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Abstract

Background

Age-related macular degeneration (AMD) is a complex multifactorial disease

that affects the elderly. In the early stages of disease, dark adaptation problems

are more significant for patients than visual acuity impairment. For decades,

studies of rod function related to dark adaptation issues suggested that rod

function could be useful as a functional marker for differentiating AMD severity

and monitoring disease progression. However, there remains many unanswered

questions about how best to investigate rod function in the early stages of AMD.

Earlier studies were not able to phenotype AMD cases to the extent we can

today as they relied only on colour fundus photographs to determine AMD

subgroups. We now have the opportunity to look at different AMD phenotypes

using multimodal imaging techniques. These advances have added clarity to the

phenotyping of AMD, as high-risk features such as reticular pseudodrusen

(RPD), hyperreflective foci (HRF), and nascent geographic atrophy (nGA) can

now be identified.

At the same time as the advances in detecting anatomical changes were made,

instruments that could measure rod function in a more thorough way were

improving. Previously, instruments measured rod function at only a single retinal

location, or could only detect large losses in sensitivity due to a lack of dynamic
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range. Recent advances have seen perimeters that are able to measure rod

function at multiple locations in the one setting and also have a larger dynamic

range to detect subtle rod dysfunction. I have used one of these new tools in my

studies.

Aims

Two-color dark-adapted chromatic perimeter (DACP) is a novel device,

designed and manufactured in Melbourne, Australia. It was first used in 2015

when I commenced my PhD. This perimeter measures rod function at multiple

locations with sufficiently large range of stimulus intensities to detect subtle

changes seen in early AMD. My thesis aimed to investigate the ability of the

DACP to reliably detect and record rod sensitivities. I then utilized this new

perimeter to investigate the ability of rod function to act as a robust functional

biomarker that could be used to determine AMD disease severity and to monitor

disease progression, and to compare rod function in AMD cases to normal

control participants. I was also able to separate my AMD cohort into those with

or without RPD, a high-risk AMD phenotype, to investigate the impact of this

phenotype on rod function. Both static and dynamic rod functional changes

were recorded at baseline visits and then again at 6- and 12-months. The

results of this study will contribute to our understanding of functional loss in

AMD and help clinicians and researchers when designing research protocols

aiming to evaluate rod functional impairment before vision loss.
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Methods

This study was conducted between 2015 and 2018 at the Macular Research

Unit, Centre for Eye Research Australia. During that time, three main studies

were completed. An initial assessment of test-retest reliability of the DACP was

followed by a cross-sectional study comparing the severity of rod dysfunction

based on point wise sensitivity (PWS) and point wise sensitivity difference

(PWSD) of two color sensitivities. AMD cases were divided into an AMD group

with traditional drusen only and an RPD group, and rod function was evaluated

at multiple ring eccentricities within 24º of the central macula. A further 12-

months evaluation of static (PWSD) and dynamic rod functional changes (rod

intercept time (RIT) and rod recovery rate (RRR)) within the central 12º was

conducted in participants with intermediate AMD with and without RPD as well

as normal control eyes.

Results

The DACP did not have ceiling or floor issues during the intrasession and

intersession testing, with a coefficient of repeatability of ± 5 dB. Intermediate

AMD (iAMD) with the presence of RPD was found to be associated with poorer

rod function compared with iAMD without RPD and normal control eyes, but

only within the central macular 8º. Rod dysfunction was more significant if the

eyes were prebleached before undertaking the sensitivity measurements. In a

longitudinal study, dynamic rod functional changes, ie. RRR, was the only

parameter that changed over 12 months, and only in the iAMD without RPD

group. Change was found only at the peripheral 12º ring eccentricities.
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Conclusion

The DACP offers a great opportunity to evaluate topographic rod function when

eyesight is still normal. The findings from this study support that concept of rod

function being impaired in the early stages of AMD. The presence of RPD in

cases of iAMD were associated with further reductions in rod function.

Measuring dynamic rod function offers a more sensitive functional marker in

determining severity of AMD within the central 8 degrees of the macula, but

changes over time were only detected at more peripheral locations. Longer

follow-up will be beneficial to determine how rod function deteriorates over time

and correlates with progression to vision loss.
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Thesis Outline

The introductory chapter provides a description of the normal structure of the

macula and the topography of the photoreceptors, classification, epidemiology

and neovascular phenotypes of AMD. This is followed by an overview of dark

adaptation as an early functional marker in AMD, and current research into dark

adaptation in AMD. In addition, the aims of this thesis are outlined.

The second chapter describes the details of the study methods, including

testing protocols, characteristics of study subjects, the influence of lens status

on the results, grading of multimodal images, and the statistical analysis plans

for cross sectional and longitudinal studies.

The third chapter explores the validation testing on the novel two color dark-

adapted chromatic perimeter (DACP) in measuring retinal sensitivity in normal

healthy and AMD eyes. The point wise sensitivity (PWS) difference and

coefficient of repeatability (CoR) within the central 24° for intra-session and

inter-session analysis and for each wavelength and study group were

evaluated.

In chapter 4 the comparison of rod function in normal healthy subjects, and

intermediate AMD, with and without the presence of reticular pseudodrusen

(RPD), hyperreflective foci (HRF), and/or nascent geographic atrophy (nGA) are

presented. Rod function was measured in two ways, ie. with and without
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photobleaching. The pattern of rod dysfunction based on topographic

measurement in each study group is described. The advantage of measuring

rod function using photobleaching is also presented in this chapter.

Following this cross-sectional study, chapter 5 further evaluates static and

dynamic rod functional changes in normal controls, and subjects with

intermediate AMD with and without RPD, who did not have any disease

progression based on Beckman AMD classification in 12-months of follow-up.

Rod functional changes were investigated among the study groups across

different ring eccentricities within 12° central of the macula.

Finally, a further evaluation of RPD was undertaken in AMD subjects in chapter

6. This study used an extended testing protocol of up to 24 hours to facilitate the

exploration of rod recovery function in RPD participants. The RPD stages and

location of rod dysfunction were assessed to evaluate the performance of rod

photoreceptors, with prolonged dark adaptation.

The summary and future directions for this work are described in Chapter 7.
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Chapter 1 Introduction

1.1 Background

Age-related macular degeneration (AMD) is a degenerative eye disease that

affects the central retina (macula) in people over 50 years of age and is one of

the leading cause of irreversible central vision loss in developed countries,1, 2

including Australia.3, 4 Globally, it is estimated that 196 million people will suffer

from AMD in 2020.1 Accordingly, this number will increase and reach 288 million

in 2040, as the population ages and life expectancy increases.

AMD is a slowly progressive disease. In the early stages of AMD, diagnosis is

usually established with the finding of drusen (yellowish deposit) and

pigmentary changes in the retina and visual acuity is usually unaffected.5, 6 In

the late stages, there are sight threatening complications called choroidal

neovascularization (CNV) or wet AMD, and geography atrophy (GA) or dry

AMD. AMD does not only affect the quality of vision, but can also reduce the

quality of life since it can increase the morbidity and mortality rate of patients.7

Therefore, slowing down the progression of the disease before vision is lost is

important.

Currently, treatment for wet AMD is available, using anti-vascular endothelial

growth factor (VEGF) injections.8-12 There are no proven treatments for GA,

although several trials have or are being conducted that focus on preserving



2

and preventing further photoreceptor and retinal pigment epithelium (RPE) cell

function loss and reducing the inflammation process.13-23

One significant factor delaying the evaluation of any new intervention or

treatment to slow the disease progression from early to late stage AMD is the

lack of a robust functional marker that can be used early in the disease process

before vision is lost. There is a significant body of work that suggests measuring

rod photoreceptor function may provide a useful marker of disease severity, that

could be able to be monitored over time and thus provide a functional biomarker

of disease progression.5, 24-27 Psychophysical studies using different kinds of

scotopic tests demonstrate that rod function decreases more in AMD compared

with people without AMD. However, current psychophysical instruments used to

measure rod function have their limitations. AdaptDx (MacuLogixPA,

Hummelstown, PA)28-30 can only measure rod function at one single spot at any

one time. Therefore, this instrument is unlikely to provide accurate information

about disease severity and progression since phenotypic changes are often

present at different locations in the retina and risk of rod function loss may be

location specific. The scotopic microperimeter MP-1 (MP-1S; Nidek

Technologies; Padova, Italy)31, 32 and scotopic Macular Integrity Assessment (S-

MAIA; CenterVue, Padova, Italy)33, 34 have limited dynamic range of stimulus

intensity to measure rod function, which is especially problematic in early stages

of the disease when rod function changes are subtle, thus, yielding a problem

with ceiling effects.
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The novel dark-adapted chromatic perimeter (DACP; Medmont Pty Ltd

International Nunawading, Victoria, Australia) is unique amongst scotopic

perimeters. It has the capability to measure rod-mediated function using two

wavelengths (505 nm and 625 nm) at multiple locations in the retina and has the

required large dynamic range to allow detection of the earliest subtle changes in

sensitivity. Therefore, new studies that assess rod function at multiple locations,

with adequate dynamic range to detect subtle changes in rod function are

possible with DACP. Understanding the spatial changes in rod function and how

function changes correlate with well defined early AMD phenotypes may provide

additional evidence supporting the use of rod functional parameters as a

functional biomarker to be used in clinical trials.

1.2 Age-related macular degeneration (AMD)

1.2.1 Anatomy of the macula and topography of photoreceptors

 The macula is an area of 5-6 mm width in the central retina. The central part of

the macula, which is called the fovea centralis, is approximately 0.8 mm in

diameter (2.75°) and is filled with cone photoreceptors.35-37 This tiny area is

responsible for sharp central vision, reading and color vision. The density of

cones reduces 1.5 mm from the central part of fovea (foveola).38 Rods are

absent in the area of 0.35 mm (1.25º) in the fovea. Rods are found in the

parafoveal area which extends to 3.1 mm in diameter. This area contains more

rod photoreceptors than cones. 35, 36, 38, 39 Rods are responsible for dim light

vision. The peak number of rods is at 3-5 mm (15° – 20°) from the fovea. 37, 38
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Rods and cone density as a function of eccentricity is shown in 0. With aging,

the rod population declines by 30% between 0.5 and 3 mm from the fovea whilst

cone densities are stable. The rod population is stable at more peripheral retinal

locations. This suggests that perhaps rods are more vulnerable to disease than

cones.39

Figure Introduction.1 Rods and cones photoreceptors density as a function of
retinal eccentricity40

1.2.2 Definition and classification of AMD

The terminology of AMD was firstly described by Donders more than 160 years

ago as colloid degeneration of the choriocapillaris and the retinal pigment

epithelium (RPE), with rod and cone photoreceptors lying obliquely around

drusen. Since then the terminology used to define AMD has changed a number

of times.
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The retinal pigment epithelium (RPE), that is located underneath the

photoreceptors layer, acts as a blood-ocular barrier and has important roles in

photoreceptor phagocytosis, nutrient transport and cytokine secretion.41, 42 The

Bruch’s membrane (BM), a pentalaminar structure, acts as an exchange barrier

between the RPE and choroid. The choroid contains many blood vessels that

provide oxygen and nutrients to the outer layers of retina. Healthy

photoreceptors require a well-functioning RPE, BM and choroid. Changes in the

RPE-BM complex and choroid abnormalities, with the complex influences of

aging, oxidative stress, genetic factors, biological and immunological factors,

and nutrient availability in the eye, are believed to define the aetiology of

AMD.18, 43, 44

The earliest sign of early AMD is the presence of drusen, which are composed

of debris material accumulated between the RPE and BM.45 In addition, there

may be RPE alterations in the earlier stages of AMD, known as pigmentary

changes. When the disease progresses to late stage AMD, neovascular AMD

and/or atrophic  geographic atrophy may develop and cause central blindness.46

Due to the variety of phenotypic changes that contribute to an AMD diagnosis,

several AMD classifications have been developed to assist clinicians and

researchers diagnose and define AMD, particularly in terms of disease severity,

and evaluate disease progression.47-55 Recently, the Beckman group published

a new classification that is based upon phenotypes that can be identified with

colour fundus photography, making it accessible to all clinicians worldwide. The
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five categories (0) in the Beckman classification are used to describe AMD

stages throughout this thesis.

Table Introduction.1 Beckman classification of AMD 56

Classification of AMD Definition (lesions evaluated within 2 disc diameters
of fovea in either eye)

No apparent aging changes

Normal aging changes

Early AMD

Intermediate AMD

Late AMD

No drusen
No AMD pigmentary abnormalities*

Only drupelets (small drusen ≤ 63 μm) and
No AMD pigmentary abnormalities*

Medium drusen (> 63 μm and ≤ 125 μm)
No AMD pigmentary abnormalities*

Large drusen > 125 μm and/or
Any AMD pigmentary abnormalities*

Neovascular AMD and/or
Any geographic atrophy

*AMD pigmentary abnormalities - any definite hyper- or hypo-pigmentary abnormalities
associated with medium or large drusen but not associated with known disease entities.

1.2.3 Epidemiology and risk factors of AMD

There have been numerous epidemiological studies of AMD conducted over the

last few decades. The incidence and prevalence of AMD varies worldwide. The

15-year incidence of AMD in the Australian population aged 49 years old and

above, after adjusting for the competing risk of death, was 15.1% for early AMD

and 4.1 % for late AMD.57 The incidence was found to be nearly similar in the

Beaver Dam Eye Study (BDES) in an American population aged 43 or more

(14.3% and 3.1%, respectively).58 Data from a meta-analysis of 39 studies

showed that the pooled prevalence of early, late, and any AMD in populations

aged 45-85 years old was 8.1%, 0.37%, and 8.69%, respectively.1 The
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prevalence of early AMD, late AMD and all AMD is higher in Caucasians than

African and Asian populations.1 A recent study in Australia showed that the

weighted prevalence of early AMD, intermediate AMD, and late AMD in

nonindigenous participants aged over than 50 years old was 14.8%, 10.5%, and

0.96% and the prevalence was lower for indigenous participants.4

Two strong risk factors associated with AMD progression are aging and

smoking.57, 59-63 The complement factor H (CFH) genotype and ARMS2  (or

HTRA1) risk alleles are also associated with disease progression.61, 64, 65

Various dietary factors such as high red meat consumption, or lower  fish intake

have been implicated in AMD.19, 62, 66 Other risk factors that have been

suggested but currently have little supportive evidence include light skin color,67

hyperopic eyes,68 cataract surgery, metabolic syndrome,69 and sunlight

exposure.70

1.2.4 Non-neovascular AMD phenotypes

There are many phenotypes that together define AMD, and more recent AMD

research has focused on the role that these phenotypes play as risk factors for

disease progression. Large drusen ≥ 250 μm,71 drusen load,72, 73 drusen

regression,74, 75 refractile drusen,76 AMD pigmentary changes,58, 64 RPD,77-79

HF,80-82 nGA,74, 83 and thinner choroid82 in early stages of AMD have all been

associated with increased risk of progression to late AMD.64
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It is hoped that with more accurate identification and definition of AMD

phenotypes, researchers will be better able to predict which participants are

likely to develop late AMD, and this will enable potential new treatments for

AMD to be trialed in a much shorter time-frame with fewer high risk participants

required to prove efficacy.

1.2.4.1 Drusen

1.2.4.1.1 Small drusen

Small drusen (previously called hard drusen) appear as yellowish punctate

deposits smaller than 63 μm with a distinct margin. They are considered to be

the earliest drusen that can be seen during fundoscopy84, 85 and can be

detected in young adults’ eyes (20-36 years old).86 Although small drusen are

not considered a phenotype of AMD, their presence increases the risk of

developing soft drusen and pigment abnormalities.45

1.2.4.1.2 Medium and large drusen

Medium and large drusen (previously called soft drusen) are hallmark signs of

AMD. Histologically, drusen are focal deposits of complex biomolecules that are

formed between the RPE-basal lamina and the inner collagenous layer (ICL) of

BM.87, 88 Drusen contain large apolipoprotein B and E deposits, cholesterol rich

lipoproteins and minerals produced by the RPE. This “Oil spill on BM” is

considered by some as a major risk factor of disease progression to late

AMD.87, 89
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On colour fundus photographs, drusen are shown as yellow-white deposits. On

near-infrared imaging, drusen are visible as greyish areas, whereas on OCT

scans, drusen look like dome-shaped RPE elevations abutting BM.87, 90, 91

1.2.4.2 Reticular pseudodrusen (RPD) or subretinal deposits (SDD)

Initially thought to be regular drusen,47 RPD was first detected by Mimoun et al.

using blue light photography.92 Histologically, RPD are deposits located in the

subretinal rather than in the sub-RPE space,78, 93 being referred to as sub

drusenoid deposits.94 The establishment of multimodal imaging and

histopathology analysis led to RPD now being recognized as a distinct and

important AMD phenotype.88, 94-97 The protein, fat and mineral composition of

RPD is different to that of regular drusen (0).

Table Introduction.2 Differentiating drusen from reticular pseudodrusen (RPD)
or subretinal drusenoid deposit (SDD).87

Drusen RPD/SDD
Location Between the RPE-BL and ICL of

BM
Between RPE and photoreceptors
(subretinal space)

Proteins ApoE, vitronectin, CFH; CD59- ApoE, vitronectin, CFH; CD59+
Lipids Unesterified and esterified

cholesterol; oil red O-binding
Unesterified cholesterol; oil red O-
binding

Minerals Hydroxyapatite Undetected to date
Topography Follows cones (BLinD) Follows rods
Specificity for
AMD

AMD AMD; inherited diseases of BM,
retinoid transport

Associated
neovascular
subtype

Type 1 (subRPE), 2 (subRPE,
subretinal)

Type 3 (intraretinal)

RPD are common in AMD.98, 99 The prevalence of RPD in the fellow eye with

unilateral neovascular AMD ranged between 34.7% and 58%.100-102 The

presence of RPD increases the risk of retinal atrophy 90, 103 and choroidal
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neovascularization, but to a lesser extent.87, 98, 104 A meta-analysis conducted by

Zhou et al. found that RPD eyes have 1.5 and 4.7 times higher risk of

developing neovascular AMD and GA compared to eyes without RPD.105

On fundoscopy, RPD appear as grey-white lesions, often in a regularly spaced

pattern and are often seen best in the superotemporal part of macula.78 In near

infrared reflectance imaging, RPD show as darker lesions compared to the area

without RPD. With OCT scans, RPD appear as conical or flattened subretinal

lesions above the RPE, with variation in size between 25-1000 μm.106-108 RPD

are best detected using near infrared reflectance imaging.109-111

Three stages of RPD grading have been described.96 Stage 1 is characterized

by the homogenous granular hyperreflective material between the RPE and

ellipsoid layer. In stage 2, RPD are large enough to distort the ellipsoid layer.

Stage 3 RPD appear as a conical lesion that crosses over the ellipsoid layer.

Querques et al. proposed one more severe stage, where the RPD lesion

disappear, leaving a hyperreflective like material in the inner retinal layer.112

Like drusen, RPD are also dynamic in growth and regression. Stage 3 RPD can

regress, and when the RPD disappear, it can be followed by outer retinal

atrophy.113

1.2.4.3 Pigmentary abnormalities

Increased pigment in color fundus photographs is one of the early signs of

AMD.47, 48 As the RPE becomes dysfunctional, pigments clump, proliferate or
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migrate. The hyperpigmentation detected on CFP are seen as hyperreflective

foci on OCT.114, 115 When the RPE cells die, the concentration of melanin

reduces, leaving an area of hypopigmentation.116 Both hyperpigmentation and

hypopigmentation abnormalities are linked to an increased risk of disease

progression in AMD.117, 118

1.2.4.4 Hyperreflective foci

Hyperreflective foci (HRF) appear as lesions with a distinct margin that has

equal or greater reflectivity compared to RPE tissue on OCT.114 The presence

of HRF is associated with reduced retinal sensitivity in microperimetry tests119

and progression to late AMD.80 HRF can present in the outer nuclear layer

(ONL), on the top of drusen.120 HRF that proliferate and migrate are associated

with an increased risk of GA development.80

1.2.4.5 Nascent geography atrophy (nGA)

Nascent geography atrophy (nGA) was firstly described by Wu et al. as one of

the AMD phenotypes in intermediate AMD that is associated with higher risk of

drusen-associated atrophy.74 The characteristics of nGA in OCT images are

loss of photoreceptors as the subsidence of outer and inner plexiform layers

(inner retinal layers) or a hyporeflective wedge-shaped band within the limits of

the outer plexiform layer, in an area of RPE disruption and signal

hypertransmission at the level of choroid.74 It is considered to represent the first

sign of cell death as atrophy starts to develop.74
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1.3 Dark adaptation in AMD

1.3.1 The normal cycle of dark adaptation

In a normal eye, recovery of retinal sensitivity after exposure to a bright light

(dark adaptation)121-123 has 2 phases; the cone recovery phase40, 124 followed by

rod recovery phase.40, 124-126

The first phase involves a rapid recovery of cone photoreceptors system which

reaches a plateau within the first few minutes after dark-adaptation.123, 124, 127

Whilst recovery of cone photopigment during the retinoid cycle can be affected

by changes in the normal transport of components of the retinal cycling needing

to interact with the RPE-CM complex, cones, unlike rods, do have an alternative

source of components via Muller cells.128, 129

The second recovery phase is mediated by the rod photoreceptors and it has

two components, known as S2 and S3. The second component (S2) is

influenced by the rate of 11-cis retinal recombination with opsin. The rate

depends upon retinoid transfer from the choroid to RPE and enzymatic activity

in processing 11-cis retinoid. The S2 slope of rate of recovery is an important

evaluation in AMD eyes as it can be influenced by changes in BM and RPE

activity, believed to be important contributors to the pathogenesis of AMD.130

Based on studies by Lamb and Pugh, S2 is a constant value, unaffected by the

intensity of photobleaching,124, 131 which decreases the variability of this
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measurement when testing over time. The intersection between the cone

plateau and S2 is called the “rod-cone break”, where the sensitivity of rods and

cones is the same. The third component (S3) is a desensitization phase, which

is a slower component than S2 and can usually be detected in normal healthy

eyes. The time required to reach the absolute sensitivity of this component is

influenced by the level of photobleaching.124

The full dark adaptation process can take more than 40 minutes to reach full

dark-adapted sensitivity (approximately 10-5 cd/m2).40, 124, 132 0 shows a normal

dark adaptation curve in different decades of age.132

Figure Introduction.2 Dark adaptation curve as a function of age represents the
rod-cone break, and the second and third components of rod-mediated function.
Note that the function shifts to the right with increasing decades of age,
indicating a slowing of the rate of dark adaptation during aging.132
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The regeneration of rhodopsin has been evaluated since the 1950s using

reflection densitometry.133 The most significant factor affecting the dark

adaptation curve is the amount of photopigment (rhodopsin) bleached.124 The

time taken for the photoreceptors to recover their sensitivity is related to the re-

synthesis of rhodopsin.40, 134 The recovery of rhodopsin relies on rate-limited

kinetics.135

The light intensity and duration of the eye exposed with a light influence the

amount of photobleaching.124, 135 When the eye is exposed to a large amount of

light, pigment will regenerate at a rate that is constant at early time points and

then follow an exponential time-course at later times. The greater the intensity

of light, the longer cones and rods will take to recover (0).

Figure Introduction.3 Dark adaptation curves after a normal eye was exposed to
different levels of light. Note the cone branch becomes longer and rod had the
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slowest recovery to reach its absolute threshold following the most intense
bleach.124,

The rod system will need a longer time to reach its absolute threshold. When

the duration of bleaching is shorter, the dark adaptation will be shorter as well.

Normally after a full bleach, 95% of rhodopsin is resynthesized within 15

minutes.135

The components in DA curve is different depending on the location where rods

and cones are.40, 136 Cones are most densely populated at the central fovea and

decline sharply within 1 mm from the fovea. On the other hand, rods are absent

within 0.35 mm (1.25°) central of the macula and increase within 1.2 – 1.7 mm

of fovea.36, 39, 42 The ratio of rods to cones increases in the periphery of the

retina. When DA is evaluated at the fovea where rods are absent, rod-cone

break is unobtainable; hence only cone component is found.136 However, at the

location where rods are denser, rod-cone break is very obvious in the DA curve

and rod system contributes more to the DA curve results and increases the

effect of spatial summation.

Rod function is more obvious than cones when retinal sensitivity is assessed

using shorter wavelengths.137, 138 However, both rod and cone photoreceptors

have similar sensitivities to long wavelengths.40 Therefore, the wavelength of

the light affects rhodopsin efficiency to capture the light.
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When using two color perimetry, rod-mediated function can be evaluated by

comparing the sensitivity measured with a short wavelength stimulus and that of

long wavelength stimulus (0).

The difference between dark-adapted sensitivities of both wavelengths in the

scotopic setting is used to determine rod-mediated function.137, 139 This principle

was first demonstrated in a study by Zeavier and Wald.139

Figure Introduction.4 Spectral sensitivities of rod and cone functions and the
principle of two-color perimetry technique for determining dark-adapted rod-
mediated function. ∆S between the 505 nm and 625 nm wavelengths represents
rod function. The smaller the difference indicates worse rod function.
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1.3.2 Rod function in AMD

In early stages of AMD, although visual acuity remains good, many patients

have difficulties in adjusting their vision when going from brighter to dimmer light

levels.5, 6 They have difficulties performing their daily tasks of life in the dark,

such as driving at night, or when their eyes need a longer time to adjust to being

in the dark (picture theatre).140-143.140-143 These night vision problems are related

to impairment of rod function rather than cone function.140, 144-147

Histopathology studies have found that loss of rod photoreceptors occurred

earlier than cones in aging eyes. Curcio et al. found the rod population declined

by 30% and rods loss occurred maximally at the parafoveal region (0.5 - 3 mm,

1.8º – 10.6º from fovea), whereas the cone population remained stable.39 The

cones may degenerate when 75% of rods have degenerated and this then

accounts for vision loss.148 It is not understood why the rod degeneration does

not develop first in the area where the rod population is most dense. Curcio et

al. suggested that healthy rods probably compensate for the missing rods to

maintain retinal function.147

With regards of RPE-BM pathology, studies have demonstrated that the

transport of vitamin A and/or other nutrients from the RPE-BM complex to rod

photoreceptors is impaired in AMD,124, 149 and this could contribute to slowing

the rate of rhodopsin regeneration.132 This hypothesis was developed as it is

known that BM thickens with age and that the transport of nutrients across the

choroid and RPE becomes more difficult as the result of declining of hydraulic
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conductivity.41, 150 In addition, this could result in an accumulation of toxic

components in the BM/RPE interface, potentially leading to inflammation and

death of the RPE and photoreceptors.149, 151, 152

Early psychophysical studies using dark-adaptation and scotopic perimetry have

supported the symptomatic and histopathology evidence for rod function

impairment in aging and AMD.5, 24, 32, 146, 153-158

Scotopic sensitivity declines with aging in normal healthy subjects, with the

magnitude of loss being homogenous across the parafovea.159 However,

scotopic sensitivity is further declined in early AMD patients.27, 153, 160-162 Early

on, Sunness et al. found that scotopic sensitivity was reduced when evaluating

eight AMD participants with different disease severity. Sensitivity loss was

assumed to be homogenous across the macula as they did not find any

sensitivity difference between areas with or without drusen.160 On the other

hand, Brown et al. found scotopic sensitivity was most abnormal at the area

close to the fovea compared to normal subjects. Scotopic sensitivity was less

abnormal at 25° eccentricity.157  In a larger study, Jackson et al. also found that

scotopic sensitivity loss in early AMD occurred within the central 18°, with the

greatest loss at the central fovea.159  Later, Chen et al. also found a scotopic

sensitivity deficit in early AMD varied within 25° central of the macula. This

finding supported that of the Jackson et al study, that the greatest scotopic

sensitivity loss occurred at 2.5 - 5° ring, but became lesser as the ring
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eccentricities increased. Maximum scotopic sensitivity was found between 12.5°

– 20°.161

When rod function was measured after exposure to photobleaching, the DA

curve was impaired in AMD patients. Rod dysfunction could be evaluated using

different rod-mediated parameters generated from the DA curve. In normal

eyes, rod-mediated dark adaptation function of an elderly eye was slower than

that of a younger eye and uniform within macula.132, 163, 164 Jackson et al. found

that the rod recovery rate declined by 0.02 log unit/min/decade with aging.132

When using rod intercept time as indicator of rod function loss, Owsley et al.

found that a quarter of normal elderly people aged 60 years and older had

abnormal rod function.165

Rod function was further affected in early stages of AMD when compared to

normal aged matched eyes.157 AMD eyes had a rod-cone break approximately

8.7 minutes longer, and a 0.06 log units/minute delay of rod recovery rate

compared with normal control participants.146 Rod intercept time increased with

the increase in AMD severity. 24 Owsley et al. found that a quarter of elderly

people age 60 years and older whose macula appeared normal, had impaired

dark adaptation. DA was suggested abnormal if the rod intercept time ≥ 12.3

minutes.166

In the earlier functional studies, both static and dynamic rod dysfunction was

associated with the presence of large drusen, pigmentary changes, or small
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drusen5, 31, 146, 153, 157, 161, 167 based on simple AMD classification from fundus

characteristics only. After the advances in multimodal imaging technology, more

specific AMD phenotypes that are related to AMD severity were refined, such as

drusenoid pigment epithelial detachment,168-172 reticular pseudodrusen,32, 103, 173,

174 HRF,115, 168, 175, 176 and nGA.74, 177 Current psychophysical studies have

shown that RPD are associated with poor rod function.24, 32, 178, 179 The average

scotopic sensitivity measured with a modified scotopic microperimeter, MP-1S,

was significantly decreased in the retinal areas with RPD compared with normal

area.32, 180 RIT was slowest in early stages of AMD if RPD were present.24, 158,

178, 181

1.3.3 Current machines evaluating rod function in AMD

Evaluation of rod function has been performed for many decades, initially using

laboratory-made pieces of equipment and more recently on commercially

available devices.28, 124, 132, 139, 146, 182-190 Some equipment used for measuring

rod function have design limitations. The AdaptDx is only able to measure one

location within the macula at a time.24, 28, 30 Hence, it is not possible to assess

the structure-function relationship at multiple locations within the macula, at the

one testing procedure. Other instruments, such as scotopic Nidek

microperimeter (MP-1S; Nidek Technologies; Padova, Italy)187 and the scotopic

Macular Integrity Assessment (S-MAIA; CenterVue, Padova, Italy)33, 34, 187

microperimeter were designed to assess static rod-mediated function at multiple

locations within the macula in one testing session. However, neither of those

microperimeters have sufficient dynamic range (range between 0 and 20 dB) to
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assess rod function in early disease, resulting in significant ceiling effects.187, 189,

191

The most recent machine that was developed to measure rod function, the

Medmont dark-adapted chromatic perimeter (DACP; Medmont Pty Ltd

International Nunawading, Victoria, Australia) is a two color perimeter that has a

broad dynamic range and the ability to assess rod function at multiple locations.

The 505 nm (cyan) and 625 nm (red) wavelengths have dynamic values ranging

from 0-75 dB and 0-50 dB (maximum intensity equals to 4.64 cd/m2 and 12.58

cd/m2), respectively. The DACP allows assessment of retinal sensitivity at 135

spots extending to 96º horizontal and 72º vertical of the visual meridian.

1.3.4 Gaps in knowledge of topographic rod function in AMD

As visual acuity loss doesn’t occur until late in AMD, it is not suitable as a

functional marker in the early stages of disease. Thus, the functional status of

rod photoreceptors could serve as a more sensitive marker of disease severity

and progression before vision loss occurs.

Our ability to differentiate between different phenotypes of AMD at earlier

stages has markedly improved since the development of MMI. This provides an

opportunity to evaluate rod function more accurately based on the structural

characteristics discovered in retinal images.
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Using the novel DACP provides an opportunity to explore rod function further in

AMD. Given its early stage of implementation into a clinical setting, the DACP

requires validation in both intrasession and intersession testing to determine

how robust the testing procedure is, before embarking on larger trials to

determine its ability to differentiate disease severity and to monitor disease

progression. Therefore, I will first validate the reliability of this machine (Chapter

3) before evaluating topographic rod function in eyes with different high-risk

phenotypes, such as RPD, HRF, and/or nGA that have been appreciated as a

risk factors for late AMD. Understanding the topography of rod dysfunction and

differences between phenotypes, particularly RPD compared to traditional

drusen, in a cohort of intermediate AMD (bilateral large drusen) and normal

eyes of similarly aged participants will provide a deeper understanding of the

dysfunction of rods in AMD.

The time course of rod functional changes will become increasingly important

once functional staging of disease linked with the AMD phenotypes, particularly

RPD, has been determined. Before my PhD study started in 2015, there were

only a limited number of studies that evaluated rod functional changes in AMD

where the identification of RPD presence was noted. The work described in

chapters 5 and 6 aims to investigate rod function in iAMD cases with and

without RPD.
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1.4 Aims and objectives

The overall aim of this study is to evaluate the utility of a novel two-color dark

adapted chromatic perimeter, the Medmont DACP, to assess rod function

throughout the macula in different phenotypes of AMD, and to determine if

parameters of rod function could provide a robust, functional biomarker for

disease severity and progression in AMD when clinically the diagnosis remains

unchanged.

My thesis has 3 specific aims;

Aim 1: to determine the test-retest reliability of the DACP in non exudative AMD

participants and in aged matched controls.

Objective 1.1: to develop a clinically applicable and reliable protocol for

evaluating both static and dynamic rod function in normal control participants

and AMD subjects.

Objective 1.2: to recruit participants with different stages of non exudative AMD

and age matched controls to undertake both static and dynamic DACP testing

as well as full multimodal imaging, a clinical examination and questionnaires.

Objective 1.3:  to determine test-retest reliability of the protocol for both

intrasession and intersessions at all test locations based on scotopic threshold

measurement.
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Aim 2: To compare both DA static thresholds assessed 30 minutes after

patching and 30 minutes after photobleaching in cases and control participants

to determine if significant differences exist both as a mean, topographic point

wise sensitivity (PWS) and point wise sensitivity difference (PWSD) comparison

and to evaluate if rod function correlates with specific phenotypic risk factors

such as the presence of RPD, pigment abnormalities, HRF and or nGA.

Objective 2.1: To complete all baseline, dark adapted thresholds using two

methods of measurement in the entire recruited cohort at baseline.

Objective 2.2: To fully phenotype all cases and determine structural changes

that might predict a different risk profile for vision loss such as pigment

abnormalities, HRF, RPD, nGA and confirm control or AMD cases based on

multimodal imaging examination.

Objective 2.3: To analyze the baseline data to determine the differences

between cases and controls and sub group cases into anatomical risk groups to

look for differences in rod function across risk groups.

Objective 2.4: to study point-by-point results gained from Objective 2.3 to

determine topographic variation in results and correlate this with the

topographically related structural AMD phenotype.
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Aim 3:

To compare both static and dynamic rod function at baseline and 12 months

follow-up in intermediate stage AMD patients and age matched controls and to

evaluate the ability to detect changes in rod function in clinically stable disease.

Objective 3.1: to collect data of rod static and dynamic thresholds and

anatomical structure using multimodal imaging at baseline, 6 months and at 12

months.

Objective 3.2: to analyse rod functional changes and correlate them with

multimodal abnormalities after 12 months  to see if there is evidence of possible

disease progression detectable in clinically stable disease.

1.5 Significance of the study

In this thesis I will demonstrate that:

1. The novel dark-adapted chromatic perimeter (DACP) is an appropriately

designed scotopic perimeter that has acceptable reliability in evaluating

rod function at multiple macular locations in people with non exudative

AMD.

2. Rod function in people with intermediate AMD is significantly reduced

compared to age matched controls and that rod function is

topographically variable and correlates with different phenotypic stages

of AMD, particularly with the presence of RPD.
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3. Over a 12 month period of follow up, rod function, as detected using the

DACP, will decline in people with AMD at a greater rate than in the

control group in more peripheral locations than most central testing

locations.

This study will contribute to the knowledge available to clinicians, researchers,

and industry as they design their research protocols to evaluate disease

progression in different phenotypes of AMD.
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Chapter 2 Methods

2.1 Study design

Throughout the study, I made use of a novel dark-adapted chromatic perimeter

(DACP), designed and manufactured in Melbourne by Medmont (Medmont Pty

Ltd International, Nunawading, Victoria, Australia). My supervisors and I have

been working with engineers from Medmont to further develop this equipment

for use in clinical research. This research was supported by the Australia

Awards Scholarship and the Beckman (now Ryan Initiative for Macular

Research), through a grant to develop a new scotopic perimeter, awarded to my

supervisor, Professor Guymer, and her collaborators. At the start of this project,

the DACP had not been widely used, with our clinic being one of the first sites in

the world to have a DACP to trial.

A cross-sectional study was conducted to evaluate the test-retest reliability of

the retinal sensitivity measurement using the DACP, as this had not previously

been established (Aim 1). Once the reliability of the measurement had been

assessed and was determined to be acceptable, comparison of rod dysfunction

in control and intermediate AMD (iAMD) groups at the initial visit was conducted

using a cross-sectional study design (Aim 2). The study participants were then

followed prospectively for 12 months, with visits at baseline and 12 months, to

identify any functional changes in participants who had a clinically stable

disease grade (Aim 3). With Aim 3 we sought to determine if functional decline

could be measured prior to clinical changes becoming evident.
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2.2 Study participants

Participants with iAMD were recruited from the Royal Victorian Eye and Ear

Hospital (RVEEH), private ophthalmology clinics, and existing Macular

Research Unit (MRU) research participants, Centre for Eye Research Australia

(CERA). Recruitment commenced in June 2015. The healthy control

participants included spouses, friends or relatives of the AMD participants, as

well as University of Melbourne or CERA staff. An advertisement for participant

recruitment is shown below (0). The study was approved by the RVEEH Human

Research and Ethics Committee and all procedures adhered to the tenets of the

Declaration of Helsinki. All participants provided informed written consent after

the testing procedures were explained.

Figure Methods.5 Advertising for the recruitment of control participants for the
dark-adaptation study.
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2.3 Protocol development

2.3.1 Dark room set-up

The testing was conducted in a dark room. Initially, the testing room was set up

with the participant sitting in the dark room and the examiner positioned at the

door of the testing room during the protocol testing period. However, during the

testing period, some participants needed to communicate with the examiner

about test-related issues. There were also instances of participants falling

asleep, changing the sitting or head position, or accidentally dropping the

refractive lenses; in such instances the examiner was required to enter the dark

room. Therefore, the dark room was redesigned such that both examiner and

participant could be positioned in the same room. The participant and DACP

machine were separated from the examiner using a black floor-to-ceiling curtain

(0). If the examiner needed to go into the participant’s area, a small red torch

was used and the participant was asked to close both eyes.
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Figure Methods.6 Dark-adaptation testing in a dark room. Examiner and
participant were separated with a black floor to ceiling curtain. For clarity, this
photo was taken with the room lights on. The room light was switched off and
the curtain was closed during testing.

2.3.2 Characteristics of DACP

DACP is a two-colour perimeter that can measure retinal sensitivity using two

different wavelengths, ie. 505 nm (cyan) and 625 nm (red). The dynamic ranges

for 505 nm and 625 nm wavelengths are 0 – 75 dB and 0 – 50 dB respectively.

The maximum luminance of the 505 nm and 625 nm stimuli was 12.58 cd/m2

and 4.64 cd/m2 respectively. Using these large dynamic ranges of stimuli at

multiple locations would be an advantage to cover the topography of rod-

mediated sensitivity.
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The perimeter has a black bowl that consists of 135 testing locations distributed

144° horizontally and 72° vertically. The participant’s head is rested on the

forehead and chin rests so the eye can fixate at the small and dim red fixation

light at the center of the bowl. The red fixation light brightness was set at a scale

of 2, as a higher intensity could cause discomfort for the participant, an

afterimage issue and/or inability to discriminate the stimuli around the fixation

light. An infrared camera was installed to monitor the eye in the dark. A lens

holder for spherocylindrical lens correction was located at a distance of 30 cm

from the fixation light (0).

Figure Methods.7 The Medmont DACP

The size of the stimuli used in this machine was Goldmann V (1.73º). The

stimulus was presented for 200 ms and participants were given 150 ms to

respond. The initial intensity of 505 nm and 625 nm stimuli was set at 40 dB and
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30 dB, respectively. Adjustments to the intensity of light followed the 4-2

staircase threshold strategy.

Participants responded using a handheld button whenever they saw a stimulus.

If the button was pressed for a few seconds, an indicator of pause was shown

on the examiner’s screen and the test would pause.

2.3.3 Characteristics of photobleaching

A customized Ganzfeld photobleach was used for this study (0). This bleach

has been established and used in the previous studies conducted at MRU.5, 178

The flash was generated using a tube with a translucent dome positioned inside

the tube at the observer’s end and a photographic flash (Mecablitz 45 CL-4;

Metz-Werke GmbH & Co., Zirndorf, Germany) positioned at the other end. The

light intensity of this bleach was 2.45 x 106 scot cd/m2 with exposure time of

approximately 1.3 ± 10 ms (equivalent to approximately 20% bleach with pupil

size of 8 mm).
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Figure Methods.8 A customized Ganzfeld photobleach of 20% was used in this
study. The participant has to look at a red fixation light inside the photobleach
apparatus. Blinking was recommended before the participant was exposed to a
bright flash from the device.

2.3.4 Evaluation of lens density index in the elderly

Pre-retinal light absorption is one of the impediment factors in assessing

quantitative measurements of retinal function and imaging in elderly subjects.192,

193 Lens density is one of the major contributors to pre-retinal absorption of

shorter wavelength lights. Together with my supervisors and researchers from

Scheie Eye Institute, Philadelphia, USA we evaluated a method of imaging

lenticular autofluorescence (AF) to measure age-related lens yellowing in

elderly subjects. This was a good method to differentiate pre-retinal and retinal

deficits when using short wavelength lights in the elderly subjects.  We found

that lenticular AF intensity was significantly correlated with age but varies

between subjects. The lenticular AF intensity was also correlated with the lens

density indices. The detail of this project has been published in the “Imaging

Lenticular Autofluorescence in Older Subjects” paper (Appendix A).
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As we found that the yellowing age-related lens can inhibit the light transmission

of short wavelength light, my study strictly excluded participants who had

cataract density more than grade 2 based on the W.H.O. cataract grading.194

2.3.5 Scotopic perimetric examination

Prior to commencing the main aims for this study, a protocol measuring retinal

sensitivities using the DACP was developed and tested on 12 participants. The

protocol started by measuring scotopic retinal sensitivity after the study eye had

been dark-adapted by patching the eye for 20 minutes. In this test, the

perimetric stimulus for 505 nm and for 625 nm were located at 4°, 5.7°, 6°,

8°,12°,16.7° and 24° and 2°,4°,5.7°,8°,12°,16.7° and 24° from the fovea

respectively (0A). Retinal sensitivity for 505 nm stimulus was evaluated first,

followed by the 625 nm stimulus. Each test took 3.0 - 4.5 minutes and a short

break was provided between the tests. To examine the effect of duration of

dark-adaptation on scotopic retinal sensitivity assessment, measurements were

then repeated exactly 30 minutes (test 2) and 40 minutes (test 3) after the initial

dark-adaptation.

After a 1-2 minutes break, the eye was exposed to a flash produced by a

customized Ganzfeld photobleach as described in 2.3.3. Multiple tests were

then conducted within 30 minutes to evaluate the recovery of retinal sensitivity.

After finishing the last sensitivity measurement for 505 nm at 30 minutes, a

single test to measure retinal sensitivity for 625 nm was performed.
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Considering that a long test would cause fatigue and affect the reliability of the

test, the number of testing points were limited after photobleaching to within the

central 12° of the macula. For the 505 nm wavelength, we tested 14 locations at

4°, 6°, 8°, and 12° and for 625 nm, there were 18 locations at 2°, 4°, 6°, 8°, and

12° ring eccentricities (0B).

Figure Methods.9 Testing grids for 505 nm and 625 nm stimuli at 28 locations
before/without (A) and after/with (B) photobleaching.
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The testing time was thus reduced to approximately 1.5 minutes per test. The

whole protocol required up to 85 minutes, including a short break between the

tests (0). Because of time constraints, we only tested one eye for each

participant. This protocol was used to evaluate rod function at baseline (Aim 2)

and one-year visits (Aim 3).

Figure Methods.10 Testing protocol for measuring rod function

2.3.5.1 Retest protocol

A subset of participants who were able to return for repeated DACP testing

were invited to come approximately 4 ± 2 weeks after the baseline visit. Retinal

sensitivity measurements at 28 testing locations was performed without

exposing the eye to photobleaching (static sensitivity measurement). The

testing protocol for this visit is shown below (0).
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Figure Methods.11 Retest protocol

2.4 Inclusion and exclusion criteria

The inclusion criteria required participants to be at least 50 years old and have a

best-corrected visual acuity (BCVA) of at least 6/12 in the study eye. Only one

eye from each participant (the one with the better BCVA) was included in this

study. When both eyes had equal BCVA, the right eye was chosen as the study

eye.

Controls were participants without any sign of AMD (Beckman: no apparent

aging changes or normal aging changes).56  AMD cases were required to have

drusen > 125 µm in both eyes, with or without AMD pigment abnormalities

(iAMD).56

Patients with any of the following were excluded from this study: advanced

AMD, either geography atrophy (GA) or choroidal neovascularization (CNV);

dense cataract (more than grade 2)194; glaucoma; amblyopia; diabetic

retinopathy that could compromise vision or obscure the evaluation of posterior

segment or multimodal imaging examination; neurological or systemic disease.
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Patients taking any medication known to interfere with retinal function, such as

chloroquine, hydroxychloroquine, tamoxifen were also excluded from this

study.195-199

2.5 Procedures

All examinations were carried out at MRU, CERA, East Melbourne, Victoria,

Australia. All participants in this study underwent a comprehensive eye

examination at both the baseline and 12 months follow-up visits. The standard

evaluation included:

2.5.1 Visual acuity

Visual acuity was measured in both eyes in a consistent indoor lighting

environment. The Early Treatment Diabetic Retinopathy Study (ETDRS)

logMAR charts placed 4 metres from the participants were used to assess best-

corrected visual acuity (BCVA) and low luminance visual acuity (LLVA). The

chart consists of 12 lines and each line had 5 letters. The chart follows the

LogMAR layout where the letter size declines according to the minimum angle

of solution. The charts were shown in a box of 62.9 cm x 65.4 cm. The light

intensity in the box came from two 20-Watt fluorescent tubes (0). Participants

read the letters on the chart and the visual acuity was scored based on the total

number of letters that could be read. To avoid learning effects, a different chart

order was used for each eye. BCVA represents the optimum level of visual

acuity achieved with accurate refractive correction. The eye with the better
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BVCA was then selected as the study eye. If both eyes had equal vision, the

right eye was chosen as the study eye.

After evaluating BCVA, LLVA was then assessed using a 2-log unit neutral

density (ND) filter (Kodak Wrattem filter; Kodak, Rochester, NY). Once the

participants had adjusted with the ND lens, they read the same charts used for

evaluating BCVA. The total number of letters read were then recorded in the

worksheet. Low-luminance deficit (LLD) was then calculated as the difference

between BCVA and LLVA.

Figure Methods.12 Visual acuity examination. Note that the condition of room
lighting in the photos does not represent the real condition of the refraction
room. For photography purposes, the distance between the participant and the
ETDRS chart was reduced.

2.5.2 Rod function examination

Dark-adapted retinal sensitivity was assessed using the DACP before any

clinical eye examination and multimodal imaging to avoid any bleaching effect of

the lights on the photoreceptors. All participants underwent the scotopic

perimetric examination using the same protocol. Details of the testing protocol

are described in the protocol development section (Chapter 2.3.5).
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2.5.3 Retinal structure

Although the classification of AMD used in this study was based on color fundus

photograph grading, further analysis of retinal structure was determined using

advanced retinal imaging technology. This multimodal imaging (MMI)

technology detects ultrastructural changes in the retina, which enables more

accurate analysis and monitoring of disease progression. Participants

underwent multimodal examination on both eyes including color fundus

photography (Canon CR-6-45NM, Canon, Saitama, Japan), near-infrared

reflectance imaging (NIR), fundus autofluorescent (FAF) imaging and spectral

domain ocular computerised tomography (SD-OCT).

2.5.3.1 Colour fundus photography (CFP)

Posterior segment photographs were taken with a Canon CR-6-45NM digital

retinal camera (Canon CR-6-45NM, Canon, Saitama, Japan). The photo

captures 50º within the central retina. The grading described drusen size,

location, the presence or absence of AMD pigmentary abnormalities and RPD.

AMD diagnosis was established according to the Beckman Classification.56
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Figure Methods.13 Color fundus photographs of participants from three different
study groups.

2.5.3.2 Near-infrared reflectance (NIR) imaging

NIR imaging is a good technique for detecting RPD as it is not influenced by

media opacities, neurosensory retinal layers and macular luteal pigment.168, 200,

201 RPD can be seen as hyporeflective lesions against a hyperreflective

background and are often most prominent at the superotemporal part of fovea

(0)

Figure Methods.14 Near-infrared reflectance images of participants from three
different study groups. In the normal control eye, NIR signal shows a
homogenous reflectivity over the posterior pole but a lower reflection at the
fovea. While in iAMD eye, the NIR signal on the drusen appeared as
disseminated spots, the RPD displayed as hyporeflective lesions upon a
hyperreflective background.
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2.5.3.3 Short wavelength fundus autofluorescent (SW-FAF) imaging

The FAF signal has an excitation wavelength of 488 nm to reach a peak

between 500-700 nm using the built in confocal scanning laser ophthalmoscope

in the Spectralis (Spectralis; Heidelberg Engineering, Heidelberg, Germany).202

Using the high-resolution mode, an FAF image was produced within a 30° x 30°

field, with a resolution of 1536 x 1536 pixels.202

The level of hyperfluorescence is linear to the accumulation and distribution of

lipofuscin. In normal control eyes, the FFA signal is reduced in the fovea, it

increases in the parafoveal area and reaches the peak at the most peripheral

retinal areas.203 In AMD, drusen usually appears as an area of

hypoautofluorescence and hyperpigmentation is usually related to the area of

hyperautofluorescence.204 RPD are usually shown as hypoautofluorescence

lesions168 (0).

Figure Methods.15 Fundus autofluorescence images of three participants from
three different study groups. Areas of hypofluorescence demonstrate the
distribution of drusen in iAMD group. The RPD appear as hypoautofluorescence
lesions distributed widely in the posterior pole.
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2.5.3.4 Spectral Domain Optical Coherence Tomography (SD-OCT)

For the SD-OCT examination (Spectralia HRA+OCT; Heidelberg Engineering,

Heidelberg, Germany), 49 B-scans within the central 20 x 20º were taken using

the high-resolution mode. Every individual OCT scan was produced from the

average of 25 frames. Qualitative evaluation included drusen, RPD,

hyperreflective foci (HF), and nascent geographic atrophy (nGA).

While drusen appeared as deposits between the retinal pigment epithelium

(RPE) and Bruch’s membrane, the RPD appeared as clear-round or cone

shaped subretinal deposits between the external limiting membrane (ELM) or

the outer plexiform layers (OPL) and RPE78, 96, 112 (0).

RPD were graded into 3 categories: definitely present, questionable, or absent.

The definitely present RPD was graded based on either the presence of 5 or

more RPD on SD-OCT in more than one B-scan and in at least one en-face

modality (CFP, FAF, NIR), or RPD present on two en-face modalities in the

absence of SD-OCT findings (including outside the SD-OCT grid). In this study,

both eyes with definitely present or absent of RPD were included. Eyes with

questionable RPD were excluded.
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Figure Methods.16 SD-OCT from participants in the three different study
groups. Note the drusen appear as a dome shaped deposits between the RPE
and BM, whilst RPD appear as conical shaped deposits above the RPE.

2.5.4 Clinical eye examination

After the multimodal images were taken, participants would undergo anterior

and posterior segment examinations using a slit lamp biomicroscope. The

examination included the evaluation of cornea, lens, vitreous, optic nerve and

retina.
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2.5.5 Clinical gradings

To establish the diagnosis and the phenotypes of AMD, color fundus

photographs, NIR, SW-FAF and SD-OCT images taken from each participant

were graded for RPD and other AMD features by a senior grader, as well as

myself and a senior medical retina specialist. If there was any disagreement, a

consensus was made between the graders. The Beckman Classification and

Grading system was used to classify AMD.56 Based on this classification, AMD

cases needed to have large drusen, sized > 125 µm, with or without any AMD

pigmentary changes on both eyes.56 The iAMD cases were then separated into

iAMD with and without RPD groups, which throughout the study were referred to

as the AMD and RPD groups respectively. Drusen and definitely present RPD

had to be present in both eyes.

2.6 Statistical analysis

All statistical analyses were performed using SPSS software (IBM SPSS

Statistics, software version 21; IBM/SPSS Inc., Chicago, IL, USA), and the

significance level was set at 0.05.

Statistical analysis used for each aim is described below:

Aim 1

Intrasession and intersession test-retest repeatability of retinal sensitivity

measurements after dark adaptation were evaluated in aim 1. Both repeatability
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evaluations used the Bland-Altman method, which plots the point wise

sensitivity (PWS) difference against the mean PWS.205-207

This plot provides a good summary of the test–retest characteristics, the

outliers, and the coefficients of repeatability (CoR). The CoR represents a value

for which 95% of the test-retest differences expected to lie for the same subject

between tests. The value of CoR can be affected by the measurement error of

the instrument and subjective variability. The larger the CoR value, the greater

the degree of test–retest variability. To examine the level of repeatability, a

cumulative percentage of PWS difference between the tests were plotted in

Microsoft Excel.

For the intrasession test, data from each individual test point for both 505 nm

and 625 nm stimuli, repeated at 20, 30, and 40 minutes after eye patching, were

assessed. All data were taken from the tests within the session from the same

day at the baseline visit.

For the intersession test, the retinal sensitivity data taken from the

measurement at 30 minutes dark adaptation between the baseline and retest

visit were used. The data from 30 minutes of dark adaptation was selected

since we learned in the intrasession testing that by 30 minutes the retina was

dark adapted for both wavelengths such that there was no significant difference

in sensitivity between the two test time points. The changes in average PWS

between the two visits were then evaluated using a linear mixed effects
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analysis. Test number was regarded as the fixed effect and test points within an

eye were considered a random effect.

Aim 2

There were three different study groups evaluated in the baseline visit: normal

control; iAMD without RPD; and iAMD with RPD. In both iAMD groups,

additional phenotypes were evaluated: hyperreflective foci (HRF), nascent

geographic atrophy (nGA), and AMD pigment abnormalities.

To compare age, BCVA, LLVA, and LLD between groups, one-way ANOVA and

a Bonferroni post hoc correction was used. A Chi-square test was also used to

evaluate whether there was a difference in the proportion of HRF and/or nGA in

the AMD groups. Rod-mediated function was evaluated using the principles of

two-color perimetry by calculating the point wise sensitivity difference (PWSD)

of 505 nm and 625 nm stimuli at each testing location. Normally, the sensitivity

difference between both wavelengths represented the rod function, however the

magnitude may be influenced by rods or cones function. Rod function is worse

when the sensitivity difference is smaller.

The mean PWSD was compared among the study groups using a linear mixed

effect analysis, where the study groups were treated as the fixed effect, test

points nested within an eye as a random effect, and age as a covariate. The

smaller the difference, the worse the rod function (0).
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To examine whether there was a difference in rod function across the ring

eccentricities, the mean PWSD at each eccentricity and each test point were

calculated and compared among the study groups. Rod function was also

compared between areas with and without RPD or drusen, and between eyes

with and without HRF and/ or nGA.

Aim 3

This was a longitudinal evaluation of rod function changes over a 12 months

period in three study groups: normal control; iAMD without RPD; and iAMD with

RPD. Each participant’s diagnosis, based on the Beckman Classification,

needed to be stable during the review period. If there was a change in the

diagnosis, participants would be excluded from analysis. One-way ANOVA and

a Bonferroni post hoc analysis was used to compare the characteristics of study

participants (age, BCVA, LLVA, LLD) between the study groups. When

evaluating whether there were changes in those variables within each study

group between the baseline and 12 months visits, a paired t-test was used.

The dynamics of sensitivity recovery of 505 nm stimulus were measured within

30 minutes after an exposure to a 20% photobleach. The recovery was then

plotted and fitted into the dark adaptation curve using an exponential decay

function using the Solver function in Microsoft Excel. The equation is described

below.146



49

Where:

T = threshold (log cd/m2)

t = length of time (minutes)

Ti = the initial threshold (log

cd/m2)

Tf = the asymptotic threshold

R = rate of decay (log unit/min)

There were 3 outcome parameters for evaluating rod functional changes as

shown in 0. Rod intercept time (RIT) is defined as the time for the eye to recover

to a criterion level of – 3.0 log cd/m2 which equals approximately 0.001 cd/m2

after an exposure to the 20% of photobleach using the modelled rod recovery

curve. Rod recovery rate (RRR) represents the second component of dark

adaptation. Static rod function was defined as the point wise sensitivity

difference (PWSD) between 505 nm and 625 nm stimuli at the end of the 30

minute test. The smaller the PWSD, the worse the rod function.

T(t) = log(10(Tf+Ti)-Rt + 10Tf)
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Figure Methods.17 Example of dark adaptation curve of normal control subjects
at one testing location fitted using the exponential decay formula and the three
rod function parameters that were assessed. Rod intercept time is defined as
the time when a stimulus reaches a criterion level of -3.0 log cd/m2. The time
course of the second component of rod recovery is indicated by the red dashed
line. Sensitivities of 505 nm and 625 nm wavelengths at 30 minutes after
photobleach is used to determine static rod function.

To evaluate whether there were differences in RIT, RRR, and sensitivity

difference between the study groups at different ring eccentricities, a one-way

ANOVA with a Bonferroni post hoc correction was used. To examine if the

central 4° ring and peripheral 12° ring differed in severity of rod dysfunction, a

paired t-test was performed. All test points that did not reach the criterion level

after 30 minutes DA were assigned as RIT of 30 minutes. To compare the

average PWSD and RRR changes at 4 different ring eccentricities, linear mixed

effects analysis was used. Study groups, ring eccentricities, and time points

were considered as fixed effects and age was adjusted as a covariate.
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Chapter 3 Evaluation of DACP in
measuring retinal sensitivity

This chapter determined the reliability of the novel DACP in evaluating

topographic retinal sensitivity. Intra- and inter- session reliability of the scotopic

perimetry testing was assessed on normal control and AMD eyes. The findings

of this study have been published in full.
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3.1 Publication: Repeatability of Retinal Sensitivity
Measurements Using a Medmont Dark-Adapted
Chromatic Perimeter in Healthy and Age-Related
Macular Degeneration Cases
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Chapter 4 Cross-Sectional Evaluation of
Rod Function in Different Phenotypes of

AMD

In this chapter, the severity of rod dysfunction in intermediate AMD (iAMD) in

the presence and absence of RPD was evaluated. Static rod function was

assessed after 30 minutes of dark-adaptation without and with photobleaching.

The sensitivity difference between 505 nm and 625 nm stimuli was calculated

and compared between control, iAMD and RPD groups.
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4.1 Publication: Subretinal drusenoid deposits and the
loss of rod function in intermediate age-related
macular degeneration
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Chapter 5 Longitudinal evaluation of rod function
in iAMD

In Chapter 4, it was found that rod function was impaired in iAMD eyes without RPD

and more severely impaired if RPD are present, particularly within the central 8° from

the fovea. In this chapter, a longitudinal evaluation of rod functional changes was

performed in 3 study groups, ie. normal healthy eyes and iAMD eyes with and

without RPD.
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5.1 Publication: Longitudinal assessment of rod function
in intermediate age-related macular degeneration with
and without reticular pseudodrusen

The findings of this chapter have been accepted for publication. The text below,

including figure numbering and bibliographic references, is presented as the final

accepted manuscript:

Tan RS, Guymer RH, Aung KZ, Caruso E, Luu CD. Longitudinal assessment of rod

function in intermediate age-related macular degeneration with and without reticular

pseudodrusen. Invest Ophthalmol Vis Sci 2019.
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ABSTRACT

Purpose: To evaluate rod function longitudinally in intermediate age-related macular

degeneration subjects with reticular pseudodrusen (RPD) and without RPD (AMD).

Methods: Retinal sensitivities (505nm and 625nm) during dark adaptation, at 14

locations within the central 12° macula were obtained after photobleaching at

baseline and 12-month visits. Point wise sensitivity differences between both stimuli

were used to assess static rod function, whilst rod intercept time (RIT) and rod

recovery rate (RRR) were used to evaluate dynamic function. Changes in function

over time were compared between groups.

Results: Twenty-three controls, 12 AMD and 13 RPD cases were followed-up. At

baseline, the RPD group had significantly worst static and dynamic rod function

compared to AMD and control groups. Static function in AMD was similar to controls.

Static and dynamic function across the central 12º was consistent in controls,

however it was most impaired at 4º compared to 12º eccentricity in disease groups.

Over 12 months, no AMD cases progressed clinically and static function in AMD

improved (P ≤ 0.04), but remained unchanged in control and RPD groups (P ≥ 0.17).

The RRR for control and RPD groups remained stable, whilst the AMD group

deteriorated, but only at 12º (P = 0.02). The RIT was stable in AMD (P = 0.75) and

RPD (P = 0.71) groups but controls improved (P = 0.002).

Conclusions: A decrease in RRR was detected over 12 months at 12° eccentricity

in the AMD group. Evaluating changes in rod function requires testing at multiple

locations including the peripheral macula.
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INTRODUCTION

A major impediment to our ability to conduct clinical trials of new interventions in the

early stages of age-related macular degeneration (AMD) is the lack of a robust

biomarker that is abnormal early in the disease and can be followed, showing decline

with the natural history of disease progression. It is considered highly desirable to

have a functional biomarker that could identify change over a reasonably short

period of time, ideally over 1-2 years that could potentially be used in intervention

trials as a functional outcome to determine the potential efficacy of a new treatment.

Rod function has been shown to be a promising biomarker to evaluate disease

severity1, 2 and progression3-7 in the early stages of AMD. Many cross sectional

studies have demonstrated that rod function is abnormal early in AMD3, 8-10 and more

recently it has been found that AMD cases with the additional phenotype of reticular

pseudodrusen (RPD, also known as subretinal drusenoid deposits) have particularly

poor rod function.2, 11-15 This finding is particularly significant as RPD are very

common detected in AMD16, 17 and are highly correlated with disease progression to

late AMD; geographic atrophy and neovascular AMD18-25 In addition, RPD are more

likely distributed at superior perifoveal retina, while the common drusen in AMD are

more at central fovea.26-28 Therefore, understanding the nature of the rod function in

AMD and its relationship with the presence of RPD is currently of interests as new

instruments have now made it more practical to measure rod function at different

locations within the retina.

Different instrument and techniques have been developed to measure both static

and dynamic rod function across the macula and to detect rod dysfunction in
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disease.29-32 Many research groups use a dynamic measure of rod intercept time

(RIT)9, 11, 33 or rod recovery rate (RRR)3, 9 as potentially the most clinically useful

indicators of poor rod function. However, there are only a few reports on the

longitudinal natural history of rod decline in the early stages of AMD, especially ones

using modern multimodal imaging techniques to identify the presence of RPD and

analyse the data of group with and without RPD separately.4-7 A study by Jackson et

al.4 reported an average worsening of 6.2 minutes of RIT in 19% of AMD patients in

12 months when both visual acuity and stage of intermediate AMD (iAMD) did not

change. However, the study did not report on the presence of RPD in the study

subjects. Owsley et al.5 found an average of 3 minutes worsening of RIT in 43.3% of

the AMD subjects, with varying severity, over 12 months and 56.7% over 24 months.

However, this study did not determine the presence of RPD at baseline and 12

months, only at 24-month follow-up where RPD were present in 83.3% of AMD

cases. Chen et al.7 found that RIT was more prolonged in the group that developed

RPD than the group that did not have RPD over 48 months follow-up. However,

these three studies did not evaluate AMD cases with RPD separately to those AMD

cases without RPD at the same stage of AMD. In addition, in all studies, rod function

was assessed at only one retinal location either at 5° or 11° superior retina.4,5,7

Our group has previously investigated rod function in AMD and we have reported

worsening of RIT in intermediate AMD over 12 months within the central 6° of the

macula.6 However, our initial protocol only followed recovery over 20 minutes and we

found that approximately 36% of test points did not reach the rod intercept level at

baseline and thus we were unable to observe a worsening in function at these points.

Therefore, we wished to further evaluate rod function over a 12-month period,
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allowing a longer 30 minutes recovery time and within the central 12° of the fovea, in

a well characterised, clinically stable cohort, all with bilateral large drusen, sub-

grouped on the presence or absence of RPD, to further our understanding of the

impact of RPD on longitudinal changes in rod function in eyes with intermediate

AMD.

METHODS

This prospective observational study was approved by the Human Ethics Committee

of the Royal Victorian Eye and Ear Hospital (RVEEH) and conducted in the Macular

Research Unit at the Centre for Eye Research Australia (CERA) in adherence with

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

participants after the study had been explained.

Participants

In the Macular Research Unit (MRU) in Centre for Eye Research Australia (CERA),

cases of AMD and normal control participants are enrolled in a natural history study

where they are followed with imaging and functional testing over time. For this Dark-

adaptation Perimetry (DAP) sub-study, participants were invited to participate in a

12-month longitudinal study of rod function if they fitted the inclusion criteria of being

at least 50 years of age and having a best-corrected visual acuity (BCVA) of 20/60 or

better. Control participants were required to have no drusen, no pigmentary

abnormalities nor RPD in either eye and AMD participants were required to have

drusen >125 μm with or without any AMD pigmentary abnormalities in both eyes,
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satisfying the classification of intermediate AMD based upon the Beckman

classification34.

Exclusion criteria included a myopic refractive error of greater than -6 diopters (D)

and a hyperopic refractive error greater than +4D. Other exclusions were a cataract

grade >2 (WHO grading system)35 and other significant ocular media opacity that

could obscure the fundus examination or multimodal imaging examination, diabetic

retinopathy, glaucoma, severe neck and spinal problems preventing the performance

of the perimetry tests and having medications that might affect the retinal function.

For the longitudinal follow-up, we included only cases who remained with the same

AMD stage as at baseline. Any cases with clinical signs of progression during the

study period were excluded. This allowed us to determine whether it is possible to

detect rod function changes prior to any clinical signs of AMD progression.

Participants who developed advanced AMD, significant ocular media opacity,

diabetic retinopathy, glaucoma or severe illness that could possibly affect to retinal

function during the review period were excluded from this study. Participants who

could not finish performing the DACP test or who did the test poorly were also

excluded.

Procedures

All participants underwent a comprehensive eye examination, including assessment

of BCVA with a modified version of the Early Treatment of Diabetic Retinopathy

Study (EDTRS) chart at 4 metres, and low luminance visual acuity (LLVA) following a

placement of a neutral density filter (2.0 ND)36, dark-adapted chromatic perimetry,
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multimodal imaging, and clinical eye examination of the anterior and posterior

segments at sub-study baseline and 12-month follow-up. An interview for eye history,

current symptoms of disease, and medication was also undertaken.  Only one eye,

the study eye, which was the eye with the better BCVA underwent the DACP

examination.

Assessment of rod function

Rod function was assessed using a dark-adapted chromatic perimeter (DACP;

Medmont  Pty Ltd, Nunawading, Victoria, Australia). The pupils were dilated to at

least of 6 mm with tropicamide 0.5% (Mydriacyl; Alcon Laboratories (Australia) Pty

Ltd, French Forest, New South Wales, Australia). Spherocylindrical lens for distance

correction was inserted into a lens holder at a viewing distance of 30 cm. A stimulus

size of Goldmann V (1.73º) was used. All participants were given the same verbal

instructions regarding the procedure of performing DACP tests. The study eye was

then bleached, approximately 20%, with a customised Ganzfeld flash8 while the

fellow eye was patched. The intensity of the flash was approximately 2.45 x 106

scotopic cd/m2. Retinal sensitivity was assessed regularly for 30 minutes after

photobleaching using the 505 nm stimuli at 14 testing location within the central 12

degrees of the macula (see Figure 1). Once retinal sensitivity measurements for the

505nm stimulus were completed, a single perimetric examination using the 625nm

stimuli was performed as part of the two-colour perimetry (2CP) procedure. The

changes in retinal sensitivity obtained with the 505nm stimulus over 30 minutes of

DA were used to determine the RIT and rod recovery rate. Rod function was also

assessed with 2CP technique, by calculating the sensitivity difference between the
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505nm and 625nm stimuli at 30 minutes after DA.11, 37, 38 The sensitivity difference

was used for determining static rod function and may not be necessary an absolute

rod threshold. All participants performed the same testing protocol for the baseline

and 12 months visits.

Figure 1 Test grid used for assessing static and dynamic rod function, showing 14

testing points located at 4, 6, 8 and 12 degrees from the fovea.

Multimodal imaging

Multimodal imaging was performed after the DACP testing was complete in order to

avoid additional bleaching of the retina. All participants underwent near-infrared

reflectance (NIR), short-wavelength fundus autofluorescence (SW-FAF), optical

coherence tomography (Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg

Germany), and colour fundus photography (Canon CR6-45NM; Canon, Saitama,

Japan). We obtained 49 B-scans within the central 20º x 20º of the retina and

averaged 25 frames for every single OCT scan. All multimodal images were graded

to confirm AMD classification and phenotypes by two graders, masked to the

perimetry data.
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Clinical Grading of AMD and RPD

The control and AMD grading was based on the Beckman Classification and Grading

System.34 We included individuals with no apparent aging changes (no drusen and

no AMD pigmentary abnormalities), and no RPD in the control group. Cases with

intermediate AMD (drusen >125 μm with or without any AMD pigmentary

abnormalities) were sub grouped into those with and without RPD, where only those

graded with definite RPD being included in this RPD cohort and only definitely

absent in the no RPD group. We excluded anyone who did not have either definitely

present or absent RPD in both eyes. The diagnosis of RPD on SD-OCT has been

prescribed in our previous study.14 Briefly, definitely present RPD required the

presence of at least 5 clear round or cone-shaped subretinal deposits between

external limiting membrane (ELM) or outer plexiform layers and retinal pigment

epithelium (RPE) on SD-OCT in more than one B-scan and in at least one en-face

modality (CFP, FAF, NIR) or RPD present on two en-face modalities in the absence

of SD-OCT findings (including outside the SD-OCT grid).

Statistical Analysis

For this study investigating changes in rod function over time, we included only those

participants whose clinical disease remained stable. We therefore excluded from the

analysis any participant whose AMD status changed over the course of 12 months.

We analysed the data with our participants in three groups based upon their clinical

phenotype; control group, AMD without RPD (AMD group) and AMD with RPD (RPD

group) in both eyes. Analysis of variance (ANOVA) and a post hoc analysis using
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Bonferroni correction were used to compare the age, BCVA, LLVA, and the

difference of BCVA and LLVA (low-luminance deficit, LLD) between the study groups

at baseline. We used the paired t-test to determine if BCVA, LLVA and LLD changed

between the baseline and 12-month follow-up.

A rod sensitivity plot for the 505nm stimulus for every test point was generated and

fitted into the dark adaptation curve using an exponential decay function following

bleach out to 30 minutes.8 Two dark adaptation parameters were evaluated through

this plot: rod intercept time (RIT) and the rod recovery rate. RIT was defined as the

time for the stimuli to recover to a criterion level at – 3.0 log units of stimulus intensity

(i.e. 0.001 cd/m2) after an exposure to the photobleach. Rod recovery rate was

defined as the slope that may represent the second component of dark adaptation

and is derived from the modelling of dynamic recovery of rod.8, 39, 40

The static rod function was calculated as the point wise sensitivity difference (PWSD)

of 505nm and 625nm stimuli at the end of the 30 minutes test.  The smaller the

PWSD, the worse the rod function. This has been described in our previous paper.14

To examine the extent of rod dysfunction as a function of eccentricity, the average

PWSD between 505nm and 625nm stimuli, the RIT and the rod recovery rate for

each concentric ring were calculated and compared between the study groups using

one-way ANOVA test. For RIT analysis, test points which did not recover to the

criterion threshold after 30 minutes of DA were arbitrarily assigned a RIT of 30

minutes. RIT was also compared between the central 4° ring and the peripheral 12°

ring using a paired t-test. To compare the average PWSD and rod recovery rate at 4
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different ring eccentricities, linear mixed effects analysis was used. Study groups,

ring eccentricities and time points were considered as fixed effects and age was

treated as an adjusted covariate.

RESULTS

Fifty-four eyes of 54 participants (27 normal control, and 27 AMD with bilateral large

drusen) participated in our Dark-adaptation Perimetry (DAP) sub-study at baseline.

Of the 27 eyes with AMD, 14 eyes had RPD and 13 eyes did not have RPD. One

participant in the control group was excluded due to progression from no drusen at

baseline to “normal aging changes” stage (developed a small druse of <63 µm

without AMD pigmentary abnormalities) during the 12-month review period. All AMD

cases remained with a stable grade classification and none of the participants

progressed to late AMD34 during the 12-month review period. All AMD cases

remained with a stable grade classification and none of the participants progressed

to late AMD. There were 5 participants who were unable to complete their 12 months

review, four participants  (2 control, 1 AMD, and 1 RPD participants) due to illness,

and 1 control participant due to work commitments. Therefore, there were 48

participants (48 eyes) who were included in the final analysis; 23 normal eyes

(control group), 12 AMD without RPD (AMD group) and 13 AMD with RPD eyes

(RPD group).

The clinical characteristics of the participants who completed the longitudinal study

and their visual function at baseline are presented in Table 1. At baseline, the RPD

group was significantly older (P=0.01) and had worse BCVA (P=0.03) and LLVA

(P=0.04) but not LLD (P = 0.34) when compared to the control group. There was no
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significant difference between the control and the AMD group nor between AMD and

RPD groups for age, BCVA, LLVA and LLD at baseline (Table 1).

There was no significant change in BCVA, LLVA, and LLD between baseline and 12-

month follow-up in control nor the AMD group (P ≥ 0.28; Table 2). However, in the

RPD group, BCVA was significantly worse at the 12-month follow-up (-2.8 ± 0.5

letters, P = 0.01), but not the LLVA (P = 0.11) nor LLD (P = 0.59; Table 2) compared

to the baseline.
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Table 1 Baseline characteristics of participants
Control
(n = 23)

AMD
(n =  13)

RPD
(n = 12)

Control vs. AMD
P Value

Control vs.
RPD

P Value

AMD vs. RPD
P Value

Age (mean ± SD, years)

BCVA (mean ± SD, letters)

LLVA (mean ± SD, letters)

LLD (mean ± SD, letters)

66.1± 9.0

89.7 ± 5.1

78.8 ± 7.6

11.0± 3.6

71.3 ± 8.7

84.9 ± 6.5

71.0 ± 12.3

13.8 ± 7.2

75.0 ± 7.2

84.0 ± 6.7

70.1 ± 9.1

13.9 ± 5.1

0.25

0.06

0.06

0.3

0.01

0.03

0.04

0.34

0.82

1

1

1

Obtained by Bonferroni post-hoc test after one-way ANOVA

Table 2 Change in visual acuity between baseline and 12 months follow-up
Parameters              Control AMD RPD

Follow-up Change from
baseline

P Value Follow-up Change from
baseline

P Value Follow-up Change from
baseline

P Value

BCVA (mean ± SD, letters)

LLVA (mean ± SD, letters)

LLD (mean ± SD, letters)

88.8 ± 6.3

77.4 ± 7.9

11.4 ± 4.2

-0.9 ± 4.1

-1.4 ± 5.8

0.4 ± 4.1

0.29

0.28

0.66

85.1 ± 5.4

70.1 ± 14.1

14.7 ± 9.8

0.2 ± 4.5

-0.6 ± 5.0

0.8 ± 4.9

0.29

0.28

0.66

81.7 ± 6.2

66.8± 8.3

14.8 ± 5.3

-2.3 ± 2.6

-3.3 ± 6.5

0.9 ± 5.8

0.01

0.11

0.59

Obtained by paired t-test
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Dark Adaptation Parameters

Sensitivity difference between 505 nm and 625 nm stimuli

The average point wise sensitivity differences (PWSD) between 505nm and

625nm wavelengths at various retinal eccentricities are shown in Table 3. The

smaller the PWSD indicates the worse rod function. At baseline, the worst rod

function was detected at the 4° ring in both AMD and RPD groups. A significant

difference in the PWSD was found between RPD and control groups and

between RPD and AMD groups, at 4°, 6° and 8° eccentricities (P ≤ 0.001) but

not at the 12° ring (Table 3). There was no difference in average PWSD

between control and AMD groups at any eccentricity (P ≥ 0.26; Table 3).

Table 3 Baseline average point wise sensitivity differences (PWSD) in the 3
study groups at different eccentricities.

Ring
(°)

Control AMD RPD Control
vs AMD

Control
vs RPD

AMD vs
RPD

4 20.5 ± 2.6 19.1 ± 3.4 13.5 ± 8.0 0.26 < 0.001 < 0.001

6 21.3 ± 2.9 20.4 ± 4.0 14.7 ± 7.2 0.77 < 0.001 < 0.001

8 21.6 ± 2.6 21.2 ± 2.8 17.2 ± 6.6 1 < 0.001 < 0.001

12 21.9 ± 3.7 21.3 ± 4.7 20.2 ± 5.7 1 0.42 1

Obtained by Bonferroni post-hoc after one-way ANOVA

Over 12-month follow-up period, there were no significant changes in PWSD (P

≥ 0.08) in any of the eccentric rings for both the control and RPD groups (Figure

2). In the AMD group, the average PWSD improved over 12-month follow-up at

4° (1 dB, P =0.01), 8° (1.1 dB, P =0.04) and 12° (2.2 dB, P=0.03) rings.
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Figure 2 Average point wise sensitivity difference (PWSD) between 505nm and
625nm at various retinal eccentricities between baseline (visit 1) and 12-month
follow-up (visit 2). At baseline, the average PWSD was significantly different
between the RPD and control groups and between the RPD and AMD groups,
but not between the control and AMD groups within the central 8° of macula.
After 12 months follow-up, no group worsened at any eccentricity in the PWSD,
with the AMD group improving at 4°, 8° and 12°. Note that the average PWSD
in AMD group and RPD group was not significantly different to the control group
at 12°eccentricity at baseline and 12 months. Error bars represent 95%CI.
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Rod intercept time (RIT)

RIT could be derived at all locations in all control participants at baseline and 12

months visits. However, there were 5 of 182 (3%) test points in the AMD group

and 56 of 168 (33%) test points in the RPD group that did not reach the criterion

level after 30 minutes of DA at baseline. After 12 months follow-up, the

proportion of test points that did not reach the rod criterion level for the AMD

and RPD groups was 2% and 36% respectively with some change in their

location. The failed points were located more within the central 4° ring than in

the peripheral ring (12° ring) in both disease groups. These points were

arbitrarily assigned a maximum RIT value of 30 minutes, hence the average RIT

values of these groups was an underestimate. We found that the average RIT

was significantly different between control and AMD groups (P < 0.001), AMD

and RPD groups (P < 0.001), and control and RPD groups (P < 0.001) both at

baseline or 12 months follow-up. The average RIT in control, AMD and RPD

groups was 7.3 [95% CI 7.1, 7.5], 11.8 [95% CI 11.0, 12.7], and 19.5 [95% CI

18.2, 20.8] min, respectively at baseline and 6.7 [95% CI 6.5, 7.0], 11.7 [95% CI

10.9, 12.4], and 19.1 [95% CI 17.8, 20.5] min, respectively at 12 months follow-

up (Figure 3 A). During this review period, the RIT improved significantly in

control group (0.6 ± 0.2 min, P = 0.002), with the improvement mainly noted at

12° ring (0.9 ± 0.4 min, P = 0.013). The average RIT change in AMD (0.1 ± 0.5

min, P = 0.75) and RPD (0.4 ± 1.0 min, P = 0.71) groups was not different from

the baseline.
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To determine whether the difference in RIT amongst the groups varied with

retinal eccentricity, we evaluated the RIT by ring eccentricities (Figure 3 B). In

the control group, the average RIT at baseline was 7.4 [95% CI 6.9, 7.9] min at

4° eccentricity and the mean RIT did not vary with eccentricity (P = 1.00). At 12

months visit, the average RIT was 6.9 [95% CI 6.3, 7.5] min, and the average

RIT was also not different with eccentricity  (P ≥ 0.42). In the AMD and RPD

groups, the average RIT was greatest at the 4° ring, 14.7 [95% CI 12.7, 16.6]

min in AMD group and 21.6 [95% CI 19.3, 23.8] min in RPD group respectively)

and the least at the 12° ring, 8.6 [95% CI 7.4, 9.8] min in AMD group and 15.3

[95% CI 11.4, 19.2] min in RPD group respectively at baseline. The greatest

deviation from normal control eyes was at the 4° ring. After 12 months follow-up,

the RIT remained longest at 4° ring in both AMD and RPD groups, AMD group

13.7 [95% CI 12.2, 15.2] min with the RPD group recording the longest RIT 21.4

[95% CI 18.8, 24.0] min. There remained a significant difference between the

12° and the 4° ring in AMD (P < 0.001) and RPD (P = 0.002) groups, but not in

control group (P = 0.42). Over time, there was no RIT change at any

eccentricities in AMD (P ≥ 0.45) and RPD (P ≥ 0.43) groups.

In a separate analysis, when we excluded the points that did not reach the

criterion level, the average RIT remained significantly different between all study

groups both at baseline (P < 0.001) or 12 months follow-up  (P ≤ 0.002). There

were no significant changes in RIT over the 12-month follow up at any

eccentricities for both the AMD (P ≥ 0.11) and RPD groups (P ≥ 0.45).
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Figure 3 Rod intercept times (RIT) for all test points are plotted for baseline and
12 months follow-up. A) The overall RIT and B) The RIT at various ring
eccentricities.  For points not reaching the criterion level, they are plotted at the
top of the graph arbitrarily assigned as 30 minutes, but no RIT was able to be
derived for these points. At both baseline and 12 months visits, the overall RIT
was significantly longer in both AMD and RPD groups compared to control
group (A) and RITs in the central retina were worse compared to peripheral
macula (B). The control group had very consistent RIT across the 4 rings within
12° of the central macula. The 4o ring returned the longest RIT in both the AMD
group and RPD group (B). Error bars represent mean ± 95%CI.

Rod recovery rate

At baseline, the rod recovery rate of each ring eccentricity was significantly

different between all study groups (P ≤ 0.012). The recovery was slowest at the

4° ring and was faster with the increasing eccentricities in both AMD and RPD
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groups but was relatively consistent in control group at all ring eccentricities

(Table 4). The RRR at the 4° rings was slowest in the RPD group (0.11 ± 0.07)

compared to the AMD and control groups (0.15 ± 0.07 and 0.26 ± 0.08 log

units/min respectively).

Table 4 Baseline rod recovery rate in 3 study groups at different eccentricities.
Ring0 Control AMD RPD Control vs

AMD
Control
vs RPD

AMD vs
RPD

4 0.26 ± 0.08 0.15 ± 0.07 0.11 ± 0.07 < 0.001 < 0.001  0.001

6 0.25 ± 0.07 0.16 ± 0.06 0.10 ± 0.07 < 0.001 < 0.001 < 0.001

8 0.26 ± 0.06 0.17 ± 0.05 0.12 ± 0.07 < 0.001 < 0.001 < 0.001

12 0.26 ± 0.06 0.22 ± 0.05 0.15 ± 0.09 0.012 < 0.001 0.002

Obtained by Bonferroni post-hoc after one-way ANOVA

At 12 months follow-up, there was no significant change in RRR over time at

each ring eccentricity in the control and RPD groups between the visits (P ≥

0.08). In the AMD group however, there was a significant slowing of the RRR in

the 12° ring (P = 0.02) with the average slope approaching toward the level of

the RPD group (Figure 4).
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Figure 4 Average rod recovery rate (RRR) at 4°, 6°, 8°, and 12° rings between
the baseline (visit 1) and 12 months follow-up (visit 2). At baseline, the rod
recovery rate within the central 8°, but not 12° was significantly different
between the study groups. The RPD group had the slowest RRR compared to
other study groups. RRR within the central 8° of the macula was not changed
after 12 months follow-up in all study groups.  A declining of RRR was noted in
the AMD group, but only at the 12° ring. Error bars represent 95%CI.

DISCUSSION

This longitudinal study evaluated rod functional changes over 12 months in a

cohort of participants all with intermediate AMD with and without the presence

of RPD using a dark-adapted chromatic perimeter. We found that the greatest

rod dysfunction was within the central 8° of the macula in the RPD group in the
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agreement with a previous report.41 However, of the rod functional parameters

evaluated, only the rod recovery rate at 12° from the fovea in the AMD group

showed significant worsen over time.

Rod recovery rate is an important parameter to evaluate rod function as it is not

effected by the levels of photobleach (if >20% is used) 39, 40 and always returns

with a value for every location. Our findings on the rod recovery rate for normal

eyes were similar to those reported in other studies.8, 39 Rod recovery was

slowest in the RPD group and also reduced in the AMD group. Subjects who

have classic large drusen exhibited a slower rod recovery rate at the 12°

eccentricity ring at 12 month follow up compared to baseline. In RPD eyes,

although function was most affected, there is no additional worsening in rod

recovery rate over the 12-month at any locations. This was likely due to the

recovery rate already being very slow at the baseline, with further decline

difficult to detect.

The RIT was significantly prolonged in the AMD groups compared to the control

group, and was much more prolonged in RPD group both at baseline and

follow-up, particularly in the area that closer to the fovea. The distribution of

RPD is often very widespread and quite peripheral compare to regular drusen.

However worse rod function in RPD eyes was detected in the area closest to

the fovea (4º), with the 12º radius function being the best. This is an interesting

demonstration of a lack of correlation between structure (location of RPD) and

function.  Our findings on the RIT are consistent with the previous studies, that
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the peripheral macula area had a shorter RIT than the central area. Binns et al.

42 found the RIT at 12° eccentricity had a faster recovery than the 5° eccentricity

in AMD group after exposed to 76% photobleach. A greater rod dysfunction at

the paracentral macula has also been reported in the earlier studies by Flynn13

and Pfau et al.43

When we evaluating the RIT in our 30 minutes testing protocol, we still found a

large proportion of testing points in the RPD group that did not reach the rod

intercept level after 30 minutes of dark adaptation. Whilst slightly smaller than in

our previous protocol where testing was only for 20 minutes (46%)6 we still had

about a third of all points in the RPD group not reaching the rod intercept level,

and as such was uninformative to follow over time. Previously we have reported

that RPD patients could take many hours to recover after bleach, with many test

points not recovering after 24 hours of dark adaptation.44 We designed a 30-

minute testing protocol so that it could be used clinically but it may be that a

longer testing duration is required to be able to accurately measure the true

extent of rod dysfunction and capture change over time. Thus RIT may not be a

clinically useful parameter for monitoring functional changes in RPD eyes due to

the long testing time required.

Static rod function did not deteriorate over time in any study groups and in fact

improved in the AMD group at most eccentricity. This is most likely a result of a

learning effect in the AMD group, where the control group performed well and

may have reached a ceiling response, whilst the RPD group performed poorly
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with little ability to improve through learning. A slight variation in bleach levels

between the two visits might explain a variation, this is not likely to have

arbitrarily affected one disease group more than another. Furthermore, although

we found 1 - 2.2 dB improvement in the iAMD group over time, this is well within

the intersession test retest coefficient of repeatability of approximately ±5 dB.32

Hence, the improvement in static rod function observed in this study unlikely to

yield a clinical significant.

Besides measuring rod function, we also evaluate visual function changes in

this study. Neither BCVA, LLVA nor LLD changed significantly over the 12

months follow-up in either of the AMD nor control groups. BCVA, but not LLVA

nor LLD did decline in the RPD group over a 12-month follow-up. However,

none of these acuity tests were particularly good to differentiate changes

between groups.  The worsening of BCVA in RPD eyes suggests that it was not

only rod function that is impaired, but cone function is also being affected. This

finding is consistent with Mrejen et al. observation using adaptive optics imaging

showing that cone density over reticular pseudodrusen was significantly

decreased compared to that over conventional drusen.45

As we included only subjects who did not have clinical disease progression in

the study, it was not our intention to address the issue of whether changes in

rod function observed, in clinically stable eyes are indications of future AMD

progression. However, our results suggest that even within clinically stable

eyes, it may be possible to use a functional biomarker to identify those cases
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most likely to progress to vision loss. Since we were able to detect a small

change in rod function within a period of 12 months, the next step will be

conducting prospective studies with a longer follow-up to examine the

relationship between rod function changes and clinical AMD progression.

The strength of our study was that we evaluated multiple testing points (14

points) within one eye and even with the small number of participants the

amount of individual test point data is large. This allowed us to report on the

different sensitivities at different eccentricities. Another strength of the study

was that our AMD cohort had participants at the same stage of disease

(intermediate stage with large drusen size >125 µm) in both disease groups and

we had a large enough sample to be able to separate those with and without

RPD. Using the novel two colour DACP and the difference between 505 and

625 nm sensitivities (PWSD) we were certain that we were measuring only rod

function, even when that function was greatly diminished in RPD eyes. We

could also evaluate rod changes at multiple locations in 3 different study groups

using all testing points that were distributed at different ring eccentricities. The

limitations of this study include a small sample size, the short testing time that

didn’t allow all points to reach a RIT, thus losing the actual valuable point wise

data, especially in RPD cases.

In conclusion, worsening of rod function over 12 month follow up was detected

in eyes with AMD but only at the 12° test points. Since the degree of rod

dysfunction is related to AMD phenotypes and retinal eccentricities, evaluating
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rod function at multiple locations may improve the detection of functional

changes over time. While the central 8° points within the macula were important

to evaluate the disease severity, testing the more peripheral locations could be

a useful approach to evaluate progression of AMD over time.
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Chapter 6 Further Evaluation of Rod
Function in Eyes with Reticular

Pseudodrusen

In this chapter, a separate observation on 6 AMD patients with RPD whose rod

recovery (rod intercept time) failed to reach a criterion level of -3.0 log unit after

30 minutes of dark-adaptation was conducted. Recovery of sensitivity was

evaluated with up to 24 hours of patching in order to evaluate whether rod

recovery function was totally impaired or not. In this chapter, I contributed to

patient recruitment, performing the DACP and multimodal imaging examination,

data interpretation and manuscript revision.
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6.1 Publication: Topographic Rod Recovery Profiles
after a Prolonged Dark Adaptation in Subjects with
Reticular Pseudodrusen
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Chapter 7 Key findings and future
directions

A robust functional test to accurately evaluate AMD severity based on different

AMD phenotypes and monitor disease progression is urgently required. Such a

test would contribute greatly to AMD research, in that it could be used to

determine the efficacy of new interventions being developed to slow the

progression of early disease to late-stage, vision-threatening AMD. The

research presented in this thesis made use of the novel two-color perimetry

DACP to explore rod function throughout the central macula in AMD and control

subjects. Making use of the large dynamic range of sensitivity in the DACP, this

instrument was tested as a potential tool to evaluate topographic rod function in

normal elderly and intermediate AMD eyes. This study demonstrated that rod

function had declined within central 8º of macula in iAMD, with the greatest

deficit at the 4º ring compared to normal healthy eyes. Rod dysfunction was

significantly increased when RPD were present. A small functional change of

rod recovery rate was detected in the more peripheral maculae (12º ring) in

intermediate AMD eyes without RPD within 12 months of review.

7.1 Key findings

Important findings from the assessment of DACP test-retest repeatability were

that this novel machine is indeed suitable for evaluating scotopic sensitivity in

older patients with intermediate AMD who still have good vision and stable
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fixation (Chapter 3). The DACP had sufficient dynamic range to detect subtle

changes in scotopic sensitivity in these early stages of AMD. No floor or ceiling

effect was found in any of these tests. The repeatability of test points varied at

different ring eccentricities up to 24º central of the retina, with variation being

smaller within the 10º ring compared to the variation at peripheral points. In 80%

of all test points, repeatability was approximately ± 5dB. When assessing

scotopic sensitivity following simple eye patching, recording the duration of

patching before testing is very important, as AMD eyes may take longer to

reach full dark-adapted sensitivity than unaffected eyes. If AMD eyes are in a

different state of dark adaptation, evaluating scotopic sensitivity at a certain time

point following patching may not be the most useful functional marker to test in

AMD.

After evaluating the potential of DACP to measure retinal sensitivity at multiple

locations, a cross sectional study was conducted (Chapter 4) to evaluate rod

function with and without photobleaching in a cohort that was extensively

phenotyped with MMI. This study provided an opportunity to compare rod

function in intermediate AMD eyes with different high risk features of AMD, ie.

reticular pseudodrusen (RPD)/subdrusenoid deposits (SDD), HRF and/or nGA.

We found that the severity of rod dysfunction in iAMD eyes with RPD/SDD could

be assessed using my testing protocols with or without photobleaching, whilst in

iAMD eyes with only traditional drusen, abnormalities in rod function were only

detected after photobleaching. From these results it is clear that photobleaching

yields an important advantage when evaluating rod dysfunction in iAMD eyes.
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The impairment of rod function was evident within the central 8º, with the

greatest deficit in the 4° ring eccentricity. Beyond the 8° ring, static rod function

was similar among normal healthy participants and iAMD patients with either

traditional drusen only or RPD. The presence of HRF or nGA did not affect to

the severity of rod dysfunction in either iAMD or RPD groups.

As static rod function evaluated after photobleaching provided more accurate

information about the severity of rod impairment in iAMD with and without RPD,

a further examination of static rod function and two other dark adaptation

parameters, ie. RIT and RRR were conducted over a 12-month follow-up. The

measurement was performed at multiple locations within 12° central of macula

in control subjects and clinically stable iAMD cases with and without RPD

(Chapter 5).

RIT and RRR have been shown as potential indicators of rod dysfunction in

AMD in the previous studies conducted at MRU, CERA and other groups.24, 28,

146, 154, 157, 178, 188, 208 RIT is part of the second component of recovery that occurs

after rod-cone break, whilst RRR represents the slope of the second

component. Both RIT and RRR purely represent the rod recovery system.

However, since RRR is unaffected by the amount of photobleaching, the value

is expected to be more consistent compared to RIT.124, 208

After evaluating rod function based on 3 DA parameters, the results confirmed

again that rod function was worse when RPD were present, compared to iAMD

eyes that only had traditional drusen. Rod function was poorest at the 4º ring
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compared to the 12º ring in both iAMD and RPD groups. RIT was found to be

stable in iAMD and RPD groups, but improved in the control group, likely due to

a learning effect. Over the 12-month review period, a subtle deterioration of

RRR was detected at the 12º ring in the iAMD group without RPD, whilst static

rod function improved, and RIT was stable. No changes in RRR were observed

in either the control or RPD groups after 12 months.

There are a few suggestions made why the RRR declined in the drusen group,

but not in RPD group, at 12º ring in a 12-months period of review. Firstly, the

RRR in the AMD group at 4º, 6º, 8º ring eccentricities at the baseline visit was

already abnormal and even more so (almost reach the floor) in the RPD group.

Hence, it is hard to detect any further slowing in rate over the relatively short

follow-up of 12 months. Whereas, at the 12º ring, the RRR was relative normal,

hence a small decline might be easier to detect as a subtle worsening of

function. In addition, the sample size may need to be larger to detect a small

change in the data analysis.

From my studies, it appears that a change in RRR may not be an ideal

biomarker to detect a change in rod dysfunction in an AMD plus RPD groups

over a 12-month follow-up period. A longer period of investigation in a larger

cohort would therefore be recommended to enable further detection of rods

dysfunction.

.
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An additional study with an extended testing period of up to 24 hours of dark

adaptation provided new insights about rod function in intermediate AMD eyes

with RPD (Chapter 6). The recovery of rod function during dark adaptation

occurred at different rates at different locations and seemed to be dependent on

the stage of RPD within the eye. Rod recovery was slower within the central 6°

of the macula and faster beyond 6°. Eyes with Stage 4 RPD had the slowest rod

function recovery and within the annulus of 12°, the majority of test points did

not recover to the criterion level even after 24 hours of dark adaptation. This

indicates that rod function might be totally lost in eyes with advanced stage of

RPD - a situation suggesting that at this point the majority of rods may well have

died.

The strengths of my research studies were the inclusion of a homogeneous

group of AMD cases - all with intermediate stage AMD. This allowed us to divide

the AMD group into those with and without RPD as the main phenotypic

variable. We also had comprehensive retinal imaging grading performed on all

participants to accurately assess the classification and phenotypes of AMD

using multimodal imaging, such that we could confidently determine the

presence of RPD and other newly identified AMD risk factors seen on OCT. The

scotopic retinal sensitivities were assessed using a purpose-built perimeter that

allowed for a large scotopic range of testing luminance levels, ensuring that a

ceiling effect was not an issue, as is often the case when assessing early

defects in rod function with other currently available perimeters.
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Limitations of this study included its moderate sample size and short follow-up

time, of 12 months. A longer follow-up may have enabled additional changes in

rod function to be detected. We could also only test one eye per participant due

to the long testing protocols; in our studies a total of approximately 3 hours was

required per visit, including 85 minutes performing dark adaptation testing.

The main limitation of the DACP used to assess rod function in these studies is

that it does not have automated fundus tracking; rather, the DACP relies on the

participant maintaining fixation throughout the testing. This limitation is

particularly important when attempting to perform follow-up testing at the same

retinal location over time.

The large stimulus size, Goldmann V, may limit the sensitivity to detect a small

localized defect. However, in iAMD, rod dysfunction covered a large area within

8° central of macula, which we were able to detect with the current Goldman V

size stimulus. Whilst it would be desirable to have a range of stimulus size to

choose from, depending upon the question being answered, it needs to be

remembered that a smaller stimulus size will be harder for the elderly patients to

see when performing the DACP test, hence increasing the variability of test, a

test which is already difficult to perform and not well liked by those who

undertake the test.



121

The machine was also not optimized for data extraction, which made producing

the dark adaptation curves and assessing RIT and RRR very time consuming

and laborious.

7.2 Future directions

The main aim of this thesis was to evaluate how the measurement of rod

function performed as a functional marker of AMD severity within different

intermediate AMD sub-phenotypes, and also as an indicator of disease

progression when the clinical diagnosis remained unchanged. In our cross-

sectional study, we showed that rod function can be used as a potential

biomarker, capable of differentiating the severity of rod dysfunction between

normal healthy eyes, iAMD eyes with traditional drusen only, and iAMD eyes

with RPD. It is unclear why rod function in iAMD eyes with or without RPD is

most significantly impaired at the central 4° ring, whilst RPD in particular are

often detected at more peripheral macula locations, whereas traditional drusen

are more often located closer to the fovea.78, 93 My research suggests that RPD

influences rod function and possibly rod cell survival in a manner that is not

dependent on co-location of RPD.

Based upon current knowledge, the underlying aetiology of RPD is likely to

involve a vascular or metabolic insult that affects rod photoreceptors function.

My work and that of others demonstrated that it is the presence of RPD that

imposes significant deficits in rod function especially in rod recovery (dark

adaptation), a visual function that is critically dependent on adequate supply of
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retinoids to rods.124, 209, 210 The supply of retinoids to rods can be influenced by a

range of factors including the function of the RPE that expressed enzymes

critical from the RPD to photoreceptors, and the vascular supply via which

retinoids reach the RPE.

Reports suggest cardiovascular disease and risk factors are common in those

with RPD and the choroid, which supplies the outer retina, has been reported to

be thinner, and have more flow voids on OCT-Angiography (OCTA) in those

with RPD compared to eyes without, with RPD appearing to form in the

choroidal watershed zones.211-215.

High-density lipoproteins have recently been positively associated with AMD

risk216 where lipids contributing to cardiovascular disease and Bruch’s

membrane lipid deposition (separates the blood supply from the outer retina)

could also influence retinol recycling.217, 218 It is possible that with age and

decreased RPE function, a breakdown of the RPE’s ability to participate in lipid

processing in the subretinal space occurs.209, 218

Clearly, further studies are required to understand the aetiology of RPD, as they

are associated with more severe AMD. Histologically, RPD are detected above

the RPE whereas traditional drusen are located under the RPE.88, 93, 203  The

presence of RPD have been shown to be associated with retinal stress,

affecting Müller cell gliosis and RPE dysfunction.219 The mismatch between the
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location of RPD and rod dysfunction also needs to be investigated. Additional

cellular information using adaptive optics, may be beneficial.220, 221

Another important aspect of future studies is to explore associations between

rod dysfunction and other important variables in AMD, such as genetic risk

factors, inflammatory markers, and lifestyle and environmental risk factors.

Elucidating the pathophysiology of RPD will be useful to understand why cell

death occurs preferentially in some specific areas and will also be important in

improving our approaches to AMD treatment and management.222-224

My findings may be used to inform the design and conduct of future clinical trials

to examine the natural history of intermediate AMD. Ultimately, being able to

accurately measure topographic rod function will give us further insights into

AMD and will hopefully prove to be a robust functional biomarker with which

researchers can monitor AMD progression and assess the efficacy of novel

interventions.

Currently, a study that aims to evaluate rod functional changes in response to

nanosecond sub-threshold laser treatment is ongoing at the Macular Research

Unit, CERA. The laser treatment was able to slow the progression of AMD

without causing retinal damage.22, 225 This study will provide an opportunity to

use topographic rod functional changes as a biomarker for evaluating the

success of the nanosecond laser in slowing AMD progression.



124

In conclusion, the DACP is a great addition to the armamentarium of

researchers looking to measure rod function in the early stages of AMD before

vision is affected. Clearly, the ability to test at multiple locations throughout the

macula with sufficient dynamic range is an advantage of the DACP compared to

other currently available scotopic perimeters. Dynamic rod function appears to

be a more sensitive functional marker than static rod function in evaluating

disease severity and progression in intermediate AMD. Rod dysfunction was

more apparent within the central 8 degrees of the macula, but changes over

time were only detected more peripherally. Therefore, testing of more peripheral

locations may be more informative in terms of monitoring disease progression.

This research shows that iAMD cases with RPD have more severely affected

rod function, even at relatively early stages of disease, and understanding the

pathophysiology accounting for this functional deficit must be a high priority.
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