of 0.8 with an alpha value of 0.05. This provides a guide to future 23 

studies looking to further assess the presenting visual acuities of CNVM 24 

secondary to AMD in Australian populations. 25 
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 1 

A particular weakness of our results was the conversion of Snellen visual 2 

acuity to logMAR visual acuity. This conversion was necessary in order to 3 

perform the relevant statistical tests. LogMAR visual acuity charts are based 4 

on the principles of 0.1 logMAR letter size progression, five letters per line, 5 

letters of similar legibility and per-letter scoring.110 In contrast, Snellen visual 6 

acuity charts have irregular size progression and have differing numbers of 7 

letters per line.111 Thus, converting from Snellen visual acuity to logMAR 8 

visual acuity will have some inherent inaccuracies. However, this was a 9 

retrospective review of clinical records and thus the form of the data was 10 

limited by what was routinely recorded clinically (i.e. Snellen visual acuity). 11 

Despite this limitation, we feel that the results are still valid as they are 12 

consistent with other published studies.106-109 13 

 14 

One of the key reasons for a poor visual acuity at presentation is thought to 15 

be related to a delay in presentation. Oliver-Fernandez et al. reported that 16 

elapsed time between diagnosis and treatment was significantly associated 17 

with vision loss.112 Another study by Muether et al. also reported that a delay 18 

from the decision to treat to the actual treatment administration was also 19 

associated with worsening visual acuity and increased central macular 20 

thickness measured by OCT.113 Lim et al. performed a prospective case 21 

series review and found that a delay of 21 weeks or more from initial symptom 22 

onset resulted in a significantly lower chance of improving vision at 6 months 23 

following intravitreal anti-VEGF therapy compared to those that presented 24 

within 7 weeks of symptom onset.114 It is therefore clear that a delay to 25 
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commencing treatment is correlated with a poorer visual outcome, which is 1 

likely due to the irreversible structural damage secondary to the CNVM. 2 

Therefore, in order maximise the benefits of intravitreal anti-VEGF agents it is 3 

important that clinicians are able to identify eyes that are about to develop a 4 

CNVM in order to adequately and closely monitor these eyes and thus 5 

allowing them to start treatment as soon as is possible thereby maximising 6 

visual outcome in the long term. 7 

 8 

Importantly, our results also show that in an Australian population second 9 

eyes developing CNVM secondary to AMD present with an average visual 10 

acuity of 6/21, while 18.4% are still presenting with a visual acuity of 6/48 or 11 

worse. This strongly suggests that there is still an opportunity to achieve 12 

better visual outcomes if treatment could be started earlier in the second eye 13 

if there was an ability to detect CNVM earlier in this already identified at risk 14 

population. Unfortunately, current home monitoring tools, such as the Amsler 15 

grid, are not robust enough to detect early change, have low sensitivity, and 16 

have been shown to have poor compliance rates.115, 116 Fine et al.116 reported 17 

that only 55% of the participants prescribed the Amsler grid were actually 18 

using it on a regular basis, while Schuchard et al.117 reported that nearly half 19 

of the scotomas identified by fundus perimetry were not identified by the 20 

Amsler grid. Currently, there is no accurate means of identifying the imminent 21 

development of CNVM secondary to AMD in eyes at highest risk other than 22 

frequent clinical monitoring which can be a substantial burden on resources 23 

given the prevalence of the disease. Due to the practical limitation of how 24 

often patients can be reviewed, the identification of a newly developed CNVM 25 
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is heavily dependent on patients self presenting and reporting a change in 1 

their own vision, which may be delayed. 2 

 3 

The need for a test that can accurately predict the development of CNVM 4 

before significant vision loss has occurred is obvious given the above 5 

mentioned results with intravitreal anti-VEGF agents which have clearly 6 

shown that intervention before irreversible changes occur provides the best 7 

chance for a good visual outcome.  8 

 9 

Structural markers of disease progression have been shown to have 10 

prognostic value in the development of both GA and CNVM secondary to 11 

AMD.9, 15, 57, 102 However, many of these structural changes are likely to be 12 

permanent and irreversible. In comparison, a functional marker may be able 13 

to identify risk of disease progression before permanent structural changes 14 

have occurred, opening the door for more timely intervention. 15 
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CHAPTER 3: AIM 2 1 

 2 

3.1.1 Hypothesis of Aim 2 3 

Reduced microperimetric macular sensitivity, or a decrease in microperimetric 4 

macular sensitivity over time, is associated with an increased risk of 5 

developing CNVM in an eye with large drusen whose fellow eye has CNVM 6 

secondary to AMD. 7 

3.1.2 Aim 2 8 

To determine if reduced macular function, or a decrease in macular function 9 

over time, as determined by microperimetry, can predict the development of 10 

CNVM in eyes with large drusen whose fellow eye has CNVM secondary to 11 

AMD. 12 

3.1.3 Methods for Aim 2 13 

Participants with unilateral CNVM secondary to AMD in one eye and large 14 

drusen in the other eye (study eye, group 1) were recruited prospectively from 15 

the medical retina clinics at the Royal Victorian Eye and Ear Hospital, East 16 

Melbourne, Victoria Australia between February and May 2014. Each patient 17 

was examined by a qualified ophthalmologist using a slit lamp biomicroscope 18 

and appropriate fundus lens. These findings were confirmed on multi-modal 19 

imaging by the author (JG) and a medical retinal specialist (RG) who were 20 

both masked. This study was approved by the Human Ethics Committee of 21 

the Royal Victorian Eye and Ear Hospital and was conducted in adherence 22 
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with the Declaration of Helsinki. Written informed consent was obtained from 1 

all participants before testing commenced.  2 

 3 

Inclusion criteria for group 1 (fellow eye with CNVM) 4 

• Age 50 years or older. 5 

• Large drusen (>125µm) in one eye (study eye) and CNVM in the fellow 6 

eye. 7 

• Visual acuity of at least 6/12.  8 

 9 

Exclusion criteria 10 

• Any evidence of neovascularisation or geographic atrophy in the study 11 

eye of participants of group 1. 12 

• Other ocular (e.g. high myopia, visually significant cataract, glaucoma, 13 

amblyopia, corneal pathology, other retinal pathologies), neurological 14 

(e.g. multiple sclerosis), systemic conditions (e.g. diabetes mellitus, 15 

uncontrolled hypertension) or medications known to affect vision were 16 

also excluded. 17 

• Poor view of the fundus. 18 

• No consent. 19 

• Unable to read or speak English. 20 

 21 

Study tests 22 

• Visual acuity  23 



 40 

o Recorded with a 6 metre Snellen chart, current refraction and a 1 

pinhole. The better of the two recordings was taken as the visual 2 

acuity for study purposes. 3 

 4 

• Microperiemetry 5 

o Microperimetry was performed on the study eye using the 6 

Macular Integrity Assessment microperimeter (MAIA Version 7 

2.0.0 – CenterVue, Padova, Italy) before any imaging or clinical 8 

examination to ensure no fundus bleaching had occurred. The 9 

MAIA uses a line-scanning laser ophthalmoscope with a super- 10 

luminescent diode illumination (wavelength 850nm). The entire 11 

fundus is used as a reference recorded at 25Hz. A red circle 12 

with a 1° diameter was used as the fixation target. Goldmann III 13 

stimuli (4mm2) were presented against a background of 1.27 14 

cd/m2 using a 4-2 threshold strategy.  15 

o A customised stimulus grid (Centre for Eye Research Australia 16 

AMD 6° grid, Figure 5) consisting of 37 test points located 17 

circumferentially at 0°, 1°, 2.33°, 4° and 6° from the centre of 18 

fixation was used to assess macular function (figure 5). This grid 19 

design provides slightly increased testing density towards the 20 

fovea to focus on the area of interest in AMD. Test reliability was 21 

assessed by the frequency of false-positive responses to 22 

suprathreshold stimuli presentations to the optic nerve head 23 

(blind spot), and any participant with false-positive responses 24 

>25% on any examination was excluded from the study.  25 
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o Two examinations were performed sequentially on the study eye 1 

with a 5-minute gap between tests. The first test results were 2 

disregarded, as there was likely to be a learning effect of 3 

performing microperimetry for the first time.118 Participants were 4 

not dark-adapted and the room light was switched off just prior 5 

to testing. 6 

 7 

Figure 5. Example of microperimetry custom grid superimposed on infrared 8 
fundus image as seen on the MAIA. 9 

 10 

 11 

• Timing of tests and reviews 12 

o All participants underwent microperimetry testing and a review 13 

of their clinical notes as described above, at baseline and at 14 

their clinical review closest to the 12 month mark (review 1) or 15 

until the study eye developed CNVM or GA. 16 

o If the study eye developed CNVM or GA between their baseline 17 

visit and review 1 no further tests or reviews were performed. 18 
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o A review (review 2) of the participants clinical notes closest to 18 1 

months post their recruitment date was performed to assess for 2 

the development of CNVM or GA in their study eye. 3 

o Detection of late AMD (GA or CNVM) was based on clinical 4 

examination performed in the medical retina clinic at the Royal 5 

Victorian Eye and Ear Hospital by a qualified ophthalmologist 6 

using a slit lamp biomicroscope and appropriate fundus lens. 7 

Additional investigations, including fluorescein angiography and 8 

SD-OCT, were performed to verify the presence of CNVM or 9 

GA. 10 

 11 

Statistical methods 12 

• Macular sensitivity and progression to late AMD 13 

o To determine if there are any associations between macular 14 

function and progression to late AMD regression analysis was 15 

performed for mean microperimetric sensitivity (univariate 16 

analysis) and in conjunction with gender, age, and smoking 17 

history (multivariate analysis) to determine their associations 18 

with the development of CNVM or GA. Fisher’s exact test was 19 

used when expected frequencies were less than five, and 20 

Pearson’s Chi-Square was used when expected frequencies 21 

were more than five. 22 

 23 

 24 

 25 
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• Statistical package 1 

o Statistical analyses were performed using commercially available 2 

statistical software (IBM SPSS Statistics, Version 20.0.0; 3 

IBM/SPSS, Inc., Chicago, IL). 4 

3.1.4 Results of Aim 2 5 

42 eyes met the inclusion criteria (Table 6). Average time between their 6 

baseline assessment and review 1 was 433.8 (SD 94.6) days. Average time 7 

between review 1 and review 2 was 189.0 days (SD 21.8). The total follow up 8 

time from baseline to review 2 (closest 18 month follow-up clinical notes 9 

review) was 550.9 days (SD 131.3). The mean microperimetric macular 10 

sensitivity at baseline for the entire group was 23.79dB (SD 3.48), and 11 

23.64dB (SD 4.48) at review 1. 12 

 13 

Table 6: Participant characteristics 14 
Characteristic Group 1 SD % 
Number 42  100 
Age 77.6 7.1  
Gender (Female) 16  38.1 
History of Smoking 24  57.1 
Visual acuity 6/7.6   
SD = standard deviation 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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 1 

Figure 6: Distribution of baseline mean microperimetric macular sensitivity. 2 

 3 

 4 

Between the baseline and review 1 visits 8 of the 42 study eyes (19.0%) 5 

developed late AMD. 5 (11.9%) of these eyes developed CNVM (Table 7) and 6 

3 (7.1%) eyes developed GA (Table 8). Average time to developing late AMD 7 

was 312.3 (SD 146.8) days. Average time to CNVM was 340.6 (SD 182.5) 8 

days and 265.0 (SD 58.6) days for GA. All eyes that developed late AMD had 9 

a mean microperimetric macular sensitivity of under 25dB (mean 23.38dB) at 10 

baseline. Between review 1 and review 2 no further eyes developed CNVM or 11 

GA.  12 

 13 

Table 7: Baseline characteristics of eyes developing CNVM during follow-up. 14 
Eye Age Sex Days VA Mean Sensitivity (dB) 
1 78 F 496 6/6 24.3 
2 85 F 504 6/7.5 21.2 
3 81 M 56 6/9 24.2 
4 79 M 304 6/5 24.6 
5 72 M 343 6/9 22.6 
Mean 79 40.0%  340.6 6/7.1 23.38 
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*Days = number of days from baseline review until the clinical diagnosis of 1 
CNVM. VA = Snellen visual acuity, Mean Sens = mean microperimetric 2 
macular sensitivity, F = female, M = male, Y = presence of structural lesion. 3 
Table 8: Baseline characteristics of eyes developing GA during follow-up. 4 
Eye Age Sex Days VA Mean Sensitivity (dB) 
1 70 F 331 6/6 17.6 
2 86 F 219 6/7.5 14 
3 78 M 245 6/6 21.2 
Mean 78 66.7% 265 6/6.5 17.6 
*Days = number of days from baseline review until the clinical diagnosis of 5 
CNVM. VA = Snellen visual acuity, Mean Sens = mean microperimetric 6 
macular sensitivity, F = female, M = male, Y = presence of structural lesion. 7 
 8 

Of the remaining 34 eyes that did not progress 5 (14.7%) were lost to follow 9 

up. The remaining 29 had an average follow-up clinic review at 181.6 (SD 10 

46.2) days post their second follow-up. (The details of the macular 11 

microstructural changes, microperimetric macular sensitivity and participant 12 

characteristics can be found in tables 20 to 22). 13 

 14 

Baseline characteristics and development of CNVM or GA: 15 

Univariate analysis revealed mean microperimetric sensitivity less than 25dB 16 

baseline was the only factor that was statistically significantly associated with 17 

the development of both CNVM and GA (P=0.035, Table 9). The other factors 18 

tested included age, gender and smoking. Univariate analysis of those who 19 

developed CNVM alone or GA alone revealed that no factors were found to 20 

be statistically significantly associated (Table 10 and Table 11). 21 

 22 

 23 

 24 

 25 

 26 
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 1 

Table 9: Risk factor at baseline for developing late AMD (CNV or GA, Fisher’s 2 
exact test) 3 
Risk Factor Progressed Not Progressed P 
Smoking history    

Positive 5 (62.5%) 19 (55.9%) 1.000 
Negative 3 (37.5%) 15 (44.1%)  

Sensitivity <25    
Positive 8 (100%) 19 (55.9%) 0.035 
Negative 0 (0%) 15 (44.1%)  

Gender    
Male 4 (50.0%) 21 (61.8%) 0.694 
Female 4 (50.0%) 13 (38.2%)  

 4 

Table 10: Risk factor at baseline for developing CNV only (Fisher’s exact test) 5 
Risk Factor Progressed Not Progressed P 
Smoking history    

Positive 2 (40.0%) 19 (55.9%) 0.647 
Negative 3 (60.0%) 15 (44.1%)  

Sensitivity <25    
Positive 5 (100%) 19 (55.9%) 0.136 
Negative 0 (0%) 15 (44.1%)  

Gender    
Male 3 (60.0%) 21 (61.8%) 1.000 
Female 2 (40.0%) 13 (38.2%)  

 6 

 7 

Table 11: Risk factor at baseline for developing GA only (Fisher’s exact test) 8 
Risk Factor Progressed Not Progressed P 
Smoking history    

Positive 3 (100.0%) 19 (55.9%) 0.257 
Negative 0 (0.0%) 15 (44.1%)  

Sensitivity <25    
Positive 3 (100%) 19 (55.9%) 0.257 
Negative 0 (0%) 15 (44.1%)  

Gender    
Male 1 (33.3%) 21 (61.8%) 0.554 
Female 2 (66.7%) 13 (38.2%)  

 9 

Multivariate linear regression revealed that microperimetric sensitivity less 10 

than 25dB was still the only factor that was statistically significantly associated 11 

with the development of either CNVM or GA collectively (P=0.045, Table 12). 12 
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No factors on multivariate linear regression were found to be associated with 1 

the development of CNVM or GA separately (Tables 13 and 14). 2 

 3 

Table 12: Multivariate linear regression in those that developed CNVM or GA 4 
in the study eye. 5 

Factor Beta 
Coefficient P 95% CI 

Sensitivity <25 -0.290 0.045 -0.573, -0.007 
Age -0.002 0.830 -0.021, 0.017 
Visual acuity -0.621 0.365 -1.994, 0.751 
Gender -0.035 0.776 -0.285, 0.214 
Smoking   -0.003 0.359 -0.010, 0.004 
*95% CI = 95% confidence interval, P = p-value, smoking in pack years 6 

 7 

Table 13: Multivariate linear regression analysis in those that developed 8 
CNVM. 9 

Factor Beta 
Coefficient P 95% CI 

Sensitivity <25 -0.212 0.123 -0.485, 0.060 
Age -0.001 0.881 -0.019, 0.017 
Visual acuity -0.142 0.834 -1.513, 1.229 
Gender 0.001 0.995 -0.224, 0.245 
Smoking  -0.142 0.834 -1.513, 1.229 
*95% CI = 95% confidence interval, P = p-value, smoking in pack years 10 

 11 

Table 14: Multivariate linear regression analysis in those that developed GA. 12 

Factor Beta 
Coefficient P 95% CI 

Sensitivity <25 -0.123 0.259 -0.341, 0.095 
Age -0.001 0.930 -0.0.16, 0.014 
Visual acuity -0.568 0.303 -1.675, 0.538 
Gender -0.068 0.488 -0.265, 0.129 
Smoking  -0.001 0.767 -0.006, 0.538 
*95% CI = 95% confidence interval, P = p-value, smoking in pack years 13 

 14 

The odds ratios of RPD (1.316; CI 0.270, 6.410), nGA (5.333; CI 0.624, 15 

45.565), age > 75 (1.950; CI 0.380, 10.013), female gender (1.615; CI 0.343, 16 

7.603) and smoking (1.316; 0.270, 6.410) all had 95% confidence intervals 17 
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spanning 1.0 (Table 25). Note the odds ratio for microperimetric sensitivity 1 

could not be calculated as there were no eyes with a sensitivity of over 25dB 2 

that progressed to either CNV or GA within the follow-up period. The 3 

sensitivity of developing either CNVM or GA collectively is 100% for an eye 4 

with an average microperimetric macular sensitivity under 25dB while the 5 

specificity is 78.9% within the follow-up period. The risk of developing late 6 

AMD in this cohort was 0.31 if average microperimetric macular sensitivity 7 

was under 25dB. 8 

 9 

Table 15: Odds and odds ratios for developing CNV or GA collectively. 10 
Factor Risk Odds Odds Ratio 95% CI 
Sensitivity <25dB 0.31 0.44 *  
Age >75 0.19 0.24 1.950 0.380, 10.013 
Female 0.25 0.33 1.615 0.343, 7.603 
Smoking  0.21 0.26 1.316 0.270, 6.410 
*No odds ratio available as no eye with a sensitivity greater than 25 11 
developed CNV or GA. 95% CI = 95% confidence interval for odds ratio. 12 
 13 

Change in average microperimetric macular sensitivity over time: 14 

No clinically significant change in average microperimetric sensitivity was 15 

noted between baseline and review 1 (average change was -0.23dB, 16 

SD=2.24). As a result, no association was found between baseline average 17 

macular sensitivity and change of macular sensitivity over time (P=0.579). 18 

Furthermore, as no further eyes developed CNVM or GA between the second 19 

and third reviews no association between change in microperimetric macular 20 

sensitivity and risk of disease progression could be made. 21 

 22 
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3.1.5 Discussion of Aim 2 1 

11.9 % of eyes in our cohort developed CNVM and 7.1% developed GA within 2 

the first follow-up period (average 433.8 days). The rate of progression in our 3 

cohort is consistent with previous findings of disease progression in eyes 4 

whose fellow eye has established CNVM secondary to AMD in which eyes 5 

developed CNVM in 36% and GA in 14% over an average 2.5 year follow-up 6 

period.15  7 

 8 

Interestingly, all eyes that progressed to late AMD had an average 9 

microperimetric macular sensitivity of under 25dB. From our cohort and our 10 

follow-up the risk of progressing to late AMD was 0.31 in fellow eyes with 11 

large drusen in those with unilateral nAMD over an average 550.9 days. A 12 

strong association between mean microperimetric macular sensitivity and the 13 

development of late AMD was shown on univariate and multivariate analysis, 14 

which is consistent with previous reports suggesting that reduced macular 15 

function may predict the development of either CNVM or GA secondary to 16 

AMD.71, 72 However, this association was lost when looking at the 17 

development of CNVM or GA separately. Thus, microperimetric macular 18 

sensitivity may be an effective marker of global disease progression but may 19 

not be able to discriminate between the development of CNVM or GA. The 20 

loss of association on multivariate analysis may also be a reflection of the 21 

relatively small size of our cohort, and may require a larger population to show 22 

the true relationship between microperimetric macular function and 23 

progression to either CNVM or GA.  24 

 25 
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With rapidly progressing imaging technology, such as SD-OCT, FAF, and FIR, 1 

becoming increasingly available to clinicians, it would be interesting to see if 2 

such decreases in microperimetric macular sensitivity related to those that go 3 

on to develop late AMD is at all related to anatomical structural retinal 4 

changes. Wu et al. has recently reported on the associations between 5 

microperimetric retinal sensitivity and various anatomical changes in the retina 6 

such as EZ band disruption and drusen,66 therefore it is possible that 7 

structural changes may explain the reduced function seen in those who 8 

ultimately progress to late AMD. If the reduced microperimetric macular 9 

function can be explained by structural changes seen on imaging, then 10 

imaging may prove to be a more convenient and reliable technique to monitor 11 

patients, as it is objective and usually quicker to perform than functional tests. 12 

Alternatively, if structural changes do not fully explain the functional deficit 13 

then functional tests such as microperimetry may play a key role in 14 

prognosticating eyes with AMD and monitoring macular function with 15 

microperimetry may be a means to identify the progression in the underlying 16 

disease process before irreversible structural damage has occurred.  17 

 18 

If the latter were true, then this would provide the impetus to implement 19 

functional testing, such as the MAIA, into clinical practice to better 20 

prognosticate and guide patients. From the data presented above it would 21 

seem that macular microperimetry may be able to further risk stratify patients 22 

with established CNVM secondary to AMD in their fellow eye. This could 23 

potentially allow for resources to be utilised more effectively either by more 24 
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effective monitoring efforts or used as a tool to emphasise the importance of 1 

self-monitoring to those at greatest risk.  2 

 3 

From a practical point of view, it seems entirely possible and reasonable that 4 

macular microperimetry might be incorporated into clinical practice in a similar 5 

fashion as to how automated perimetry is utilised in glaucoma management. 6 

The duration of the test depends on the patient, the microperimeter, the 7 

stimulus grid and the software used. As an example, in our study protocol the 8 

test duration would normally last approximately 5 to 7 minutes, which is not 9 

too dissimilar in duration to a Humphrey visual field test. It does require a staff 10 

member to explain and oversee the test, which is again very similar to that of 11 

automated perimetry used in glaucoma.  12 

 13 

An added benefit of implementing macular microperimetry into routine clinical 14 

practice is that it could potentially allow for much greater data collection 15 

thereby refining the prognostic value of such testing even further.  16 

 17 

Although it is currently unclear exactly what role macular microperimetry will 18 

play in the future in terms of prognostication, it is likely that a combination of 19 

anatomical and functional markers will need to be considered to better predict 20 

a final risk for the development of late AMD.57 21 
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CHAPTER 4: AIM 3 1 

 2 

4.1.1 Aim 3 3 

To determine if macular structure-function relationships explain the reduced 4 

microperimetric macular sensitivity in fellow eyes with large drusen that 5 

ultimately go on to develop late AMD of people with unilateral CNVM 6 

secondary to AMD in their other eye. 7 

 8 

4.1.2 Hypothesis of Aim 3 9 

Structural changes, such as drusen, EZ band disruption, HF, RPD and nGA, 10 

are independently associated with decreased retinal function, which partially 11 

explain the reduced microperimetric retinal sensitivity seen in eyes that 12 

progress to late AMD from Aim 2. 13 

 14 

4.1.3 Methods for Aim 3 15 

Group 1 from Aim 2 was also used in Aim 3. This consisted of participants 16 

with unilateral CNVM secondary to AMD in one eye and large drusen 17 

(>125µm) in the other eye (study eye). They were recruited prospectively from 18 

the medical retina clinics at the Royal Victorian Eye and Ear Hospital, East 19 

Melbourne, Victoria Australia between February and May 2014. Participants 20 

with bilateral large drusen (>125 µm, intermediate AMD) in both eyes (group 21 

2) were recruited as a comparison group from the Macular Research Unit, 22 

Centre for Eye Research Australia, as part of a natural history study of AMD. 23 
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This study was approved by the Human Ethics Committee of the Royal 1 

Victorian Eye and Ear Hospital and was conducted in adherence with the 2 

Declaration of Helsinki. Written informed consent was obtained from all 3 

participants before testing commenced.  4 

Inclusion criteria for group 1 (case group - fellow eye has CNVM) 5 

• Age 50 years or older. 6 

• Large drusen (>125µm) in one eye (study eye) and CNVM in the fellow 7 

eye. 8 

• Visual acuity of at least 6/12.  9 

Inclusion criteria for group 2 (reference group – bilateral large drusen) 10 

• Age 50 years or older.  11 

• Large drusen (>125µm) in both eyes.  12 

• Visual acuity of at least 6/12.  13 

• The study eye was chosen to be the right eye by default.  14 

Exclusion criteria for groups 1 and 2 15 

• Any evidence of neovascularisation or geographic atrophy in the fellow 16 

eye of participants of group 1 or in either eye in group 2.  17 

• Other ocular (e.g. high myopia, visually significant cataract, glaucoma, 18 

amblyopia, corneal pathology, other retinal pathologies), neurological 19 

(e.g. multiple sclerosis), systemic conditions (e.g. diabetes mellitus, 20 

uncontrolled hypertension) or medications known to affect vision were 21 

also excluded. 22 

• Poor view of the fundus. 23 

• No consent. 24 

• Unable to read or speak English. 25 
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 1 

Study tests 2 

• Visual acuity  3 

o Recorded with a 6 metre Snellen chart, current refraction and a 4 

pinhole. The better of the two recordings was taken as the visual 5 

acuity for study purposes. 6 

• Microperiemetry 7 

o The microperimetry results from Aim 2 were used in Aim 3. See 8 

3.1.3 for details. 9 

o Microperimetry was performed on the study eye using the MAIA 10 

microperimeter (version 2.0.0 – CenterVue, Padova, Italy) 11 

before any imaging or clinical examination to ensure no fundus 12 

bleaching had occurred. A red circle with a 1° diameter was 13 

used as the fixation target. Goldmann III stimuli (4mm2) were 14 

presented against a background of 1.27 cd/m2 using a 4-2 15 

threshold strategy. 16 

o A customised stimulus grid (Centre for Eye Research Australia 17 

AMD 6° grid) consisting of 37 test points located 18 

circumferentially at 0°, 1°, 2.33°, 4° and 6° from the centre of 19 

fixation was used to assess macular function (figure 5).  20 

o Any participant with false-positive responses >25% on any 21 

examination was excluded from the study.  22 

o Two examinations were performed sequentially on the fellow 23 

eye with a 5-minute gap between tests. The first test results 24 

were disregarded, as there was likely to be a learning effect of 25 
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performing microperimetry for the first time.118 Participants were 1 

not dark-adapted and the room light was switched off just prior 2 

to testing. 3 

o The macular sensitivity along the middle horizontal line 4 

consisting of 9 points were studied for point specific 5 

associations. 6 

 7 

• Multimodal imaging 8 

o All participants from groups 1 and 2 underwent multimodal 9 

imaging, including SD-OCT, fundus autoflourescence (FAF), 10 

and fundus infrared reflectance (FIR).  11 

o SD-OCT was performed using a Spectralis HRA+OCT 12 

(Heidelberg Engineering, Heidelberg, Germany). The minimum 13 

acquisition protocol included a high resolution 20° X 10° volume 14 

scan consisting of 38 B scans with 25 A scans per B scan. Each 15 

B scan was separated by 120µm intervals. This ensured that the 16 

areas measured by microperimetry were imaged by SD-OCT. 17 

o The Spectralis HRA+OCT was also used to obtain the fundus 18 

infrared reflectance (FIR) (820nm) image and the FAF using the 19 

blue peak autoflourescence mode. This was performed after all 20 

other tests to ensure retinal function was not adversely affected 21 

by possible bleaching of the retinal photoreceptors. 22 

• Timing of tests 23 

o All participants underwent microperimetry testing and 24 

multimodal imaging, as described above, at baseline. 25 
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• Grading 1 

o Grading was performed independently by two graders, the 2 

author (JG) and by a medical retinal specialist (RG), to ensure 3 

all participants met the inclusion and exclusion criteria. 4 

o Each imaging modality of each patient was deidentified in order 5 

to mask the graders. 6 

o Both graders were masked to the macular microperimetry 7 

results. 8 

o If there was a disagreement in the grading, the matter was 9 

resolved by open adjudication between the two graders. 10 

o Percentage agreement and Cohen’s kappa coefficient were 11 

calculated to determine interobserver variability. 12 

o All multimodal images were graded for features of AMD as 13 

follows: 14 

! Drusen / drusenoid RPE elevation:  15 

• SD-OCT images were used to determine the 16 

presence and size of drusenoid RPE elevations. 17 

! Hyperreflective foci: 18 

• HF are defined as discrete, well-circumscribed 19 

lesions with greater reflectivity than the retinal 20 

pigment epithelium band, which are highly 21 

backscattering, and are positioned within the 22 

neurosensory retina as seen on SD-OCT.100  23 

! Reticular pseudodrusen: 24 
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• RPD had to be identified on FAF, NIR and SD- 1 

OCT to be considered to be present, if not they 2 

were considered to be absent. 3 

• The following diagnostic criteria had to be met for 4 

all imaging modalities for RPD to be considered 5 

present. 6 

• On FAF, RPD were defined as a network of five or 7 

more round and/or oval lesions that were 8 

characterised by decreased FAF signal 9 

surrounded by mildly increased FAF signals. 10 

• On NIR, RPD were defined as a network of five or 11 

more hyporeflective lesions present against a 12 

mildly hyperreflective background. 13 

• On SD-OCT, RPD were defined as hyperreflective 14 

triangular lesions projecting into the subretinal 15 

space.16 16 

• FAF was used to determine the retinal area 17 

involved affected by RPD by using the area tool on 18 

the Heidelberg Eye Explorer. This was limited by 19 

the area of the FAF image. 20 

! Nascent geographic atrophy: 21 

• The presence of nGA was defined on SD-OCT as 22 

subsidence of the outer plexiform layer and inner 23 

nuclear layer, towards a region of RPE disruption, 24 
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with a hyporeflective wedge-shaped band within 1 

the limits of the OPL.102 2 

 3 

• Correlating microperimetry to imaging findings: 4 

o Structural landmarks, such as the retinal vasculature, was used to 5 

correlate microperimetric point retinal sensitivities to structural 6 

changes seen on multimodal imaging (Figure 7). 7 

 8 

Figure 7: Point-by-point analysis of structural changes in areas sampled by 9 
microperimetry showing SD-OCT B scan correlated to microperimetry. 10 

 11 

Statistical analysis: 12 

• Participant characteristics and structural features of eyes 13 

o An independent samples T-test for continuous variables and 14 

Pearson Chi-Square test was used to initially determine if there 15 

were any difference in participant characteristics, prevalence of 16 

structural changes in case and reference eyes separately. No 17 

differences were identified and therefore further analysis was not 18 

performed. 19 

 20 

• Mean macular sensitivity 21 

o A univariate and multivariate linear regression analysis was 22 

performed to determine if there were any associations between 23 
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participant characteristics or structural changes and mean macular 1 

sensitivity at baseline. 2 

o A univariate and multivariate linear regression analysis was also 3 

performed to assess for potential associations between 4 

microperimetric macular sensitivity, structural changes, and 5 

progression to CNVM. 6 

 7 

• Point-to-point sensitivity 8 

o A univariate analysis was performed via a generalised estimating 9 

equation to first determine any univariate associations between 10 

participant characteristics, structural features and macular point 11 

sensitivity. 12 

o  A multivariate analysis was then performed on those features 13 

found to be associated on univariate analysis via a generalised 14 

estimating equation. 15 

 16 

• Statistical package 17 

o Statistical analyses were performed using commercially available 18 

statistical software (IBM SPSS Statistics, Version 20.0.0; 19 

IBM/SPSS, Inc., Chicago, IL). 20 

 21 

4.1.4 Results of Aim 3 22 

Participant characteristics (Table 16): 23 

42 unilateral nAMD cases and 33 age-matched bilateral intermediate AMD 24 

reference participants were recruited. They had an average age of 77.8 and 25 
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79.3 respectively. There was a slightly higher proportion of females in the 1 

reference group than the case group (51.5% compared to 40.9%), although 2 

this was not statistically significant. The proportion of participants that had a 3 

history of smoking was similar (57.6% compared to 59.1%) and was also not 4 

statistically different. There was no statistical difference between the visual 5 

acuities between the two groups. 6 

 7 
Table 16: Participant characteristics. 8 
Characteristic Group 1 Group 2 P* 

Number 42 33  
Age 77.6 (SD 7.1) 79.3 (SD 6.6) 0.276 
Gender (Female) 16 (38.1%) 17 (51.5%) 0.245 
History of Smoking 24 (57.1%) 19 (57.6%) 0.970 
Visual acuity 6/7.6 6/7.1 0.521 
*Independent samples T-test for continuous variables (age), Pearson Chi- 9 
Square test for categorical variables (gender and smoking). 10 
 11 

Interobserver agreement (Table 17): 12 

All structures graded for had a high agreement (>92%) between the two 13 

graders and a high Kappa score (≥0.75). 14 

 15 
Table 17: Interobserver agreement of multi-modal imaging grading. 16 
Structural feature Agreement Kappa 
RPE elevation 95.59% 0.88 
HF 92.65% 0.85 
RPD 92.65% 0.85 
nGA 95.59% 0.75 
 17 

Multimodal imaging findings (Table 18): 18 

The overall prevalence of HF and RPD in group 1 and group 2 were very 19 

similar with no statistical difference identified. Only 2 cases of nGA were 20 

identified, both of which were in group 1. RPD area was slightly higher in 21 

group 1 compared to group 2 (14.09mm2 compared to 8.62mm2); however, 22 

this did not reach statistical significance. 23 
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 1 

Table 18: Overall presence or absence of structural abnormalities on 2 
multimodal imaging. 3 
Structural lesion Group 1 Group 2 P* 

RPE Elevation 42 (100%) 33 (100%)  
HF 27 (65.3%) 22 (66.7%) 0.830 
RPD 18 (42.4%) 14 (42.9%) 0.970 
RPD Area (mm2) 11.16 (14.09) 8.62 (8.93) 0.346 
nGA 2 (4.8%) 0 (0.0%) 0.204 
*Independent T-test for continuous variables, Pearson Chi-Square test for 4 
categorical variables. 5 
 6 

Mean macular sensitivity: 7 

Mean macular sensitivity was significantly lower in group 1 (23.8 dB) 8 

compared group 2 (25.9 dB, P=0.001) at baseline (Figure 8).  9 

Univariate linear regression analysis of group 1 and group 2 together revealed 10 

that the presence of RPD, RPD area, age, and presence of CNV in the fellow 11 

eye were all statistically significantly associated with mean macular sensitivity 12 

(P<0.05) (Table 19). These associations were maintained when considering 13 

group 1 separately (Table 20). In contrast, when considering group 2 14 

separately, increasing age was the only factor that was significantly 15 

associated with a lower mean macular sensitivity (Table 21). 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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Figure 8: Mean microperimetric macular sensitivity in case and reference 1 
group. 2 
 3 

 4 
 5 
Table 19: Univariate linear regression analysis between presence of HF, 6 
RPD, RPD Area, presence of nGA and age with mean microperimetric 7 
macular sensitivity in group 1 and group 2 collectively. 8 

Factor Beta 
Coefficient P 95% CI 

HF -0.188 0.105 -2.555, 0.249 
RPD -0.272 0.018 -2.922, -0.278 
RPD Area -0.351 0.002 -0.138, -0.032 
nGA -0.038 0.743 -4.909, 3.519 
Age -0.243 0.036 -0.200, -0.007 
Gender -0.101 0.387 -1.956, 0.767 
Smoking (pack years) 0.121 0.299 -0.016, 0.051 
CNV in fellow eye -0.361 0.001 -3.393, -0.840 
 9 
 10 
Table 20: Univariate linear regression analysis between presence of HF, 11 
RPD, RPD Area, presenece of nGA, age and history of smoking with mean 12 
microperimetric macular sensitivity in group 1 only.  13 

Factor Beta 
Coefficient P 95% CI 

HF -0.212 0.177 -3.772, 0.717 
RPD -0.328 0.034 -4.385, -0.182 
RPD Area -0.367 0.017 -0.164, -0.17 
nGA 0.017 0.917 -4.901, 5.436 
Age -0.311 0.045 -0.302, -0.004 
Gender -0.268 0.086 -4.084, 0.283 
Smoking (pack years) 0.096 0.546 -0.043, 0.081 

P=0.001 
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 1 
Table 21: Univariate linear regression analysis between presence of HF, 2 
RPD, RPD Area, age and history of smoking with mean microperimetric 3 
macular sensitivity in group 2. nGA was not present. 4 

Factor Beta 
Coefficient P 95% CI 

HF -0.196 0.275 -1.521, 0.448 
RPD -0.286 0.106 -1.666, 0.170 
RPD Area -0.220 0.219 -0.085, 0.020 
nGA - - - 
Age -0.418 0.015 -0.150, -0.017 
Gender 0.122 0.500 -0.625, 1.255 
Smoking (pack years) -0.093 0.608 -0.027, 0.016 
 5 

On multivariate analysis RPD area, age, and presence of CNV in the fellow 6 

eye continued to have a statistically significant association with mean 7 

sensitivity (Table 22). This was maintained when looking at group 1 8 

separately (Table 23) but when looking at group 2 separately, age was the 9 

only significant factor (Table 24). Multivariate analysis was repeated to to 10 

include smoking and gender and resulted with the same associations. 11 

 12 

Table 22: Multivariate linear regression analysis including factors found to be 13 
associated on univariate analysis (RPD Area, age, CNV in fellow eye) with 14 
mean microperimetric macular sensitivity in group 1 and group 2. 15 

Factor Beta 
Coefficient P 95% CI 

RPD Area -0.290 0.005 -0.119, -0.22 
Age -0.264 0.011 -0.198, -0.027 
Presence of CNV in 
the fellow eye -0.364 0.001 -3.317, -0.954 

 16 

Table 23: Multivariate linear regression analysis including RPD Area and age 17 
with mean microperimetric macular sensitivity in group 1. 18 

Factor Beta 
Coefficient P 95% CI 

RPD Area -0.351 0.018 -0.158, -0.016 
Age -0.292 0.046 -0.284, -0.003 
 19 

 20 
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Table 24: Multivariate linear regression analysis including RPD Area and age 1 
with mean microperimetric macular sensitivity in group 2. 2 

Factor Beta 
Coefficient P 95% CI 

RPD Area -0.140 0.411 -0.071, 0.030 
Age -0.389 0.027 -0.146, -0.009 
 3 

Point sensitivity: 4 

Univariate analysis (generalised estimating equation) of group 1 and group 2 5 

together revealed that HF, RPD, drusenoid RPE elevation, EZ band 6 

disruption, the presence of CNV in the fellow eye, age and point eccentricity 7 

were all significantly associated with point retinal sensitivity (Table 25). 8 

 9 

Table 25: Univariate analysis in point-to-point analysis between 10 
microperimetric point sensitivity and various risk factors in group 1 and group 11 
2 collectively.  12 

Factor Wald Chi- 
Square    P 

HF 23.164 <0.001 
RPD 6.018 0.014 
RPE elevation 61.021 <0.001 
EZ band disruption 53.233 <0.001 
CNV fellow eye 7.117 0.008 
Age 7.735 0.005 
Gender 2.898 0.089 
Smoking (pack 
years) 1.179 0.278 

Point eccentricity 25.986 0.001 
(Generalised estimating equation) 13 
 14 

Multivariate analysis (generalised estimating equation) of factors that were 15 

significantly associated on univariate analysis revealed that all the factors, 16 

except RPD, maintained their statistically significant associations (Table 26).  17 

 18 

 19 
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Table 26: Multivariate analysis between microperimetric point sensitivity and 1 
risk factors found to be significantly associated on univariate analysis in group 2 
1 and group 2 collectively. 3 

Factor Wald Chi- 
Square    P 

HF 6.070 0.014 
RPD 1.629 0.202 
RPE elevation 9.818 0.002 
EZ disruption 26.906 <0.001 
CNV fellow eye 18.759 <0.001 
Age 22.832 <0.001 
Point eccentricity 37.204 <0.001 
 (Generalised estimating equation) 4 
 5 

When group 1 and group 2 were analysed separately different associations 6 

were found. In group 1 drusenoid RPE elevation and RPD was no longer 7 

significantly associated with point retinal function (Table 27). In comparison, in 8 

group 2 HF was no long statistically associated, while RPD was (Table 28). 9 

 10 

Table 27: Multivariate analysis between microperimetric point sensitivity and 11 
risk factors found to be significantly associated in group 1. 12 

Factor Wald Chi- 
Square    P 

HF 6.694 0.010 
RPD 2.283 0.131 
RPE elevation 0.047 0.829 
EZ disruption 17.555 0.001 
Age 9.872 0.002 
Point eccentricity 23.277 0.003 
(Generalised estimating equation) 13 
 14 

Table 28: Multivariate analysis between microperimetric point sensitivity and 15 
risk factors found to be significantly associated in group 2. 16 

Factor Wald Chi- 
Square    P 

HF 2.708 0.100 
RPD 5.134 0.023 
RPE elevation 23.671 <0.001 
EZ disruption 17.464 0.001 
Age 19.629 <0.001 
Point eccentricity 72.823 <0.001 
 (Generalised estimating equation)  17 
 18 
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Structural changes and progression to late AMD 1 

Of the five eyes within group 1 that developed CNVM within the follow-up 2 

period, all had HF (100%), one had nGA (20.0%), and three had RPD (60.0%, 3 

Table 29). In the three eyes that developed GA two had HF (66.7%), one had 4 

nGA (33.3%) and two had RPD (66.7%, Table 30). 5 

 6 

Table 29: Baseline structural characteristics of eyes developing CNVM during 7 
follow-up. 8 

Eye Age Sex Days RPD area 
(mm2) HF nGA Mean Sens 

(dB) 
1 78 F 496 3.4 Y Y 24.3 
2 85 F 504 55.02 Y 0 21.2 
3 81 M 56 3.31 Y 0 24.2 
4 79 M 304 0 Y 0 24.6 
5 72 M 343 0 Y 0 22.6 
Mean 79 40.0%  340.6 12.35 100% 20% 23.38 
*Days = number of days from baseline review until the clinical diagnosis of 9 
CNVM. RPD area = area covered by reticular pseudodrusen, HF = 10 
hyperreflective foci, nGA = nascent geographic atrophy, Mean Sens = mean 11 
microperimetric macular sensitivity, F = female, M = male, Y = presence of 12 
structural lesion. 13 
 14 

Table 30: Baseline characteristics of eyes developing GA during follow-up. 15 

Eye Age Sex Days RPD area 
(mm2) HF nGA Mean Sens 

(dB) 
1 70 F 331 19.02 1 1 17.6 
2 86 F 219 0 0 0 14 
3 78 M 245 32.12 1 0 21.2 

Mean 78 66.7% 265 17.00 66.7
% 

33.3
% 17.6 

*Days = number of days from baseline review until the clinical diagnosis of 16 
CNVM. RPD area = area covered by reticular pseudodrusen, HF = 17 
hyperreflective foci, nGA = nascent geographic atrophy, Mean Sens = mean 18 
microperimetric macular sensitivity, F = female, M = male, Y = presence of 19 
structural lesion. 20 
 21 

The presence or absence of structural lesions (RPD, HF, nGA) and the 22 

number progressing to either CNV or GA are shown in Tables 31 to 33. Of 23 

these, HF was the only factor found to be significantly associated with the 24 
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progression to either CNV or GA collectively, or CNV alone. None of the 1 

structural factors were found to be associated with the development of GA 2 

alone (Table 33). 3 

 4 

Table 31: Structural risk factors at baseline for developing late AMD (CNV or 5 
GA, Fisher’s exact test) 6 
Risk Factor Progressed Not Progressed P 
RPD    

Positive 5 (62.5%) 19 (55.9%) 1.000 
Negative 3 (37.5%) 15 (44.1%)  

HF    
Positive 7 (87.5%) 11 (32.4%) 0.013 
Negative 1 (12.5%) 23 (67.6%)  

nGA    
Positive 2 (25.0%) 2 (5.9%) 0.158 
Negative 6 (75.0%) 32 (94.1%)  

 7 

Table 32: Risk factor at baseline for developing CNV only (Fisher’s exact test) 8 
Risk Factor Progressed Not Progressed P 
RPD    

Positive 3 (60.0%) 19 (55.9%) 1.000 
Negative 2 (40.0%) 15 (44.1%)  

HF    
Positive 5 (100.0%) 11 (32.4%) 0.008 
Negative 0 (0.0%) 23 (67.6%)  

nGA    
Positive 1 (20.0%) 2 (5.9%) 0.345 
Negative 4 (80.0%) 32 (94.1%)  

 9 

Table 33: Risk factor at baseline for developing GA only (Fisher’s exact test) 10 
Risk Factor Progressed Not Progressed P 
RPD    

Positive 1 (33.3%) 19 (55.9%) 1.000 
Negative 2 (66.7%) 15 (44.1%)  

HF    
Positive 2 (66.7%) 11 (32.4%) 0.278 
Negative 1 (33.3%) 23 (67.6%)  

nGA    
Positive 1 (33.3%) 2 (5.9%) 0.230 
Negative 2 (66.7%) 32 (94.1%)  

 11 
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To further assess the relationship between structural factors, microperimetric 1 

sensitivity and the development of CNVM or GA two multivariate models were 2 

run. The first multivariate model (model 1) contained the structural factors HF, 3 

nGA, RPD area and mean microperimetric sensitivity less than 25dB as well 4 

as age, gender and smoking (Tables 34, 36, 38). The second multivariate 5 

model (model 2) had mean microperimetric sensitivity instead of mean 6 

microperimetric sensitivity less than 25dB (Tables 35, 37, 39). From these 7 

analyses it can be seen that in model 1 HF was the only factor significantly 8 

associated with the development of CNVM or GA and CNVM alone. No 9 

factors were found to be associated with the development of GA alone in 10 

model 1. In model 2 both HF and mean microperimetric macular sensitivity 11 

were associated with the development of CNVM or GA, while HF alone was 12 

associated with the development of CNVM alone, and mean microperimetric 13 

macular sensitivity was associated with the development of GA alone. 14 

 15 
Table 34: Multivariate linear regression analysis of those that developed 16 
CNVM or GA in the study eye, model 1. 17 

Factor Beta 
Coefficient P 95% CI 

HF 0.312 0.039 0.017, 0.607 
nGA 0.051 0.817 -0.398, 0.501 
RPD area -0.004 0.388 -0.014, 0.006 
Sensitivity <25dB 0.197 0.174 -0.091, 0.486 
Age -0.001 0.914 -0.020, 0.018 
Gender -0.062 0.635 -0.325, 0.201 
Smoking  -0.003 0.361 -0.010, 0.004 
*95% CI = 95% confidence interval, P = p-value, Gender male, Smoking in 18 
pack years. 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
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 1 
 2 
 3 
Table 35: Multivariate linear regression analysis of those that developed 4 
CNVM or GA, model 2. 5 

Factor Beta 
Coefficient P 95% CI 

HF 0.372 0.009 0.099, 0.646 
nGA -0.002 0.993 -0.440, 0.436 
RPD area -0.007 0.173 -0.017, 0.003 
Mean Sensitivity -0.042 0.039 -0.081, -0.002 
Age -0.002 0.815 -0.019, 0.015 
Gender -0.002 0.985 -0.265, 0.260 
Smoking  -0.003 0.405 -0.017, 0.003 
*95% CI = 95% confidence interval, P = p-value, Gender male, Smoking in 6 
pack years. 7 
 8 

Table 36: Multivariate linear regression of those that developed CNVM, model 9 
1. 10 

Factor Beta 
Coefficient P 95% CI 

HF 0.323 0.015 0.068, 0.578 
nGA -0.054 0.802 -0.492, 0.384 
RPD area -0.005 0.273 -0.014, 0.004 
Sensitivity <25dB 0.120 0.336 -0.131, 0.371 
Age 0.001 0.941 -0.016, 0.017 
Gender 0.029 0.807 -0.270, 0.212 
Smoking  -0.003 0.298 -0.131, 0.371 
*95% CI = 95% confidence interval, P = p-value Gender male, Smoking in 11 
pack years. 12 
 13 

Table 37: Multivariate linear regression of those that developed CNVM, model 14 
2. 15 

Factor Beta 
Coefficient P 95% CI 

HF 0.357 0.006 0.109, 0.605 
nGA -0.056 0.801 -0.278, 0.216 
RPD area -0.006 0.246 -0.015, 0.004 
Mean Sensitivity -0.009 0.684 -0.051, 0.034 
Age 0.003 0.731 -0.014, 0.019 
Gender -0.031 0.801 -0.278, 0.216 
Smoking  -0.003 0.305 -0.009, 0.003 
*95% CI = 95% confidence interval, P = p-value Gender male, Smoking in 16 
pack years. 17 
 18 

 19 
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Table 38: Multivariate linear regression of those that developed GA, model 1. 1 

Factor Beta 
Coefficient P 95% CI 

HF 0.032 0.708 -0.922, 1.339 
nGA 0.194 0.329 -0.205, 0.593 
RPD area <0.001 0.984 -0.010, 0.010 
Sensitivity <25dB 0.110 0.341 -0.122, 0.342 
Age -0.002 0.748 -0.018, 0.013 
Gender -0.049 0.635 -0.260, 0.161 
Smoking  <0.001 0.341 -0.122, 0.342 
*95% CI = 95% confidence interval, P = p-value Gender male, Smoking in 2 
pack years. 3 
 4 

Table 39: Multivariate linear regression of those that developed GA, model 2. 5 

Factor Beta 
Coefficient P 95% CI 

HF 0.083 0.472 -0.150, 0.316 
nGA 0.079 0.656 -0.282, 0.441 
RPD area -0.003 0.448 -0.012, 0.006 
Mean Sensitivity -0.045 0.005 -0.075, -0.015 
Age -0.007 0.270 -0.20, 0.006 
Gender 0.040 0.677 -0.156, 0.237 
Smoking  <0.001 0.990 -0.005, 0.005 
*95% CI = 95% confidence interval, P = p-value Gender male, Smoking in 6 
pack years. 7 
 8 

4.1.5 Conclusions of Aim 3 9 

In order to further evaluate the potential role of macular sensitivity in 10 

predicting the development of CNVM or GA secondary to AMD the structure- 11 

function relationships between HF, nGA, RPD and microperimetric macular 12 

sensitivity and the development of CNVM or GA were analysed.  13 

 14 

The data from Aim 3 reveals that having CNVM in the fellow eye is also an 15 

independent risk factor for lower retinal function in terms of mean macular 16 

sensitivity and macular point sensitivity when compared to a patient with 17 

bilateral large drusen. In itself, lower mean microperimetric sensitivity was 18 

associated with progression to late AMD in Aim 2. The reasons for this may 19 
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relate to the underlying pathological processes of AMD, which may be more 1 

advanced in the eye without CNVM in the patient with unilateral CNV 2 

compared to a patient without CNVM in either eye.  3 

 4 

With regards to the structure-function relationships, the data from Aim 3 5 

supports the idea that structural changes within the macula are associated 6 

with worse retinal function, as would be expected. The only consistent 7 

structural factor to be associated with reduced microperimetric retinal 8 

sensitivity was EZ disruption. This finding is consistent with previous studies, 9 

which have reported EZ disruption to be strongly correlated with reduced 10 

microperimetric retinal sensitivity.66, 79, 119 However, what was not expected 11 

was the varying relationships identified between group 1 and group 2. The 12 

reasons for this are unclear, but suggest that different weightings should be 13 

given to different structural lesions dependent on the status of the fellow eye. 14 

HF was strongly associated in the group 1 cohort, suggesting that in people 15 

with unilateral CNVM in their other eye, the presence of HF would likely 16 

indicate worse macular sensitivity, which may need to be monitored more 17 

closely.  18 

 19 

The associations between structural changes and retinal sensitivity are also 20 

different when looking at mean sensitivity compared to point sensitivity. With 21 

regards to HF, their presence or absence was not associated with mean 22 

sensitivity change, but their presence at a particular point was associated with 23 

decreased point sensitivity in group 1. This suggests that the presence of HF 24 

is related to a very focal decrease in retinal sensitivity anatomically correlated 25 
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to the area of HF itself rather than a more diffuse or widespread association. 1 

HF have been well documented to correlate with pigment migration seen on 2 

colour fundus photographs. They have been associated with significant 3 

thinning of the photoreceptor layer, at the apex of drusen, and overlying areas 4 

of RPE atrophy and is therefore thought to be an important marker of the 5 

pathophysiology and clinical course of AMD.97, 100, 120-123 Thus, it appears that 6 

HF may represent a very focal irreversible anatomical change which 7 

correlates with functional deficits of the retina.  8 

 9 

In contrast to HF, RPD was found to be statistically significantly associated 10 

with point sensitivity in group 2, but not in group 1. RPD has been shown to 11 

consist of subretinal drusenoid like deposits often in an orderly array of 12 

whitish, dot-like accumulations.124 Importantly, they have been shown to be a 13 

risk factor for developing GA and therefore need to be taken into account 14 

when assessing a particular eye’s risk of progression.  15 

 16 

When further assessing the structural changes with regards to their 17 

association with the development of CNVM or GA it was revealed that HF was 18 

also independently associated with the development of CNVM or GA 19 

collectively, or CNVM alone. Having a mean microperimetric sensitivity under 20 

25dB (model 1) was not associated with the development of CNVM or GA. 21 

However, in model 2 it was revealed that a lower mean microperimetric 22 

sensitivity was independently associated with the development of CNVM or 23 

GA collectively, or GA alone. This finding that mean microperimetric macular 24 

sensitivity is independently associated with the development of GA is 25 
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consistent with a report by Luu et al.71 who investigated the role of flicker 1 

perimetry sensitivity preceding the development of GA or CNVM over a 2 year 2 

period. They reported that eyes that developed GA had a widespread 3 

reduction of sensitivity across their macula with lower mean flicker perimetry 4 

sensitivity at baseline compared to controls and eyes with large drusen that 5 

did not progress. Furthermore, the eyes that developed GA also showed a 6 

continual decline in mean flicker sensitivity with a significantly higher rate of 7 

change months to years before frank GA was evident. In contrast, eyes that 8 

developed CNVM in Luu et al.’s study only showed a reduction in their mean 9 

flicker sensitivity in the visit immediately preceding the development of CNVM, 10 

while the average rate of change was not significantly different to control eyes 11 

or eyes with large drusen. This suggests that some tipping point, or some 12 

insult must occur, before the development of CNVM occurs. Thus, Luu et al.’s 13 

findings are consistent with our results, which indicate that lower mean retinal 14 

sensitivity as measured by microperimetry is associated with the development 15 

of GA. A possible reason why baseline mean microperimetric macular 16 

sensitivity was not associated with the development of CNVM in our results is 17 

that the reduction of mean sensitivity may only occur a short time before the 18 

development of CNVM itself. Therefore, if a reduction in mean sensitivity is 19 

detected on microperimetry, it may be an indicator of the imminent 20 

development of CNVM. However, the frequency of testing required to 21 

adequately detect the imminent detection of CNVM is currently unknown.  22 

 23 

One possible explanation as to why macular sensitivity is independently 24 

associated with disease progression, particularly the development of GA, is 25 
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that the underlying pathological processes of AMD may be disrupting the 1 

functional retinal processes before frank and irreversible structural changes 2 

become manifest on multimodal imaging. Therefore, this could potentially 3 

allow for patients to be further risk stratified and allow for more effective 4 

monitoring and thus earlier detection and intervention with intravitreal anti- 5 

VEGF agents, thus maximising patients’ visual potential. 6 
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CHAPTER 5: SUMMARY OF RESULTS AND FUTURE 1 
DIRECTIONS 2 

 3 

5.1.1 Summary of Results 4 

The overarching goal of this thesis is to determine the prognostic value of 5 

microperimetric retinal sensitivity in predicting the development of CNVM in a 6 

fellow eye of those with CNVM secondary to AMD. Aim1 shows that eyes 7 

developing CNVM secondary to AMD in an Australian population presenting 8 

to a tertiary referral centre had a mean visual acuity of 6/52 in their first eye 9 

and 6/21 in their second eye. Although this difference did not reach statistical 10 

significance, it suggests that first eyes tend to present with a lower visual 11 

acuity. We hypothesise that this occurs because the patient does not detect 12 

the reduced vision for some time due to an unaffected second eye with good 13 

vision, which they subsequently come to rely on. Consistent with previous 14 

studies,3 first eyes tend to have a lower mean visual acuity compared to 15 

second eyes throughout 2 years of treatment. Therefore, it seems that an 16 

initial delay in presentation that results in worse baseline visual acuity 17 

subsequently also predisposes to a worse long-term visual acuity. This 18 

remains a substantial issue in Australian public hospital clinics.  19 

 20 

In aim 2 we investigate the potential of decreased microperimetric macular 21 

sensitivity in predicting the development of late AMD. We hypothesised that 22 

reduced sensitivity in an already at-risk group of eyes would be able to identify 23 

those at even higher risk of developing late AMD. If this were true then 24 

microperimetry might be able to predict those at even higher risk by identifying 25 
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eyes with reduced sensitivity. Eyes identified as having a reduced sensitivity 1 

would therefore require closer monitoring to detect the imminent development 2 

of CNVM so that treatment could be started as soon as possible, thus 3 

preserving as much visual acuity as possible. From this study, it seems that 4 

reduced microperimetric sensitivity is indeed associated with the development 5 

of CNVM or GA collectively with all eyes having a mean sensitivity less than 6 

25dB. However, the statistical significance is lost when looking at CNVM or 7 

GA separately. This confirms our hypothesis, and provides further evidence 8 

that macular function, as tested by microperimetry, may be a useful biomarker 9 

for predicting disease progression. As such, it seems that microperimetry may 10 

prove to be a useful clinical tool to help further risk stratify patients and 11 

distribute resources to those who require the most frequent monitoring. 12 

 13 

In aim 3 we investigated whether various macular microstructural changes 14 

accounted for the reduced macular sensitivity identified in those at risk of 15 

developing late AMD or if the reduced sensitivity was an independent 16 

predictor itself. If reduced macular sensitivity is accounted for by structural 17 

changes identified by multimodal imaging, one could argue that simply 18 

imaging the retina may be a more effective method of risk profiling a particular 19 

eye as imaging is objective and relatively quick to perform. However, from this 20 

data it was found that mean microperimetric macular sensitivity is 21 

independently associated with the development of CNVM or GA collectively, 22 

and GA separately. This is consistent with a previous report, which revealed 23 

that flicker retinal sensitivity worsened preceding the development of frank GA 24 

by months to years.71 In contrast, those that developed CNVM only showed a 25 
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significant reduction in flicker sensitivity in the few months preceding their 1 

diagnosis, indicating that some tipping point is reached before function is 2 

reduced and CNVM soon develops. As such, this thesis may have missed this 3 

acute decline in retinal sensitivity due to the microperimetric testing not being 4 

frequent enough. However, this study also showed that mean microperimetric 5 

macular sensitivity in group 1 was significantly lower than group 2, suggesting 6 

that having a fellow eye with CNVM implies some functional deficit. Specific 7 

structure-function relationships were determined on a point-by-point basis and 8 

on a more global basis using mean sensitivity and the presence or absence of 9 

the structural changes. Interestingly, the structure-function relationships 10 

varied from group 1 to group 2 and suggest that different weighting might 11 

need to be attributed to different structural lesions depending on the status of 12 

their fellow eye. In those with unilateral nAMD in their fellow eye HF was 13 

significantly associated with reduced microperimetric function, and thus 14 

particular attention should be paid to eyes with this clinical picture. 15 

 16 

Overall, it appears that macular sensitivity as assessed by microperimetry is 17 

independently associated with the development of late AMD, and in particular 18 

GA. As such it holds promise for one day becoming a useful biomarker to 19 

predict the development of GA. Additionally, it is also evident that structural 20 

factors, particularly HF, are also independently associated with the 21 

development of late AMD. As such, it is likely that an accurate risk 22 

stratification will incorporate both macular sensitivity and structural factors. 23 

This would allow for monitoring efforts to be focused on those at highest risk, 24 
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which would subsequently allow the initiation of treatment to begin as early as 1 

possible thereby preserving the maximum amount of vision. 2 

 3 

5.1.4 Limitations 4 

One of the major limitations of this study is its sample size; only 42 5 

participants who had large drusen in one eye and nAMD in the other eye were 6 

recruited. As a result small, yet independent and significant, associations may 7 

have been overlooked. Only 5 eyes developed CNVM, and only 3 eyes 8 

developed GA.  9 

The relatively short follow-up is also a limitation. No patients developed 10 

CNVM or GA between review 1 and review 2, and as such it was not possible 11 

to determine if a change in retinal sensitivity was associated with the 12 

development of late AMD. 13 

With regards to microperimetry, the measurements are subject to perceptual 14 

fluctuations and patient fatigue, however, this was partially accounted for by 15 

running the test twice to reduce any learning effect. Furthermore, the 16 

frequency of the testing may not have been great enough to pick up a rapid 17 

decline in sensitivity before the onset of CNVM. 18 

With regards to multimodal imaging, this study looked at small pathological 19 

structural changes, and thus small registration errors may have influenced the 20 

visualisation. It is also possible that small lesions may reside between B- 21 

scans on SD-OCT, which were spaced 120µm apart. Therefore, higher 22 

density SD-OCT B-scans would ensure that less structural lesions would be 23 

missed. 24 

 25 
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5.1.3 Future Directions 1 

Future studies are required with larger cohorts and longer follow-up in order to 2 

validate the findings from this study if structural changes along side 3 

microperimetric macular sensitivity is to one day be used as a biomarker for 4 

disease progression clinically. 5 

 6 

It would be particularly useful to closely follow eyes, which are at highest risk 7 

of developing CNVM, with frequent microperimetric testing to truly assess if a 8 

functional deficit can be identified just before the frank development of CNVM. 9 

 10 

Further questions that have arisen from this study relate to the complex 11 

relationships between the various structural changes and their macular 12 

sensitivity associations that appear to be dependent on the status of the fellow 13 

(whether CNVM is present or not). Studies with larger cohorts of patients will 14 

hopefully be able to further characterise these varying structure-function 15 

relationships and provide a greater insight into their underlying cause. 16 

 17 

5.1.3 Conclusion 18 

This body of work has shown that within an Australian population people with 19 

CNVM secondary to AMD are presenting with poor vision, which ultimately 20 

limits their long-term visual outcome despite treatment. 21 

This study has also shown that microperimetric macular sensitivity is 22 

independently associated with the development of late AMD, and in particular 23 

GA in eyes with large drusen whose fellow eye already has established 24 

CNVM. This provides substantial evidence that microperimetric macular 25 
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sensitivity, in conjunction with the quantification of structural changes, may 1 

prove to be a useful biomarker that would allow for greater risk stratification of 2 

those likely to develop late AMD. As such, macular microperimetry has the 3 

potential to be a useful clinical tool to help identify those at even higher risk of 4 

progressing to late AMD who might benefit from close monitoring and should 5 

therefore be further investigated. 6 
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