DOCTOR OF PHILOSOPHY
Structure-function relationships in Age-related macular degeneration in an era of multi-modal
retinal imaging

Naska, Klainti
Award date:
2020
Awarding institution:
Queen's University Belfast
Link to publication

Terms of use
All those accessing thesis content in Queen’s University Belfast Research Portal are subject to the following terms and conditions of use
• Copyright is subject to the Copyright, Designs and Patent Act 1988, or as modified by any successor legislation
• Copyright and moral rights for thesis content are retained by the author and/or other copyright owners
• A copy of a thesis may be downloaded for personal non-commercial research/study without the need for permission or charge
• Distribution or reproduction of thesis content in any format is not permitted without the permission of the copyright holder
• When citing this work, full bibliographic details should be supplied, including the author, title, awarding institution and date of thesis

Take down policy
A thesis can be removed from the Research Portal if there has been a breach of copyright, or a similarly robust reason.
If you believe this document breaches copyright, or there is sufficient cause to take down, please contact us, citing details. Email:
openaccess@qub.ac.uk

Supplementary materials
Where possible, we endeavour to provide supplementary materials to theses. This may include video, audio and other types of files. We
endeavour to capture all content and upload as part of the Pure record for each thesis.
Note, it may not be possible in all instances to convert analogue formats to usable digital formats for some supplementary materials. We
exercise best efforts on our behalf and, in such instances, encourage the individual to consult the physical thesis for further information.

Download date: 09. Jan. 2023

Structure-function relationships in Age-related
macular degeneration in an era of multi-modal
retinal imaging

A thesis submitted for the Degree of
Doctor of Philosophy (PhD)
to the School of Medicine, Dentistry and Biomedical Sciences
Queen’s University Belfast
Klainti T. Naska
Bachelor of Science (BSc) in Optometry & Optics
Master of Science (MSc) in Clinical Ophthalmology &
Vision Research

Dedication
The work carried out throughout these three years is dedicated to my mother
Veronika Bitzili. If it hadn’t been for her, I wouldn’t be writing these pages. I would
need many lines to express my gratitude but I will only say a huge thank you.

“Reach what you can’t”.
Nikos Kazantzakis

ii

Acknowledgments
I would like to express my sincere gratitude to my supervisors Dr Ruth Hogg and
Professor Usha Chakravarthy for their inexhaustible patience, mentorship, help and
guidance which they generously gave me throughout these three years. It was a
great privilege for me to work and being directed from such a supervisory team.
Without their help I would not be finishing this work.
I am grateful to Dr. Ruth Hogg from the first day I stepped my foot to Belfast. She
helped me in every capacity and made my transition into this new city more than
easy. Her mentorship, motivation, encouragement, and patience were essential for
me to finish this project. Under her direction I learned a lot for age-related macular
degeneration, epidemiology and statistical methods. I am also grateful for the
opportunity she made possible for me which led to a post-doc application. All she
taught me are qualities that I will always carry in my career.
I am grateful to Professor Usha Chakravarthy for all the help with my questions, her
guidance and all the motivation she provided to me. Also, her insight, scientific
knowledge and directions were essential for me to develop the OCT grading
scheme for this study.
A special thank you to Dr. David Wright for helping me with my questions for
statistical analysis and data handling, as well as providing me with the scripts for
statistical programming.
I would also like to thank Anita Gillen and Jennifer Perais for their help in the clinic
seeing participants with me. Throughout these three years I was lucky to meet and
work with great people. I would like to thank all lab members for their help and their
patience whenever I would need something to be explained.
iii

I would like to thank the NICOLA administrative team for helping me with participant
invitations to the NISA study. My sincere gratitude to all NICOLA research nurses
and technicians as well as all the NICRF staff for their help with blood collection and
for making my work in the clinic go as easy as possible.
Many thanks also to all the NISA participants, without them, this work would not
have happened.
A special thanks belongs to Panagiotis and Lisa for their support in the beginning
of my masters in Glasgow. I would also like to thank my brother Christos for his
support. I have been lucky enough to have had many friends in my life, who stood
next to me on this and every other endeavour. I could never forget my brother
friends Stefanos, Panos and Kyriakos who were there to listen my endless anxiety
and deal with it. Speaking of stress, I would also like to thank my flatmate and very
good friend Giannis who dealt with it and calmed me at any time. Could not possibly
forget Dimitris and Alex whom I came close with on my final year, our Sunday
lunches together were a huge relief and they became two good friends to keep in
life. A person not to forget, is Rad whom I met with on my first year in Belfast and
our friendship is still going on.
Finally, I would like to thank every staff member, medical students, Konstantinos
Nicolaou and Mary Donelly, and NICRF staff assisting me with my data collection
and analysis.
The NISA study is supported by a PhD studentship grant from the Macular Society.
We are extremely grateful to all the participants of NICOLA, and the whole NICOLA
team, which includes nursing staff, research scientists, clerical staff, computer and
laboratory technicians, managers and receptionists.
iv

Atlantic Philanthropies,

ESRC, HSC Research and Development, UKCRC and Queen’s University Belfast
provide core financial support for NICOLA. The authors alone are responsible for
the interpretation of the data and any views or opinions presented are solely those
of the author and do not necessarily represent those of the NICOLA team.

v

Summary

Age-related macular degeneration (AMD) is the most common cause of irreversible
visual impairment in the western world. Multimodal imaging has contributed a lot
into disease detection, diagnosis and management. The availability of multimodal
imaging is an unprecedented advantageous opportunity into relating structure with
function in the presence of disease.
The Northern Ireland Cohort of Longitudinal study of Aging (NICOLA) is a
population based study which was designed to understand what factors are related
with healthy aging. The sampling was designed to recruit individuals aged over 50
years old and consisted of two parts, a home-based interview and a health
assessment which included an ophthalmic component which comprised of
multimodal retinal imaging. Those attending the health assessment were the pool
from which participants to the current study were drawn.
The Northern Ireland Sensory Aging study (NISA) is a prospective, case-control
add-on study, which invited back persons from the main NICOLA study in order to
assess in detail those who had early and/or intermediate AMD. The NISA study,
involved detailed functional and structural phenotyping of these participants with
the use of state-of-the-art psychophysical tests and retinal imaging modalities.
Chapter 1 of this thesis is an overview of the knowledge acquired so far through
research regarding the pathogenesis, risk factors, classification and effect of visual
function

of

both

AMD

and

its

recently

reported

pseudodrusen/subretinal drusenoid deposits (RPD/SDD).

vi

phenotype,

reticular

Chapter 2, is an overview of the methods used to carry out the functional tests and
imaging in the NISA study, as well as the rationale for inclusion of those
assessments. In the same chapter, the effect of the time chosen to dark-adapt an
individual, on their performance on a novel piece of equipment, the scotopic
MAcular Integrity Assessment (MAIA, CenterVue, Padova, Italy) microperimeter, as
well as the repeatability of the device are tested.
In chapter 3, the rationale and methods of developing an optical coherence
tomography (OCT)-based classification system for the NISA study are described,
thus adhering to the need for an OCT-based classification for AMD. The colour
fundus photography (CFP) and OCT characteristics, as well as the prevalence of
AMD phenotypes, of the NISA study population are described. Based on CFP
detection a frequency of 31.8% and 15.9% for early and intermediate AMD
respectively, were found. Furthermore, RPD were found in 1.7% of the study
population, a frequency which is in agreement with previous studies. Based on OCT
imaging, 39.9% of the study eyes showed typical drusen, with 34.7% of those being
of homogeneous internal reflectivity. Subretinal drusneoid deposits were present in
39.8%. This percentage is similar to previous rates reported from studies which
used the OCT modality. Of those with SDD, 19.1% were stage 1, 16.8% stage 2
and 3.9% stage 3 SDD. Analysis of agreement between a well-established CFP
with the OCT-based classification system developed for the NISA study, showed
only slight agreement between the two, whereas substantial agreement between
the standard and wide-field OCT lenses was found.
In chapter 4 an assessment of the potential impact of AMD-related lesions on retinal
structure took place. With the use of OCT segmentation analysis, it was found that
for both the CFP and OCT-based classification systems, the RPE, outer retina and
vii

photoreceptor thicknesses can be good indicators to distinguish AMD from control
individuals. Additionally, factors that related with the structure of the layers of
interest, in the eccentricities assessed, were age, gender, spherical equivalent and
smoking. Finally, the results of this chapter agree with previously published work
stating that the total retina is thicker in AMD individuals in the foveal area and that
the RPE is thicker at all eccentricities assessed. The volume of the RPE is also a
reliable metric to distinguish those with AMD from controls as it was found to
increase from one AMD stage to another.
In chapter 5, the impact of the AMD-related lesions on visual function and the
sensitivity of each test within the NISA test battery, to detect results outside a
reference range of control participants were assessed. It was found in this chapter
that only some of the tests could serve as good visual function metrics and
distinguish AMD individuals from their counterparts in normal macular health,
including low luminance visual acuity, low luminance deficit, contrast sensitivity,
mesopic microperimetry and rod-intercept time. These tests were found to be able
to make this distinction in both the CFP and OCT-based analysis. Finally, these
were the tests that showed increased sensitivity as the percentage of patients falling
outside the reference range, increased while moving from one group to another.
In chapter 6, the OCT groups created initially, were reclassified based on the
previous results into a graded severity scale. In this chapter it was found that the
structure of the RPE and photoreceptors is significantly affected and that this
significance, is increased while moving from one group to another. The RPE and
photoreceptor thicknesses, can also still distinguish AMD from control individuals.
In terms of the effect on visual function, the results of this chapter, suggest that
visual performance declined while moving from one OCT group to another. This
viii

was more profound for low luminance visual acuity, low luminance deficit, contrast
sensitivity, mesopic microperimetry and rod-intercept time. Finally, these tests are
those that can reliably distinguish AMD individuals from controls.
Chapter 7 concludes this thesis with a general discussion of the overall findings and
makes suggestions for future directions of the research in general and how specific
findings of the NISA study could be further extended.
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statistical outliers. The lower and upper extremes in the whiskers
describe the minimum and maximum values. The lower and upper parts
of the box describe the lower (25th) and upper (75th) quartiles
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Visual function test results according to OCT classification. The lower
and upper extremes in the whiskers describe the minimum and
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middle of the box describes the mean and the dots, describe the
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Visual function test results according to OCT classification. The lower
and upper extremes in the whiskers describe the minimum and
maximum values. The lower and upper parts of the box describe the
lower (25th) and upper (75th) quartiles respectively. The line in the
middle of the box describes the mean and the dots, describe the
statistical outliers.
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1 Introduction
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1.1 Age-related macular degeneration
As the term itself predisposes, age-related macular degeneration (AMD) is a
disease affecting older individuals, usually commencing by the age of 50 years old
and over. It is stated as the most frequent cause of visual impairment in
industrialized countries(1,2) and according to the World Health Organization
(WHO), as the third cause of visual impairment worldwide, after cataract and
glaucoma(3). It is a multifactorial disease with no single cause leading to its
manifestations.
Throughout this chapter the current knowledge on AMD pathogenesis,
epidemiology and risk factors of the disease, effect on visual function and
classification of the disease will be described. Subsequently, the current knowledge
on a phenotype of AMD, reticular pseudodrusen/subretinal drusenoid deposits
(RPD/SDD) will be presented.
1.1.1 Anatomy of the Macula
Ophthalmic anatomy has defined the macula, or otherwise known as macula lutea,
as the central region of the human retina. This area is responsible for detailed vision
as it has a rich concentration of photoreceptors, especially cones, which are
responsible for vision under highly illuminated environments and colour
discrimination as well. The macula occupies less than 4% of the total retinal area
and it is suggested that a 2mm lesion centred on the fovea, could result in legal
blindness of the average individual(4). The macula has been anatomically divided
into four regions (Figure 1) which are all named in relation to and including the
fovea.
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Figure 1 Anatomy of the macula. The four anatomical regions of the machula are illustrated in concentric
circles a) the umbo, b) the foveolar, c) the fovea, d-e) perifoveal macula (adapted from slideshare.net)

The outermost region is the perifovea and can be seen as the transition zone
between the central zones and the periphery. In this area, there is high density of
retinal vasculature as well as a high rod:cone ratio. The area internally to the
perifovea, is the parafovea. This surrounds the foveal region and is characterised
by a low density of retinal vessels and rods, as well as an increase in cone density.
The pattern noticed in the parafovea, is further developed in the foveal region. This
can be further split in to two parts, the foveal slope and the foveola. In the foveal
slope, there is a transition from rod- to cone-dominated and from vascular to
avascular retina. In the foveola, cones reach their maximum density. Furthermore,
the centre of the foveola is called the umbo. The unique environment of the macula
renders it susceptible to the processes leading to age-related macular degeneration
3

(AMD). The two mechanisms suggested to play a major role to this, are the critical
balance between metabolic rate and blood supply and the modifications of the
choriocapillaris and Bruch’s membrane with age, which disrupt the nutrition of the
macula(4).
1.1.2 Aging and Age-Related Macular Degeneration
In order to describe the pathological changes leading to the manifestation of AMD,
the changes taking place as part of normal aging and what occurs differently in
AMD, need to be described.
Aging has been defined as the progressive accumulation of changes with time that
are related with, or responsible for the increasing vulnerability to disease and
death(5). As the whole of the body, the eye is not excluded from such changes.
According to De Grey(6), the aging process has three stages. First, the metabolic
processes that are essential to life and produce toxins, take place. Second, an
amount of the toxin-induced damage can’t be removed by the repair systems of the
body and thus, accumulates over time. In the third stage, the accumulation of
damage, drives age-related pathology directly or indirectly, where the cellular repair
systems try to repair the damage, but they actually cause collateral problems. It is
suggested, that biological aging comes as a consequence of the body’s metabolic
requirements(6). Additional to these three stages, De Grey has recognized seven
damaging events that come with aging. These involve cell loss, cell death
resistance, cell over-proliferation, intra- and extra-cellular debris, tissue stiffening
and mitochondrial defects. The three stages leading to age-related pathology, along
with the seven factors and their ocular analogues, are presented in figure 2.
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Figure 2 The three-stage aging process (far left), the seven damaging factors (middle) and their ocular
analogues [far right taken from(7)]

AMD-specific changes, occur in the complex comprising of retinal pigment
epithelium (RPE), Bruch’s membrane and the choroid. The RPE plays a vital role
in the disease as it is important in maintaining homeostasis. The RPE has a high
metabolic rate, due to its contact with the photoreceptors, it operates phagocytosis
and also provides nutrients in the retina as well as removing metabolic waste
material(7). Throughout life, photoreceptors shed their tips and this loss is balanced
by the addition of membranes at the outer segments of rods and the replacement
of nucleic acids, proteins and lipids of cones. The shed parts of the photoreceptor
outer segments, fuse with lysosomes and as a result, phagolysosomes are created.
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Their contents are incompletely degraded in an acid lysosomal environment and
form the substrate for production and accumulation of lipofuscin in the RPE(8).
Bruch’s membrane, also undergoes age-related changes such as increases in
thickness due to loss of hydraulic conductivity, lipids accumulation and resulting
concentration of waste material(9). As the membrane thickens and accumulation of
this waste material increases, nutrients provided to the retina are reduced and this
results in a vicious cycle where the membrane will keep increasing in thickness as
a response of not having enough nutrients and useful material. Bruch’s membrane,
is a supporting tissue for the RPE above and the choriocapillaris below and thus,
regulates their survival. The accumulation of waste material in Bruch’s results in
inflammation which is considered to play a critical role in the development of
AMD(8,10). The pathogenesis of AMD includes several theories, one of these is the
oil spill in Bruch’s membrane. The oil spill time line, is based on the response to
retention hypothesis also seen in atherosclerosis(9). Lipoproteins captured in
Bruch’s membrane, create a lipid wall between the RPE basal lamina and inner
surface of aged Bruch’s membrane. The response to this, is that formation of
modified species with harmful properties takes place. The oxidative and nonoxidative processes lead the apolipoprotein components to degrade and as a result,
particles fuse and form lipoprotein derived debris (membranous debris). These
processes which cause the lipid wall to change, initiate AMD-specific lesions(9,11).
In the complex pathogenesis of AMD, inflammation not only plays a role in it’s
response to insult but changes in the inflammatory systems itself are thought to play
a critical role(10). With aging, there is an alteration in the functions of the immune
system. This has been termed immunosenescence(10). Instead of total loss, aging
causes an alteration in the function of the immune system and it does not resemble
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that of young individuals any more(10). Major immune effector cells such as
neutrophils, monocytes, macrophages and dendritic cells, undergo age-related
changes which include changes in the expression of pattern recognition receptors
(PRRs), aberrant signalling and disturbed cytokine production as well as decreased
migration, phagocytosis and killing of ingested micro-organisms(10). Inflammation
is present in AMD through increased oxidative stress(12–14), reduced proteostasis
and increasing dysfunctionality in aged RPE cells(10). Protective mechanisms do
not function as they used to and thus, further reinforce the deleterious effects and
contribute to the promotion of the conversion from an otherwise protective response
into a chronic and pathological one(10). A major inflammatory component of AMD,
is found in the complement system. This can be activated via three pathways: the
classic, lectin and/or the alternative pathway(7). Of these, the most important in
AMD, seems to be the alternative pathway(7). The complement system plays
important roles in host defence, cellular homeostasis, tissue remodelling and repair.
Furthermore, it has been implicated in a number of pathologic alterations and many
of its proteins are identified in tissues of AMD eyes(15). Several complement
components have been identified either from immunohistological and proteomic
studies of donor eyes, or from genetic studies and studies of complement protein
levels. Genetic association studies have suggested links between complement
factor H (CFH), C2/ complement factor B (CFB), CFHR1/CFHR3 and C5.
Membrane attack complexes (MAC) and C5, have been identified in significant
quantity in AMD compared to controls and thus, complement dysregulation has
been suggested as a key inflammatory driver for AMD(7).
Since the pathogenesis of AMD is still not fully understood, several theories have
been developed, trying to put the various pieces together in a comprehensive
7

model.

Recently,

it

was

proposed

that

excess

homocysteinemia

(hyperhomocysteinemia, Hcy or HHcy) is an initial triggering inflammatory process
in susceptible eyes that can lead to the initiation of subtle pathological changes,
sufficient to start degenerative process of the macula(16). Elevated Hcy levels have
been suggested as in important risk factor for AMD via oxidative stress along with
vascular dysfunctions(16).
Between the RPE basal lamina and inner collagenous layer of Bruch’s membrane,
drusen develop. These are deposits characteristic of AMD(11,17). Drusen
characterisation in terms of size and texture is commented on the disease
classification section. Drusen contain lipids(11,17), trace elements and a wide
range of proteins(18). In regards to lipids, apolipoprotein B and E are major
constituents in drusen. These are secreted by normal RPE lipid recycling program.
Furthermore, this composition suggests a double origin of these lipids with fatty
acids coming from diet and cholesterol from both diet and photoreceptor outer
segments(11). Within a druse lifecycle, after expansion, it is seen that RPE cells
migrate. This RPE breakdown is followed by drusen regression(11,19) suggesting
that existence of drusen requires a degree of RPE functionality(19). Furthermore,
the formation of drusen in AMD, through lipid accumulation has an analogue in
atherosclerotic cardiovascular disease(9,11). Drusen proteins, originate from
multiple sites, although, the largest number, seems to originate from the blood,
followed by RPE-derived proteins. Choroidal and photoreceptor protein contribution
to this, seems to be modest(18). The number of proteins though, does not
necessarily reflect their concentration within drusen. These proteins originating from
multiple sites, seem to be entrapped in the sub-RPE-Bruch’s membrane space by
forming aggregates which are impossible to leave through Bruch’s membrane. This
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theory was recently proposed and termed as the “meet, greet and stick”
hypothesis(18).
All the above information, further support the notion that AMD is a multifactorial
disease which rises through the co-operation of several mechanisms working
simultaneously. In order to better understand this multifactorial disease, each
mechanism should be studied separately (divide) and then all pieces to be put
together in order to understand the process (synthesis) [(20),acquired through
personal communication].

1.1.3 Disease Classification
As mentioned earlier, the hallmark of the disease is the accumulation of
extracellular deposits between the RPE and Bruch’s membrane called drusen. As
a phenotype, they are considered the result of normal aging process (when in small
number and size ≤63μm) but when numerous and large in size, they are considered
pathological(21–23). They are mostly seen in the area around the centre of the
macula and in their early stages, they are found during ophthalmoscopic
examination as pale yellowish lesions. As the overlying RPE thins, they become
visible as yellow-white lesions. When they regress, they leave atrophic lesions(22).
Drusen are classified in terms of their texture and size. In order to categorize them
in accordance to their texture, they have been divided into hard and soft. Hard
drusen are smaller with a diameter of less than 63μm and when found in large
numbers are considered an independent risk factor for AMD. Soft drusen on the
other hand, are larger, have indistinct edges and a tendency to become confluent.
They can also lead to deficits of macular function(22). Depending on their size, they
have been divided in to three categories which are small (<63μm), medium (≥63μm
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to ≤125μm) and large (≥125μm)(21,24). Recently, it was suggested that the larger
the drusen area, the more the odds for an individual to develop late stage AMD(25).
Although disease classification systems take into consideration different
characteristics to assign an eye to a disease stage, they all have some common
characteristics. For instance, most use colour fundus photography (CFP) in which
drusen size is the point of reference. Its size is related to the width of a retinal vessel
at the edge of the optic disc which is considered to be 125μm. Drusen size are
classified in multiples of this width(26).
Ferris et al., proposed the Beckman classification system which is suggested for
clinical use as it requires basic clinical equipment and knowledge. This system also
uses the size of a druse as a point of reference(27). Since small drusen (<63μm)
confer little risk for progression to more advanced stages of AMD, they were termed
drupelets in this classification system. This also serves to better discriminate them
from larger drusen which pose a greater risk of progression to more advanced
stages. Small drusen, differentiate between normal aging changes and early AMD
which further discriminate normal aging changes from intermediate AMD. The latter
stage has greater risk for progression to late stage AMD.
The Beckman classification system is depicted in table 1.
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Table 1 The Beckman Classification system (left) along with the characteristics accompanying each stage
(right)

AMD Classification

Stage Definition (areas of lesions within
2 disc diameters from the foveal center)

No obvious aging changes

No Drusen – No pigmentary changes*

Normal aging changes

Only Drusen ≤63μm –
pigmentary abnormalities*

Early AMD

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

Intermediate AMD

Large Drusen >125μm - any other AMD
pigmentary changes*

Late AMD

Neovascular
AMD
geographic atrophy

No

and/or

AMD

Any

*AMD pigmentary changes = any definite hyper- or hypopigmentation with medium
or large drusen not associated with any known disease entities

The issue with CFP is that it was the technology available when many of the large
population-based

studies

were

initiated(28–30).

Since

then,

significant

technological advancements have taken place in retinal imaging such as optical
coherence tomography(OCT) which provides

a means of in vivo histological

assessment(31,32). This modality has been extremely useful as it can detect
disease phenotypes, otherwise unnoticed(33) much earlier and also, in some
cases, it has revealed late stage characteristics in eyes that were classified as
intermediate in CFP(34). In addition to this, there is a need for detailed drusen
phenotyping, as it can better explain disease processes and as a result, lead to
better treatments(35). As a result, there is a need for an update in the way disease
classification is approached, so as to include OCT systems. Furthermore, Spaide
in 2017(36), suggested that the AMD classification systems should be broadened
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so as to include phenotypes such as reticular pseudodrusen/subretinal drusenoid
deposits (RPD/SDD) and types of neovascular disease such as polypodal choroidal
vasculopathy (PCV). Disease classification systems based on a modality that can
detect disease earlier, can significantly reduce the latent period. That is an
epidemiologic concept, and is defined as the period between the time a disease
has started, until its detection, either due to symptoms reported, or clinical
examination(37). Furthermore, with the use of a more precise modality for disease
detection and description, there will be better predictive capabilities and disease
processes can be better explained(36).
Optical coherence tomography, offers a technology called retinal layer
segmentation. This calculates the thickness of each layer of interest based on an
Early Treatment of Diabetic Retinopathy (ETDRS) grid centered on the fovea. The
grid has 9 subfields in three concentric rings. The innermost ring, is centered on the
fovea and extends over a 1mm diameter. The middle ring extends over 3mm and
the outermost ring extends over an area of 6mm. The middle and outer rings are
further subdivided into nasal, superior, temporal and inferior subfields.
Segmentation technology calculates the thickness of the layer of interest in each of
these nine subfields. It is known that in AMD, some lesions are frequently
localised(38). Several studies have applied segmentation technology to assess the
structure of AMD eyes(34,39). Thus, apart from an OCT-based classification
system, what is further needed to know, is the damage caused by AMD-related
lesions, either localized or diffuse, in the overall retinal structure.

12

1.1.4 Epidemiology – Risk Factors
In a recent meta-analysis studying the worldwide prevalence of AMD, it was found
that the global prevalence of any AMD stage was 8.69% and it was more frequent
in individuals of European ancestry. Furthermore, Europeans had a higher
prevalence of the geographic atrophy (GA) form, than people with other ethnic
backgrounds. For the neovascular form of the disease, no difference was found.
The projections of any AMD for 2020 are 196 million and this number is expected
to rise to 288 million by the year 2040. Additionally, the disease is expected to be
more prevalent in Asian populations(this is for the absolute number of Asians with
AMD, not the proportion of the Asian population), followed by European, African,
Latin American and Caribbean, North American and Oceanian populations
(21,40,41). In Europe, AMD was reported as the first cause of irreversible visual
impairment (47.8%) followed by cataract (21.5%)(42). In the United Kingdom
specifically, the disease accounts for 42% of blindness in those aged between 6574 years old, this percentage rises to 66% in the 75-84 year old age group and
reaches an incidence of 74% in those over 85 years(43). In the Republic of Ireland,
AMD accounts for 25% of the people registered with/for blindness(44).
What makes AMD complex, is that it is comprised of a wide spectrum of factors.
Age is the strongest risk factor for the pathogenesis of the disease and its
prevalence increases in white individuals with age. Female gender is an additional
risk factor. Smoking also contributes to the development of the disease, as it
induces oxidative stress. The more cigarettes smoked, the more are the chances
of developing AMD(23,45). Race is another factor influencing the occurrence of the
disease. It is reported that white individuals are at greater risk than individuals from
other ethnic backgrounds(2,21–23). As for pigmentation, there must be a distinction
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on whether we are referring to ocular or body exposition to sunlight. The harmful
component is ocular exposure to excessive sunlight(41,42). Supporting this point of
view, light iris colours are at a greater risk of AMD than darker ones(41,47). Diet
also plays a crucial role. Low intake of antioxidants is related with increased risk of
AMD(47–50). Ambati et. al. also reported that obese individuals are at higher risk
for both types of the disease (dry & wet) while on the other hand, lean ones are at
a risk of dry AMD only(22). Finally, other factors reported to have a role in the
development of the disease are hypermetropic refractive error, hypertension,
obesity and cataract (2,21).
1.1.5 Genetics
Age-related macular degeneration is a disease with a strong genetic component. A
recent genome wide association study for AMD has provided information for rare
and common genes implicated in the disease. Fritsche et. al., reported genes for
age-related macular degeneration in 34 loci(51).
Strong associations have been found between the disease and variants in and
around, the complement factor H (CFH)(52-57). Complement factor H is a serum
glycoprotein which is produced mainly in the liver and impedes the activation of the
alternative complement pathway. It has been discovered in large involvement in the
RPE and within drusen. Its gene is located on chromosome 1q31. Several studies
have also linked the Y402H polymorphism with a high risk of manifestation of the
disease and there is a significant earlier onset and progression of the disease to
those carrying the gene(8,52,58,59). The Y402H has been recently associated with
a functional impact as it was associated with delayed rod-mediated dark adaptation
in those at risk for incident AMD(58). Furthermore, additional genes within the
complement cascade, suggested to be associated with AMD, include complement
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factor B (CFB), complement component 2 (C2) on chromosome 6, complement
factor I (CFI) and C3(53,60,61).
Cameron et. al., suggested that the HTRA1 variant has been associated with an
increased risk for AMD development(62). Furthermore, the same authors reported
that this variant confers similar risk for both GA and CNV development, and that
HTRA1 and CFH together, increase the odds of having AMD more than 40
times(62). The AMD-related locus on Chromosome 10q26 contains the age-related
maculopathy susceptibility 2 gene (ARMS2)(62). The precise function of this gene
though, is still unknown(61). Despite that fact, the ARMS2 gene, has been
suggested to increase the risk for early and late AMD in people of European
ancestry(64). On the HDL cholesterol pathway genes on the other hand, genes that
have been implicated with the disease include LIPC and CETP and possibly the
ABCA1 and LPL genes. Genes in the collagen matrix include the COL10A1 and
COL8A1 genes while from the extracellular matrix pathway gene TIMP3 might also
be involved in the disease(2). Finally, due to its presence in drusen, the
apolipoprotein E gene (APOE), located in chromosome 19, has also been
suggested to be associated with disease development(61).
1.1.6 Effect on visual function
The most frequent measure of visual function in clinical use is the measurement of
visual acuity (VA). This method though is not always a good indicator of the scope
of retinal pathology since it represents a measurement of a small central area in the
retina. Furthermore, a reduction in visual acuity which is most of the times the first
symptom reported by the patient, is found in advanced stages of the disease as
visual impairment takes time to develop(65). Visual acuity has been suggested to
be associated with a decrease of approximately two letters or less with each of early
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AMD lesions(65). This result though, although statistically significant, is not clinically
meaningful since the test-retest variability of the logMAR chart is between one and
two lines(65). In addition to that, VA is a complex component of vision and depends
on a plethora of mechanisms. Testing more basic aspects of visual function, is more
likely to reflect alteration in mechanisms affected in early AMD(84).
While VA may still be intact, contrast sensitivity deficits can be detected in eyes with
early AMD where there are decreases in both high and intermediate
frequencies(65,66).
Perimetric and microperimetric tests can provide useful information in all disease
stages (early, intermediate and advanced AMD)(66). Microperimetry, has been
increasingly used by a number of studies in clinical research, for the assessment
of the impact of AMD on macular function, and its suggested as a very useful
outcome measure(67-71). Furthermore, recent developments of microperimetry
devices, allow the assessment of macular function under mesopic or scotopic
conditions [further comments on scotopic microperimetry below (72)]. What the
technique measures, is the differential light sensitivity (DLS). This is the minimum
luminance that a stimulus needs to have in order to be perceived from the individual
undertaking the test(73). Additional benefits of microperimetry include, the eye
tracking system incorporated, which can prove of great importance in the later
stages of the disease, as well as a real-time, en face fundus image(73). Thus
providing a good structure-function relationship. It has been reported that
microperimetry can well discriminate between normal macular health, early and
intermediate AMD stages(73). For instance, it has been reported that healthy
individuals had the highest mean sensitivity in terms of decibels (dB), those with
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early AMD have done worse than healthy controls and those with intermediate,
worse than both(73).
The duplex theory of vision, refers to the ability of the visual system to operate under
varying luminance levels. Cones are responsible for bright light and colour vision,
while rods mediate perception in dim light(74,75). It is suggested that the
adaptational spectrum the eye can operate in, is of an order of 10 log units(74,75).
Dark adaptation (D.A) refers to the ability of the human eye to adjust from bright
light to a dimmer environment(76). D.A. is affected with aging and it has been
reported that the amount of time to reach within 0.3 log units of baseline scotopic
sensitivity, increases by 2.76’/decade(76). D.A. is further impaired in AMD,
additional to the impairment found in aging(77). As a test, it is a very useful test that
can serve as a functional biomarker for early AMD(78,79). Apart from rod-mediated
D.A., the cone-mediated function is also affected by aging with an increase of
16.4”/decade(80), and AMD as well(81). In healthy individuals, prolonged D.A
times, have been associated with incident early AMD 3 years later(82).
Subsequently, D.A is significantly delayed in AMD eyes and also, a slower rate of
foveal dark adaptation is associated with a higher risk of CNV development(66).
The usefulness of D.A stems from its biological relevance which is high as it
assesses the translocation of vitamin A derivatives across the RPE and Bruch’s
membrane (82). The same group assessed both cone- and rod-mediated D.A and
they found that the rod-mediated parameters showed significant differences and
that increasing AMD severity, was associated with increased D.A. times. It is
thought that the vulnerability of rods stems from the fact that rods are dependent
on nutrients coming through Bruchs membrane and RPE, while cones on the other
hand, have an alternative nutrient source from Muller cells, which in turn receive
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retinoids from the retinal vasculature(83). While Owsley et al., reported no
impairment in cone-mediated parameters (cone sensitivity and time constant) were
not impaired(83), Philips et. al., found that there is a compromise in cone recovery
rates(141). Thus although, rod-loss is a well documented finding in AMD (142,143),
either due to a barrier effect on Bruchs membrane or dysfunction in RPE, the same
factors likely produce an involvement of cone function(141). Although, it is worth to
remember that testing rod function can be complex procedure and it can be long for
some individuals. (84). In order to combat this drawback, Jackson et al., attempted
to validate a short protocol DA test with 6.5’ duration(144). The authors found that
this rapid test showed a trend of increasing RIT with AMD severity, where AMD
subjects had a longer RIT of 1’ compared to controls. Although, most of AMD
individuals had RIT limited to maximum test duration (6.5’) thus this testing protocol,
despite showing high sensitivity and specificity (90.6% and 90.5% respectively),
had limited ability to differentiate by disease severity(144), thus rendering detailed
DA testing necessary for clinical trials.
An additional visual function test that can serve as a biomarker for early disease
incidence, is scotopic retinal sensitivity. It has been suggested that even in eyes
with drusen <63μm, there is a statistically significant reduction in scotopic retinal
sensitivity while mesopic function did not show any compromise(85). Furthermore,
AMD participants have performed worse than controls in scotopic microperimetry,
while those with reticular pseudodrusen (RPD), have performed even worse
compared to both(72,86).
Finally, previous research suggest that tests of dynamic nature, such as
microperimetry and/or DA, should be preferred for the assessment of early AMD as
they have increased diagnostic capacity compared to steady state ones
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(i.e.flickering frequency, colour vision). This is because the two tests target different
mechanisms. Dynamic tests focus on the regeneration of photopigment in the
photoreceptors, while the steady state tests focus on the functional capacity of
photoreceptors and postreceptoral elements(84).
On the patients subjective experience, in early AMD, visual loss is usually
asymptomatic and when symptoms manifest, they are usually mild and include
blurred vision, visual scotomas, decreased contrast sensitivity, difficulty in adjusting
from bright to dimmer environments and need for brighter light as well as more
magnification when reading. Gradual loss of vision including pericentral or central
scotomas might also develop in patients with dry AMD and take months or years to
develop. This results in blurred or missing areas on the patient’s visual field. On the
other hand, patients with wet AMD have a profound and more sudden visual loss
compared to those with dry AMD. The patients with this form of the disease perceive
blurring and distortion of images in their visual field (21). Finally, of the two forms of
the disease, CNV accounts for 10-15% of all AMD cases but it is responsible for
almost 80% of blindness caused, because it is much more aggressive than the dry
form(66).
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1.2

Reticular Pseudodrusen

Reticular Pseudodrusen (RPD) were first reported in the literature, in 1990 as “Les
pseudodrusen visible en lumiere bleue” which means pseudodrusen visible in blue
light, because of their enhanced visibility with the blue light channel of CFP(87).
Since then, the phenotype has attracted several researchers to work on their
nature, pathogenesis, effect on visual function, imaging and most importantly, their
impact on the development and progression of AMD, despite the fact that they were
not included in the international classification system of AMD(88). Reticular
pseudodrusen are now an established risk factor for the development of late-stage
AMD(89) and also, recent reports have been made in which eyes with RPD and no
drusen >63μm, have progressed to advanced AMD(90). Early research, found that
RPD (figure 3) could be seen as round, oval or slightly elongated yellowish spots
with ill-defined edges ranging from 125 to 250μm in diameter. Initially, they are seen
solely but at subsequent stages, they form branches and an ill-defined interlacing
network with spaces of retinal color between them. This indicates a dynamic nature
(91-93).
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Figure 3 Reticular Pseudodrusen when seen in colour fundus photography

Apart from AMD, RPD have been found in rare retinal diseases like Sorsby’s fundus
dystrophy [SFD (92)] and Pseudoexanthoma elasticum [PXE (95,96)].
In contrast to traditional Drusen, which are found between the RPE and Bruch’s
membrane, RPD are located in the level of the RPE(97). Specifically, between the
photoreceptor outer segments and the RPE. They are well organized and more
enigmatic in nature than traditional drusen, spherical and homogeneous
aggregations of membranous debris that develop in locations where rod
photoreceptors are mostly present(98). It is also suggested that in some cases they
can extend from the subretinal side of the RPE up to the outer nuclear layer(99).
Furthermore, they share several superficial, ultrastructural and compositional
similarities with soft drusen such as membrane bounded particles with neutral lipid
interiors, unesterified cholesterol, apolipoprotein E complement factor H and
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vitronectin. On the other hand, RPD lack immunoreactivity for photoreceptor, Muller
cell and RPE marker proteins(100-102).
The pathogenesis of the phenotype is an area where several theories have been
developed. Arnold et. al., in 1995 hypothesized that RPD occur because of loss of
choroidal vascularity and fibrotic replacement of the choroidal stroma(91). Arnold
and colleagues though, reported findings present in the choroid only. That study
included sections lacking neurosensory retina and consequently could not show the
subretinal space. Although, they found a marked decrease in the thickness of the
choroid in eyes with RPD, they did not find any specific correlation between the
choroidal and RPD appearance.
More recently, Querques et al., suggested that during the development and
progression of RPD there is initially diffuse loss of choroidal vessels which results
in the diffuse thinning of the choroid and later, fibrotic replacement mainly in the
areas with high concentration of RPD which in turn results in slight thickening.
Despite these observations they could not mention whether the choroidal thickness
caused the development of RPD or whether their presence, represents a barrier to
the free distribution of nutrients and other necessary substances that are required
to maintain a normal and viable choroid(103).
Zweifel et al.(104), state that it is known that in AMD, the polarization of RPE is
altered, thus leading in misdirection of materials to the subretinal space. Another
alternative theory, is that accumulation of cellular debris in Bruch’s membrane,
might stimulate inflammatory processes that might serve as a location for drusen
enucleation and formation. These events might have similar counterparts in the site
of the subretinal space. A large flow of materials passes through the RPE to the

22

photoreceptors and back, through their shed outer segments (OS). These are
phagocytosed and the produced polyunsaturated fatty acids recycled back to the
photoreceptors. The subretinal space contains microglial cells which come from the
bone marrow and are capable of contributing to inflammatory reactions. Thus, cell
debris accumulates in the subretinal space which is related with the normal function
of photoreceptors and their age-related loss. This age-related loss of
photoreceptors occurs more in the rod photoreceptors(104). This relation is
confirmed when the distribution of RPD is observed, as RPD are mostly seen in
rod-dominated areas(105). Thus suggesting a difference in the metabolic
background between drusen and RPD. Curcio et al., support the idea proposed by
Zweifel, that the RPE is a polarized and a bidirectional secretor of lipoproteins.
These lipoproteins, are produced to serve photoreceptor and RPE physiology itself
and are led by OS membrane lipid deposition. Furthermore, they take part in the
formation of lesions in two compartments [RPE – photoreceptors (102)].
Apart from the RPE, the role of Bruch’s membrane should also be taken into
account for the pathogenesis of the phenotype. Bruch's membrane age-related or,
disease-related alterations might alter its function and subsequently disturb various
physiologic processes including removal of waste products, supply of the RPE and
outer retina with nutrients and oxygen and the recycling and degradation of shed
photoreceptor outer segments and retinoids(96).
In regards to nomenclature (more to be commented in the imaging section), Zweifel
et al., suggest that these deposits should be called Subretinal Drusenoid Deposits
(SDD) instead of RPD. Although the SDD term, seems more appropriate on the
basis of histological studies(106). On the other hand though, Curcio et. al., stated
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that with the currently available data, it would be extraordinary if what is named
SDD does not correspond to RPD(102).
1.2.1 Epidemiology – Risk Factors
Since RPD are a relatively recently reported phenotype, there are several studies
that examined their prevalence among not only the normal aging population but
also, those affected from AMD.
The ALSTAR study(107-109), which consisted of 651 individuals ≥60 years old with
a range of severity from normal macular health to intermediate AMD, in the absence
of other retinal diseases, following multimodal approach, reported that the
prevalence of RPD in their cohort was 32% (197/611) with the use of OCT(107).
Furthermore, they found that RPD correlated with AMD severity where 49% of those
with RPD had early AMD and 79% had intermediate AMD. Also, those with RPD
were more likely of having late AMD by 3.4 times than those without. When the
same group compared their results to large epidemiological studies and detected
for the presence of RPD with CFP, the prevalence of the phenotype dropped to
1.97% (12/611). It was also found that not many lesions have to be present to be
characterised as RPD, a single one is sufficient(107).
The Rotterdam eye study(110), a prospective population based study focusing on
chronic disease in middle aged and older individuals, found a prevalence of
4.9%(108). Furthermore, in the same study, RPD were associated with older age,
female gender, CFH, ARMS2 genes as well as with C3 and VEGFA genes.
Finger et. al.(111), through the Melbourne collaborative cohort study, a prospective
community based study of 41.514 individuals with an age range between 40-69,
with the use of CFP, reported a prevalence of 0.41% in their sample(109).
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Klein found that the occurrence of RPD was significantly associated with age.
Additionally, RPD were mostly found in individuals homozygous for the CFH gene
variant Y402H. Other risk factors reported in the same study, included lower
income, smoking, higher BMI and use of vitamin E(112). The Melbourne
Collaborative Cohort Study, also reported that increasing age, female gender,
current smoking status and the presence of any AMD were associated with high
RPD prevalence(109). More recent studies further support that older age is a risk
factor for developing RPD and a new gene, the ARMS2, was reported as a factor
with larger significance over the CFH gene. Finally, it is suggested that
cardiovascular disease might be related with the development and incidence of
RPD(113).
Reticular pseudodrusen are considered a risk factor for the development of latestage AMD(114). Klein et al. did not find a difference in the cumulative incidence
between geographic atrophy and choroidal neovascularization(112). In a study
conducted by Zweifel et al., non-exudative AMD was found in 44.8% of eyes and
CNV was present in 48.3% of eyes. The rest of their sample had neither GA nor
CNV(104).
1.2.2 Effect on visual function
When it comes to test the impact of reticular pseudodrusen on vision (table 2), Ueda
et al found poorer logMAR visual acuity between RPD and normal participants and
reported a significant statistical difference (p<0.001) between the two groups(115).
The same was reported by Garg who found worse BCVA between PRD and early
AMD individuals without RPD(116). Hogg and associates though, did not report any
significant difference in distance visual acuity. Although, they reported significant
differences in participants with RPD and those without in the Smith Kettlewell low
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luminance (SKILL) acuity chart. The scores of this test were significantly impaired
in those with RPD compared to participants without (117).
Dark adaptation has been a sensitive outcome measure for the effect of the
phenotype on visual function. Furthermore, it has been demonstrated to be a
functional endpoint for evaluating treatments to prevent early AMD(81). In previous
studies, the more advanced the stage of AMD, the longer the RIT time and when
RPD participants where compared with AMD patients –of different disease stageeven longer RIT times are found. For example the most advanced AMD group in
the study conducted by Flamendorf had a mean RIT time of 26.6 ± 0.3minutes while
the RPD group had a mean of 39.1 ± 2.1 minutes (p<0.05). Also the test ceiling (40
minutes) was reached only by members in the RPD group and 0% of their AMD
counterparts(118).
Studies of microperimetry suggest that retinal sensitivity is reduced in eyes with
RPD. Ooto et. al., compared mesopic sensitivity over retinal areas in participants
who had the phenotype and those without. They found a significantly reduced
sensitivity in eyes with RPD compared to those without(119). The extent of the
effect of decreased sensitivity was found identical to the distribution of RPD. It was
also suggested by Ooto and colleagues that the number of RPD present, is related
to the reduction of retinal sensitivity(119). Furthermore, eyes with the phenotype,
have significantly reduced sensitivity when compared to age matched controls.
Individuals with RPD have also displayed an inverse correlation of sensitivity on
microperimetry with the rate of disruption occurring in the inner-outer photoreceptor
segment. This means that the higher the rate of disruption, the lower the light
sensitivity(120).
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Querques et al., also conducted tests of microperimetry after a period of dark
adaptation which allows for testing both cone and rod activities. In their study they
found significantly reduced scotopic sensitivity in RPD patients compared to those
with drusen only. This was also observed when comparison was made on the
peripheral sensitivities as well(121). It was further found in the same study that both
photopic and scotopic threshold values over areas with RPD are reduced. There
was also an obvious spatial correlation between the size of the scotopic scotoma
and the visible extent of RPD areas noted on retinal imaging. With the findings of
these studies, the idea of greater loss or more severely affected rod function(71)
over RPD areas is further supported.
Finally, low luminance visual acuity (LLVA), is a useful outcome measure for those
at risk of early AMD which would also include those with RPD as well. This could
serve in extension to other examination techniques and proven critically useful
since it does not require a significant amount of time and can provide indications of
reduced and/or affected mesopic-scotopic visual function(122).
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Table 2 Results from various visual function tests from published studies

Visual function test
Microperimetry
Author
Hogg(115)

N of
N
N No
participants RPD/SDD RPD/SDD
105
43
62

DVA

LLVA

LLD

p=0.189

-

-

Contrast
sensitivity
-

SKILL

Dark
adaptation
p=0.034
-

Mesopic

Scotopic

-

-

Querques(119)

54

18

36

p=0.800

-

-

-

-

-

p<0.001

-

Forte(118)

41

21

20

-

-

-

-

-

-

p=0.001

-

Ooto(117)

33

13

20

-

-

-

-

-

-

p<0.001

-

Flamendorf(116)

116

15

101

p=0.007

-

-

-

-

p<0.05

-

-

Garg(114)

84

40

44

p=0.012

-

-

-

-

-

-

-

UedaArakawa(121)
Neely†(122)

52

38

14

p<0.001

-

-

-

-

-

-

-

1202

300

902

Flynn(123)

42

6

36

p=0.7029‡ p=0.9702‡ p=0.6118‡ p=0.4359‡

†Reported on the eye level
‡Age-adjusted p value
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-

p=0.0511‡ p=0.7013‡

-

p<0.0001

-

-

1.2.3 Imaging
Reticular pseudodrusen were first seen with the use of blue channel colour fundus
photography(89). In the Wisconsin AMD grading system they were defined as “illdefined networks of broad interlacing ribbons”(126). With the advent of more recent
imaging modalities these lesions, can be depicted easily and furthermore, an
increasing prevalence is found, which suggests a considerable amount of cases
might have been missed(127).
On CFP, RPD were defined as punctate drusen and appear whiter than soft drusen.
On blue channel they are more easily found. On fundus autofluorescence (FAF)
they are seen as a regular network of round-shaped irregularities with decreased
FAF signals. In infrared (IR) imaging they have a pattern-like grouping of lesions
with decreased reflectivity and finally on SD-OCT they are seen as subretinal
drusenoid deposits above the RPE. On multicolour (MC) imaging they are seen as
yellowish-green

dots

much

more

visible

on

confocal

scanning

laser

ophthalmolscopy (cSLO) IR and green reflectance where they can adopt a
characteristic “stars in the sky” configuration(127).
With the use of multimodal imaging De Bats et al., examined the sensitivities and
specificities (table 3) of different imaging modalities for the detection of RPD(33).
They reported that the best method for detecting RPD was SD-OCT with the highest
sensitivity and specificity values, with multicolour being the second and the infrared
channel of the scanning laser ophthalmoscope the third. Similar scores among
different modalities were found more recently by another study as well(128). Chan
et al though, state that the most sensitive technique for detecting RPD was the
infrared, a finding that contrasts the findings from De Bats. Both studies though,
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agreed that the color photography has the lowest sensitivity and a multimodal
approach would be best for RPD detection.
Table 3 Sensitivity and Specificity of different imaging modalities copied exactly by(33)

SD-OCT
MC
IR
FAF
BC
CFP

Sensitivity
99,33%
87,14%
84,56%
73,23%
45,52%
33,09%

Specificity
100%
100%
100%
96,74%
91,95%
91,95%

The multicolour imaging (figure 4), is a novel imaging technique which produces
three laser images of different wavelength each, not interfering with one another
(infrared: IR = 820nm, green: GR = 515 and blue: BR= 488). Three images can be
simultaneously captured and then interposed into one single image. With this
modality, it is possible to penetrate different retinal layers(129). The target aspect
found in this modality consists of a hyporeflective annulus thought to be due to
deflected photoreceptors while on the other hand the isoreflective centre is said to
be due to unphagocytozed photoreceptor outer segments. If this target aspect is
present it is easier to detect RPD in the IR and GR.
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Figure 4 Multicolour imaging. Top left: Multicolour imaging, Top right: Infrared imaging, Bottom left: Green
reflectance, Bottom right: Blue reflectance. Image taken from participants database

With the use of SD-OCT they can appear at their different stages as hyporeflective
granular material at the level of the RPE (figure 5). Zweifel and colleagues used
SD-OCT for the imaging of RPD and suggested three different stages throughout
their development.

Stage 1 is described as the stage where there is an

accumulation of hyperreflective granular material between the RPE and the
photoreceptors outer segments, stage 2 is defined as the stage where mounds of
this material is accumulated and is sufficient enough to alter the contour of the RPEphotoreceptors interface and finally, Stage 3 is defined as the stage where the
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material is thicker, adopts a conical appearance and breaks through the
photoreceptors inner and outer segment boundary and thus resulting in its
alteration(104).

Figure 5 Graphical description of different RPD stages (top row) and their OCT correlates (bottom row). A:
IS/OS boundary, B: The interdigitation zone of photoreceptor outer segments and apical processes of the
RPE, C: RPE layer. adapted from (102)

To the existing 3 stages proposed by Zweifel(104), Querques et. al(130), added a
fourth one after longitudinal SD-OCT analysis of eyes with the phenotype. In stage
4 SDD, there is material reabsorption and migration to inner retinal layers.
Furthermore, the IS/OS were absent at locations of stage 4 SDD(130). This finding
further supports the idea of dynamic nature of the phenotype.
With the use of infrared Querques et al., found that RPD appeared as lesions which
had a central area of isoreflectance adjacent to a hyporeflectant area. This
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configuration gave RPD a "target" aspect on IR reflectance. On fundus
autofluorescence (FAF) they found the same appearance. After the application of
magnification over the lesions, it appeared that in the center, RPD appeared as an
area

of

isoautofluorescence

which

was

surrounded

by

a

nimbus

of

hypoautofluorescence giving them a target aspect in this modality as well. On the
other hand, on fluorescein angiography (FA), after magnification was applied, they
found them to be hypoautofluorescent centrally and surrounded by a halo of relative
hyperfluorescence. This gave them an inverted target aspect (131).
With the advent of adaptive optics imaging systems detailed in vivo analysis can be
achieved. Adaptive optics systems improve the transverse resolution of retinal
imaging by measuring the wavefront aberrations and compensating for them in real
time with active optical elements(132). A healthy retina viewed in the AO system
shows a clear photoreceptor mosaic. Normal individual photoreceptors on the other
hand, show varying brightness while the overall brightness is similar across clusters
of the adjacent photoreceptors(133). RPD are seen as isoreflective lesions in
adaptive optics systems and are always surrounded by a continuous and/or
discontinuous hyporeflectivity (figure 6). Cones appear as bright hyperreflective
dots overlying a hyporeflective or isoreflective background and are detected at the
borders of RPD. Additionally, subtle irregularities within the cone mosaic and
reduced cone reflectivity were noted over RPD on en face adaptive optics(132).
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Figure 6 En face adaptive optics image (A) with an enlarged square (B) and its corresponding OCT image
(C). Adaptive optics image shows reticular pseudodrusen as isoreflective lesions surrounded by a
hyporeflective halo. Cones appear as bright dots over a isoreflective or hyporeflective background. The lower
left image (C) displays the OCT in which the hyporeflective adaptive optics (A-B) signal corresponds with the
hyporeflectivity of the inner/outer photreceptor segment directly overlying pseudodrusen adapted from (130)
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1.2.3.1 Imaging – Based Classification of Reticular Pseudodrusen
The evolution of imaging modalities has offered earlier and quicker identification of
the lesions, and in a far more efficient way than previously. It is thus possible to
identify individuals with the phenotype and apply precautionary measures earlier.
The location to which the lesions are found, depends on the modality used. When
referring to location though, we have to specify on whether we refer to a retinal
location or to a specific layer. This means that en face modalities can image on the
“x and y” axis. While on the other hand, when we detect the lesions in a specific
retinal layer, we are actually looking for them on the “z axis”(134). It is also
suggested that when using en face modalities, to use the term RPD while when
using cross-sectional ones, the term SDD is more suitable.
The 3 SDD stages defined by Zweifel(104) and the 4th suggested by Querques(130)
with the use of OCT have already been mentioned. Lee et al(135)., measured the
distribution-location of RPD with the use of a 50o angle camera, they created a map
of the retina which consisted of five CFPs. The map included the central macular
field and four adjacent ones, the superior, temporal, inferior and nasal. Based on
the extent of retinal areas covered by RPD, they were divided into three types
named localized, intermediate and diffuse. The localised type was defined as the
one where RPD were found in the central field or, in the central field and less than
half of the superior and less than 1/3 of the other fields. The intermediate type was
defined as the one where features more than the localised but less than the diffuse
where present. Finally, the diffuse type was defined as RPD present in more than
half of the superior and more than 1/3 of the other three adjacent fields.

35

Figure 7 The distributional types of RPD are displayed here. A) localised distribution where the central field
and less than half of the superior and less than one third of the rest of retinal fields are involved, B)
Intermediate where RPD are localised in a greater extent than the localised but less than the diffuse type and
C) Diffuse type where the central, more than half of the superior and more than one third of the rest of retinal
locations are found with RPD. Adapted from Lee(135).

The same group describe RPD in terms of their morphological pattern as well. They
defined them as discrete, branching and confluent. Discrete RPD have a clear
discrete pattern in imaging modalities, branching RPD on the other hand showed
as interconnecting lesions which although discrete, they were not confluent. Finally
confluent lesions in combination with surrounding branching lesions were given the
definition of confluent pattern (135).
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1.3

Summary and study purposes

AMD is a complex multifactorial disease. In order to better understand it, detailed
phenotyping of its characteristics is needed. As mentioned earlier, there is a
growing need to build classification systems based on the OCT modality(solely or
as part of a multimodal approach), as the existing classification systems were not
only built when CFP was first available but also, because the OCT has been proven
much more sensitive in detecting disease phenotypes(33,136). In this need, the
Amish eye study recently reported the OCT characteristics of their study
population(137) and the European Eye Epidemiology consortium, published a
guideline on how OCT grading of macular diseases could be carried out(138).
Furthermore, it is known that in AMD, the damage is localised(38) and most studies
have attempted to measure and compare the structure of retinal layers, in areas of
lesions(139). Thus, it is not known if AMD-related features affect total retinal
thickness, in overall and not on (or immediately adjacent) lesion areas. In addition
to the above, it is known that AMD individuals have disrupted aspects of visual
function(66,69,72,81,116,140). Although, most studies so far, have had either a
limited examination battery (table 2), or a small sample size. Thus, what is needed
to enrich our understanding of the disease, is how the OCT modality could be used
to assess in detail the phenotypes present in AMD, if and how these phenotypes,
even at their earliest stages, affect the structure and function of the macula and if
there are any structure-function relationships in the presence of AMD, having
followed a multimodal approach.
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This thesis aims to:
1) Develop an OCT classification system and describe the characteristics of the
NISA population according to it.
2) Assess the potential impact of AMD-related lesions on retinal structure.
3) Examine the impact of AMD-related lesions on visual function and finally,
to assess the potential structure-function relationship, in the presence of
AMD-related phenotypes.
4) Refine the OCT classification system and assess the impact of AMDrelated lesions on visual function and retinal structure, as well as the
potential structure-function relationship in the presence of AMD.
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2. The Northern Ireland Sensory Aging (NISA) Age-Related
Macular Degeneration (AMD) Study: Study Design and
Methods
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2.1 Background: NICOLA Study
The NISA AMD study is an add-on to the original Northern Ireland Cohort of
Longitudinal Study of Aging (NICOLA) study.
2.1.1 NICOLA study Recruitment Strategy:
An unclustered sample of residential addresses in which at least one person was
over 50 years of age was drawn from the Business Services Organization Family
Practice Register and used as the target recruitment sample for the NICOLA study.
Those invited, were asked to take part in two examination parts at baseline. The
first part consisted of a home visit in which a trained interviewer completed a
Computer Assisted Personal Interview (CAPI). For the second part, participants
were asked to attend the Wellcome Trust-Wolfson Northern Ireland Clinical
Research Facility (NICRF) at Belfast City Hospital (BCH). This comprised of a twohour visit, in which a wide variety of tests were applied. These included:
anthropometry, respiratory, cardiovascular, cognitive, ophthalmological and
biomedical sampling.
NICOLA Computer Assisted Personal Interview:
During the CAPI, the variables listed below were assessed:
1. Social

Circumstances:

educational

attainment,

childhood

health,

demographic information (for respondents parents and children), Activities
of Daily Living (ADL) and help with ADL, employment, retirement related
benefits and pensions.
2. Health: Self-related health, limiting long standing illness/disability, history of
sensory impairment, history of cardiovascular disease (CVD) and non-CVD
chronic disease, history of falls/unsteadiness, pain, incontinence, use of
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screening tests, health care utilization, cognitive function, self-reported
mental health (Edinburgh Warwick Mental Wellbeing Scale), depression and
life satisfaction and health related behaviors (incl. smoking, sleep and
physical activity).
Self-Completion Questionnaires:
The self-completion questionnaire included measures of participation in social
activities (incl. organized structured and informal activities), relationship quality
(partners/relatives/friends), loneliness, perceived stress, resilience, quality of life
and alcohol intake. Participants were then given an appointment to attend a health
assessment at the NICRN CRF if they wished.
2.1.2 NICOLA Health Assessment
The health assessment included the following measurements:
a.

Anthropometry: Height, weight, waist, hip,

b.

Bodystat

c.

Timed up and go

d.

Step test

e.

Grip strength

f.

Facial photograph

g.

Spirometry

h.

Blood pressure

i.

Cognition: Colour trails2, CES-D, animal recall, Montreal Cognition
Assessment (MoCA), mini-mental state examination (MMSE)

e. Ophthalmology: Visual Acuity, auto-refraction, ORA (intra-ocular pressure
and corneal hysteresis), colour fundus photograph, Optos and OCT
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f.

Sampling: Blood (50mls). Urine. Blood was processed to yield serum,
plasma and DNA.

g. Hearing and vision questionnaires
The NICOLA study is a long-term epidemiological study which commenced in
January 2014. Since the starting date 24/1/2014, a total of 3635 (3439 health
assessment at NICRN CRF and 196 home health assessment, March 2018 data)
have completed the health assessment in NICRF and a total of 8500 have
completed the home interview for the NICOLA.
The NICOLA study served as the source population for a visual function (NISA
AMD) add-on study. It was an excellent chance to address questions relating to
AMD development over time, identification of the earliest signs of sight threatening
disease and understanding the impact on quality of life and experience of aging.
Study aims
In brief the aims of the NISA AMD study are the following:
1. To describe the characteristics of the NISA study population.
2. To examine the impact of AMD-related lesions on retinal structure, as
detected in a multimodal approach.
3. To assess the impact of AMD-related lesions on visual function.

2.2 Study design
The study adhered to the tenets of the Declaration of Helsinki and full ethical
approval from the School of Medicine, Dentistry and Biomedical Sciences Ethics
Committee, Queens University Belfast was given (Ref. 14.25v4 Appendix 1).
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The NISA study is a prospective, case-control, add-on study whose design served
to investigate the clinical characteristics of the study population, assess the impact
of AMD-related lesions on retinal structure and examine their impact on visual
function.
2.2.1 Sample size and power calculations
Approximately 6000 individuals were expected to attend the health assessment
(~25% drop off from home interview) and it was assumed that approximately 14%
had some AMD features(1) (~840) and about 50% would agree to a further visit.
Therefore it was expected that a cohort of approximately 400 AMD participants
could be established.
2.2.2 Participant Recruitment
As mentioned in section 2.1, a full-range ocular imaging was undertaken as part of
the NICOLA study, with the use of Canon CX-1 digital fundus camera (Canon
U.S.A., Inc). Detailed assessment and grading of these images was carried out
independently by NetwORC UK reading centre. The multi-modal retinal grading
identified various retinal features that enabled major ocular diseases to be identified
(AMD, glaucoma, diabetic retinopathy, vascular conditions etc.).
According to grading centre criteria, any of the following, alone or in combination,
classified a participant as having AMD: subretinal drusenoid deposits/reticular
pseudodrusen (SDD/RPD), more than 5 drusen 63μm within the ETDRS grid,
drusen 63-125μm, drusen >125μm, pigment abnormalities, geographic atrophy
and/or exudative AMD.
Two groups were formed for this study. Group 1 consisted of AMD cases and Group
2, from controls with no sign of ocular disease.
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Group 1 (AMD cases)
Inclusion Criteria: drusen ≥63μm, with or without pigmentary changes and
RPD/SDD (with or without accompanying drusen).
Exclusion Criteria: Neovascular AMD or Geographic Atrophy, presence of other
retinal diseases such as diabetic retinopathy, glaucoma (or glaucoma suspects),
these were defined as when vertical cup-to-disc ratio (VCDR) was 0.7 or VCDR
asymmetry= 0.2 or neuroretinal rim= 0.1 or IOPg =25 mmHg; vascular occlusions,
self-reported diabetes, NICOLA participant who did not consent to invitation from
add-on studies, NICOLA participant who was eligible for, or had already been
invited to another add-on study (Northern Ireland Sensory Aging study [Nisa (first
phase, focused on healthy aging), Diabetic Macular Oedema (DMO), Glaucoma
within Nicola (GwN).
Group 2 (Controls)
The controls included in the NISA were those who attended the NICOLA after the
first phase of the Nisa was finished. Individuals in this group had no signs of AMD,
diabetic retinopathy, glaucoma (or glaucoma suspects, as defined above), vascular
occlusions, self-reported diabetes, neurological disorders and not eligible for, or
included to another add on study.
The process of participant selection is depicted in the flowchart in figure 1.
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Figure 1 Flowchart of participant selection process for NISA AMD- Study
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2.3 Clinical Examination
All the listed tests for the NISA study were carried out by an optometrist following a
protocol refraction (appendix 1A to 1G). All tests were completed at a single visit.
Informed consent was completed upon arrival. A summary of the NISA AMD study
test battery is given in table 1 and further described below. A study visit could last
for a maximum of 3 to 3 1/2 hours. The author personally examined more than 400
participants (both waves of Nisa study).
Table 1 NISA AMD- test battery

NISA AMD- Study Test battery
Participant Arrival
Explanation of nature and purpose of the study
Obtain informed consent
Visual Function Questionnaire, Low Luminance Questionnaire completion†
Visual Tests (Distance Visual Acuity, Moorfields Eye Chart, Contrast Sensitivity,
Near Visual Acuity, Skill test)
Reading Speed
Flicker Sensitivity
Study Eye Selection
Pupil Dilation
Blood Sample
Mesopic Microperimetry
Dark Adaptation with Adaptdx
30' Stay in the dark
Scotopic Microperimetry
Imaging (OCT & OCT-A, Fundus photographs, Optos wide field imaging,
Pentacam)
†Carried out either before clinical examination commencement or during the break
required for dilation to take effect.
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2.3.1 Distance Visual Acuity (DVA)
2.3.1.1 Rationale for inclusion in test battery
Visual acuity (VA) testing is the standard test of spatial vision applied in both clinical
practice and research. Various VA charts have been developed over time but
LogMAR or ETDRS charts are commonly used in research as they have been
proven better than Snellen charts and overcome their flaws(2,3). It has been
reported that individuals with early AMD lesions are associated with a decrease of
approximately two letters or less, compared to those without. This change though,
despite its statistical significance, does not reach clinical importance as the
variability of the LogMAR chart is within a range of one or two lines(4).
2.3.1.2 Method
Distance visual acuity was measured using a retro-illuminated Early Treatment
Diabetic Retinopathy Study Chart (ETDRS, Precision Vision, USA). Different charts
were used for refraction (determine Best Corrected Visual Acuity BCVA), for right
(RE) and left (LE) eye respectively. These charts are presented in table 2 below.
Table 2 Charts used for each eye

Eye

Chart

BCVA

R

RE

1

LE

2

RLE

3
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Distance visual acuity was determined at 4m with lights off and environment light
level at 2.8lux. Each eye was tested separately. The acuity of the lowest line that
the participants correctly recognized 3 out of 5 letters was noted. The total number
of letters read was noted and the corresponding logMAR score recorded.
2.3.2 Low Luminance Acuity (LLA)
2.3.2.1 Rationale for inclusion in test battery
Low luminance acuity is a measure that can quickly and inexpensively identify and
distinguish normal from AMD individuals(5,6), as there is a trend for LLVA to be
more effective at detecting deficits than standard VA(7). Knowing who is at higher
risk for developing early AMD, is of significant importance as the earlier at-risk
individuals are recognized and preventative measurements are taken, the
later/slower, the disease will develop(8). This test can also be used as a predictor
for subsequent visual acuity loss in AMD(9). It can be carried out with the application
of a 2.0 log unit neutral density filter over the trial frame.
2.3.2.2. Method
Low luminance acuity was measured using a 2.0 log neutral density trial lens which
was overlaid on the final distance refraction result(9). For RE, LLA was measured
in the respective ETDRS chart 1 while for LE, chart 2 was used. The test was carried
out in the same room with same luminance as for DVA (2.8lux). The acuity of the
lowest line that the participants correctly recognized 3 out of 5 letters was noted.
The total number of letters read was recorded and converted to its respective
logMAR score. Having completed LLVA, low luminance deficit (LLD) was
computed. That is the difference between LLVA and BCVA(10).
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2.3.3 Moorfields Acuity Chart (MAC)
2.3.3.1 Rationale for inclusion in test battery:
The MAC (fig. 2) is a novel high-pass letter chart. It has been reported that acuity
thresholds, measured using pseudo-high-pass filtered letters, produce improved
test results compared to conventional charts while at the same time being more
robust to the effects of optical defocus in normal subjects(11). In these stimuli, the
low spatial frequencies that are most vulnerable to optical defocus, are effectively
removed.
In this chart the letters appear having a black ‘core’ and a white surround, the mean
luminance of which is equal to the grey background on which they are presented.
Detection and recognition thresholds for these letters are almost identical under
foveal viewing conditions in normal subjects, meaning the letters disappear soon
after the resolution limit is reached, hence the term ‘vanishing optotypes’. However,
under extra-foveal viewing conditions, it has been demonstrated that this is not the
case, and the two thresholds are significantly different, indicating that, while
detection is limited by the filtering effects of the eye’s optics, recognition thresholds
may be limited by the underlying neural sampling density. The MAC has been
demonstrated as a more sensitive method of detecting functional loss in AMD when
compared to conventional letter charts(12).
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Figure 2 The Moorfields Acuity Chart. Chart 1 was used for RE (Left) and Chart 2 for LE (Right)

2.3.3.2 Method:
Visual acuity was measured with the MAC under full room illumination (353.8lux).
For the examination of the RE, we used MAC chart 1 while for LE, chart 2.
2.3.4 Contrast Sensitivity (CS)
2.3.4.1 Rationale for inclusion in test battery:
Contrast sensitivity test is different than visual acuity in that it is a measure of the
threshold contrast and it is mediated by the lateral inhibitory mechanisms of the
horizontal and amacrine cells. When visual acuity is normal, CS can reveal subtle
deficits(13). One can also understand that this test can be a measure of safety for
a participant with AMD as some aspects are carried out in various contrast
conditions(14). In the field of AMD, CS has been reported to be impaired to high
and intermediate frequencies at the early stages, while in advanced stages, deficits
along the whole of the spectrum can be detected(4).
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2.3.4.2 Method:
Contrast sensitivity measurement was acquired with the use of Pelli-Robson
contrast sensitivity charts (Clement Clark International, Harlow, UK). The
examination distance was at 1m for these charts(15) with the addition of +1.00dpt
trial lens over participants distance prescription. The RE was tested with the charts
commencing with letters V, R, S while the LE, was tested with the chart starting with
H, S, Z. The final triplet in which at least 2/3 letters were correctly reported was
recorded as the threshold. The contrast sensitivity test has been suggested a
reliable measure of visual function in patients with AMD(16).
2.3.5 Near Visual Acuity (NVA)
2.3.5.1 Rationale for inclusion in test battery
Near visual acuity is a measure of visual function measured in everyday clinical
practice. Instead of the letter level, this is carried out at the word level, making the
procedure more complex. Studies suggest that there is a linear relationship
between DVA and NVA. In AMD though, it is suggested that this is not the case and
that NVA decreases faster than DVA and/or CS(4).
2.3.5.2 Method
For the assessment of NVA, Bailey-Lovie reading charts (fig. 3) were employed.
The measurements were conducted at a distance of 25cm and each eye was tested
separately with the appropriate near vision addition. For a near logMAR score to be
noted, at least 3 words should have been read correctly at the smallest line possible.
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Figure 3 Bailey-Lovie Near Visual Acuity Charts used for RE (Left) and LE (Right) respectively

2.3.6 Smith Kettlewell Test (SKILL)
2.3.6.1 Rationale for inclusion in test battery
The SKILL test (fig. 4) is a low luminance and low contrast vision assessment. The
test was used as it has been previously demonstrated that eyes with AMD and/or
RPD perform significantly worse when compared to those without(17,18).
2.3.6.2 Method
The SKILL card was held at 40cm distance with the appropriate addition over
participant’s correction. The SKILL test consists of two charts mounted back to
back. One side, consists of low contrast chart (14%) comprised of black letters on
dark gray background (10% of reflectance white paper). This is to simulate reduced
luminance condition. On the other side, there is a high contrast (>90%) black on
white letter chart with a different letter order. Each eye was assessed separately
and the lowest line where at least three letters were read correctly was noted as the
score of the test. The SKILL score is the difference in performance on high-contrast
light side versus low-contrast dark one(19).
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Figure 4 The SKILL chart. Black letters on white background (top) and black letters on dark gray background
(bottom)
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2.3.7 Reading speed
2.3.7.1 Rationale for inclusion in test battery
Text reading is a more complex task than single letter discrimination as it requires
not only a functional capability to carry out the task, but also depends on stimulus
conditions, magnification, blur, contrast and colours of the text and non-visual
factors. The latter ones include cognitive abilities, motivation and short term
memory. It has been suggested that in patients with early AMD, there is an
insignificant reduction in reading speed. In more advanced stages though, this is
reduced furthermore, while in the presence of a scotoma, it is additionally affected.
Finally, AMD individuals, have been classified into different categories depending
on their reading speed performance(4).
2.3.7.2 Method
Reading speed was measured under standard room illumination. For this test, the
modified Bailey-Lovie reading speed chart was employed. This chart uses a range
of mix and unrelated words, 4, 7 or 10 per line and 12 to 30 in total. The prints of
the chart range in size from 0.7 to 1.6 logMAR at 25cm. The reading speed chart
selected used print size two logarithmic steps larger than what was found as near
visual acuity. Reading speed was measured with participants reading correction in
situ if required or, with the trial frame and lenses if the aforementioned was not
provided.
These charts are printed on transparent A4 sheets and placed over the top of a
handheld lightbox. The participant was asked to read the paragraph of text, at “a
normal pace” as they would read their newspaper. The time taken to read the whole
paragraph was measured using an electronic timer.
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All NISA participants were assessed with the reading speed chart of a 0.7 logMAR
(chart 14 Pfizer from IVAN study, fig.5), as all participants near word acuity was 0.5
logMAR or better in one or both eyes.

Figure 57 Reading Speed LogMAR chart

2.3.8 Critical Flicker Sensitivity
2.3.8.1 Rationale for inclusion in test battery
Critical Flicker frequency is a test widely used for evaluating visual temporal
processing in both health(20) and AMD(4,21). The blood flow in the retina is related
to its neural capacity. A flickering stimulus, will induce an increase in blood flow.
Thus, a flickering stimulus can detect functional defects earlier(22). Especially in
the case of early AMD, it has been suggested that even in the presence of good
VA, there is reduced sensitivity to all frequencies but mostly in medium temporal
frequencies in those patients(4).
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2.3.8.2 Method
Critical flicker frequency (CFF) was measured using the MPOD (Elektron
Technology, Cambridge, United Kingdom)(23). Lights were off in the examination
room with luminance at (2.2lux). This instrument is designed to measure macular
pigment optical density. The initial step is to determine the sensitivity of a participant
to flicker at different blue-green ratios. The blue and green light frequency was reset
at a level of 55Hz and reduced until flickering was perceived thus following a
descending limits technique. The participants, pressed a button each time they did
so. The 55 Hz test was included over other alternatives (such as the 14Hz) as this
was the methodology available to us within our clinic, it is known that changes
occurring in AMD within the 50Hz frequency range though we accept the biggest
losses in individuals have been reported between 10 to 40Hz (24).
2.3.9 Dilation
The eye with worse monocular visual acuity was chosen as the study eye. If both
eyes had similar acuity in the DVA, the one with worse score in the MAC was
chosen. If both eyes had similar acuity in that chart as well, the right eye was chosen
as study eye. A history of amblyopia in an eye precluded its use as the study eye.
Tropicamide 1% (PoM) minims were used for dilation, if accepted from the
participant, either both eyes, or just the study eye was dilated. During the time
required for dilation, participants completed the NEI-VFQ-25 and low luminance
questionnaires. The latter is a 6-item questionnaire concerning night vision
symptom list for patients with AMD. This is based on a 4-point scale ranging from a
“not at all” score to “very” regarding how bothered the participant is from poor vision
at night, problems with reading at dim lights and problems adjusting to dark(25).
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2.3.10 Blood
Each participant who gave consent had a blood sample taken. This was carried out
from a trained and experienced phlebotomist. A total of 40ml was collected. This
consisted of 4x5ml yellow tubes used for serum separation and 2x10ml lavender
(EDTA) tubes for plasma and DNA analysis. Storage and use of the materials
collected was compliant with the Human Tissue Act (2004).
2.3.11 Mesopic MAIA
2.3.11.1 Rationale for inclusion in test battery
Microperimetry is crucial in AMD testing as it can provide a good structure-function
relationship. It is similar to standard automated perimetry (SAP) as they both
measure differential light sensitivity (DLS). This is the minimum intensity a stimulus
needs to have to be perceived(26). Although, microperimetry is novel and
preferable to SAP(27) in that it incorporates an eye tracking system to correct the
position of the stimulus and any changes in fixation. This is essential in the later
stages of the disease where unsteady fixation and/ or a preferred retinal locus are
common(26). Microperimetry can be used at all disease stages(5,28). The outcome
of the technique is the mean sensitivity (MS). This refers to the mean DLS values
across all designated stimulus areas(26), otherwise called test grid.
It can also be used for follow-up in AMD, where the changes noticed in the mesopic
conditions, reflect the changes in retinal microstructure(29). Finally, the technique
has been proven repeatable in AMD(29).
2.3.11.2 Method
Microperimetry tests were carried out using the Macular Integrity Assessment
(MAIA, CenterVue S.p.A, Padova Italy) device. These were carried out in the study
eye only. The fellow eye was occluded with an eye patch. The lights were off in the
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room were the tests were conducted, with an illumination of 0.01lux. Irrespective of
the testing type [(mesopic and/or scotopic (to be described below)], the MAIA starts
the examination with 1 paracentral stimulus in each quadrant (0 o, 90o, 180o and
270o at a 3o eccentricity). These 4 threshold values, serve as a reference to adjust
the initial brightness levels for measuring the remaining test loci in the
corresponding quadrants (technical specifications provided from CenterVue
representative during device installation). In order to raise the quality of data
collected, the “fast exam” was carried out first as a means of training the participant.
The fast exam is a supra-threshold test, consisting of 37 stimuli and of average
duration, 2.5 minutes. Following the fast exam a threshold, or “expert-exam” was
carried out. This test modality follows a 4-2 staircase testing strategy. For the expert
exam a custom-designed grid was used. This was the “Central 10deg AMD” grid
which consists of 45 stimuli with an angular expansion of 10o from the fovea (fig.6).

69

Figure 6 Example of the 10-degree grid used for microperimetry examination.

2.3.12 Rod-mediated Dark Adaptation
2.3.12.1 Rationale for Inclusion in test battery
Dark adaptation is a very important outcome measure in AMD. Individuals very
frequently report problems in dim light as their first symptom. This can even precede
any noticeable changes in the fundus(4,22). Dark adaptation refers to the
mechanism of recovery of visual sensitivity in darkness after exposure to a flash of
light, sufficient to bleach rhodopsin(31,32). After bleaching, a bi-phasic curve is
obtained. This consists of an initial phase which reflects cone function-component
and a slower phase, when rod thresholds drop below cone thresholds(4). This
function is damaged with aging even in the absence of pathology(33) and even
longer dark adaptation times have been reported in the presence of AMD(34).
Furthermore, the presence of SDD/RPD has been associated with even longer
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times of dark adaptation than both healthy aging and AMD(35), as patients with the
phenotype did not reach the adaptation status within a 40minute protocol(35). There
is thus, a growing body of evidence widely supporting that dark adaptation is one
of the visual function metrics that can distinguish between early and/or intermediate
AMD(5).
2.3.12.2 Method
Dark adaptation (DA) was measured using the AdaptDx (Maculogix, Hummelstown,
PA) on the dilated study eye only. The test took place in a room with lights off with
the luminance being 0.01lux. The eye not being tested was occluded and careful
instructions were given. While the participant focuses on a red fixation light, the test
commences with an exposure to a flash of light (0.25ms duration 58,000 scotopic
cd/m2). This bleaching light subtends 4o and is centered at 5o inferiorly in the vertical
meridian, thus projected superiorly to the fovea. Measurement of a 2 o diameter,
500nm circular target, began 15” after the bleaching flash. Threshold was estimated
with the use of a 3 down/ 1 up staircase procedure and continued for 30” intervals
until either the rod intercept time (RIT) was reached, or the test protocol run out,
whichever occurred first. The speed of DA was characterized by the RIT. This is
defined as the duration required for sensitivity to recover to a value of 5.0x10 -3
scotopic cd/m2 (3.0 log units of stimulus attenuation)(36). The test protocol used,
was of a maximum duration of 40.0’ as it has been shown previously that individuals
with SDD/RPD have significantly extended dark adaptation times(35). Furthermore,
these individuals have manifested significantly longer RIT times than not only
healthy individuals but those in the early stages of AMD as well(37). In cases where
the RIT was calculated as >40’, a value of 50’ was assigned for the purposes of
analysis.
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2.3.13 Dark adaptation
Once rod-mediated DA test was carried out and prior to scotopic microperimetry
testing, the participants remained in a light sealed room (luminance<0.001lux) for
30 minutes in order to dark-adapt. No light could enter this room and the participant
was advised to keep their eyes open. The only situation that they were asked to
close their eyes, was when the examiner needed to enter or leave the room. When
the examiner was out of the room, communication was carried out with a wireless
contact system (walkie talkie). During this time, all other devices in the room were
turned off and the screen of the MAIA device had a red filter on it and was also
covered so that the light emitted from the screen, would be blocked out totally.
2.3.14 Scotopic MAIA
2.3.14.1 Rationale for Inclusion in test battery
Research focused on AMD, has recently incorporated scotopic microperimetry as
scotopic MS is an important outcome measure. Recent studies have reported more
severely affected rod than cone function in individuals with RPD/SDD(38).
Furthermore, scotopic testing, has demonstrated significantly lower scotopic
sensitivity in early AMD participants compared to healthy controls, while there was
no significant difference in the mesopic performance between them(39). It will be
thus interesting to assess the impact of the earliest AMD changes on scotopic MS.

2.3.14.2 Method
The measurement of dark-adapted retinal sensitivity was carried out with the
recently developed Scotopic MAIA (S-MAIA, CenterVue S.p.A, Padova Italy). Room
luminance was at the same level as for the DA (0.01lux). The scotopic testing is
carried out with the use of 2 different LED types, a cyan (505nm) and a red (627nm),
projected in a 2-1 staircase threshold strategy. During this time, patients focus on
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the fixation target which is superimposed on a background of <0.0001cd/m 2. The
dynamic range for the scotopic test is of 20dB and the minimum and maximum
luminance of the stimuli are 0.0025cd/m2 (0.008asb) and 0.25cd.m2 (0.800asb)
respectively. The grid used for these tests was the same as for mesopic testing
after the appropriate design modification was applied in order to make it applicable
in scotopic tests as well. The scotopic test starts with the Cyan (C) stimulus, then
proceeds to the Red (R) and finally their difference Cyan-Red (C-R) is calculated
(figure 7). Irrespective of the testing type, the MAIA starts the examination with 1
paracentral stimulus in each quadrant (0o, 90o, 180o and 270o at a 3o eccentricity).
These 4 threshold values, serve as a reference to adjust the initial brightness levels
for measuring the remaining test loci in the corresponding quadrants. In contrast to
the mesopic testing, the dark-adapted tests follow a 2-1 full-threshold strategy
(technical specifications provided from CenterVue representative during device
installation). The device has been provided repeatable and reliable measurements
in healthy individuals and it largely reflects rod function (40,41).

Figure 78 Example of the S-MAIA result output. Far left: output for Cyan stimulus, Middle: Output for Red
stimulus and Far right: Output for Cyan – Red stimuli.
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2.3.14 Colour Fundus Photography (CFP)
Colour fundus photography, was carried out with the Canon CX-1 Digital Fundus
Camera (Canon U.S.A., Inc.), with environment luminance 1.5lux. Stereo optic disc
and macula centered images were captured. CFP images were then uploaded for
secure grading and viewing in the Oculab interface (Digital Healthcare Oculab,
V3.7.98.0, Emis Health, Leeds, UK). Images for this study were graded in Belfast.
2.3.15 Optos wide-field imaging
Ultra-widefield retinal imaging was carried out with the Optos Tx200 (Optos PLC,
Dunfermline, UK). Room luminance was as for CFP. The dilated study eye only was
captured and eye steering was not used. Optomap images were then transferred
securely and imported for viewing and grading in the Optos V2 Vintage Pro Software
version 2.9.4.2.
2.3.16 OCT
All OCT images were taken on both eyes, even the non-dilated eye. We employed
the Heidelberg Spectralis SD-OCT/SLO (Heidelberg Engineering, Heidelberg,
Germany). Room luminance, was as in the modalities above. The usefulness of the
OCT modality has been extensively recognized for the spectrum of AMD, from preclinical to advanced disease stages(42-46). The novelty of the NISA study was the
introduction of ultra-widefield OCT (figure 8). The details of the OCT imaging are
outlined in the table 3 below. The structure in which the images are presented in
the table, reflect the sequence in which images were captured.
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Figure 8 Wide-Field OCT illustration. Infrared image (left) with its corresponding B-scan (right)

Figure 99 Wide-field Multicolour image illustration
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Table 3 Types of OCT images and their sequence followed in the NISA AMD study

Type of image
Horizontal Line scan
Posterior Pole
Enhanced Depth Imaging
Retinal nerve fibre layer
(RNFL, centered on optic
nerve head)

Standard Lens OCT Images (30o area)
Sections
Distance between
ART
(B-scans)
sections
100
1
0
9
61
121μm
40
25
241μm

Ultra-widefield OCT Images (55o area)
Distance between
ART╪
Sections (B-scans)
sections
100
1
0
9
109
124μm
-

100

1

0

-

-

-

16
15

0
0

0
0

16
-

1
-

0
-

Multicolour imaging
Blue laser autofluoresence
Blue & Green AF 30"
movie
Quantitative AF (qAF)
╪ART= Automated Real-time Tracking. This refers to the number of B-scans that are averaged to generate the displayed
OCT image. This function serves to eliminate motion artifacts.
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2.3.16 Optical Coherence Tomography Angiography (OCT-A) scans
The last imaging modality employed was the OCT-Angiography (OCT-A, picture
10). It is a novel technique that allows for visualization of the retinal vascular
network and blood flow in both health and common retinal diseases as well4755).Images for this modality were acquired for the study eye due to time
restraints in the protocol. The lights were off as above with room luminance was
1.5lux/24m2. One macula-centered OCT-A scan per eye was acquired. The area
covered was 10o x 10o with an ART of 6, a total of 512 B-scans and the distance
between them being 6μm.

Figure 10 Example of an OCT-A image from our database. Top left: Infra-red image, Top right:
Superficial vascular plexus, Bottom left: Cross sectional OCT and Bottom right: the same image with the
yellow pixels indicating blood flow.
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2.4 Measuring the Test-Retest Repeatability of the Scotopic MAIA
Microperimeter
Microperimetry, otherwise known as fundus-controlled perimetry, is a technique
of measuring visual field sensitivity while at the same time, controlling for eye
movements using a live fundus image. While similar to standard automated
perimetry (SAP) in that they both measure differential light sensitivity (DLS) (26),
the addition of the real time retinal imaging with precise eye-tracking, enables
fixation location correction for patients with unstable fixation(30,56-58). This
means that as a technique, it is very useful for patients with unstable and/or
eccentric fixation such as age-related macular degeneration (AMD)(59-61)
and/or diabetic retinopathy (DR) (62-66). Further technological advances have
made it possible to measure retinal sensitivity under different states of luminous
adaptation, particularly mesopic and/or scotopic adaptation. Such technological
advances are important as certain retinal degenerative disease conditions such
as AMD differentially affect scotopic visual function(39) .
Dark adaptation refers to the ability of the visual system to recover sensitivity in
the dark after light exposure which causes bleaching of rhodopsin. The process
is described by a bi-phasic curve. This consists of an initial phase which reflects
cone function and a second one, in which rod thresholds drop lower than those
of cones(33,67). It has been suggested that after an intense light exposure,
enough to produce a near total bleach, it takes almost 10 minutes for the rod
system to become more sensitive than the cone system(68).
The ability to test scotopic function has been recently incorporated into the
Macular

Integrity

Assessment

(MAIA,
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CenterVue,

Padova,

Italy)

microperimeter. The standard MAIA device (mesopic testing) has been proven
reliable(30,69) and previously used in a number of research studies(70,71). The
development of the Scotopic MAIA (S-MAIA) is a new advancement in
microperimetry. One challenge for the practical application of this technology in
clinical settings is the time taken for the patient to dark adapt, which is in addition
to the test time. From a patient’s perspective the shorter the dark adaptation
time, the better. However, to enable the collection of robust data it is vital that
sufficient dark adaptation has occurred. Therefore, in this study we investigated
the potential impact of different dark adaptation times on scotopic retinal
threshold as well as assessing the test-retest repeatability of the S-MAIA and
explored the extent of a practice effect.
2.4.1 Methods
Study Sample, Inclusion – Exclusion Criteria
The study had institutional board approval from the research ethics committee
Queens University Belfast, School of Medicine Dentistry & Biomedical Sciences
(Ref.16.37v3). We invited individuals aged over 18 years old, with no known
ocular pathologies from within the university campus. Exclusion criteria included
any diagnosis of ocular disease, opaque ocular media, diagnosis of squint (or
any other condition that would cause any kind of fixation instability) and high
refractive error +/-6. Inability to attend both test sessions, or complete the tests,
led to exclusion from the final analysis.
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Scotopic Macular Integrity Assessment (S-MAIA)
The basic design of the MAIA device has been described in other publications
(72,73). In brief, it is a mesopic test which utilizes a confocal SLO system with a
wavelength of 850nm to image the retina. Retinal sensitivity is assessed through
Goldmann size 3 class achromatic stimuli, projected within the central 10
degrees of the visual field. The retinal land mark eye tracker aids test-retest
stimuli projection reliability. The visual target used for fixation during the testing
is a 645nm red ring with 1o diameter superimposed over 4 asb (127 cd/m2)
background display. Two examination modalities are available in the MAIA, the
“fast” and “expert” examinations. The first one is a supra-threshold test which
provides an indication as to whether the results are within normal, suspect
and/or outside normal limits based on the manufacturer’s normative data
reports. The second modality is a 4–2 full threshold staircase projection strategy
with a 36dB dynamic range.
The S-MAIA is a newer version of the system which allows scotopic testing on
patients under dark adapted visual conditions. Stimuli projections are available
in two different wavelengths, Cyan (C, λ=505nm) and Red (R, λ=627nm). The
stimuli threshold projection strategy used in this study was 2-1 staircase. The
fixation target is superimposed over a background of <0.0001cd/m2. The
scotopic tests had a dynamic range of 20dB (software version 2.2.0-2016). The
fixation target was superimposed on a background of 0asb (<0.0001cd/m2). The
device starts by projecting a paracentral stimulus to each quadrant (0o, 90o,
180o, and 270o respectively). Once these are detected by the participant, the
test continues with a stimulus 2dB dimmer than the initial ones in order to avoid
bleaching.
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Test Process
Informed consent was obtained from the participants after the nature and
purpose of the study was explained. Two scotopic microperimetry sessions were
performed within a maximum of one week apart. In the first session,
measurement of refractive error was carried out with an auto-refractometer
(ACCUREF K-900, Shin-Nippon, Japan), the eye with the least refractive error
in terms of spherical equivalent was chosen as the study eye. As a training test,
the participant completed a fast exam (supra-threshold) under mesopic
conditions to become familiarised with the microperimetry task. Scotopic
microperimetry examinations were performed, first with the cyan (C) and
immediately after with the red (R) stimuli, in 3 different dark adapted time
conditions at 10, 20 and 30 minutes. To reverse the dark adaptation between
tests, a 10 minute break with room lights on (luminance 600lux/11m2) was used.
During the dark adaptation period, participants remained in the dark testing
room (luminance <0.001lux). This luminance level has been used in previous
studies as well(41). Study participants were instructed to keep their eyes open
during the dark adaptation period. For both C and R scotopic examinations, we
used a 10o grid centered on the fovea with 45 stimuli (figure 11).
2.4.2 Statistical Analysis
Statistical analysis was carried out with SPSS version 22 (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
All variables were assessed for normality using the Shapiro-Wilk test and
transformed if necessary. The results from the first session only were used in
the analysis for comparisons between thresholds of the three dark adaptation
times. The means produced from each dark adaptation interval, for each
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stimulus (C and R) and their difference (C-R), were compared with one-way
ANOVA. Repeatability was assessed producing Bland-Altman plots, whilst
reliability using intra-class correlation coefficient (ICC). The ICC was used as it
belongs to the relative reliability indices. It is one of the methods used to quantify
the direction and strength of a relationship between test-retest scores by
estimating their linear relationship and lies between -1 and +1. Unlike Pearson's
(r), the ICC accounts for both consistency of performances from test to retest as
well as change in the average performance of participants as a group, over
time(85). The categorization and interpretation of ICC was based on published
guidelines. These suggest that ICC values <0.5 indicate poor reliability, values
between 0.5 to 0.75 indicate moderate, values between 0.75 to 0.9 good and
finally values >0.9 indicate excellent reliability(74). The extent of a learning effect
was assessed using repeated measures ANOVA.

Figure 11 Scotopic microperimetry output and the 10o grid used, Left: cyan stimulus, Middle: red
stimulus, Right: Cyan - Red output
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2.4.3 Results
Table 4 presents basic demographic results of this study. A total of 24 persons
agreed to participate, two were unable to attend the second session and were
excluded from the final analysis. Furthermore, two other participants, could not
finish one of the tests and were also excluded. This resulted in a sample of 20
individuals with a total of six scotopic tests each. Of these, 5 were males and 15
females. Mean age in the studied sample was 32.30 years old ± 10.50 SD. The
mean refractive error in terms of spherical equivalent was -1.22 diopters ± 1.86
SD. Table 1 summarizes the demographics and the mean scotopic thresholds
for each testing condition.

Table 4 Basic demographic results

Mean

SD

Minimum

Maximum

Age

32.30

±10.50

21

61

Spherical
Equivalent

-1.22

±1.86

-4.75

2.06

Visit 1 Cyan

13.13

±1.97

8.20

17.80

Visit 1 Red

15.25

±1.11

13.30

17.90

Visit 1 Cyan - Red

-2.12

±1.56

-5.50

1.80

Visit 2 Cyan

13.39

±2.16

7.30

17.90

Visit 2 Red

15.51

±1.16

13.10

17.90

Visit 2 Cyan - Red

-2.12

±1.58

-6.20

0.60

For the cyan stimuli (table 5), there was no statistically significantly different
threshold between dark adaptation of 20 minutes when compared to the 10’
(p=0.08) or 30’ intervals (p=0.18). There was, however, a significant difference
when the 30’ period of dark adaptation was compared to the 10’ interval
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(p=<0.01). For the red stimulus on the other hand, there was no significant
difference in sensitivity between any of the adaptation times. For the differential
test (C-R), both 20’ and 30’ were significantly different from the 10’ (p=0.02, 20’
compared to 10’ and p=<0.01, 30’ compared to 10’). When the 20’ and 30’
intervals were compared with each other, the difference was not significant,
although a trend was noted (p=0.07). There is little evidence of learning effect
that might explain the results in table 5 as the 95% confidence intervals, span
zero and thus, there is not enough evidence of systematic improvement which
might support learning effect being present.
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Table 5 Differences on scotopic sensitivity on the first visit per each dark adaptation interval

Dark
Adaptation
Time
10’
20’
30’

Dark
Adaptation
Time
10’
20’
30’

Dark
Adaptation
Time

Time
Compared

20’
30’
10’
30’
10’
20’
Time
Compared

20’
30’
10’
30’
10’
20’
Time
Compared

Visit 1 Cyan
Mean
Std.
Difference
Error

-1.25
0.56
-2.24*
0.56
1.25
0.56
-1.00
0.56
2.24*
0.56
1.00
0.56
Visit 1 Red
Mean
Std.
Difference
Error

-0.13
0.36
-0.13
0.36
0.13
0.36
0.00
0.36
0.13
0.36
0.00
0.36
Visit 1 Cyan – Red
Mean
Std.
Difference
Error

10’

20’
-1.14*
0.42
30’
-2.10*
0.42
20’
10’
1.14*
0.42
30’
-0.96
0.42
30’
10’
2.10*
0.42
20’
0.96
0.42
*The mean difference is significant at the 0.05 level.
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p

0.08
<0.01
0.08
0.18
<0.01
0.18
p

0.93
0.93
0.93
1.00
0.93
1.00
p

0.02
<0.01
0.02
0.07
<0.01
0.07

95% C.I.

Lower
-2.59
-3.59
-0.10
-2.35
0.90
-0.35

Upper
0.10
-0.90
2.59
0.35
3.59
2.35

95% Confidence
Interval
Lower
-0.99
-0.99
-0.73
-0.86
-0.73
-0.86

Upper
0.73
0.73
0.99
0.86
0.99
0.86

95% Confidence
Interval
Lower
-2.15
-3.11
0.13
-1.97
1.09
-0.05

Upper
-0.13
-1.09
2.15
0.05
3.11
1.97

Bland-Altman plots (figure 12) illustrate the difference between the two sessions
(Visit 1 – Visit 2) against the mean (Visit 1 +Visit 2/2) (fig. 2). The 95% levels of
agreement ranged from -2.70 to 2.19 with a mean difference of -0.25 for the C
stimulus, -2.27 to 1.75 with a mean difference of -0.26 for the R and -2.14 to
2.16 with a mean of 0.01 for the difference (C-R) between the two stimuli. BlandAltman plots for all three test conditions are shown in figure 2. The widest limits
of agreement were found in the scotopic C test. On the other hand, most outliers
were found on the scotopic R test as compared to the C, or C-R average
threshold values. However, in general, most of the values were within the 95%
confidence limits.
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Figure 1210 Bland-Altman plots on scotopic macular sensitivity. The dashed lines represent the 95%
confidence intervals and the solid line the mean difference of Visit 1 – Visit 2 Average threshold for each
stimulus (C,R) as well as their difference (C-R). The graphs indicate that most points fall within the 95%
confidence intervals, thus indicating good repeatability of the device
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In order to further assess the reliability of the device, we calculated the intraclass
correlation coefficient (ICC) analysis (table 6). The categorization of ICC
interpretation was based on published guidelines as described earlier (25). The
highest ICC was found for the cyan stimulus (0.90, p<0.01) approaching an
excellent test-retest reliability. The red stimulus on the other hand, showed
moderate ICC (0.74, p<0.01). The difference of both stimuli, C-R was also found
good with an ICC 0.86 and a p<0.01.

Table 6 S-MAIA reliability assessed with the intraclass correlation coefficient

Cyan*
Red*
Cyan Red*

Intraclass
Correlation
Coefficient
0.90
0.74
0.86

95% C.I.
Lower
Upper
0.83
0.56
0.77

0.94
0.84
0.92

p

ICC
Classification

<0.01
<0.01
<0.01

Good
Moderate
Good

*Based on average measures

The paired samples t-tests (table 7) gave no statistically significant differences
(table 4) between study visits. The only tests that appeared to show a learning
effect were the differences between the two 10’ sessions with the C (p=0.03)
and R (p=0.03) stimuli. Repeated measures ANOVA, after Bonferroni
adjustment, showed no significant learning effect for the C stimulus (p=0.12) or
the C-R (p=0.94), with a borderline suggestion from the R results (p=0.05).
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Table 7 Assessment of learning effect

Dark
Adaptation
Time

Cyan

Visit 1

Visit 2

paired
p
difference
10'
11.97
12.62
-0.65
0.03*
20'
13.22
13.55
-0.34
0.11
30'
14.22
13.99
0.23
0.49
*Statistically significant results on the 0.05 level.

Red

Visit 1

Visit 2

15.16
15.29
15.29

15.67
15.48
15.38

89

paired
difference
-0.51
-0.19
-0.90

Cyan-Red

p

Visit 1

Visit 2

0.03*
0.34
0.74

-3.20
-2.06
-1.10

-3.06
-1.93
-1.39

paired
difference
-0.14
-0.13
0.30

p
0.61
0.58
0.25

2.4.4 Discussion
This study provides novel data on the impact of dark adaptation time on scotopic
retinal sensitivity obtained with the S-MAIA, the repeatability and reliability of the
measurements, and the potential presence of a learning effect.
Our results indicate that careful thought is required when planning dark adaption
tests, as the duration significantly influences when the threshold results become
stable. Our data suggest that for the C stimulus, a 30’ minute interval in the dark
produces significant differences in threshold sensitivity. For the R stimulus, dark
adaptation interval did not appear to impact sensitivity thresholds. However, when
the results are taken in their entirety, it was observed that for the majority of cases
there was no difference between the 20’ and 30’ threshold values. The values
obtained after a 20’ dark adaptation interval, are of less significance compared to
those of 30’ (p=0.02 vs p<0.01 respectively). It is thus suggested that a minimum of
30’ of dark adaptation gives reliable C-R results. A larger sample size would be
required to confirm our findings.
The duplex theory of vision states that for luminance levels above 0.03 cd/m 2, the
cone system mediates vision. For luminance levels below that point, rods take over,
while the range in which these two mechanisms are working together is the mesopic
vision range(75). The peak spectral sensitivity for rods is around 500nm(76), which
is close to the C stimulus wavelength (λ=505nm). Our findings are in agreement
with those of Pfau et al.(41), who reported that the C stimulus well reflects rodmediated visual function, and reports on rod photoreceptor topography(77).
The results for repeatability showed good agreement between measurements. In
both scotopic tests, C and R, most points fell within the 95% levels of agreement.
The same occurred for their difference (C-R). Our interpretation of the few observed
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outliers is that a degree of variance occurred. Most outliers were found in the R test
(3 in total) when compared to C (2 in total). The finding of outliers, which indicate a
degree of variability, is one which exists in perimetry testing(78-80).
The results for ICC suggest that the device is reliable to use as it provides high ICC
values 0.90 for C, 0.74 for R and 0.86 for C-R respectively. Pfau et al also
suggested that the scotopic device is repeatable and reliable to use in both,
healthy(41) and persons with macular diseases(81). Results for repeatability and
reliability of the standard MAIA, have been reported for individuals in normal retinal
health(82-84), in patients with different ocular diseases (30,69,78,83)) and in
children(83).
The absence of a learning effect for the S-MAIA has been reported previously(41).
Our data suggest that was no significant learning effect on the basis of repeated
measures ANOVA with the Bonferroni adjustment applied. This is contrary to the
results obtained by Wu et al., who reported a learning effect in the standard MAIA
device(30) and therefore mesopic testing conditions, and recommended discarding
the results obtained in the first session. We hypothesize that the use of a training
test (fast examination) may have improved repeatability.
A limitation of the present study is that the dark adaptation intervals, were not
randomised. This may have produced a confounding effect. Also, one might
question the statistical test that was chosen to measure test-retest reliability (ICC).
As discussed in the methods section, the ICC belongs to the relative reliability
indices. An alternative would have been to use Atlman’s coefficient of repeatability
(CoR). This belongs to the absolute measures of reliability and also, it is directly
related to the 95% limits of agreement, takes into account both random and
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systematic errors and it is easy to interpret clinically(85). Although, the ICC was
chosen as the subjects of this study, were similar in regards to their ocular status,
thus less variance in the outcome measure was expected. As a result, the ICC was
chosen as an assessment measure although best practice guidelines recommend
used of both absolute and relative reliability indices(85). Another limitation is the
small sample size available and that analysis could have been extended to measure
the effect of time of dark adaptation in different retinal eccentricities. Our main focus
in this study was to use three different times of dark adaptation, compared to
previous studies that used only one time interval. The previous study also reported
short term repeatability with both testing sessions occurring on the same day,
whereas this study had a one week window(41).
In summary, we report the first study on the impact of dark adaptation time on
scotopic retinal sensitivity measured using scotopic microperimetry. Our results
show that the duration of dark adaptation does have an impact on the outcome
measure. For the cyan stimulus, which well reflects rod function, a period of 30’ dark
adaptation seems preferable. If scotopic sensitivity is estimated from the C-R
difference, the minimum dark adaptation time required could be slightly reduced to
20’.

Additionally, we provide data which suggest that the machine produces

repeatable and reliable measurements with no evidence of a significant learning
effect.
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3. The Clinical Characteristics of the NISA Study Population
Evaluated Using Colour Fundus Photography and Optical
Coherence Tomography
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3.1 Introduction
A disease has been defined as any condition resulting in the disorder of a structure
or function that is not caused due to external injury(1). In the field of ophthalmology,
age-related macular degeneration (AMD) is a disease with a complex
pathogenesis(2–7). Disease prevalence globally, has been reported at 8.69%(8)
and it is higher for those of European ancestry (12.3%)(8).
Specific pathological characteristics arise during the development of AMD. The
hallmark of the disease is the accumulation of deposits between the retinal pigment
epithelium (RPE) and Bruch’s membrane, called drusen. These are classified
according to their size, texture and location(9,10). More recently, an additional
phenotype was identified, called reticular pseudodrusen(11) or alternatively termed,
sub-retinal drusenoid deposits (SDD). The term, depends on the modality used for
their detection. For images that are displayed merely on the x and y axis (en face
modalities), the term RPD is used, while on the other hand, for images that show
the z axis (cross-sectional) the use of the term SDD is preferable(12). In this
chapter the term RPD is used when referring to en face modalities and SDD to
cross-sectional modalities [i.e. optical coherence tomography (OCT)]. In contrast to
drusen which are located between the RPE and Bruch’s membrane, SDD are seen
between the RPE and the photoreceptor outer segments. SDD have been
demonstrated as an independent risk factor for late-stage disease(13–15). Other
early stage disease phenotypes include hypo- and/or hyperpigmentation of the
RPE. Late-stage disease can take two forms: dry AMD, which takes the form of
geographic atrophy (GA) and wet AMD, in which vessels penetrate into the subretinal space and leak either blood or fluid(16).
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Various disease classification systems for AMD have been developed(17–20). All
of these take into consideration the different characteristics in order to assign an
eye into a disease stage. Despite differences, they also have many common
characteristics. For instance, they all use colour photography for detection and
characterize the size of drusen in relation to the width of a retinal vessel at the edge
of the optic disc which is considered to be 125μm, hence drusen are sized in
multiples of this width [i.e.63μm, 125μm, 250μm etc.(21)]. Spaide (2017) recently
suggested that AMD classification systems should be broadened to include more
disease characteristics(22) such as SDD, and subtypes of neovascular disease
such as polypoidal choroidal vasculopathy. Much of the existing nomenclature has
been based on findings from technology that was available at the time the studies
were initiated. As retinal imaging technology has progressed, our ability to
understand the various stages has increased. Therefore there is a constant need
to update classification systems so that they are in parallel with technological
advancements(23).
An update in the way disease characteristics are assessed to classify an eye to a
specific stage, using imaging modalities such as spectral domain optical coherence
tomography (SD-OCT), will provide more precise measurements and will
significantly reduce the latent period [i.e. the time from when disease has
commenced until it is detected, either through symptoms reported, or clinical
examination(24,25)]. In addition, it is widely accepted that photographic methods
are not sensitive enough in detecting AMD phenotypes such as RPD/SDD(26,27).
The use of OCT, offers the opportunity to assess tissues layer by layer which is of
importance as the severity of cellular loss in atrophic areas may vary among layers.
In addition, it can detect early features of atrophy such as nascent GA(28). To
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address this need, an international group of experts in AMD and retinal imaging
[Consensus of Atrophy Meeting (CAM)] suggested that atrophy is an evolving
procedure and described the four stages of this procedure(28), as well as the
criteria to diagnose its end-stage [complete RPE and outer retinal atrophy(28)],
based on standardized OCT nomenclature of anatomic landmarks(58). In addition
to that, several epidemiological studies have recently published papers describing
the OCT characteristics of an AMD population, including the Amish eye study (29)
and others, like the European Eye Epidemiology (E3) consortium, have made
suggestions on how grading for macular diseases could be carried out using
OCT(30).
The purpose of this chapter is to describe the development of an OCT-based
classification system for use in the NISA sub-study using multi-modal retinal
grading. An added novelty of the current study is that retinal characteristics were
detected with OCT, using field sizes covering 30o (standard lens) and 55o (widefield lens) diameter. Participant characteristics will be described according to the
OCT-based classification system and compared with the CFP based classification
system. The agreement of measurements from the standard and wide-field lenses
will also be assessed.
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3.2 Methods

3.2.1 Recruitment Strategy
Recruitment details have been provided in chapter two (section 2.2.2). In brief,
participants from the NICOLA study who either had evidence of AMD or could act
as controls (no AMD and no sign of other ocular disease), were invited to
participate. The multi-modal images captured at the baseline NICOLA health
assessment were graded independently by the NetWORC UK Reading Centre and
these were used to determine eligibility.
Inclusion criteria for cases: Those graded with drusen ≥63μm with or without
accompanying RPD, and with or without pigmentary changes and RPD only eyes,
on colour fundus photography, were deemed eligible.
In the SD-OCT modality, those with drusen and/or SDD were eligible to be invited.
Exclusion criteria: Those with self-reported diabetes, glaucoma (or glaucoma
suspects) [these were defined as when vertical cup-to-disc ratio (VCDR) was 0.7 or
VCDR asymmetry = 0.2 or neuroretinal rim =0.1 or IOPg =25 mmHg], diabetic
retinopathy, late stage AMD as detected in either modality, those who did not
consent to further study invitations and those invited to previous NICOLA add-on
visual studies, were excluded.
Controls: The absence of AMD, glaucoma, diabetic retinopathy, or other retinal
disease on CFP or OCT, led an individual to serve as a control.
In total, 1201 individuals were deemed eligible to be invited of which there were 934
AMD cases and 267 controls. The smaller sample size for controls arose as a
proportion of NICOLA participants classified as controls had already undergone
highly similar detailed functional testing as part of a health aging analysis in another
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study (first wave of NISA study). Therefore the control participant pool was limited
but data from the healthy control study was available for analysis in the present
study (see CONSORT diagram Figure 1)].

Figure 1 Consort diagram of NISA study recruitment
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3.2.2 Study procedures
An invitation letter informing of the nature, purpose and possible consequences of
the study was sent out. Acceptance to take part led to an appointment at the
Northern Ireland Clinical Research Facility at Belfast City Hospital. The study
adhered to the tenets of the declaration of Helsinki. Informed consent was
completed upon arrival. The clinical examination tests, included distance visual
acuity (DVA) (ETDRS, Precision Vision, USA) and near

visual acuity (NVA)

examination , Moorfields acuity chart test, contrast sensitivity, dilation of at least
one eye, collection of a blood sample if possible from all participants,
microperimetry under mesopic and scotopic conditions (MAIA, CenterVue S.p.A,
Padova, Italy), dark adaptometry (Adaptdx, MacuLogix, Hummelstown, PA) and
detailed ocular imaging consisting of CFP (Canon CX-1, Canon U.S.A., Inc. image
resolution was 3456x2304 pixels.), Optos ultra-widefield imaging (Optos PLC,
Dunfermline, UK), OCT, OCT-A and autofluorescence imaging (Heidelberg
Engineering, Heidelberg, Germany).
3.2.3 Optical coherence tomography Procedures
The reporting of this study adheres to the Advised Protocol for OCT Study
Terminology and Elements (APOSTEL) recommendations(30) in order to produce
coherent reports from OCT studies. One operating site was included for the NISA
study. The measurements with the OCT modality were taken on the same day as
the rest of the tests. The device used for acquisition was the Heidelberg Spectralis
(Heidelberg Enginnering, Heidelberg Germany). At least one pupil was dilated
before imaging and the process, was carried out by a trained operator. The OCT
imaging was carried out with both the standard and wide-field lenses.
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With the standard 30o lens, OCT imaging included:
(i)

single line scan imaging, 30o scan angle, 768x496 pixels and ART 100

(ii)

a volumetric scan consisting of 61 B-scans (posterior pole) with pattern
size 30o x 25o, distance between scans 118μm and ART 11.

(iii)

an enhanced depth image was taken with 25 B-scans with 30o x 20o
pattern size, distance between scans 237 μm and ART 40

(iv)

an optic disc centered image with a circle diameter 12o, 768x496 pixels
and ART 100

With the wide-field 55o imaging lens, the OCT imaging battery included:
(i)

The line scan imaging with a scan angle 55o and 768x496 pixels and 100
ART

(ii)

Posterior pole imaging consisted of 55o scan angle with 768x496 pixels,
109 B-scans with a distance 121 μm between them and ART 10.

After acquisition, images were stored for analysis.
3.2.4 Grading procedure
3.2.4.1 Colour fundus photography grading
Images were transferred for grading to the Oculab platform (Digital Healthcare
Oculab, V3.7.98.0, Emis Health, Leeds, UK) and imported as jpg files. Colour
fundus images were classified according to the Beckman classification system(19).
This system is based on colour photography and has been used in several
studies(15,31–34). It is a tool which can be used by both clinicians and clinical
studies as well, as it requires basic equipment and knowledge. The point of
reference, for an eye to be assigned in a specific disease stage, is drusen size.
Small drusen ≤63μm, confer very little risk for progression to late-stage disease and
were termed drupelets within this classification system, in order to better
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discriminate these from larger drusen which pose greater risk for progression to
later stages. Thus, drusen of this size, can be used to differentiate between normal
aging changes and early AMD which in turn, should discriminate those with normal
aging changes from those with intermediate AMD as the latter have greater risk of
progression to late AMD. The Beckman classification system is presented in table
1 as adopted from the publication of Ferris et al(19). Numerical stages were
designated for clarity throughout this thesis.
Table 1 The Beckman Clinical Classification system for AMD along with the coding used in the NISA
study(19)

Definition (lesions
assessed within 2 disc
Beckman numerical
Classification of AMD
diameters of the fovea in
stage
either eye.
No drusen, no AMDNo apparent aging
related pigmentary
Beckman Stage 0
changes
abnormalities*
Only small drusen
(drupelets ≤63μm), no
Normal aging changes
Beckman Stage 1
AMD-related pigmentary
abnormalities*
Medium drusen (>63
Early AMD
≤125μm), no AMD-related
Beckman Stage 2
pigmentary abnormalities*
Large drusen >125μm with
Intermediate AMD
any AMD-related
Beckman Stage 3
pigmentary changes*
Either neovascular and/or
Late AMD
Beckman Stage 4
GA
*AMD-related abnormalities= any hyper- or hypopigmentary abnormalities
associated with medium or large drusen but not associated with other known
disease entities
RPD, were graded as present, absent or questionable. Presence was assigned
when a clear pattern of yellowish interlacing ribbons was found. The latter was
assigned when there were dots close to each other but could not be assigned to
the appearance of drusen as suggested previously(15).
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3.2.5 Development of OCT grading scheme
An OCT grading system was created specifically for the purposes of the NISA study.
Firstly, literature was searched to provide insights in to what OCT features of drusen
and other early AMD phenotypes had been evaluated previously. As the OCT
approach into classifying AMD is still a developing and broad field, a narrative
review was carried out. The following databases were searched: Pubmed, Google
scholar, Medline and web of knowledge. The Keywords used for the search were
the following:
a) Optical coherence tomography
b) Optical coherence tomography AND age-related macular degeneration
c) Optical coherence tomography AND subretinal drusenoid deposits
d) Optical coherence tomography AND reticular pseudodrusen
e) Optical coherence tomography AND drusen.
Having completed the literature search, 15 titles were identified and abstracts were
assessed to examine if the content was relevant with the needs of the NISA study.
After abstract assessment, 9 articles(36-44) were kept for final assessment, of
which one was a review article(36).
After assessing the articles and discussing with the supervisor (Dr. Ruth Hogg) and
a retina specialist (Prof. Usha Chakravarthy), the items included in the grading form
were finalized.
Having finalized the form, the grading procedure was carried out by the student and
when the first 150 participants were graded, a random case of 50 participants was
chosen and graded by a retina specialist (U.C.). Cases of discordance were agreed
with adjudication and corrections were made accordingly. Having completed the
trial, grading proceeded and a further concordance exercise was undertaken with
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U.C. Further information on the grading procedure along with the definitions used
for each phenotype are provided in the following section as well as in the OCT
grading protocol (appendix 3).
3.2.6 OCT grading
Image assessment took place in the Heidelberg Eye Explorer (HEYEX) version
1.9.17.0 (Heidelberg Engineering, Heidelberg Germany). All posterior pole images
of the NISA participants were assessed. The standard and wide-field OCT images
centered on the fovea were examined and graded separately. The following
features were identified on sizes of volumetric scans:
a) The number of the foveal scan was recorded and was defined as the one in
which the foveal dip was deemed maximal. Sometimes this was accompanied
with hyper-reflectance at that point (fig 2).

Figure 211 Foveal scan within volumetric scan of one of the NISA participants
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b) Drusen were defined as dome-shaped lesions, of hypo- or medium reflectivity.
Located between the RPE and Bruch’s membrane. Clear deviation of the RPE
was essential to distinguish from SDD.
c) Presence of SDD were defined as granular hyper-reflective material lying
between the RPE and IS/OS and a stage was assigned according to the
classification made by Zweifel et al(45)(page 31 figure and table 2).
Table 2 SDD stages as first described by Zweifel(44)

Zweifel
Stage 1
Zweifel
Stage 2
Zweifel
Stage 3

Diffuse deposition of granular hyper-reflective material between the
RPE and the boundary between the inner segments and outer
segments of the photoreceptors, not sufficient to alter their contour.
Mounds of accumulated material sufficient to alter the contour of the
IS/OS boundary.
Thicker material of conical appearance that breaks through the
IS/OS boundary.

d) The presence of RPE abnormalities (figure 3) consisting of lesions that altered
the shape-structure of the RPE but could not be assigned to drusen and/or SDD
was noted.

Figure 3 RPE abnormalities case example. Note the breakdown and migration of hyper-reflective RPE cells
(white arrows) in both images. Examples are from two different participants from the NISA study

e) The diameter and height of the largest visible drusen within the scanning area
was noted. It’s distance from the fovea was recorded using the scan number
and computed using the  scan width.
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f) The internal reflectivity of the largest drusen was recorded:

homogenous

(uniform internal reflectivity) or heterogenous (nonhomogeneous) as described
by Khanifar et al(42) (figure 4).

Figure 4 Drusen internal reflectivity adopted from the publication of Khanifar(41). Homogeneous drusen: 2H,
Heterogeneous drusen: 2A, 2K, 2M. Image 2Q represents a case called saw-tooth druse which can’t be
measured for its internal reflectivity properties

g) The presence of localized thinning of the outer nuclear layer (ONL) was
recorded by observation (figure 5) as it has been suggested that the ONL is
thinner in the presence of drusen and SDD(46).

Figure 5 Outer nuclear layer thinning recorded from observation. Note the varying thickness in areas with
deposits and deposit-free areas. Measurements taken to support the observation. Image taken from a NISA
participant.

Having completed the grading, the groups as outlined in table 3, were formed based
on the characteristics present in each eye.
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Table 3 OCT Classification

OCT Group
OCT Group 0
OCT Group 1
OCT Group 2
OCT Group 3
OCT Group 4
OCT Group 5
OCT Group 6
OCT Group 7
OCT Group 8

Description
Controls
RPE abnormalities
SDD
SDD+RPE abnormalities
Drusen only
AMD (Drusen + RPE abnormalities)
AMD (Drusen + SDD)
AMD (Drusen + SDD + RPE abnormalities)
Late AMD

Representative OCT scans of each group are presented in figure 6.
During the OCT grading, the presence of co-existing conditions such as
vitreomacular traction (VMT), epi-retinal membrane (ERM) and macular hole were
also recorded.
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Figure 6 Representative OCT scans of NISA population. A)Scan from a healthy participant, all layers are
discernible, B) SDD case, C) AMD case, in this one a small druse is present (red arrow) along with stage 2
(blue arrow) and stage 3 (white arrow) SDDs, D) AMD case with nodular/classical drusen only, E-F) Two RPE
abnormalities cases that could not be attributed to drusen or SDD, G-H) Late AMD, cases, G: CNV: Note the
presence of subretinal fluid and I) increased choroidal signal is present indicating GA
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The eye with the more advanced stage-characteristics graded on the basis of en
face and cross sectional imaging modalities was used to assign person level
severity. The OCT stages outlined above were categorical and how they relate to
structural and functional severity, will be addressed subsequently in this thesis. The
relevance of the newly defined RPE abnormalities in the context of AMD is also
unknown and whether it forms part of the AMD continuum or represents an
incidental co-existing pathology also remains to be discovered.
3.2.7 Statistical analysis
Statistical analysis was carried out with SPSS version 22 (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
Frequency statistics were performed for categorical variables and descriptive
statistics for continuous. Differences between categorical variables were assessed
with the chi-squared test while for continuous with an independent samples t-test
and/or one-way ANOVA. Cross-tabs between with the current CFP-based Beckman
system and the new OCT categories were computed and the agreement between
the two, was assessed using a kappa statistic. The kappa value will be classified
according to published guidelines(47) as presented in table 4.
Table 4 Kappa value and its interpretation

Kappa value

Agreement

<0

Less than chance agreement

0.01-0.20

Slight agreement

0.21-0.40

Fair agreement

0.41-0.60

Moderate agreement

0.61-0.80

Substancial agreement

0.81-0.99

Almost perfect agreement
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3.3 Results

3.3.1 Basic demographic, medical and retinal characteristics
Of the 1201 individuals invited, a total of 414 participants attended for a clinical
examination (34% response rate). During the medical history interview 2
participants reported a diagnosis of glaucoma and 6 with diabetes, therefore their
data was excluded from the analysis. Furthermore, 2 participants were excluded
due to ocular conditions, and 2 due to neurological conditions, not allowing them to
finish clinical examination. Nine participants did not finish the OCT imaging process
and thus their CFP data will be analyzed and will be excluded from the OCT-based
analysis. The final sample consisted of 402 individuals. Demographic, ocular and
medical history for the healthy and AMD groups, according to fundus photography
classification is presented in table 5.
Males comprised 46.5% of the sample while females 53.5%. Mean participant age
was 68.31 years old ± 9.24 SD. Those with AMD (Beckman groups 2-4) were older
(70.38 years old ± 8.95SD) than the Beckman group 0 (65.57 years old ± 8.98 SD)
and Beckman group 1 (67.18 years old ± 9.18 SD) and the between groups
difference was statistically significant (p<0.001). There were more participants with
high blood pressure and high cholesterol in the AMD group than in the two other
stages although these differences were not significant. There was a significant
difference between those who were former smokers (p=0.049) and also, those with
RPD, were more likely to be in the AMD group (p=0.022).
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Table 5 Basic demographic information of the NISA study population

Males
Females
Age mean (SD)

Overall
cohort
n=402
187 (46.5)
215 (53.5)
68.31
(9.24)

Beckman
stage 0 n (%)

Beckman
stage 1 n (%)

AMD (stages
2-4) n (%)

p value

51 (49.5)
52 (50.5)
65.57 (8.98)

52 (49.5)
53 (50.5)
67.18 (9.18)

84 (43.3)
110 (56.7)
70.38 (8.95)

0.458
<0.001

21 (10.8)
7 (3.6)
18 (9.3)
18 (9.3)
1 (0.5)

0.208
0.919
0.735
0.001
0.609

63 (32.5)

0.718

Squint
Ocular Trauma
Cataract Surgery
Known AMD
Refractive Surgery

37 (9.2)
13 (3.2)
33 (8.2)
20 (5.0)
2 (0.5)

High Blood
Pressure
Cholesterol
Cardiovascular
disease
Arthritis
Osteoporosis
Cancer
Pulmonary
Disease
Digestive
Problems
Kidney Disease
Sleep Apnea

137 (34.1)

Ocular History
5 (4.9)
11 (10.5)
3 (2.9)
3 (2.9)
7 (6.8)
8 (7.6)
1 (1.0)
1 (1.0)
1 (1.0)
0 (0)
Medical History
35 (34.0)
39 (37.1)

63 (15.7)
10 (2.5)

11 (10.7)
0 (0.)

23 (21.9)
8 (7.6)

29 (14.9)
2 (1.0)

0.078
<0.001

62 (15.4)
26 (6.5)
3 (0.7)
2 (0.5)

14 (13.6)
5 (4.9)
0 (0)
0 (0)

19 (18.1)
5 (4.8)
1 (1.0)
1 (1.0)

29 (14.9)
16 (8.2)
2 (1.0)
1 (0.5)

0.646
0.375
0.592
0.620

4 (1.0)

1 (1.0)

2 (1.9)

1 (0.5)

0.513

2 (1.0)
7 (3.6)

0.997
0.134

Paracetamol
Anticoagulants
Antihypertensives
Corticosteroids
Beta-blockers
Statins
NSAIDs
Anti-Depresants
Vitamins
Diuretics
Ocular Vitamins

28 (7.0)
19 (4.7)
119 (29.6)
2 (0.5)
18 (4.5)
110 (27.4)
8 (2.0)
22 (5.5)
27 (6.7)
4 (1.0)
4 (1.0)

16 (8.2)
9 (4.6)
62 (32.0)
0 (0)
6 (3.1)
51 (26.3)
1 (0.5)
11 (5.7)
14 (7.2)
2 (1.0)
2 (1.0)

0.621
0.442
0.590
0.392
0.426
0.707
0.111
0.932
0.638
0.383
0.997

Currently Smoking
Former Smoker
Never Smoker
RPD
RPD questionable

24 (6.0)
155 (38.6)
218 (54.2)
7 (1.7)
4 (1.0)

10 (5.2)
74 (38.1)
110 (56.7)
7 (3.6)
3 (1.5)

0.049
0.941
0.287
0.022
0.440

4 (1.0)
11 (2.7)

1 (1.0)
1 (1.0)
4 (3.9)
0 (0)
Medicine Use
6 (5.8)
6 (5.7)
3 (2.9)
7 (6.7)
29 (28.2)
28 (26.7)
1 (1.0)
1 (1.0)
6 (5.8)
6 (5.7)
27 (26.2)
32 (30.5)
3 (2.9)
4 (3.8)
6 (5.8)
5 (4.8)
8 (7.8)
5 (4.8)
0 (0)
2 (1.9)
1 (1.0)
1 (1.0)
Smoking History
11 (10.7)
3 (2.9)
41 (39.8)
40 (38.1)
49 (47.6)
59 (56.2)
0 (0)
0 (0)
0 (0)
1 (1.0)

*Chi-squared for catgorical, One-way anova for continous
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3.3.2 Colour fundus photography results
In the eye level, 26.0% of study eyes were in the Beckman group 0 and 24.0% in
the Beckman group 1. Furthermore, 25.1% of study eyes displayed Beckman group
2 and 12.2% in the Beckman group 3. As for the most advanced, group 4 stage,
0.4% of study eyes were found in that group. Definite RPD were detected in 1.6%,
while questionable RPD were found in 1% of study eyes.
When analyzed on the person level, 25.6% of the study sample fell in the Beckman
group 0 and 26.1% fell in the Beckman group 1. For the actual disease stages, 128
persons, or 31.8% showed Beckman group 2 and 15.9% Beckman group 3.
Furthermore, there were two cases 0.5% which showed Beckman group 4 stage
(both GA). Finally, definite RPD were detected in 1.7% and questionable RPD in
1.0% of participants. There were 99 participants in which no CFP was undertaken
in the fellow eye.
Table 6 Rate of AMD degrees in the NISA study as reported in the person and eye levels

Colour fundus photography-based Prevalence of AMD stages
Person Level n=402 N (%)
Eye Level* n=705 N (%)
Bekcman stage 0
103 (25.6)
209 (26.0)
Bekcman stage 1
105 (26.1)
193 (24.0)
Bekcman stage 2
128 (31.8)
202 (25.1)
Bekcman stage 3
64 (15.9)
98 (12.2)
Bekcman stage 4
2 (0.5)
3 (0.4)
RPD
7 (1.7)
13 (1.6)
RPD questionable
4 (1.0)
8 (1.0)
*99 eyes are missing as these participants refused to have both eyes dilated
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3.3.3 Optical coherence tomography results
In table 7 the prevalence of the 9 OCT groups formed, is presented for both the
person and eye levels, 9 patients, as mentioned above were not included in this
analysis as they could not finish the OCT imaging process.
In the person level, 26.0% were controls, 5.1% had RPE abnormalities and 17.6%
had SDD only. A combination of those, was found in 4.1% of the sample. Drusen
only were detected in 12.7% of the sample. Drusen with RPE abnormalities coexisting, were found in 10.7% of the sample. Drusen with co-existing SDD, were
found in 11.2%. Furthermore, drusen with SDD and RPE abnormalities were found
in 10.7% of the sample and late stage AMD, was found in 8 cases (2.0%). Of these,
5 cases (1.2%) exhibited GA and 3 (0.8%) CNV.
When the eye level was examined, 31.8% of eyes were controls. RPE abnormalities
only were found in 5.3% of study eyes and SDD in 19.2%. A combination of both
phenotypes, was found in 2.9%. Drusen only were found in 14.0% of study eyes.
Drusen with co-existing RPE abnormalities were found in 8.1% while drusen with
co-existing SDD were found in 10.4%. All phenotypes together (drusen & SDD &
RPE abnormalities), were found in 6.9%. Finally, late AMD was found in 1.3% of
the study sample of which, 0.8% were GA and 0.5 CNV.
Of those with late AMD, 2 participants were bilateral while the other 6 were
unilateral.
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Table 7 Rate of OCT-based classification in person and eye levels

OCT-based prevalence of AMD stages
Person Level n=393 N (%)
Eye Level n=786 N (%)
Controls
102 (26.0)
250 (31.8)
RPE abnormalities
20 (5.1)
42 (5.3)
SDD
69 (17.6)
151 (19.2)
SDD+RPE
16 (4.1)
23 (2.9)
abnormalities
AMD (drusen only)
50 (12.7)
110 (14.0)
AMD (drusen + RPE 42 (10.7)
64 (8.1)
abnormalities)
AMD (drusen + SDD) 44 (11.2)
82 (10.4)
AMD (drusen + RPE 42 (10.7)
54 (6.9)
abnormalities + SDD)
Late AMD
8 (2.0)
10 (1.3)
GA
5 (1.2)
6 (0.8)
CNV
3 (0.8)
4 (0.5)

In table 8 demographic information of each OCT-based group on the person level
are presented.

120

Table 8 Demographic information based on OCT classification

Males N
(%)
Females
N (%)
Age mean
(±SD)

Controls

RPE
abnormalities

SDD

43
(42.2)
59
(57.8)
64.13
(8.25)

11 (55.0)

29
(42.0)
40 (58)

9 (45.0)
68.60 (10.03)

66.91
(9.10)

Prevalence of OCT-based stages in the person level
SDD+RPE
AMD
AMD
AMD (drusen +
abnormalities
(drusen
(drusen +
SDD)
only)
RPE
abnormalitie
s)
8 (50.0)
23 (46.0)
25 (59.5)
16 (36.4)

AMD (drusen +
RPE
abnormalities +
SDD)

Late AMD

p
value*

24 (57.1)

5 (62.5)

0.311

8 (50.0)

27 (54.0)

17 (40.5)

28 (63.6)

18 (42.9)

3 (37.5)

69.38 (7.96)

66.70
(8.02)

67.38 (9.61)

73.18 (7.01)†

75.93 (8.53)†

74.38
(7.23)†

*Chi-squared test for categorical, One-Way ANOVA for continuous variables
†Significantly different to controls after post-hoc correction was applied
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<0.001

Females constituted 57.8% of the control participants, while males only 42.2%. In
the RPE abnormalities group, 55.0% were males and 45.0% females and in the
SDD group, female preponderance was found 58.0% compared to males 42.0%. In
the SDD & RPE abnormalities group, there was equal presence of males and
females (50.0%). In the drusen only group, more females were found again 54.0%
compared to males 46.0%, while in the group with drusen and co-existing RPE
defects, there were more males (59.5%), compared to females (40.5%). In the
group with co-existing drusen and SDD on the other hand, more females were found
once more 63.6% versus 36.4% for males. Furthermore, in the group with all three
phenotypes combined, more males 57.1% than females were found 42.9%. Finally,
in the late AMD group, more males were found once more 62.5% compared to
females 37.5%. The different preponderance of males and females among groups,
might be indicative of different mechanisms involved in the pathogenesis of each
phenotype.
In regards to age, there was a trend of increasing age, with transition from one stage
to another and the between groups difference was statistically significant (p<0.001).
When compared to the control participants, the groups with drusen and SDD, those
with all three phenotypes combined and those with late AMD, were significantly
older

(p<0.001, p<0.001 and p=0.031 respectively, after applying post-hoc

correction).
In the overall sample, the rates of various phenotypes and any coexisting conditions
are presented in table 9 and reported in the eye level.
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Table 9 Various phenotypes visible on OCT

Prevalence of various characteristics in study eyes n=786
Retinal feature
N (%)
Typical Drusen
314 (39.9)
Largest drusen diameter mean (±SD)
274.43μm (178.41)
Largest drusen height mean (±SD)
77.36μm (32.04)
Drusen internal reflectivity
Homogeneous
273 (34.7)
Heterogeneous
34 (4.3)
Drusen around the disc
65 (8.3)
SDD
313 (39.8)
SDD Stage 1
150 (19.1)
SDD Stage 2
132 (16.8)
SDD Stage 3
31 (3.9)
Nuclear layer thinning
164 (20.9)
RPE abnormalities
187 (23.8)
Other co-existing conditions
None
767 (97.6)
Vitreomacular traction
2 (0.3)
Epiretinal membrane
11 (1.4)
Macular hole
6 (0.8)

Typical drusen were found in 39.9% of study sample eyes with the mean diameter
of the largest drusen (whenever more than one present), being 274.43μm ±
178.41SD and mean drusen height 77.36μm ± 32.04SD. Homogeneous drusen
internal reflectivity was found in 34.7% while heterogeneous drusen internal
reflectivity, was found in 4.3%. In 8.3% of the cases drusen around the disc were
found. In regards to SDD, they were present in 39.8% and most of them were stage
1 (19.1%), followed by stage 2 (16.8%) and finally stage 3 (3.9%). Outer nuclear
layer thinning was observed in 20.9% of cases (this finding though, remains to be
confirmed from segmentation data in the next chapter). RPE abnormalities were
observed in 23.8% of the sample. Finally, regarding co-existing conditions, the vast
majority of study eyes did not show any while 0.3% displayed vitreomacular traction,
1.4% showed epiretinal membrane and 0.8% showed macular hole.
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Finally, increasing drusen diameter, correlated significantly (r=0.766, p<0.001) with
increasing drusen height as assessed with OCT (figure 7).

Figure 7 Correlation between drusen diameter and height as assessed with OCT
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3.3.4 Comparison of colour fundus photography and optical coherence tomography
Analysis proceeded to assess whether the Beckman clinical classification system
for AMD, agrees with the OCT staging reported herein (table 10).
Table 10 Cross-tabulation of the photographic Beckman and the OCT NISA classification system

AMD grade
Group Group Group Group Group
0
1
2
3
4
121
69
13
0
0

Controls
RPE
abnormalities
SDD
RPE
abnormalities
& SDD
AMD (Drusen
only)
OCT
AMD (Drusen
classification
& RPE
abnormalities)
AMD (Drusen
& SDD)
AMD (Drusen
& RPE
abnormalities
& SDD)
Late AMD
Total
kappa: 0.120, p<0.001

Total

p
value

203

7

10

16

1

0

34

42

42

52

1

0

137

5

6

12

0

0

23

12

25

38

18

0

93
<0.001

5

12

26

17

0

60

11

14

27

28

0

80

5

8

13

25

0

51

1
209

0
186

2
199

4
94

3
3

10
691

Analysis of the detailed OCT system for this study with the established photographic
Beckman clinical classification system for AMD revealed that there is a significant
difference between the two according to the chi-squared test (p<0.001). As for
agreement, a kappa value of 0.120 which classifies it as slight agreement(47) with
a highly statistically significant result p<0.001 were found.
As the two techniques are different, there is some variability on the detection
sensitivity of each of them. There were a considerable amount of cases in which,
the CFP classified an eye as healthy, while the OCT detected some defects. For
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instance, in figure 8, a case is shown which was graded as a control in the CFP,
while in the OCT, it had drusen in two different scans.

Figure 8 Example of a patient with different grading in the CFP and the OCT. In the fundus photo (right) this
patient was graded as healthy while in the OCT (left), they exhibited drusen in two different scans
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3.3.5 Comparison of standard and wide-field OCT lenses
As a final step of the analysis of this chapter was to compare the measurements
deriving of the two OCT lenses. The frequencies of characteristics measured with
each lens are presented in table 11.
Table 11 Agreement between frequencies in the standard and wide-field OCT lenses

Drusen
Drusen on foveal
scan
Largest drusen
diameter mean
(±SD)
Largest drusen
height mean
(±SD)
Homogeneous
Heterogeneous
Drusen around
the disc
SDD

30o lens N
(%)
314 (39.9)

55o lens N
(%)
184 (23.4)

p value
<0.001

kappa
value
0.609

93 (11.8)

72 (9.2)

<0.001

0.828

274.43
(178.41)

383.08
(205.95)

<0.001

-

kappa
interpretation
Substantial
agreement
Almost perfect
agreement
-

77.36
(32.04)

98.05
(36.08)

<0.001

-

-

0.791

Substantial
agreement
Substantial
agreement
Moderate
agreement
Almost perfect
agreement
Moderate
agreement

Drusen internal reflectivity
273 (34.7)
154 (19.6) <0.001
34 (4.3)
22 (2.8)
65 (8.3)
66 (8.3)
<0.001

0.726

313 (39.8)

193 (24.6)

<0.001

0.513

ONL thinning

164 (20.9)

133 (16.9)

<0.001

0.853

RPE
abnormalities
Drusen nasal to
the disc

187 (23.8)

310 (39.4)

<0.001

0.509

80 (10.2)

-

-

Although there were significant differences in the frequencies between the two
lenses, when these were cross-tabulated and examined, there was good
agreement in the measurements derived from each lens.
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Interestingly, while the mean drusen diameter and height were significantly different
as measurements, their correlation, as derived from the two lenses, was strong
(p<0.001 for both diameter and height, figure 9).

Figure 9 Correlation between largest drusen diameter (left) and largest drusen height (right) between the
standard and wide-field OCT lenses
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3.4 Discussion
In this chapter the characteristics of the NISA study population were presented, the
frequency of AMD and RPD/SDD was assessed in a multimodal manner, an
examination of how the Beckman photographic clinical classification system for
AMD relates to a custom-built OCT classification system and the agreement
between the standard and wide-field OCT lenses took place.
To the best of the authors knowledge, this is the first study to have created a
detailed OCT grading system for AMD and produce groups deriving from that.
Previously the CAM meeting report was the first publication in which the OCT was
employed as the base method to detect and define atrophy. The group made a
significant contribution to that direction as they defined it based on the layers
involved. Furthermore, the group described that atrophy is a gradual and complex
procedure evolving from an initial to end stage, since outer retinal atrophy can occur
without compromising the RPE. As a result, the group used 4 terms to describe
atrophy in AMD, as well as establish criteria for complete RPE and outer retinal
atrophy(28). Although, AMD is a disease evolving gradually and the group did not
assess any group of patients with earlier disease signs in OCT, or create groups
deriving from this modality. The OCT grading form for the NISA study, was created
in July 2018. Only a few months later, in September 2018, the European Eye
Epidemiology (E3) consortium, published a guideline on how AMD could be graded
in epidemiological studies with the use of OCT(30). Several items in that form, were
already incorporated in the grading form of the NISA study, thus adding to the
validity of the grading form for this study. For instance, the E3 suggest to evaluate
the vitreous interface and to look for conditions like vitreomacular traction, epiretinal
membrane and macular hole. These variables were already in place in the NISA
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grading form. Furthermore, the quality of OCT images was assessed in a manner
similar to what the E3 suggests. What the NISA study did not incorporate in the
grading form, but is suggested by the E3, are intra-retinal cystic spaces, tubular
changes, and hyper-reflective clumps. Furthermore, RPE atrophy, which is
suggested by the E3 as well, was recorded as a sign of choroidal hypertransmission and thus graded as a GA (late AMD) case. The same occurred for
intra-retinal fluid, which was considered a wet AMD case. What was not suggested
by the E3 though, and should be considered for incorporation, is ONL thinning and
most importantly, drusen internal reflectivity, as non-homogeneous drusen
reflectivity, has been reported to be a risk factor for late stage disease
development(39,42). There is a growing need for detailed phenotyping of the
disease processes in AMD as it is a complex heterogeneous disease with multiple
gene loci identified(48). With detailed phenotyping, better understanding of the
disease will be achieved. Furthermore, the use of OCT technology can provide very
useful information and additional details in phenotyping disease characteristics.
Also, the Amish study, recently simply reported on the characteristics of their
population based on OCT, but they did not grade or create any groups deriving from
classification based that modality(29).
What was termed for this study as RPE defects, was detected in 23.8% of study
eyes in the overall sample. In these cases, hyper-reflective spots detached from the
hyper-reflective band making up the RPE layer were observed most of the time. It
is known that with age, some RPE cells die and as a result, in some cases, these
cells might migrate in the subretinal space(49). The remaining RPE cells expand to
fill the space vacated thus, resulting in pleomorphism. This means that less cells
will need to reply to a greater metabolic load. Furthermore, the degree of migration
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of these cells, in the intra-retinal space might indicate the time of initiation of these
defects(44). It has been recently reported (43), that RPE activation has two
pathways in AMD. In the first, there is shedding of pigmented and autofluorescent
granule aggregates into basal laminar deposits which appears apoptotic. In the
second pathway, rounding and sloughing of cells into the subretinal space with
migration towards the neurosensory retina occurs. This RPE activation is a
precursor for late AMD development(43). Whether these cases will evolve to that
stage, remains to be elucidated if these participants are followed-up.
The difference in detection rates for RPD/SDD with the CFP and the OCT have
been previously reported. For instance, De Bats(27) found that in their study
sample, with CFP, 18.5% of study eyes had RPD. With the OCT on the other hand,
this rate goes up to 69.9%. Both of these frequencies are larger than what is
reported herein, but the NISA agrees with the study conducted by De Bats, in the
principle that the OCT has better detection abilities. Recently the Amish eye
study(29), reported the baseline OCT characteristics in their study participants.
They used two OCT devices and reported some discordance between them. With
the use of the Heidelberg device, as used in this study, they reported SDD
prevalence of 3.1% in their population, which was double than what was detected
with the Cirrus device, rising to 7% when looking for them in a multimodal manner
(IR and FAF imaging). Although, the reported prevalence of SDD is too low for a
result based on OCT detection, as this approaches a prevalence based on CFP.
Wu(50) also studied the presence of RPD in intermediate AMD and reported that in
both SD-OCT and near infra-red (NIR) they found the phenotype present in 29% of
participants, a rate lower than what is found in this study. On the other hand, the
ALSTAR study(51) also used a multimodal approach like the NISA did. The mean
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age of the study sample was similar in the two studies (68 vs 69 respectively), but
the disease stages were different. Most of the study sample in the ALSTAR were
classified as normal macular health (n=413) followed by early (n=175) and
intermediate AMD (n=19). In the NISA study on the other hand, most participants
were grade 2 [reflecting early AMD (n=128)], followed by grade 1 [reflecting aging
changes (n=105)] and grade 0 [considered controls (n=103)] according to the
Beckman classification system. Despite these stage differences in the two studies,
similar rates of SDD can be reported. With the CFP in the person level, the
ALSTAR(50) reports 1.97% of study sample to have RPD, while the NISA reports
1.7%. With the use of the OCT on the other hand, the ALSTAR reports presence of
SDD in 32% of their study sample, while the NISA, reports a rate of 39.8%. The
NISA study, additionally employed the wide-field OCT lens. This provides an
advantage as the phenotype can be located not only nasal to the disc but also,
since the scanning area is wider, it can detect SDD in the periphery and reveal
cases where although, considered healthy, the phenotype might have started to
develop but missed due to smaller area of scanning.The ALSTAR study(51) also
reported that SDD are common in eyes that are otherwise considered healthy. The
same was observed in this study. For example, in the cross-tabulation between the
Beckman classification system and the OCT system constructed for the NISA study,
a considerable amount of cases that were considered healthy or normally aging,
had actually SDD and/or drusen on OCT. As a consequence, the results of the NISA
study, further support the idea that a multimodal approach should be followed for
the assessment of AMD-related phenotypes such as SDD with OCT included, if not
used possibly alone, as it has been proven to have good specificity and sensitivity
in detecting them(27).
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An additional advantage of the NISA study was that it described the frequency of
SDD stages as described by Zweifel(45). Searching for SDD can be challenging as
most of the times, stage 1 SDD are difficult to distinguish from healthy retinae. In
addition to that, the decision of grading an individual as having the phenotype is
subjective. Especially in the case of stage 1 SDD, this makes the procedure
complex as this stage, is not only difficult to detect but also, the question of whether
it could be part of normal aging process arises and should be answered in the
future. Furthermore since it is frequent to find one single lesion throughout the
posterior pole and assign such an eye as an SDD case, it is necessary to keep in
mind that one single lesion, might not necessarily significantly alter the structurefunction of the retina. It is important to solve the enigma of how many lesions, what
stage, or combination of stages found in OCT, are needed to do so.
The comparison in the photographic Beckman and the OCT based classification
system for the NISA study, revealed significant differences between the two
modalities (p<0.001) with only a slight agreement according to published guidelines
for kappa interpretation(47). Previous reports exist in which it is proved that in what
is classified as intermediate AMD in CFP, advanced AMD features are found with
the OCT(38), thus missed with the first modality. This was confirmed in the NISA
by the differences in late AMD frequencies as reported with CFP and OCT. The
advantage deriving from a classification system including (if not based solely on)
OCT is that it could explain disease processes, be more comprehensive and also
have better predictive capabilities(52). Taking into consideration that the OCT
modality is more sensitive than CFP into detecting disease phenotypes(27,36,53)
and the need to develop new classification systems for AMD(51), it is considered
that the OCT classification system built for the NISA study, is a useful tool to be
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used in future ones too. The agreement of measurements of the two OCT lenses
showed a kappa statistic ranging from moderate agreement, to almost perfect. The
correlation of drusen metrics of the two lenses, was statistically significant (both
p<0.001). To the best of authors knowledge, only one other study has compared
the wide-field and standard OCT lenses. The study by Munk(54) did this comparison
for diabetic macular oedema suggesting that wide-field OCT imaging could be
beneficial. The finding that the wide-field OCT lens can be used to detect AMD
phenotypes either independently or as a complement to the standard one, is
supported from the NISA study as well. The drusen metrics (diameter and width)
are similar to those of reported studies(55). Although, drusen metrics and the rates
of some phenotypes differed. This is believed to be due to resolution capabilities of
the 55o lens. It is useful to include a wide field OCT lens in the examination, as
cases exist in which pathological changes in the periphery have started, while the
central area is intact. In support of this, previous studies, who did not use wide field
OCT though, have already reported that changes exist in the far periphery and pose
the issue-question of AMD being solely a macular condition, or one that affects the
total retina(56). Finally, peripheral changes have been associated with functional
deficits in AMD(57).
Despite the above advantages, a potential limitation of the current study, is the
nature of the literature search. The protocol for this study was created after deciding
what items will be kept in the grading form, thus after the literature search, which
was a narrative rather than systematic review. Although, systematic reviews are the
preffered method of assessing the literature, narrative reviews can be used for a
the overview of a broad topic(59) as is the OCT-based classification in AMD, which
is a developing field. In addition, this method is used when there is not a predefined
134

protocol-based and a simple description of studies is needed(59), as was the case
for the NISA where the phenotypes of AMD previously evaluated were assessed.
In conclusion, in this chapter, an OCT-based classification system was built which
only slightly agrees with a well-established clinical classification system based on
CFP imaging. The notion that cases are classified as healthy with the CFP, while in
the OCT disease phenotypes exist, is further supported herein. Furthermore, the
frequency of AMD phenotypes was reported, agreeing with previous studies who
followed a multimodal approach. Finally, a good agreement between the grading
with the standard and wide-field OCT lenses was found.
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4. The Impact of AMD-related Features on Retinal Structure as
Detected by Multimodal Imaging
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4.1 Introduction

The macula is the central area of the retina surrounded by the optic nerve and the
peripheral retinal vascular arcades(1). Its normal architecture undergoes aging
changes which among others, include the deposition of drusen. These are
categorized in terms of size, texture and location(2). When small (<63μm), they are
considered merely a consequence of the aging process and confer only a little risk
for AMD development(3). In the earliest stages of AMD, there is a disruption in the
normal architecture of the macular area as the pathophysiological processes
progress, leading to alterations of the outer retinal layers(3), such as thickening of
Bruch’s membrane that is in excess of that found in normal aging and the
accumulation of basal linear deposits (BlinD) and basal laminar deposits (BlamD).
The former are considered to be similar to soft drusen, while the latter can be found
both in aging and AMD(3). Furthermore, the formation of drusen is accompanied
with elevation of the RPE and its subsequent separation from Bruchs membrane(4).
Another phenotype found often in AMD, is RPD/SDD. These are found internal to
the RPE and sometimes extend to the inner segments/outer segments (IS/OS) and
alter their contour(5).
Early AMD-related changes, which are often subtle, go unnoticed if colour fundus
photography(CFP) is used for the evaluation of retinal health(6). Meaning that
although useful, there is a poor degree of sensitivity in detecting the very earliest
disease related changes compared to other modalities like optical coherence
tomography(OCT) for instance(6). In addition to that, prior studies have shown that
in what is termed early and/or intermediate AMD in CFP, features of advanced
disease exist in OCT, thus missed with the former(7). Other advantages of the OCT
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modality, include the assessment of drusen ultrastructure(4) as well as the ability
to examine the layers of the retina by a technology called layer segmentation. This
technology allows us to calculate the thickness and volume of retinal layers of
interest in both health and disease(8). The retina and the layers constituting it, are
known to vary by region(9). From the fovea, and the foveal pit, where most
photoreceptors lie on, the thickest retina is seen to the parafovea. Subsequent
areas, including the perifovea, the near and extreme periphery, are characterized
by a steady thinning with transition from one zone to another(9).
Recently, Nusinowitz et. al., based on the genetic score and family history of AMD,
examined retinal structure in what they termed pre-clinical AMD. With the use of
segmentation analysis they assessed if there are any structural changes,
characteristic of AMD that would precede the development of drusen, associated
with the genetic risk of these participants. They reported that they could find no
consistent changes in pre-clinical AMD. Furthermore, they did not find an
association of retinal volume measures with AMD classification or a correlation of
these measures with the genetic score(10).
The thickness of the retina changes over the lifetime course of a druse. For
instance, it has been demonstrated that before drusen appearance, there is
thickening of the RPE. After a druse emerges, there is thinning of the outer nuclear,
RPE and photoreceptor layers. Furthermore, this alteration in layer thickness, is
proportional to drusen growth. Once drusen regress, layers thickness is similar to
baseline values and no significant differences have been observed when drusen
areas are compared to those free of deposits(11). Although, most studies have
used localized thickness measures, which means they are taken on, or adjacent to
lesion areas, global measurements would be needed to have an integral view of the
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effect of the disease on normal retinal architecture. Karamperas, recently reported
that AMD eyes have thicker RPE in all segmentation subfields compared to
controls. The same authors reported thicker total retina in the central subfield in
AMD participants compared to controls, while in the inner and outer subfields, the
total retina was thinner in AMD compared to controls(12). Nittala et al., carried out
a longitudinal, observational study to examine the change of retinal layer thickness
in the uninvolved eye of subjects with neovascular AMD(13).The authors reported
a significant thinning of the RPE-drusen complex from baseline to final follow-up
visit, as well as a decrease in photoreceptor outer segment thickness and an
increase in choroidal thickness(13). It is thus understandable that being able to
detect early changes, it not only becomes possible to better predict the evolution of
the disease and its characteristics, but also start pre-cautionary measures earlier.
The purpose of this chapter is to employ OCT segmentation analysis, to assess the
potential impact of AMD-related features on retinal structure, as detected and
graded with photographic and a custom-built OCT grading scheme.
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4.2 Methods
4.2.1 Recruitment Strategy
This study was a prospective case-control add-on, to the original Northern Ireland
Cohort of Longitudinal Aging (NICOLA) study. NICOLA is a population based study
in Northern Ireland focused on individuals, ≥50 years of age. It consisted of two
parts, the first part included a detailed home interview from a trained interviewer
and the second part, consisted of a health assessment during which detailed ocular
examination and imaging took place(14).
Participant recruitment, was described in chapter 2 (section 2.2.2). In brief,
participants from the NICOLA study who had attended and successfully completed
the health assessment were considered for eligibility.
All images from the main study were securely transferred to a grading centre.
Detailed grading was independently carried out in a multimodal manner by the
NetWORC UK reading centre.
4.2.2 Inclusion/Exclusion criteria
To be included in this study as a case, an individual needed to have the following
characteristics: age ≥50 years, no glaucoma (or glaucoma suspect), no selfreported diabetes in the NICOLA study, consent for invitation to add-on studies and
finally, no previous invitation to another add-on study. In addition to these, in CFP
images, potential participants needed to have drusen of ≥63μm in either eye, with
or without pigmentary alterations and/or RPD. In SD-OCT scans, candidate
participants, needed to have drusen and/or SDD.
To be included as a control, no evidence of drusen or other retinal abnormality in
the CFP or OCT modalities, consent for further invitation, no glaucoma (or
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glaucoma suspect), no diabetes reported in the NICOLA study visit and no previous
invitation to another add-on study were required.
The CFP and OCT modalities were assessed independently.
Exclusion criteria included presence of late AMD in either eye, in either modality
assessed, glaucoma (or glaucoma suspect), presence of diabetes and/or prior
invitation to another add-on study. Assessment of these factors and accordingly
exclusion of those participants, was carried out prior to finalizing the recruitment list.
4.2.3 Study procedures
The study adhered to the tenets of the Declaration of Helsinki. After acceptance for
study participation, an appointment was booked. Informed consent was signed
upon arrival after the nature of the study was explained. The examination test
battery included best corrected visual acuity (ETDRS Presicion Vision, USA), low
luminance acuity measurement, contrast sensitivity, near visual acuity and SKILL
test score measurement. At least one eye was dilated with tropicamide 1%. This
was considered the study eye and it was the one with worse results in the visual
acuity tests, unless there was a history of amblyopia or other disease not related to
AMD. For controls it was the better eye as determined by visual acuity. Following
dilation, microperimetry testing (MAIA, CenterVue S.p.A, Padova, Italy), in both
mesopic and scotopic conditions, and dark adaptation (Adaptdx, Maculogix,
Hummerlstown, PA) were carried out. Detailed imaging took place including colour
fundus photography (Canon CX-1, Canon, U.S.A., Inc.), Optos wide-field fundus
imaging (Optos PLC, Dunfermline, UK), OCT with standard (30o) and wide-field lens
(55o), OCTA, double wavelength and autofluorescence imaging (Heidelberg
Engineering, Heidelberg, Germany).
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4.2.4 Disease staging classification
4.2.4.1 Colour fundus Photography Grading
To assign each participant to a specific disease stage, the Beckman clinical
classification system was used(15). This system is based on colour fundus
photography (CFP) and uses the size of a druse as the point of reference in order
to assign an eye in a specific stage. Numerical stages were applied for clarity
throughout this thesis (please refer to page 107 table 1). Each eye (when both had
available fundus images), was graded independently. The stage of the most
advanced eye, was used for the person level analysis. In cases where only one eye
was imaged, the stage of the available eye was assigned for the person level report.
4.2.4.2 Optical Coherence Tomography grading
Posterior pole images of all participants were assessed. The definitions and
procedures of the grading have been provided in chapter 3 (section 2.3.3) and in
the OCT grading protocol (appendix 3).
As a result of the grading, each eye was assigned to one of the following nominal
categories, depending on the characteristics detected as presented in table 1.
Table 1 OCT hierarchy classification

OCT Classification
Healthy
RPE abnormalities
SDD
SDD+RPE abnormalities
Drusen only
AMD (Drusen + RPE abnormalities)
AMD (Drusen + SDD)
AMD (Drusen + SDD + RPE abnormalities)
Late AMD
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As with the fundus images, in the OCT as well, each eye was examined separately
and the category of the most advanced eye, was assigned for analysis on the
person level.
Having completed the grading procedure, automated segmentation with the
algorithm provided by the manufacturer was carried out with manual correction
whenever needed. The layers that were extracted for analysis (figure 1), were the
following:
1) Total retina (inner limit: internal limiting membrane, outer limit: Bruch’s
membrane),
2) Retinal pigment epithelium (inner limit: RPE, outer limit: Bruch’s membrane),
3) Outer retina (inner limit: external limiting membrane, outer limit: Bruch’s
membrane),
4) Photoreceptors (see formula below) and
5) Outer nuclear layer (inner limit: outer plexiform, outer limit: external limiting
membrane)
Photoreceptor thickness and volume were calculated by applying the following
formula:
Outer retina – RPE = Photoreceptors
Previous studies have reported this area as the photoreceptor segments(16).
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Figure 1 Example of retinal layer segmentation boundaries. A: Total retina, B: RPE, C: ONL, D: Outer retinal
layers
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Segmentation data are based on an EDTRS circular grid (figure 2) centered on the
fovea and extending over a diameter of 6mm. It consists of nine subfields in three
circles, area in which the thickness of each layer of interest is calculated, one on
the center of the fovea (C0) and extending 1mm, four inner subfields at a 3mm
diameter (N1, S1, T1, I1) and four outer subfields at 6mm diameter (N2, S2, T2,
I2). Thickness is expressed in μm. Furthermore, global volumetric values for the
layers of interest, expressed in mm3, were extracted as well. For the purposes of
analysis, the central (C0), mean of four inner (3mm), four outer (6mm) and all nine
subfields was calculated.

Figure 2 Example of the ETDRS grid, centred on the fovea, on which segmentation data are calculated
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4.2.5 Statistical analysis
In chapter 3, the results of the second wave of the NISA study were presented as
the goal was to introduce the characteristics of that population and to develop the
OCT grading system. For the purpose of the present analysis data from 346 controls
were included from the first phase of the NISA study to the existing 402 participants,
in order to increase the sample size. These participants, had undergone, in large
measure identical functional testing and imaging (the only difference being the
inclusion of scotopic microperimetry in the second phase of NISA).
Frequency and descriptive statistics were computed for all variables. Differences
between groups in quantitative variables, were assessed with one-way ANOVA
test. Bonferroni correction on multiple comparisons was also applied. For the
comparisons based on CFP, the critical value was 0.05/15 [3(n of Beckman groups
compared to controls) * 5(n of layers assessed)]=0.003, while for the OCT-based
comparisons, the critical value was 0.05/35[7(n of OCT groups compared to
controls) * 5(n of layers of interest)=0.001. For the assessment of the potential
impact of AMD-related lesions on retinal structure, a linear model with generalized
estimating equations, to account for the potential correlation between both eyes,
was carried out. The dependent variable was retinal layer thickness (in the C0,
mean of 3mm, mean of 6mm and mean of all 9 subfields). The model was carried
out in a univariate manner, with each independent variable entered in the model.
The next model, was an age and gender-adjusted. In the final model, age and
gender along with significant variables and known confounders were included.
Stepwise removal of variables took place with the least significant taken out at each
step. Statistical analysis was carried out with SPSS version 22 (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
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4.3 Results
4.3.1 Participant demographics in colour fundus photography
A total of 1317 eyes of 748 participants were included in the analysis. Of these 262
eyes did not complete the colour fundus imaging. Ninety eight were excluded due
to ungradable images and 164 participants refused to have the fellow eye imaged.
In regards to OCT analysis, there were 30 eyes excluded. Four were excluded
because they did not have images for that respective eye and 26 did not finish the
imaging process. These 30 eyes were within the 262 mentioned previously, not
additional to them. Finally, 30 persons were diagnosed with diabetes on the basis
of their HbA1C results and were thus excluded from the analysis.

Figure 3 Flowchart of excluded eyes
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Table 2 Basic demographic information stratified by Beckman stages (reported on the person level)

Overall Beckman Beckman Beckman
Cohort
stage 0
stage 1
stage 2
(n=748) (n=337)
(n=108)
(n=124)
357
167
Males n (%)
52 (48.1) 54 (43.5)
(47.7)
(49.6)
391
170
Females n (%)
56 (51.9) 70 (56.5)
(52.3)
(50.4)
Age mean
66.23
64.12
67.27
68.43
(±SD)
(8.66)
(7.69)
(9.18) ╫ (8.75) ╫
Spherical
0.56
0.36
0.56
0.75
equivalent
(2.43)
(2.40)
(2.70)
(2.47)
(±SD)
High Blood
247
109
40 (37.0) 40 (32.3)
Pressure n (%) (33.1)
(32.3)
Cholesterol n
150
70 (20.8) 25 (23.1) 18 (14.5)
(%)
(20.1)
Cardiovascular
38 (5.1) 16 (4.7)
10 (9.3)
1 (0.8)
disease n (%)
Diabetes n
30 (4.0)
0 (0)
0 (0)
0 (0)
(%)╪
Pre-diabetes n
80
31 (9.2)
9 (8.3)
16 (12.9)
(%)
(10.7)
No diabetes n
638
306
108
99 (91.7)
(%)
85.3)
(90.8)
(87.1)
Smoking
Current n (%) 51 (6.9) 28 (8.4)
2 (1.9)
4 (3.3)
249
104
Former n (%)
41 (39.4) 50 (40.7)
(33.8)
(31.2)
436
201
Never n (%)
61 (58.7) 69 (56.1)
(59.2)
(60.4)

Beckman Beckman p
stage 3
stage 4 value*
(n=61)
(n=2)
29 (47.5)

2 (100)

32 (52.5)

0 (0)

73.57
(8.85) ╫

72.00
(7.07)

<0.001

1.18
(1.89)

1.44
(2.39)

0.128

21 (34.4)

0 (0)

0.752

10 (16.4)

1 (50.0)

0.313

1 (1.6)

0 (0)

0.026

0 (0)

0 (0)

11 (18.0)

0 (0)

0.481

0.217
50 (82.0)

0 (0)

6 (9.8)

0 (0)

19 (32.2)

2 (100)

34 (57.6)

0 (0)

0.046

* Chi-squared for categoricals, One-way ANOVA for continuous, ╪ Excluded from further analysis,
╫ Significantly different when compared to the control group

Of the 748 participants, 47.7% were males and 52.3% females. In all Beckman
stages there were more females but this was not significantly different. Mean
participant age was 66.23 years old ±8.66SD and was statistically significant
between groups (p<0.001), with an increase from Beckman stage 0 (64.12years old
±7.69SD) to Beckman stage 3 (73.57years old ± 8.85SD). Bonferroni post-hoc
showed that all groups were significantly different for age compared to controls,
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except the late AMD cases. There was a significant relationship between AMD
stage and cardiovascular disease (p=0.026) but not with high blood pressure
(p=0.752) or cholesterol (p=0.313). The late AMD cases (both GA) are excluded
from further analysis.
4.3.2 Comparison of retinal structure among CFP groups.
Table 3 and figure 4 show the results of retinal segmentation analysis of the overall
sample.
When each group, based on the classification of the Beckman system, was
assessed (table 4), it was found that the total retina was thickest in the C0 subfield
in the Beckman stage 3 (287.40μm±2.77SE) and thinnest in the Beckman stage 1
(285.91μm ±1.82SE). The between groups difference for this subfield was not
significant (p=0.884). For all the other subfileds the thicker values were found in the
Beckman stage 0 and thinner in Beckman stage 3 with. The distribution of
differences for the total retina suggests that AMD lesions likely affect the foveal area
(C0 subfield).
When the RPE was analysed, thickness increased steadily from Beckman stage 0
to Beckman stage 3 in all subfields. The between groups difference for all subfields
was significant after applying Binferroni correction (C0, 3mm, 6mm and total RPE,
all: p<0.001).
The outer retina was thinnest in the C0, in the Beckman stage 2 (86.70μm ±0.31SE)
and thickest in the Beckman stage 3 (91.64μm ±1.90SE). The between groups
difference for this eccentricity was significant (p<0.001). The same was observed
in the mean of 3mm as well, with a significant between groups difference (p<0.001).
In the mean of 6mm, the thinnest was found in the Beckman stage 1 (78.44μm
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±0.17SE) and thickest in Beckman stage 3 (79.13μm ±0.39SE). The difference
between groups in this eccentricity though, was not significant (p=0.223).
With respect to photoreceptors thickness, in all three subfields assessed, this layer
was thickest in the Beckman stage 0 and thinnest in the Beckman stage 3. The
between groups difference was significant for all eccentricities assessed except for
the mean of 3mm after Bonferroni correction being applied.
The ONL in the C0, was thickest in the Beckman stage 0 (96.13μm ±0.47SE) and
thinnest in the Beckman stage 3 (93.84μm ±1.59SE). The between groups
difference was not significant for the C0 (p=0.802). This pattern is the exact
opposite of that found for the total retina. In the rest of the eccentricities, there was
no clear pattern of either increase or decrease while moving from controls to
Beckman stages.
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Table 3 Retinal segmentation based on CFP classification

Mean
Overall
mean
(±SE)

Total
volume
mean
(±SE)

Total retina

286.72 343.38 309.43 339.19 296.93 328.50 280.83 336.09 282.38 336.79 292.40 311.49
(0.79) (0.56) (0.53) (0.57) (0.48) (0.52) (0.43) (0.54) (0.48) (0.51) (0.44) (0.45)

311.49
(0.45)

RPE

17.09
(0.29)

15.82
(0.15)

13.42
(0.06)

16.03
(0.18)

13.73
(0.05)

15.02
(0.11)

13.07
(0.05)

14.81
(0.10)

12.87
(0.05)

15.42
(0.12)

13.27
(0.05)

14.65
(0.09)

0.39
(0.00)

Outer retina

87.77
(0.30)

82.50
(0.17)

78.81
(0.09)

82.18
(0.19)

79.64
(0.09)

81.61
(0.13)

78.56
(0.09)

80.29
(0.13)

77.65
(0.09)

81.64
(0.14)

78.67
(0.08)

81.31
(0.12)

2.25
(0.00)

Photoreceptors

70.68
(0.12)

66.68
(0.07)

65.40
(0.05)

66.15
(0.07)

65.92
(0.06)

66.59
(0.07)

65.49
(0.06)

65.48
(0.06)

63.33
(0.12)

66.22
(0.06)

65.03
(0.06)

66.19
(0.06)

1.86
(0.00)

ONL

95.74
(0.36)

75.15
(0.33)

56.87
(0.24)

67.70
(0.37)

59.76
(0.23)

73.45
(0.27)

57.73
(0.21)

67.09
(0.33)

52.16
(0.22)

70.85
(0.26)

56.63
(0.20)

67.29
(0.23)

1.72
(0.01)

C0
mean
(±SE)

N1
mean
(±SE)

N2
mean
(±SE)

S1
mean
(±SE)

S2
mean
(±SE)

T1
mean
(±SE)
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T2
mean
(±SE)

I1
mean
(±SE)

I2
mean
(±SE)

Mean
3mm
mean
(±SE)

Mean
6mm
mean
(±SE)

Figure 4 Segmentation values of the overall sample, A: Total retina, B: RPE, C: Outer retina, D:
Photoreceptors, E: Outer nuclear layer
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Comparison of total retinal volume, revealed that it decreases from Beckman stage
0 to 3 and the between groups difference was significant (p=0.011). RPE volume
increased from stage 0 to stage 3. The between groups difference was statistically
significant as well (p<0.001). When compared to the Beckman stage 0, those in
stage 3 were significantly different [p<0.001 (Bonferroni post-hoc correction
applied)]. Outer retina volume, increased from stage 0 to stage 3 and was
significantly different between groups (p<0.001). When post-hoc correction was
applied, it was seen that those in Beckman stage 3, were significantly different
(p=0.001) from those in stage 0. In what was measured as the photoreceptor
volume, there was no significant between groups difference after applying
Bonferroni correction on multiple comparisons (p=0.047). The ONL was not
significantly different between groups either (p=0.051).
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Table 4 Segmentation values per each Beckman group

Total retina
C0
mean
(S.E.)

Mean
3mm
mean
(S.E.)

Mean
6mm
mean
(S.E.)

Mean
overall
mean
(S.E.)

Total
volume
p C0
mean
(S.E.)

p mean p mean p mean p total
3mm
6mm
overall volume

Beckman 286.58 337.84 293.54 312.45 8.57
Stage 0
(1.00) (0.74) (0.64) (0.65) (0.02)
Beckman 285.91 335.16 290.76 309.94 8.49
Stage 1
(1.82) (1.10) (0.98) (0.99) (0.03)
0.884*

0.057*

0.006*

0.037*

0.011*

Beckman 287.79 337.02 292.62 311.82 8.55
Stage 2
(2.08) (1.22) (1.04) (1.11) (0.03)
288.55
Beckman 287.40 333.46
(1.41)
Stage 3
(2.77) (1.81)
╪
RPE
Mean Mean
C0
3mm
6mm
mean
mean mean
(S.E.)
(S.E.) (S.E.)

8.44
308.38
(0.04)
(1.49)
╪
Mean
overall
mean
(S.E.)

Total
volume
p C0
mean
(S.E.)

Beckman 16.12
Stage 0
(0.08)

14.91
(0.07)

13.13
(0.06)

14.26
(0.06)

0.39
(0.00)

Beckman 16.21
Stage 1
(0.16)

15.01
(0.12)

13.18
(0.09)

14.33
(0.10)

0.39
(0.00)

p mean p mean p mean p total
3mm
6mm
overall volume

<0.001* <0.001* <0.001* <0.001* <0.001*
Beckman 16.65
Stage 2
(0.21)

15.22
(0.17)

13.42
(0.11)

14.58
(0.13)

0.39
(0.00)

23.12
Beckman
(2.01)
Stage 3
╪

18.73
(0.61)
╪

13.87
(0.23)
╪

17.06
(0.50)
╪

0.43
(0.01)
╪
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Outer retina
C0
mean
(S.E.)

Mean
3mm
mean
(S.E.)

Mean
6mm
mean
(S.E.)

Mean
overall
mean
(S.E.)

Total
volume
p C0
mean
(S.E.)

Beckman 87.51
Stage 0
(0.18)

81.38
(0.12)

78.67
(0.11)

81.13
(0.11)

2.25
(0.00)

Beckman 86.77
Stage 1
(0.28)

81.17
(0.20)

78.44
(0.17)

80.86
(0.18)

2.24
(0.00)

Beckman 86.70
Stage 2
(0.31)

81.16
(0.26)

78.72
(0.20)

80.95
(0.22)

2.25
(0.01)

91.64
Beckman
(1.90)
Stage 3
╪

84.56
(0.69)
╪

79.13
(0.39)

83.47
(0.62)
╪

2.28
(0.01)
╪

C0
mean
(S.E.)

Mean
3mm
mean
(S.E.)

Mean
6mm
mean
(S.E.)

Mean
overall
mean
(S.E.)

Total
volume
p C0
mean
(S.E.)

Beckman 71.39
Stage 0
(0.17)

66.47
(0.09)

65.34
(0.08)

66.52
(0.08)

1.86
(0.00)

Beckman 70.56
Stage 1
(0.27)

66.16
(0.14)

64.85
(0.12)

66.07
(0.12)

1.86
(0.00)

70.06
Beckman
(0.28)
Stage 2
╪
68.52
Beckman
(0.43)
Stage 3
╪

65.94
(0.14)
╪
65.83
(0.26)
╪

64.88
(0.12)
╪
64.22
(0.26)
╪

65.93
(0.13)
╪
64.41
(0.25)
╪

p mean p mean p mean p total
3mm
6mm
overall volume

<0.001* <0.001*

0.223*

<0.001* <0.001*

Photoreceptors

<0.001*
1.85
(0.00)
1.85
(0.01)
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p mean p mean p mean p total
3mm
6mm
overall volume

0.002*

<0.001* <0.001*

0.047*

ONL
C0
mean
(S.E.)

Mean
3mm
mean
(S.E.)

Mean
6mm
mean
(S.E.)

Mean
overall
mean
(S.E.)

Total
volume
p C0
mean
(S.E.)

Beckman 96.13
Stage 0
(0.47)

71.35
(0.36)

57.07
(0.28)

67.75
(0.32)

1.73
(0.01)

Beckman 95.73
Stage 1
(0.78)

69.71
(0.64)

55.65
(0.49)

66.35
(0.54)

1.69
(0.01)

95.78
Beckman
(0.90)
Stage 2
╪
94.84
Beckman
(1.59)
Stage 3
╪

70.69
(0.62)
╪
70.43
(0.86)
╪

66.94
(0.48)
╪
57.24
(0.69)
╪

66.92
(0.53)
╪
67.28
(0.75)
╪

0.802*

p
mean
3mm

p
mean
6mm

p
mean
overall

p total
volume

0.139*

0.024*

0.127*

0.051*

1.71
(0.01)
1.73
(0.02)

*Bold values indicate significant differences after applying Bonferroni correction on multiple
comparisons with p value ≤0.003
╪Indicator of significantly different groups when compared to controls after Bonferroni post-hoc
correction is applied.
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4.3.3 The impact of AMD in CFP-based retinal structure
4.3.3.1 Total retina
Multivariate analysis of the impact of AMD stages based on CFP classification, in
retinal structure (table 5), revealed that in the C0, total retinal thickness is
associated with a decrease with female gender and current smoking (p<0.001 and
p=0.013 respectively). No Beckman stage showed an association with total retinal
thickness in the C0.
The mean of 3mm, revealed that with age, total retina gets thinner (p<0.001).
Current smoking on the other hand, was associated with a decrease in total retinal
thickness (p=0.001).

No Beckman stage showed a significant association in

multivariate analysis in this eccentricity either.
For the mean of 6mm, no Beckman stage showed an association with it at this
eccentricity. Only age was associated with thinning of the total retina (p<0.001).
Finally, for the total retinal thickness (mean of 9 subfields), age was associated with
thinning of the total retina (p<0.001). Current smoking was also associated with
thinning of total retinal thickness (p=0.004), while spherical equivalent was
associated with an increase in thickness and no Beckman stage showed a
significant association with it.
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Table 5 The impact of AMD stages according to Beckman classification system on total retinal thickness

Total retina
C0

Age

Gender
Female

Male
Spherical
equivalent

Univariate
B,(95% CI), p
-0.198,(-0.480
to 0.084), 0.169

Final
B,(95% CI), p
-0.295,(0.559 to 0.032),0.028

-11.009,(15.740 to 6.547),<0.001
Ref.
0.013(0.010 to
0.015),<0.001

-11.459,(15.818 to 7.099),<0.001
Ref.
0.008(0.005
to
0.011),<0.001
-

High blood -1.046(-5.686 to
pressure
3.593),0.658
Cholesterol -1.384,(-6.326
to 3.558),0.583

-

CVD

4.493,(-6.515 to
15.502),0.424

-

Statins

0.307(-4.889 to
5.503),0.908

-

3mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.472,(-0.449,(0.592 to 0.612 to 0.263),<0.001 0.287),<0.001

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.461,(-0.498,(0.606 to 0.641 to 0.316),<0.001 0.355),<0.001

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.417,(-0.434,(0.564 to 0.578 to 0.270),<0.001 0.290),<0.001

-1.549,(4.580 to
1.481),0.316
Ref.
0.012(0.010
to
0.015),<0.001
-1.612,(4.737 to
1.514),0.312
-2.772,(6.057 to
0.512),0.098
1.912(-4.406
to
8.231),0.553
-1.383,(4.817 to
2.051),0.430

2.054,(-0.643
to
4.752),0.136
Ref.
0.001(-0.001
to
0.002),0.489
-2.623,(5.407 to
0.161),0.065
-2.905,(5.964 to
0.155),0.063
-1.089,(6.984 to
4.806),0.717
-0.962,(4.074 to
2.150),0.545

-0.990,(3.737 to
1.756),0.480
Ref.
0.007(0.005
to
0.009),<0.001
-2.012,(4.809 to
0.785),0.159
-2.697,(5.703 to
0.310),0.079
0.870,(-5.293
to
7.032),0.782
-1.002,(4.172 to
2.167),0.535

-2.356,(5.178 to
0.466),0.102
Ref.
0.011(0.007
to
0.014),<0.001
-

-

-

-

Smoking
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-0.060,(2.616 to
2.496),0.963
Ref.
-

-

-

-

-

-1.792,(4.325 to
0.741),0.165
Ref.
0.006(0.003
to
0.009),<0.001
-

-

-

-

Currently

Former

-10.735,(19.207 to 2.264),0.013
1.453(-6.510 to
3.603),0.317

Never
Beckman
stage 3

Ref.
-1.021,(-8.205
to 6.163),0.781

Beckman
stage 2

0.105,(-6.724 to
6.933),0.976

Beckman
stage 1

-1.549(-9.051 to
5.953),0.686

Beckman
stage 0

Ref.

-10.270,(18.391 to 2.148),0.013
-2.559,(7.345 to
2.227),0.295
Ref.
2.133,(-4.962
to
9.229),0.347
1.880,(-4.619
to
8.738),0.571
0.205,(-7.430
to
7.840),0.958
Ref.

-7.728,(13.340 to 2.115),0.007
-2.623,(5.957 to
0.712),0.123
Ref.
-3.254,(8.242 to
1.733),0.201
-0.919,(5.178 to
3.341),0.673
-2.222,(7.101 to
2.657),0.372
Ref.

-9.140,(14.713 to 3.567),0.001
-1.765,(4.933 to
1.402),0.275
Ref.
1.139,(-3.683
to
5.961),0.643
1.309,(-2.903
to
5.522),0.542
-0.234,(5.134 to
4.665),0.925
Ref.
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-3.153,(7.908 to
1.603),0.194
-2.168,(5.167 to
0.831),0.157
Ref.
-5.409,(9.595 to 1.224),0.011
-0.590(-4.400
to
3.219),0.761
-2.814,(7.379 to
1.751),0.227
Ref.

-

-

Ref.
-2.003,(6.158 to
2.151),0.345
0.967,(-2.704
to
4.639),0.606
-0.343,(4.764 to
4.078),0.879
Ref.

-6.021,(11.056 to 0.987),0.019
-2.283,(5.325 to
0.759),0.141
Ref.
-3.964,(8.328 to
0.400),0.075
-0.659,(4.598 to
3.280),0.743
-2.451,(7.058 to
2.156),0.297
Ref.

-7.386,(12.417 to 2.354),0.004
-1.455,(4.334 to
1.424),0.322
Ref.
0.133,(-4.101
to
4.368),0.951
1.453,(-2.419
to
5.326),0.462
-0.530,(5.199 to
4.139),0.951
Ref.

4.3.3.2 Retinal Pigment Epithelium
Analysis of RPE thickness (table 6) in the C0 showed that only Beckman stage 3
and spherical equivalent were associated with increased RPE thickness in this
eccentricity (both p<0.001).
For the mean of 3mm, Beckman stage 3, was associated with an increase in RPE
thickness in this eccentricity as well (p<0.001).
When looking at the 6mm diameter, smoking was associated with a decrease in
RPE thickness (p=0.008).
Finally, the total thickness of the RPE (mean of all 9 subfields), Beckman stage 3
was again associated with an increase in its thickness (p<0.001).
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Table 6 The impact of AMD stages according to Beckman classification system on RPE thickness

C0

Age

Gender
Female

Male
Spherical
equivalent

Univariate
B,(95% CI), p
0.036,(-0.002 to
0.073),0.062

Final
B,(95% CI), p
-0.005,(0.042 to
0.032),0.792

0.472,(-0.188 to
1.132),0.161

0.534,(-0.074
to
1.122),0.086
Ref.
0.001(0.001
to
0.002),<0.001
-

Ref.
0.001(0.001
to 0.003),0.025

High blood -0.256,(-0.859 to
pressure
0.347),0.405
Cholesterol 0.632,(-0.484 to
1.749),0.267

-

CVD

0.375,(-0.596 to
1.346),0.449

-

Statins

0.415,(-0.488 to
1.318),0.368

-

RPE
3mm
6mm
Univariate
Final
Univariate
Final
B,(95% CI), p B,(95% CI), p B,(95% CI), p B,(95% CI), p
0.027,(-0.002 -0.001,(0.003,(-0.014 -0.003,(to
0.026 to
to
0.020 to
0.056),0.072 0.024),0.918 0.020),0.739 0.014),0.718

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
0.017,(-0.004 -0.003,(to
0.023 to
0.039),0.113 0.017),0.747

0.290(-0.141
to
0.721),0.188
Ref.
0.000(-0.001
to
0.001),0.841
0.234,(-0.240
to
0.708),0.333
0.117,(-0.424
to
0.659),0.671
0.491,(-0.433
to
1.1415),0.298
0.040,(-0.437
to
0.517),0.870

0.151,(-0.171
to
0.474),0.358
Ref.
0.001(0.001
to
0.003),0.269
0.160,(-0.179
to
0.499),0.355
0.130,(-0.295
to
0.555),0.549
0.471,(-0.237
to
1.179),0.193
0.030,(-0.344
to
0.404),0.875

0.215,(-0.169
to
0.600),0.273
Ref.
-

-

-

-

-

Smoking
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-0.068,(0.328 to
0.192),0.610
Ref.
0.001(0.000
to
0.001),0.090
0.190,(-0.070
to
0.449),0.152
0.017,(-0.297
to
0.331),0.916
0.475,(-0.098
to
1.048),0.104
-0.076,(0.371 to
0.219),0.614

-0.141,(0.284 to 0.069),0.288
Ref.
-

-

-

-

-

0.079,(-0.220
to
0.377),0.606
Ref.
-

-

-

-

-

Currently

0.886(-0.392 to
2.165),0.174

Former

0.416,(-0.316 to
1.147),0.265

Never
Beckman
stage 3

Ref.
4.812,(2.671 to
6.954),<0.001

Beckman
stage 2

0.356,(-0.216 to
0.927),0.223

Beckman
stage 1

-0.025,(-0.749 to
0.698),0.945

Beckman
stage 0

Ref.

-

-0.052,(0.782 to
0.678),0.888
0.134,(-0.372
to
0.641),0.603
Ref.
Ref.
4.812,(2.671 0.315,(2.307
to
to
6.954),<0.001 4.323),<0.001
0.356,(-0.216 -0.181,(to
0.630 to
0.927),0.223 0.268),0.429
-0.025,(0.048,(-0.479
0.749 to
to
0.698),0.945 0.574),0.859
Ref.
Ref.

-

-0.542,(0.953 to 0.130),0.010
-0.035,(0.334 to
0.264),0.818
Ref.
Ref.
3.236,(2.229 0.375,(-0.177
to
to
4.244),<0.001 0.927),0.183
-0.268,(-0.006,(0.700 to
0.357 to
0.165),0.225 0.346),0.974
0.055,(-0.466 0.113,(-0.216
to
to
0.577),0.835 0.441),0.501
Ref.
Ref.
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-0.553,(0.960 to 0.147),0.008
-0.032,(0.326 to
0.0262),0.829
Ref.
0.386,(-0.178
to
0.949),0.180
-0.057,(0.398 to
0.284),0.743
0.122,(-0.234
to
0.479).0.502
Ref.

-0.165,(0.694 to
0.363),0.540
0.090,(-0.290
to
0.470),0.641
Ref.
2.175,(1.473
to
2.876),<0.001
-0.044,(0.414 to
0.326),0.817
0.068,(-0.340
to
0.477),0.743
Ref.

-

-

Ref.
2.111,(1.413
to
2.809),<0.001
-0.114,(0.472 to
0.244),0.533
0.075,(-0.333
to
0.482),0.719
Ref.

4.3.3.3 Outer Retina
Analysis of the outer retina (table 7), revealed that in the C0, it was associated with
a decrease with age and Beckman stage 2 (p<0.001 and p=0.037 respectively).
The 3mm diameter, was associated with a decrease in thickness with current
smoking (p<0.001). As for Beckman classification, there was an association
between Beckman stages 2 and 3 (p=0.004 and p<0.001).
The mean of 6mm, was associated with a decrease with current smoking (p<0.001).
For the total area, smoking and Beckman stage 2, were associated with a decrease
in outer retinal thickness (p<0.001 and p=0.003), while there was an increase with
Beckman stage 3 (p<0.001).
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Table 7 The impact of AMD stages according to Beckman classification system on outer retinal thickness

Outer Retina
C0

Age

Gender
Female

Male
Spherical
equivalent

Univariate
B,(95% CI), p
-0.120,(-0.166
to 0.074),<0.001

3mm
Final
Univariate
Final
B,(95% CI), p B,(95% CI), p B,(95% CI), p
-0.138,(-0.008,(-0.033,(-0.072
0.185 to 0.047 to
to 0.005),0.089
0.092),<0.001 0.031),0.691

0.479,(-0.352
0.229,(-0.576
to 1.310),0.259 to
1.034),0.577
Ref.
Ref.
0.045,(-0.300
to 0.391),0.798

High blood -0.037,(-0.862 pressure
to 0.789),0.930
Cholesterol -0.057,(-1.277 to 1.163),0.927
CVD

0.036,(-1.424
to 1.497),0.961

Statins

-0.149,(-1.186 to 0.887),0.778

-0.111,(0.705 to
0.483),0.714
-0.186,(0.431 to
0.060),0.138
0.346,(-0.297
to
0.989),0.292
0.070,(-0.645
to
0.786),0.848
0.747,(-0.658
to
2.062),0.266
0.148,(-0.514
to
0.810),0.661

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.006,(-0.36 -0.015,(to
0.046 to
0.024),0.703 0.015),0.318

-0.051,(-0.628 -0.542,(to 0.526),0.862 1.024 to 0.060),0.027
Ref.
Ref.
-0.167,(0.365 to
0.031),0.099
0.361,(-0.115
to
0.837),0.137
0.087,(-0.450
to
0.624),0.750
0.776,(0.030
to
1.522),0.041
0.098,(-0.433
to
0.629),0.718

Smoking

169

-0.455,(0.936 to
0.026),0.064
Ref.
-

-

-

0.683,(-0.167
to
1.532),0.115
-

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.020,(-0.039,(0.052 to
0.072 to 0.013),0.233 0.006),0.022
-0.223,(0.736 to
0.290),0.394
Ref.
-0.156,(0.378 to
0.065),0.166
0.303,(-0.228
to
0.835),0.263
0.047,(-0.559
to
0.653),0.880
0.633,(-0.331
to
1.596),0.198
0.078,(-0.498
to
0.655),0.790

-0.190,(0.697 to
0.317),0.463
Ref.
-

-

-

-

-

Currently

-1.225,(-2.682 to 0.232),0.099

Former

-0.419,(-1.310 to 0.472),0.357

Never
Beckman
stage 3

Ref.
Ref.
1.834,(-0.216
2.998,(0.942
to 3.885),0.080 to
5.054),0.004
-1.665,(-2.588 -1.005,(to -0.741),
1.949 to <0.001
0.061),0.037
-0.924,(-2.065 -0.242,(to 0.216),0.112 1.638 to
0.883),0.673
Ref.
Ref.

Beckman
stage 2
Beckman
stage 1
Beckman
stage 0

-1.401,(2.290 to 0.511),0.002
-0.006,(0.673 to
0.661),0.986
Ref.
2.540,(1.306
to
3.773),<0.001
-0.972,(1.689 to 0.254),0.008
-0.112,(0.874 to
0.650),0.083
Ref.

-1.636,(-2.487
to 0.785),<0.001
0.003,(-0.620
to 0.626),0.992

-1.724,(2.557 to 0.891),<0.001
0.057,(-0.462
to
0.576),0.830
Ref.
Ref.
2.592,(1.376
-0.001,(to
1.125 to
3.0809),<0.001 1.123),0.999
-1.023(-1.718
-0.410,(to 1.019 to
0.328),0.004
0.199),0.187
-0.239,(-1.007 0.085,(-0.512
to 0.528),0.541 to
0.682),0.780
Ref.
Ref.
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-1.724,(2.557 to 0.891),<0.001
0.057,(-0.462
to
0.576),0.830
Ref.
0.206,(-0.918
to
1.329),0.720
-0.359,(0.964 to
0.245),0.244
0.069,(-0.567
to
0.704),0.833
Ref.

-1.509,(2.320 to 0.698),<0.001
-0.033,(0.600 to
0.534),0.910
Ref.
1.555,(0.502
to
2.608),0.004
-0.807,(1.442 to 0.172),0.013
-0.105,(0.790 to
0.580),0.764
Ref.

-1.792,(2.614 to 0.970),<0.001
0.043,(-0.490
to
0.577),0.874
Ref.
1.936,(0.900
to
2.972),<0.001
-0.683,(1.312 to 0.054),0.033
-0.057,(0.780 to
0.666),0.878
Ref.

4.3.3.4 Photoreceptors
Analysis of the photoreceptor layer thickness (table 8), showed that in the central
subfield, age and current smoking, were associated with a thinning of this layer
(both p<0.001). As for Beckman stages 2 and 3 were associated with a decrease
in photoreceptor thickness (p=0.001 and p=0.010 respectively).
When the mean of 3mm was assessed, age, female gender and current smoking
were associated with a decrease in photoreceptor thickness (p=0.004, p=0.031,
p<0.001). As for Beckman stages, stage 2 was associated with thinning of the
photoreceptor layer (p=0.006).
When moving further out and assessing the mean of 6mm, female gender and
current smoking were still associated with a decrease in photoreceptor thickness
(p=0.005 and p<0.001 respectively). As for the Beckman stages, 2 and 3 were
associated with a decrease in photoreceptor thickness (p=0.002 both).
Finally, the total photoreceptor thickness, was thinner with age, gender and current
smoking (p=0.001, p=0.016 and p<0.001 respectively). Beckman stages 2 and 3
on the other hand, were associated with a decrease in photoreceptor thickness as
well (p=0.002 and p=0.026).
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Table 8 The impact of AMD stages according to Beckman classification system on photoreceptor layer thickness

Photoreceptors
C0

Age

Gender
Female

Univariate
B,(95% CI), p
-0.155,(-0.193
to 0.118),<0.001

3mm
Final
Univariate
Final
B,(95% CI), p B,(95% CI), p B,(95% CI), p
-0.138,(-0.035,(-0.034,(0.178 to 0.056 to 0.058 to 0.097),<0.001 0.014),0.001 0.011),0.004

0.007,(-0.726 to
0.740),0.985

-0.235,(0.917 to
0.447),0.500
Male
Ref.
Ref.
Spherical
-0.002(-0.003 to -0.003(-0.003
equivalent -0.001),<0.001
to 0.002),<0.001
High blood 0.219,(-0.549 to pressure
0.988),0.576
Cholesterol -0.689,(-1.544
to 0.165),0.114

-

CVD

-0.339,(-1.674
to 0.996),0.619

-

Statins

-0.564,(-1.398
to 0.269),0.185

-

-0.401,(0.781 to 0.021),0.039
Ref.
0.001(0.001
to
0.003),0.058
0.112,(-0.300
to
0.523),0.595
-0.047,(0.474 to
0.379),0.828
0.256,(-0.441
to
0.953),0.472
0.108,(-0.314
to
0.531),0.615

-0.416,(0.793 to 0.038),0.031
Ref.
-0.001(-0.001
to
0.000),<0.001
-

-

-

-

172

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.019,(-0.013,(0.038 to
0.033 to
0.000),0.055 0.007),0.215

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.041,(-0.036,(0.061 to 0.058 to 0.021),<0.001 0.015),0.001

-0.553,(0.909 to 0.197),0.002
Ref.
0.000(-0.001
to
0.000),0.027
0.176,(-0.185
to
0.538),0.339
0.176,(-0.207
to
0.558),0.369
0.534,(0.059
to
1.009),0.027
0.185,(-0.194
to
0.564),0.917

-0.423,(0.795 to 0.052),0.025
Ref.
0.000(0.000
to
0.001),0.011
0.152,(-0.234
to
0.539),0.440
-0.020,(0.427 to
0.388),0.925
0.314,(-0.281
to
0.908),0.301
0.068,(-0.343
to
0.478),0.746

-0.500,(0.847 to 0.154),0.005
Ref.
0.000(0.000
to
0.001),0.047
-

-

0.244,(-0.258
to
0.745),0.341
-

-0.443,(0.804 to 0.083),0.016
Ref.
-0.001(-0.001
to
0.000),<0.001
-

-

-

Smoking
Currently

-2.111,(-3.375
to -0.848),0.001

Former

-0.835,(-1.637
to -0.032),0.041

Never
Beckman
stage 3

Ref.
-2.979,(-4.246
to 1.712),<0.001
-2.020,(-2.884
to 1.157),<0.001
-0.899,(-1.965
to 0.167),0.098

Beckman
stage 2
Beckman
stage 1
Beckman
stage 0

Ref.

-2.508,(3.655 to 1.361),<0.001
-0.467,(1.192 to
0.258),0.207
Ref.
-1.716,(3.026 to 0.406),0.010
-1.397,(2.240 to 0.555),0.001
-0.387,(1.434 to
0.660),0.469
Ref.

-1.349,(2.036 to 0.661),<0.001
-0.140,(0.549 to
0.268),0.501
Ref.
-0.775,(1.567 to
0.018),0.055
-0.790,(1.262 to 0.319),0.001
-0.159,(0.652 to
0.333),0.526
Ref.

-1.404,(2.056 to 0.752),<0.001
-0.92,(-0.497
to
0.312),0.655
Ref.
-0.441,(1.222 to
0.340),0.268
-0.658,(1.129 to 0.187),0.006
-0.059,(0.574 to
0.456),0.822
Ref.
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-1.247,(1.915 to 0.580),<0.001
-0.003,(0.390 to
0.383),0.987
Ref.
-1.290,(2.109 to 0.472),0.002
-0.606,(1.030 to 0.182),0.005
-0.224,(0.656 to
0.208),0.309
Ref.

-1.146,(1.707 to 0.585),<0.001
-0.019,(0.409 to
0.370),0.923
Ref.
-1.260,(2.057 to 0.463),0.002
-0.636,(1.043 to 0.228),0.002
-0.271,(0.696 to
0.154),0.211
Ref.

-1.388,(2.079 to 0.698),<0.001
-0.157,(0.558 to
0.245),0.445

-1.425,(2.043 to 0.808),<0.001
-0.098,(0.490 to
0.294),0.624
Ref.
-1.249,(-0.898,(2.047 to 1.692 to 0.450),0.002 0.105),0.026
-0.845,(-0.703,(1.293 to 1.149 to 0.397),<0.001 0.257),0.002
-0.270,(-0.159,(0.746 to
0.649 to
0.206),0.266 0.330),0.523
Ref.
Ref.

4.3.3.5 Outer Nuclear Layer
The last layer analysed, was the ONL (table 9). In the C0, it was associated in
univariate analysis with spherical equivalent (p=0.012). No other factor or Beckman
stage was associated with its thickness in the central subfield.
When the 3mm area was analysed, ONL thickness was only associated with an
increase with spherical equivalent (p<0.001).
Furthermore, the mean of 6mm, was only associated with a reduction in thickness
with age (p<0.001).
Finally, the total ONL thickness (mean of 9 subfields), was associated with a
thickening with spherical equivalent (p=0.005).
In table 10, a summary table of the final models, of the association between retinal
layer thickness in the central subfield (C0) and AMD stage according to CFP
classification is given.
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Table 9 The impact of AMD stages according to Beckman classification system on outer nuclear layer thickness

ONL
C0
Univariate
B,(95% CI), p
Age

Gender
Female

Male
Spherical
equivalent

-0.031,(-0.157
to 0.096),0.634

-0.569,(-2.608
to 1.470),0.585
Ref.
0.003(0.001 to
0.006),0.012

High blood 0.216,(-2.011
pressure
to 2.433),0.848

3mm
Final
Univariate
Final
B,(95% CI), B,(95% CI), p B,(95% CI), p
p
-0.067,(-0.054,(-0.075,(0.196 to
0.140 to
0.162 to
0.063),0.312 0.032),0.218 0.013),0.093

6mm
Univariate
Final
B,(95% CI), B,(95% CI), p
p
-0.101,(-0.118,(0.167 to 0.184 to 0.036),0.002 0.053),<0.001

Total
Univariate
Final
B,(95% CI), B,(95% CI),
p
p
-0.073,(-0.092,(0.148 to
0.168 to 0.003),0.058 0.016),0.018

-1.269,(3.364 to
0.827),0.235
Ref.
0.003(0.000
to
0.005),0.042
-

-0.360,(1.548 to
0.827),0.552
Ref.
0.001(-0.001
to
0.002),0.316
0.395,(0.944 to
1.735),0.563
0.063,(1.352 to
1.478),0.930
0.874,(1.715 to
3.462),0.508
0.486,(0.931 to
1.904),0.501

-0.437,(1.764 to
0.889),0.518
Ref.
0.003(0.001
to
0.005),0.003
0.698,(0.793 to
2.189),0.359
-0.137,(1.667 to
1.393),0.861
1.081,(1.516 to
3.678),0.415
0.365,(1.157 to
1.888),0.638

Cholesterol -2.165,(-4.434
to 0.105),0.062

-

CVD

2.020,(-1.266
to 5.305),0.228

-

Statins

-0.547,(-2.782
to 1.688),0.632

-

-0.482,(2.007 to
1.043),0.536
Ref.
0.005(0.002
to
0.007),<0.001
1.121,(-0.595
to
2.837),0.200
0.171,(-1.637
to
1.978),0.853
1.054,(-1.980
to
4.008),0.496
0.473,(-1.271
to
2.216),0.595

-1.316,(2.842 to
0.210),0.091
Ref.
0.005(0.002
to
0.007),<0.001
-

-

-

-
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-1.171,(2.352 to
0.011),0.052
Ref.
-

-

-

-

-

-1.267,(2.589 to
0.054),0.060
Ref.
0.003(0.001
to
0.005),0.005
-

-

-

-

Smoking
Currently

-3.640,(-7.792
to 0.512),0.086

-

Former

-1.802,(-4.408
to 0.444),0.116

-

Never
Beckman
stage 3

Ref.
1.322,(-2.417
to 5.061),0.488

Beckman
stage 2

-0.117,(-3.151
to 2.917),0.940

Beckman
stage 1

1.118,(-1.893
to 4.130),0.467

Beckman
stage 0

Ref.

Ref.
1.510,(2.260 to
5.280),0.433
-0.256,(3.324 to
5.280),0.870
1.713,(1.287 to
4.712),0.263
Ref.

-2.668,(5.610 to
0.274),0.076
-0.690,(2.346 to
0.965),0.414
Ref.
-0.381,(2.950 to
2.189),0.772
0.146,(-1.993
to
2.284),0.894
-0.468,(2.737 to
1.801),0.686
Ref.

-

-

Ref.
-0.105,(2.669 to
2.458),0.936
0.092,(-2.061
to
2.244),0.934
0.107,(-2.179
to
2.393),0.927
Ref.
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-2.169,(4.591 to
0.254),0.079
-0.296,(1.570 to
0.978),0.649
Ref.
0.213,(1.799 to
2.224),0.836
-0.784,(2.437 to
0.869),0.353
-1.139,(2.933 to
0.654),0.213
Ref.

-

-

Ref.
0.949,(-1.004
to
2.902),0.341
-0.539,(2.198 to
1.119),0.524
-0.359,(2.102 to
1.384),0.687
Ref.

-2.553,(5.227 to
0.119),0.061
-0.639,(2.080 to
0.802),0.385
Ref.
0.072,(2.170 to
2.315),0.950
-0.297,(2.168 to
1.575),0.756
-0.590,(2.596 to
1.415),0.564
Ref.

-

-

Ref.
0.543,(1.665 to
2.750),0.630
-0.227,(2.109 to
1.654),0.813
0.078,(1.900 to
2.057),0.938
Ref.

Table 10 Summary table of final models for the association central subfield (C0) thickness and CFP based AMD classification

Beckman stage 0
B,(95% CI), p
Total retina

Ref.

RPE

Ref.

Outer retina

Ref.

Photoreceptors

Ref.

Outer Nuclear
layer

Ref.

Beckman stage 1
B,(95% CI), p
0.205,(-7.430 to
7.840),0.958
-0.025,(-0.749 to
0.698),0.945
-0.242,(-1.638 to
0.883),0.673
-0.387,(-1.434 to
0.660),0.469
1.713,(-1.287 to
4.712),0.263
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Beckman stage 2
B,(95% CI), p
1.880,(-4.619 to
8.738),0.571
0.356,(-0.216 to
0.927),0.223
-1.005,(-1.949 to 0.061),0.037
-1.397,(-2.240 to 0.555),0.001
-0.256,(-3.324 to
5.280),0.870

Beckman stage 3
B,(95% CI), p
2.133,(-4.962 to
9.229),0.347
4.812,(2.671 to
6.954),<0.001
2.998,(0.942 to
5.054),0.004
-1.716,(-3.026 to 0.406),0.010
1.510,(-2.260 to
5.280),0.433

4.3.4 Participant demographics in optical coherence tomography
Of those who had undergone OCT imaging (table 11), 257 were controls of which
119 (46.3%) were males and 138 (53.7%) were females. The difference between
males and females among the study groups, was not significant p=0.051. When
age was assessed, it exhibited a pattern of steady increase from one group to
another, with the exception of the drusen only group. The between groups
difference in age was statistically significant p<0.001. Having applied Bonferroni
post-hoc correction, when each of the OCT groups was compared to the controls,
those that were significantly different from it, were the SDD (p=0.023), drusen &
RPE abnormalities (p=0.025), the drusen & SDD (p<0.001) and the group with all
three phenotypes present (p<0.001). Finally there was a significant difference
between those who had history of high cholesterol (p=0.018) among groups.
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Table 11 Demographics based on OCT classification

Males n (%)
Females n (%)
Age mean (±SD)
Spherical equivalent
(±SD)
High Blood Pressure
n (%)
Cholesterol n (%)
Cardiovascular
disease n (%)
Diabetes n (%)
Pre-Diabetes n (%)
No Diabetes n (%)
Smoking
Current n (%)
Former n (%)
Never n (%)

SDD
(n=77)

RPE
defects
& SDD
(n=16)

AMD
(Drusen
only
n=80)

28 (63.6)
16 (36.4)
65.23
(8.73)
1.10
(3.06)

32 (41.6)
45 (58.4)
67.04
(8.98)╪
0.36
(1.76)

8 (50.0)
8 (50.0)
69.38
(7.96)
1.74
(2.02)

37 (46.3)
43 (53.8)
65.65
(7.29)
0.97
(1.81) ╪

84 (32.7)

19 (43.2)

24 (31.2)

5 (31.3)

28 (35.0)

61 (23.7)

13 (29.5)

9 (11.7)

5 (31.3)

12 (4.7)

4 (9.1)

3 (3.9)

0 (0)
21 (8.2)

0 (0)
4 (9.1)

0 (0)
10 (13.0)

236 (91.8)

40 (90.0)

67 (87.0)

24 (9.5)
70 (27.7)
159 (62.8)

2 (4.7)
14 (32.6)
27 (62.8)

3 (3.9)
29 (37.7)
45 (58.4)

Controls
(n=257)

RPE
defects
(n=44)

119 (46.3)
138 (53.7)
63.53
(7.68)
0.02
(2.62)

AMD
(Drusen &
RPE
defects
n=44)
29 (65.9)
15 (34.1)
67.91 (9.54)
╪

AMD
(Drusen &
SDD
n=47)

AMD (Drusen &
RPE defects &
SDD n=40)

p value

19 (40.4)
28 (59.6)
72.19
(7.00) ╪
0.99
(1.98)

23 (57.5)
17 (42.5)

0.051

76.00 (8.65) ╪

<0.001

1.67 (2.43) ╪

<0.001

12 (27.3)

15 (31.9)

16 (40.0)

0.802

11 (13.8)

4 (9.1)

12 (25.5)

5 (12.5)

0.018

0(0)

2 (2.5)

3 (6.8)

2 (4.3)

2 (5.0)

0.759

0 (0)
0 (0)
16
(100)

0 (0)
7 (10.0)

0 (0)
4 (9.1)

0 (0)
8 (17.0)

0 (0)
10 (25.0)

72 (90.0)

40 (90.9)

39 (83.0)

30 (75.0)

0 (0)
32 (40.5)
47 (59.5)

5 (11.6)
20 (46.5)
18 (41.9)

4 (8.7)
21 (45.7)
21 (45.7)

1 (2.6)
15 (39.5)
22 (57.9)

1 (6.7)
5 (33.3)
9 (60.0)

1.32 (1.97)

*Chi-squared for categorical, One-way ANOVA for continuous,
╪Significantly different when compared to the control group after Bonferroni Post-hoc correction applied
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0.039

0.039

4.3.5 Comparison of retinal structure among OCT groups
When retinal segmentation values were assessed (table 12), for the total retina, the
thickest mean value in the C0 was found in the drusen only group as was the case
for the mean of 3mm and 6mm. The between groups difference of the total retina,
wasn’t significant for any area assessed after applying Bonferroni correction.
The RPE layer, followed a uniform pattern of increase while moving from one group
to another in all subfields. Furthermore, the between groups difference of RPE
thickness was statistically significant for all areas assessed after Bonferroni
adjustment for multiple corrections (all p<0.001).
The outer retina, was slightly thicker in the disease groups compared to controls.
The between groups difference was statistically significant for the mean of 3 and
6mm subfields (3mm: p=0.001, 6mm: p<0.001).
In what was calculated as the photoreceptor layer thickness, in the C0 there was a
decrease in thickness from controls to the other groups. This pattern though, was
not seen for the mean of 3 and 6mm as it was approximately steady throughout
groups. Although, the between groups difference was significant for the C0 subfield
only (C0: p<0.001).
When the ONL was assessed, like in the total retina, there was varying thickness
across groups and a clear pattern was not observed. The between groups
difference wasn’t statistically significant for any of the subfields assessed.
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Table 12 Comparison of retinal structure among OCT groups

Total retina
Mean
3mm
mean
(±S.Ε.)
337.68
(0.73)
337.68
(1.56)
335.32
(1.51)

Mean
6mm
mean
(±S.Ε.)
293.39
(0.62)
293.20
(1.28)
291.82
(1.14)

Mean
overall
mean
(±S.Ε.)
312.26
(0.64)
310.48
(1.84)
310.37
(1.30)

Total
volume
mm3
(±S.Ε.)
8.56
(0.02)
8.50
(0.06)
8.51
(0.03)

289.55 (5.88)

335.98
(2.69)

293.63
(3.64)

311.99
(3.04)

8.56
(0.09)

294.62 (2.36) ╪

340.56
(1.31)

294.38
(1.11)

314.93
(1.16)

8.61
(0.03)

C0 mean
(±S.Ε.)
Controls

286.10 (0.98)

RPE
defects

285.15 (2.66)

SDD

284.76 (2.14)

RPE
defects &
SDD
AMD
(Drusen
only)
AMD
(Drusen &
RPE
defects)
AMD
(Drusen &
SDD)
AMD
(Drusen &
RPE
defects &
SDD)

285.93 (3.28)

333.82
(2.09)

289.48
(1.72)

308.79
(1.83)

8.46
(0.05)

282.43 (2.69)

334.10
(1.84)

289.35
(1.39)

308.47
(1.54)

8.46
(0.04)

288.19 (3.13)

333.52
(2.15)

290.99
(2.10)

309.58
(1.94)

8.49
(0.06)
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p C0

p mean p mean p mean p total
3mm
6mm
overall volume

0.006*

0.025*

0.076*

0.022*

0.050*

RPE
Mean
3mm
mean
(±S.Ε.)
14.84
(0.06)
15.59
(0.26)
14.92
(0.14)

Mean
6mm
mean
(±S.Ε.)
13.08
(0.05)
13.77
(0.16) ╪
13.28
(0.10)

Mean
overall
mean
(±S.Ε.)
14.19
(0.05)
14.84
(0.20)
14.30
(0.11)

Total
volume
mm3
(±S.Ε.)
0.38
(0.00)
0.40
(0.01)
0.39
(0.00)

15.95 (0.28)

15.72
(0.58)

13.86
(0.36)

14.92
(0.43)

0.41
(0.01)

17.42 (0.75) ╪

15.71
(0.65)

13.28
(0.21)

14.82
(0.46)

0.39
(0.01)

C0 mean
(±S.Ε.)
Controls

16.03 (0.07)

RPE
defects

16.72 (0.21)

SDD

15.87 (0.13)

RPE
defects &
SDD
AMD
(Drusen
only)
AMD
(Drusen &
RPE
defects)
AMD
(Drusen &
SDD)
AMD
(Drusen &
RPE
defects &
SDD)

p C0

p mean p mean p mean p total
3mm
6mm
overall volume

<0.001* <0.001* <0.001* <0.001* <0.001*
17.31 (0.43)

15.37
(0.24)

13.27
(0.19)

14.65
(0.18)

0.39
(0.00)

18.14 (0.55) ╪

16.01
(0.35)

13.33
(0.21)

15.06
(0.26)

0.40
(0.01)

18.29 (0.46) ╪

17.45
(0.46) ╪

14.18
(0.26) ╪

16.09
(0.32) ╪

0.43
(0.01) ╪
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Outer retina
C0
(±S.Ε.)

Controls
RPE
defects
SDD
RPE
defects &
SDD
AMD
(Drusen
only)
AMD
(Drusen &
RPE
defects)
AMD
(Drusen &
SDD)
AMD
(Drusen &
RPE
defects &
SDD)

mean Mean
3mm
mean
(±S.Ε.)
81.23
87.56 (0.17)
(0.12)
82.32
88.46 (0.46)
(0.39)
81.23
86.41 (0.31)
(0.23)

Mean
6mm
mean
(±S.Ε.)
78.49
(0.10)
79.54
(0.29) ╪
78.79
(0.20)

Mean
overall
mean
(±S.Ε.)
81.00
(0.11)
81.72
(0.42)
80.97
(0.20)

Total
volume
mm3
(±S.Ε.)
2.24
(0.00)
2.26
(0.01)
2.25
(0.01)

86.50 (0.64)

82.58
(0.67)

79.89
(0.51)

82.07
(0.56)

2.28
(0.02)

87.89 (0.73)

81.55
(0.63)

78.41
(0.28)

81.19
(0.49)

2.24
(0.01)

86.56 (0.46)

80.97
(0.34)

78.35
(0.32)

80.73
(0.29)

2.24
(0.01)

86.35 (0.56)

81.60
(0.42)

78.45
(0.33)

81.04
(0.34)

2.24
(0.01)

87.42 (0.57)

83.78
(0.59) ╪

79.90
(0.43) ╪

82.81
(0.48) ╪

2.29
(0.01) ╪
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p C0

p mean p mean p mean p total
3mm
6mm
overall volume

0.014*

0.001*

<0.001* 0.010*

0.009*

Photoreceptors
C0 mean Mean
(±S.Ε.)
3mm
mean
(±S.Ε.)
71.54
66.39
Controls
(0.16)
(0.09)
RPE
71.74
65.93
defects
(0.42)
(0.82)
70.54
66.31
SDD
(0.29)
(0.15)
RPE
70.55
66.86
defects &
(0.62)
(0.41)
SDD
AMD
70.47
65.84
(Drusen
(0.29)
(0.14)
only)
AMD
(Drusen &
69.25
65.60
RPE
(0.41)
(0.23)
defects)
AMD
68.20
65.59
(Drusen &
(0.37) ╪
(0.21)
SDD)
AMD
(Drusen &
69.13
66.33
RPE
(0.51) ╪
(0.32)
defects &
SDD)

Mean
6mm
mean
(±S.Ε.)
65.23
(0.07)
63.96
(1.10) ╪
65.18
(0.15)

Mean
overall
mean
(±S.Ε.)
66.45
(0.08)
66.41
(0.32)
66.28
(0.15)

Total
volume
mm3
(±S.Ε.)
1.86
(0.00)
1.85
(0.01)
1.86
(0.00)

65.58
(0.38)

66.70
(0.39)

1.87
(0.01)

64.64
(0.19)

65.82
(0.16) ╪

1.85
(0.00)

64.58
(0.24)

65.55
(0.23) ╪

1.85
(0.01)

64.48
(0.22)

65.39
(0.21) ╪

1.85
(0.01)

65.09
(0.27)

66.09
(0.29)

1.86
(0.01)
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p C0

p
mean
3mm

p
mean
6mm

p mean p
total
overall
volume

<0.001*

0.038*

0.013*

<0.001*

0.067*

ONL

95.89
(0.45)
93.72
(1.32)
96.75
(0.89)
97.18
(1.65)

Mean
3mm
mean
(±S.Ε.)
70.98
(0.36)
70.26
(0.95)
71.22
(0.63)
73.93
(1.45)

Mean
6mm
mean
(±S.Ε.)
56.81
(0.27)
57.00
(0.71)
56.61
(0.46)
57.84
(1.55)

Mean
overall
mean
(±S.Ε.)
67.45
(0.31)
66.64
(0.82)
67.56
(0.54)
69.36
(1.35)

Total
volume
mm3
(±S.Ε.)
1.73
(0.01)
1.71
(0.02)
1.72
(0.01)
1.77
(0.04)

98.89
(1.00)

72.68
(0.69)

57.90
(0.49)

69.02
(0.58)

1.76
(0.01)

C0
mean
(±S.Ε.)
Controls
RPE defects
SDD
RPE defects
& SDD
AMD
(Drusen
only)
AMD
(Drusen &
RPE
defects)
AMD
(Drusen &
SDD)
AMD
(Drusen &
RPE defects
& SDD)

94.81
(1.71)

70.48
(1.15)

55.51
(0.85)

66.53
(1.00)

1.69
(0.03)

95.42
(1.32)

70.68
(0.85)

56.66
(0.73)

67.20
(0.76)

1.72
(0.02)

93.52
(1.92)

69.48
(1.23)

56.32
(1.02)

66.30
(1.06)

1.70
(0.03)

p C0

p
mean
3mm

p
mean
6mm

p mean
overall

p total
volume

0.017*

0.135*

0.325*

0.102*

0.202*

*Bold values indicate significant differences after applying Bonferroni correction on multiple comparisons with p value ≤0.001
╪Indicator of significantly different group when compared to controls after Bonferroni Post-hoc correction applied
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When the volume of the layers of interest was assessed according to the OCT
classification, the between groups difference for the total retinal volume showed a
non-significant difference with Bonferroni correction applied (p=0.050). The RPE
on the other hand, displayed a statistically significant difference between groups
(p<0.001), again with Bonferroni correction having been applied. When the outer
retinal volume was assessed, the between groups difference came up as nonsignificant as well (p=0.009). The between groups difference in what was measured
as the photoreceptors layer total volume was not significantly different (p=0.067).
Finally, the total volume of the ONL, did not display any significant between groups
difference (p=0.202).
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4.3.6 The impact of AMD-related lesions on retinal structure as assessed with an OCTbased classification system
4.3.6.1 Total retina
Multivariate analysis of the central subfield of total retinal thickness (table 13)
revealed that it is thinner in females compared to males (p<0.001). Current
smoking, was associated with a decrease in the C0 (p=0.029). As for OCT status,
the drusen only group was the one that was associated with an increase in this
subfield for the total retina (p=0.009).
For the mean of 3mm (four inner subfields), age was associated with thinning of
this area (p<0.001). Current smoking was associated with a decrease in total retinal
thickness as well (p=0.005).
When analysis focused on the mean of 6mm (four outer subfields), age was again
associated with a decrease in total retinal thickness (p<0.001).
On the overall retinal thickness (mean of all 9 subfields), age was significantly
associated with a decrease in total retinal thickness (p<0.001). Current smoking
was again associated with a decrease in total retinal thickness (p=0.005).
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Table 13 The impact of AMD stages according to OCT classification system on total retinal thickness

Total retina

Age

Gender
Female

Male
Spherical
equivalent

C0
Univariate
Final
B,(95% CI), p
B,(95% CI), p
-0.209,(-0.485
-0.281,(to 0.067),0.138 0.561 to 0.002),0.48

3mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.409,(-0.474,(0.577 tο 0.653 to 0.242),<0.001 0.294),<0.001

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.445,(-0.482,(0.595 to 0.631 to 0.295),<0.001 0.334),<0.001

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.402,(-0.417,(0.553 to 0.566 to 0.252),<0.001 0.269),<0.001

-11.585(-15.961
to 7.209),<0.001
Ref.
0.013(0.010 to
0.015),<0.001

-2.269,(5.292 to
0.755),0.141
Ref.
0.012,(0.010
to
0.014),<0.001
-1.610,(4.708 to
1.489),0.309
-2.408,(5.730 to
0.915),0.156
2.688,(-3.220
to
8.595),0.373
-1.055,(4.474 to
2.364),0.545

1.519,(-1.168
to
4.205),0.268
Ref.
0.001(-0.001
to
0.002),0.483
-2.658,(5.412 to
0.095),0.058
-2.386,(5.440 to
0.667),0.126
0.748,(-5.293
to
6.789),0.808
-0.575,(3.648 to
2.497),0.714

-1.612,(4.353 to
1.128),0.249
Ref.
0.007(0.005
to
0.009),<0.001
-2.041,(4.815 to
0.734),0.149
-2.294,(5.339 to
0.750),0.140
2.021,(-3.865
to
7.907),0.501
-0.686,(3.839 to
2.467),0.670

High
blood -1.178,(-5.719
pressure
to 3.362),0.611

-12.159,(16.381 to 7.936),<0.001
Ref.
0.008,(0.005
to
0.011),<0.001
-

Cholesterol

-1.298,(-6.269
to 3.674),0.609

-

CVD

4.410,(-5.537 to 14.357),0.385

Statins

0.300,(-4.818 to 5.417),0.909

-3.258,(6.078 to 0.438),0.024
Ref.
0.011(0.007
to
0.014),<0.001
-

-

-

-

Smoking
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-0.634,(3.184 to
1.916),0.626
Ref.
0.001(-0.002
to
0.003),0.491
-

-

-

-

-2.361,(4.914 to
0.192),0.070
Ref.
0.006(0.003
to
0.009),<0.001
-

-

-

-

Current

Former

Never
AMD (Drusen
&
RPE
abnormalties
& SDD)
AMD (Drusen
& SDD)
AMD (Drusen
&
RPE
abnormalities)
AMD (Drusen
only)
RPE
abnormalities
& SDD
SDD

RPE
abnormalities
Controls

-10.551,(19.005 to 2.096),0.014
-1.211,(-6.199
to 3.778),0.634
Ref.
-2.963,(-11.595
to 5.669),0.501

-5.285,(-13.443
to 2.874),0.204

-8.792,(16.706 to 0.877),0.029
-2.432(-7.059
to
2.195),0.303
Ref.
-2.027,(10.753 to
6.700),0.649

-1.711,(9.428 to
6.006),0.664
-3.935,(-14.382 -2.728,(to 6.512),0.460 12.280 to
6.825),0.576
8.220,(1.704 to 8.526,(2.137
14.736),0.013
to
14.916),0.009
-2.831,(-19.564 0.799,(to
16.015 to
13.902),0.740
17.612),0.926
0.630,(-6.657 to 1.755,(-5.554
7.916),0.866
to
9.063),0.638
-2.935,(-11.859 -3.494,(to 5.990),0.519 11.745 to
4.756),0.406
Ref.
Ref.

-7.612,(13.231 to 1.993),0.008
-2.589,(5.917 to
0.739),0.127
Ref.
-4.604,(11.061 to
1.853),0.162

-7.980,(13.539 to 2.421),0.005
-2.305,(5.422 to
0.812),0.147
Ref.
0.442,(-6.108
to
6.992),0.895

-3.159,(7.914 to
1.597),0.193
-2.216,(5.184 to
0.752),0.143
Ref.
-3.003,(9.230 to
3.223),0.344

-

-1.751,(6.844 to
3.342),0.500
-4.612,(11.505 to
2.280),0.190
3.053,(-0.892
to
6.999),0.129
-4.404,(11.307 to
2.499),0.211
0.842,(-4.275
to
5.958),0.747
-2.104,(7.044 to
2.836),0.404
Ref.

3.279,(-1.883
to
8.442),0.213
-1.394,(7.943 to
5.156),0.677
4.359,(0.594
to
8.123),0.023
-0.528,(7.824 to
6.769),0.887
2.517,(-2.498
to
7.533),0.325
-1.756,(6.580 to
3.068),0.476
Ref.

-3.790,(7.866 to
0.286),0.068
-2.715,(7.978 to
2.548),0.312
0.215,(-3.792
to
4.221),0.916
-1.621,(10.951 to
7.709),0.733
1.828,(-2.325
to
5.980),0.388
-1.337,(5.803 to
3.130),0.558
Ref.
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Ref.
2.422,(-3.250
to
8.095),0.403

-5.953,(10.992 to 0.913),0.021
-2.263,(5.295 to
0.768),0.143
Ref.
-3.701,(9.549 to
2.146),0.215

-7.190,(12.228 to 2.153),0.005
-1.403,(4.285 to
1.479),0.340
Ref.
1.397,(-4.343
to
7.136),0.633

-0.141,(4.368 to
4.086),0.948
-1.284,(6.856 to
4.288),0.652
0.894,(-2.907
to
4.695),0.645
-0.246,(9.660 to
9.168),0.959
3.451,(-0.545
to
7.447),0.090
-0.877,(4.714 to
2.959),0.654
Ref.

-3.041,(7.542 to
1.459),0.185
-3.685,(9.675 to
2.305),0.228
2.374,(-1.424
to
6.173),0.221
-2.984,(10.765 to
4.798),0.452
1.265,(-3.311
to
5.841),0.588
-1.846,(6.314 to
2.621),0.418
Ref.

1.741,(-2.790
to
6.272),0.451
-0.673,(6.349 to
5.002),0.816
3.702,(0.072
to
7.332),0.046
0.764,(-7.150
to
8.678),0.850
2.983,(-1.522
to
7.488),0.194
-1.419,(5.520 to
2.682),0.498
Ref.

-

4.3.6.2 Retinal Pigment epithelium
When the RPE was assessed, multivariate analysis of the central subfield (table
14), showed that only the OCT groups were associated with RPE thickness at this
eccentricity. A significant association between increased RPE thickness and the
RPE abnormalities group (p=0.017), drusen only (p=0.038), drusen & RPE
abnormalities (p=0.012), drusen & SDD (p=0.002), and the group with all three
phenotypes combined (p<0.001) was found.
For the mean of 3mm on the other hand, a significant association was found
between drusen & SDD (p=0.027) and the group with all three phenotypes
combined (p<0.001).
The mean of 6mm, those that were significantly associated with RPE thickness in
this eccentricity, were the RPE abnormalities & SDD (p=0.046) and the group with
all three phenotypes combined (p=0.002).
Finally, for the total RPE thickness, the following OCT groups were the ones that
were associated with it were drusen & SDD (p=0.044) and the group with all three
phenotypes combined (p<0.001).
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Table 14 The impact of AMD stages according to OCT classification system on RPE thickness

RPE

Age

Gender
Female

Male
Spherical
equivalent

C0
Univariate
Final
B,(95% CI), p
B,(95% CI), p
0.033,(-0.002 to -0.005,(0.069),0.065
0.042 to
0.033),0.811

3mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
0025,(-0.003 -0.007,(to
0.034 to
0.054),0.080 0.019),0.585

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
0.004,(-0.013 -0.009,(to
0.026 to
0.021),0.627 0.007),0.267

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
0.017,(-0.004 -0.008,(to
0.028 to
0.038),0.113 0.011),0.404

0.248,(-0.274 to 0.357,(-0.115
0.771),0.352
to
0.830),0.138

0.245,(-0.162
to
0.652),0.239

0.237,(-0.140
to
0.615),0.218

-0.040,(0.294 to
0.214),0.757

-0.097,(0.341 to
0.148),0.438

0.119,(-0.186
to
0.423),0.445

0.084,(-0.204
to
0.373),0.567

Ref.
0.002(0.001 to
0.003),0.025

Ref.
0.000(-0.001
to
0.001),0.841
0.308,(-0.146
to
0.763),0.183
-0.005,(0.474 to
0.465),0.985
0.468,(-0.363
to
1.298),0.270
-0.061,(0.486 to
0.365),0.780

Ref.
-

Ref.
0.000(0.000
to
0.001),0.090
0.202,(-0.052
to
0.457),0.119
0.026,(-0.288
to
0.340),0.871
0.330,(-0.222
to
0.881),0.241
-0.073,(0.365 to
0.218),0.622

Ref.
-

Ref.
0.000(0.000
to
0.001),0.269
0.212,(-0.113
to
0.537),0.201
0.034,(-0.338
to
0.406),0.859
0.402,(-0.253
to
1.057),0.229
-0.050,(0.385 to
0.285),0.771

Ref.
-

High
blood -0.133,(-0.648
pressure
to 0.382),0.613

Ref.
0.001(0.001
to
0.002),<0.001
-

Cholesterol

0.218,(-0.352 to 0.787),0.454

CVD

0.428,(-0.510 to 1.365),0.371

Statins

0.087,(-0.446 to 0.619),0.750

-

-

-

-

Smoking
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-

-

-

-

-

-

-

-

Current

1.080,(-0.146 to 2.307),0.084

Former

0.577(-0.049 to
1.202),0.071

Never
AMD (Drusen
&
RPE
abnormalties
& SDD)
AMD (Drusen
& SDD)

Ref.
2.602,(1.542 to
3.661),<0.001

AMD (Drusen
&
RPE
abnormalities)
AMD (Drusen
only)
RPE
abnormalities
& SDD
SDD

RPE
abnormalities
Controls

2.761,(1.056 to
4.466),0.002

0.051,(-0.670
to
0.772),0.889
0.204,(-0.281
to
0.689),0.410
Ref.
Ref.
2.602,(1.542 2.925,(1.716
to
to
3.661),<0.001 4.134),<0.001

2.761,(1.056
to
4.466),0.002
1.532,(0.341 to 1.532,(0.341
2.724),0.012
to
2.724),0.012
0.921,(0.050 to 0.921,(0.050
1.791),0.038
to
1.791),0.038
0.178,(-0.514 to 0.178,(-0.514
0.870),0.614
to
0.870),0.614
-0.237,(-0.654
-0.237,(to 0.180),0.266 0.654 to
0.180),0.266
0.741,(0.134 to 0.741,(0.134
1.347),0.017
to
1.347),0.017
Ref.
Ref.

1.329,(0.250
to
2.407),0.016
0.522,(-0.192
to
1.236),0.152
0.405,(-0.152
to
0.961),0.154
1.350,(-0.112
to
2.813),0.070
0.142,(-0.289
to
0.572),0.519
0.349,(-0.146
to
0.843),0.167
Ref.

-

-0.503,(0.913 to 0.093),0.016
-0.004,(0.297 to
0.289),0.977
Ref.
Ref.
2.832,(1.634 1.176,(0.477
to
to
4.030),<0.001 1.875),0.001

-0.422,(0.826 to 0.018),0.040
0.006,(-0.276
to
0.288),0.969
Ref.
1.060,(0.379
to
1.742),0.002

-0.081,(0.602 to
0.441),0.762
0.153,(-0.212
to
0.518),0.411
Ref.
2.112,(1.263
to
2.961),<0.001

-

1.223,(0.137
to
2.309),0.027
0.413,(-0.314
to
1.140),0.266
0.315,(-0.257
to
0.886),0.281
1.109,(-0.309
to
2.526),0.125
0.076,(-0.349
to
0.501),0.725
0.315,(-0.183
to
0.812),0.215
Ref.

-0.137,(0.630 to
0.356),0.585
0.131,(-0.375
to
0.638),0.611
-0.125,(0.474 to
0.224),0.481
0.876,(0.015
to
1.736),0.046
0.231,(-0.082
to
0.543),0.148
0.330,(-0.160
to
0.820),0.187
Ref.

0.874,(0.106
to
1.641),0.026
0.483,(-0.016
to
0.982),0.058
0.270,(-0.131
to
0.672),0.187
1.113,(0.017
to
2.208),0.046
0.179,(-0.173
to
0.531),0.319
0.399,(-0.049
to
0.847),0.081
Ref.

0.789,(0.020
to
1.558),0.044
0.394,(-0.123
to
0.911),0.135
0.198,(-0.218
to
0.613),0.351
0.917,(-0.134
to
1.968),0.087
0.126,(-0.221
to
0.473),0.477
0.371,(-0.083
to
0.825),0.109
Ref.
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-0.053,(0.547 to
0.441),0.834
0.181,(-0.302
to
0.664),0.462
-0.027,(0.373 to
0.320),0.881
1.108,(0.195
to
2.022),0.017
0.320,(0.007
to
0.633),0.045
0.363,(-0.122
to
0.849),0.142
Ref.

-

Ref.
2.037,(1.203
to
2.871),<0.001

4.3.6.3 Outer retina
Analysis of the outer retina thickness (table 15), revealed that the central subfield
(C0), is associated with reduced thickness with age (p<0.001).
The mean of 3mm, showed that outer retinal thickness in this eccentricity, is
associated with a thinning in current smokers (p=0.017), while there was an
increase in thickness with RPE abnormalities & SDD (p=0.016) as well as in those
with all phenotypes present (p<0.001).
For the area of mean 6mm, current smokers were again associated with thinner
outer retinas (p=0.001). As for OCT status, the group that was associated with an
increase outer retinal thickness was the RPE abnormalities & SDD group
(p=0.004).
When the total outer retinal thickness was assessed, current smoking was
associated with thinning of the outer retina (p=0.002). As for OCT status, the same
groups as with the mean of 3mm and 6mm were found to be associated with an
increase in outer retinal thickness (RPE abnormalities & SDD: p=0.012 and all three
phenotypes combined: p=0.001).
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Table 15 The impact of AMD stages according to OCT classification system on outer retinal thickness

Outer Retina
C0

Age

Gender
Female

Univariate
B,(95% CI), p
-0.117,(-0.163
to 0.071),<0.001

Final
B,(95% CI), p
-0.128,(0.179 to 0.076),<0.001

0.324(-0.434 to
1.083),0.402

0.085,(-0.663
to
0.832),0.824
Male
Ref.
Ref.
Spherical
-0.002(-0.002
-0.001(-0.002
equivalent
to to 0.001),<0.001
0.001),<0.001
High
blood 0.232,(-0.562 to pressure
1.027),0.567
Cholesterol

-0.436,(-1.280
to 0.408),0.311

-

CVD

0.202,(-1.145 to 1.550),0.768

Statins

-0.424,(-1.229
to 0.382),0.302

-

3mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.009,(-0.044,(0.047 to
0.083 to 0.030),0.655 0.005),0.028

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.004,(-0.025,(0.033 to
0.057 to
0.026),0.797 0.006),0.116

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.019,(-0.045,(0.051 to
0.079 to 0.013),0.252 0.011),0.010

-0.174,(0.755 to
0.407),0.557
Ref.
0.000(-0.001
to
0.000),0.509
0.474,(-0.158
to
1.105),0.141
-0.063,(0.729 to
0.603),0.854
0.685,(-0.493
to
1.862),0.255
0.033,(-0.599
to
0.664),0.919

-0.531,(1.007 to 0.005),0.029
Ref.
0.000(0.000
to
0.001),0.058
0.388,(-0.086
to
0.862),0.109
0.111,(-0.414
to
0.636),0.680
-0.588,(0.125 to
1.301),0.106
0.098,(-0.426
to
0.622),0.713

-0.271,(0.776 to
0.235),0.294
Ref.
0.000(-0.001
to
0.000),0.535
0.413,(-0.114
to
0.939),0.124
-0.058,(0.629 to
0.513),0.842
0.557,(-0.322
to
1.437),0.214
-0.011,(0.567 to
0.546),0.970

-0.145,(0.701 to
0.411),0.610
Ref.
-

-

-

-

-

Smoking
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-0.442,(0.902 to
0.017),0.059
Ref.
-

-

-

-

-

-0.255,(0.743 to
0.232),0.305
Ref.
-

-

-

-

-

Current

-1.015,(-2.440
to 0.409),0.162

-

Former

-0.263,(-1.095
to 0.568),0.535

-

Never
AMD (Drusen
&
RPE
abnormalties
& SDD)
AMD (Drusen
& SDD)

Ref.
-0.196,(-1.544
to 1.153),0.776

-0.903,(-2.465
to 0.659),0.257

AMD (Drusen
&
RPE
abnormalities)
AMD (Drusen
only)

-1.557,(-2.820
to 0.294),0.016
-0.245,(-1.448
to 0.958),0.690

RPE
abnormalities
& SDD
SDD

-0.203,(-1.667
to 1.261),0.786

RPE
abnormalities

-0.390,(-1.872
to 1.091),0.605

Controls

Ref.

-1.027,(-2.211
to 0.158),0.089

Ref.
1.474,(0.021
to
2.927),0.047

-1.248,(2.134 to 0.363),0.006
0.111,(-0.542
to
0.765),0.738
Ref.
2.793,(1.225
to
4.362),<0.001

-1.116,(2.030 to 0.201),0.017
0.165,(-0.466
to
0.776),0.625
Ref.
3.238,(1.579
to
4.897),<0.001

-1.664,(2.495 to 0.832),<0.001
0.118,(-0.396
to
0.632),0.653
Ref.
1.535,(0.250
to
2.819),0.019

-1.393,(2.191 to 0.596),0.001
0.119,(-0.394
to
0.632),0.649
Ref.
1.306,(-0.026
to
2.638),0.055

-1.385,(2.193 to 0.576),0.001
0.069,(-0.491
to
0.628),0.810
Ref.
1.956,(0.649
to
3.262),0.003

-1.302,(2.120 to 0.485),0.002
0.147,(-0.390
to
0.683),0.591
Ref.
2.400,(1.003
to
3.797),0.001

0.320,(-1.275
to
1.916),0.694
-0.851,(2.220 to
0.519),0.223
0.199,(-0.999
to
1.398),0.745
0.834,(-0.936
to
2.604),0.356
-0.432,(1.550 to
0.685),0.448
-0.163,(1.468 to
1.143),0.807
Ref.

0.413,(-0.761
to
1.588),0.490
-0.448,(1.509 to
0.612),0.408
-0.097,(0.891 to
0.696),0.810
1.927,(0.245
to
3.609),0.025
0.337,(-0.506
to
1.181),0.433
0.293,(-0.684
to
1.270),0.556
Ref.

0.804,(-0.421
to
2.029),0.198
-0.129,(1.178 to
0.920),0.810
-0.039,(0.831 to
0.754),0.924
2.147,(0.406
to
3.889),0.016
0.439,(-0.411
to
1.289),0.312
0.362,(-0.548
to
1.272),0.435
Ref.

-0.490,(1.387 to
0.407),0.284
-0.262,(1.180 to
0.656),0.576
-0.317,(0.969 to
0.334),0.340
1.816,(0.623
to
3.008),0.003
0.731,(0.054
to
1.407),0.034
0.396,(-0.415
to
1.207),0.339
Ref.

-0.496,(1.374 to
0.383),0.269
-0.208,(1.079 to
0.664),0.639
-0.439,(1.080 to
0.202),0.179
1.726,(0.557
to
2.895),0.004
0.624,(-0.052
to
1.301),0.071
0.352,(-0.459
to
1.164),0.395
Ref.

-0.063,(0.993 to
0.867),0.894
-0.470,(1.353 to
0.414),0.297
-0.179,(0.873 to
0.516),0.614
1.622,(0.266
to
2.977),0.019
0.288,(-0.473
to
1.050),0.458
0.261,(-0.655
to
1.177),0.576
Ref.

0.341,(-0.635
to
1.316),0.494
-0.126,(1.000 to
0.749),0.778
-0.127,(0.813 to
0.560),0.717
1.835,(0.404
to
3.265),0.012
0.379,(-0.383
to
1.142),0.329
0.329,(-0.526
to
1.184),0.451
Ref.
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4.3.6.4 Photoreceptors
Multivariate analysis of the photoreceptor layer thickness (table 16), in the central
subfield, revealed that the thickness layer decreases with age and current smoking
(p<0.001 both). As for the OCT groups, those that were significantly associated
with decreased photoreceptor thickness, were the drusen & RPE abnormalities as
well as the drusen % SDD groups (both p<0.001).
The mean of the 3mm on the other hand, showed that in this eccentricity,
photoreceptors layer thickness is associated with age and female gender (p=0.002,
p=0.013 respectively). Current smoking was also associated with thinning of the
photoreceptors (p<0.001). As for OCT status, the drusen & RPE abnormalities
group, was associated with a decrease of this layer (p=0.042).
For the mean of 6mm, female gender and current smoking were both associated
with a decrease in photoreceptors layer thickness (p=0.003 and p<0.001
respectively). As for OCT status, drusen only (p=0.008), drusen & RPE
abnormalities (p=0.018) and drusen & SDD (p=0.004) were associated with
thinning of this layer.
Finally, for the total photoreceptor thickness, multivariate analysis showed that with
age, female gender and current smoking, this layer gets thinner (p=0.001, p=0.008
and p<0.001 respectively). As for OCT status, the drusen only, drusen & RPE
abnormalities and drusen & SDD were associated with a decrease in photoreceptor
thickness (p=0.031, p=0.010, p=0.012 respectively).
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Table 16 The impact of AMD stages according to OCT classification system on photoreceptor layer thickness

Photoreceptors
C0

Age

Univariate
B,(95% CI), p
-0.151,(-0.188
to 0.113),<0.001

Final
B,(95% CI), p
-0.126,(0.169 to 0.083),<0.001

Gender
Female

0.076,(-0.655 to -0.202,(0.807),0.838
0.873 to
0.468),0.554
Male
Ref.
Ref.
Spherical
-0.002(-0.003
-0.003(-0.003
equivalent
to to 0.002),<0.001
0.002),<0.001
High
blood 0.365,(-0.416 to pressure
1.147),0.360
Cholesterol

-0.653,(-1.502
to 0.195),0.131

-

CVD

-0.225,(-1.449
to 0.999),0.719

-

Statins

-0.510,(-1.338
to 0.318),0.227

-

3mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.034,(-0.039,(0.055 to 0.063 to 0.013),0.002 0.015),0.002

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.017,(-0.018,(0.036 to
0.040 to
0.002),0.075 0.003),0.096

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.040,(-0.040,(0.060 to 0.063 to 0.020),<0.001 0.017),0.001

-0.419,(0.799 to 0.038),0.031
Ref.
0.000(0.000
to
0.001),0.058
0.165,(-0.253
to
0.584),0.439
-0.058,(0.481 to
0.365),0.788
0.217,(-0.423
to
0.857),0.507
0.093,(-0.332
to
0.519),0.667

-0.546,(0.896 to 0.196),0.002
Ref.
0.000(-0.001
to
0.000),0.027
0.182,(-0.179
to
0.544),0.322
0.224,(-0.134
to
0.581),0.220
0.475,(0.002
to
0.948),0.049
0.210,(-0.158
to
0.578),0.264

-0.420,(0.790 to 0.051),0.026
Ref.
0.000(0.000
to
0.001),0.011
0.195,(-0.196
to
0.586),0.328
0.001,(-0.396
to
0.398),0.996
0.283,(-0.274
to
0.840),0.320
0.078,(-0.330
to
0.486),0.708

-0.468,(0.836 to 0.100),0.013
Ref.
-0.001(-0.001
to
0.000),<0.001
-

-

-

-

Smoking
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-0.516,(0.852 to 0.179),0.003
Ref.
0.000(0.000
to
0.001),0.047
-

-

0.348,(-0.194
to
0.890),0.208
-

-0.473,(0.821 to 0.124),0.008
Ref.
-0.001(-0.001
to
0.000),<0.001
-

-

-

-

Current

-2.096,(-3.361
to 0.830),0.001
Former
-0.840,(-1.634
to 0.046),0.038
Never
Ref.
AMD (Drusen -2.798,(-4.281
&
RPE to abnormalties 1.314),<0.001
& SDD)
AMD (Drusen -3.664,(-4.703
& SDD)
to 2.624),<0.001
AMD (Drusen -3.089,(-4.264
&
RPE to abnormalities) 1.915),<0.001
AMD (Drusen -1.166,(-2.287
only)
to 0.045),0.041
RPE
-0.381,(-1.980
abnormalities to 1.218),0.641
& SDD
SDD
-0.790,(-1.886
to 0.306),0.158
RPE
abnormalities

-1.131,(-2.528
to 0.266),0.113

Controls

Ref.

-2.280,(3.379 to 1.182),<0.001
-0.373,(1.096 to
0.351),0.313
Ref.
-1.346,(2.826 to
0.1330,0.074

-1.300,(1.989 to 0.611),<0.001
-0.093,(0.501 to
0.316),0.657
Ref.
-0.132,(1.117 to
0.853),0.793

-1.210,(1.855 to 0.565),<0.001
-0.001,(0.400 to
0.398),0.996
Ref.
0.174,(-0.882
to
1.229),0.747

-1.237,(1.904 to 0.571),<0.001
0.021,(-0.360
to
0.403),0.912
Ref.
-0.139,(1.014 to
0.735),0.755

-1.063,(1.634 to 0.493),<0.001
0.065,(-0.313
to
0.443),0.737
Ref.
-0.342,(1.263 to
0.580),0.467

-1.360,(2.051 to 0.670),<0.001
-0.125,(0.524 to
0.274),0.540
Ref.
-0.431,(1.373 to
0.510),0.369

-1.279,(1.893 to 0.664),<0.001
-0.007,(0.391 to
0.376),0.971
Ref.
-0.124,(1.138 to
0.889),0.810

-2.402,(3.490 to 1.314),<0.001
-2.149,(3.214 to 1.084),<0.001
-0.831,(1.991 to
0.329),0.160
0.465,(-1.376
to
2.305),0.621
-0.403,(1.440 to
0.635),0.447
-0.972,(2.186 to
0.242),0.117
Ref.

-0.915,(1.568 to 0.263),0.006
-0.970,(1.723 to 0.218),0.012
-0.502,(1.041 to
0.037),0.068
0.576,(-0.426
to
1.579),0.260
0.196,(-0.384
to
0.775),0.508
-0.055,(0.741 to
0.630),0.874
Ref.

-0.527,(1.200 to
0.146),0.125
-0.705,(1.384 to 0.026),0.042
-0.462,(0.986 to
0.061),0.084
0.842,(-0.220
to
1.904),0.120
0.290,(-0.302
to
0.882),0.337
-0.036,(0.654 to
0.582),0.909
Ref.

-0.997,(1.701 to 0.292),0.006
-0.792,(1.504 to 0.081),0.029
-0.545,(1.030 to 0.059),0.028
0.401,(-0.460
to
1.262),0.362
0.246,(-0.265
to
0.757),0.346
0.069,(-0.473
to
0.611),0.803
Ref.

-0.989,(1.660 to 0.319),0.004
-0.768,(1.407 to 0.130),0.018
-0.640,(1.114 to 0.166),0.008
0.363,(-0.497
to
1.224),0.408
0.173,(-0.339
to
0.686),0.507
0.023,(-0.524
to
0.571),0.934
Ref.

-1.257,(1.913 to 0.601),<0.001
-1.127,(1.853 to 0.400),0.002
-0.595,(1.117 to 0.072),0.026
0.392,(-0.510
to
1.294),0.394
0.108,(-0.444
to
0.661),0.701
-0.120,(0.755 to
0.515),0.712
Ref.

-0.861,(1.531 to 0.192),0.012
-0.852,(1.501 to 0.202),0.010
-0.556,(1.061 to 0.052),0.031
0.658,(-0.326
to
1.641),0.190
0.200,(-0.363
to
0.763)0.486
-0.101,(0.673 to
0.471),0.729
Ref.
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4.3.6.5 Outer nuclear layer
The last layer analysed, was the ONL (table 17). For the central subfield,
multivariate analysis revealed that the layers thickness was associated with
spherical equivalent only in univariate analysis (p=0.012). As for OCT status, the
drusen only group, was associated with increase in ONL thickness (p<0.001).
The mean of 3mm, was associated again with an increase in ONL thickness with
with spherical equivalent (p<0.001).
Furthermore, the mean of 6mm, was associated with a decrease in thickness with
age (p<0.001).
The total thickness of the ONL, was associated with a decrease with age (p=0.005).
The drusen only group was associated with an increased ONL thickness for the
total ETDRS grid area (p=0.018), as was the case for spherical equivalent
(p=0.005).
In table 18, a summary table of the final models, of the association between retinal
layer thickness in the central subfield (C0) and AMD stage according to OCT
classification is given.
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Table 17 The impact of AMD stages according to OCT classification system on outer nuclear layer thickness

ONL

Age

Gender
Female

C0
Univariate
Final
B,(95% CI), p
B,(95% CI), p
-0.026,(-0.146
-0.067,(to 0.094),0.674 0.196
to
0.063),0.313

3mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.058,(-0.081,(0.141
to 0.171
to
0.026),0.176 0.008),0.074

6mm
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.101,(-0.129,(0.165 to - 0.193 to 0.037),0.002 0.065),<0.001

Total
Univariate
Final
B,(95% CI), p B,(95% CI), p
-0.074,(-0.111,(0.146 to - 0.188 to 0.001),0.048 0.034),0.005

-0.749,(-2.714
to 1.271),0.455

-0.544,(2.030
to
0.943),0.473
Ref.
0.005(0.002
to
0.007),<0.001
1.193,(-0.492
to
2.878),0.165
0.106,(-1.685
to
1.896),0.908
0.804,(-2.070
to
3.679),0.583
0.367,(-1.347
to
2.082),0.674

-0.447,(1.615
to
0.722),0.454
Ref.
0.001(-0.001
to
0.002),0.316
0.386,(-0.930
to
1.702),0.565
0.137,(-1.272
to
1.546),0.849
1.225,(-1.364
to
3.814),0.354
0.515,(-0.874
to
1.903),0.468

-0.523,(1.819
to
0.772),0.428
Ref.
0.003(0.001
to
0.005),0.003
0.712,(-0.752
to
2.177),0.340
-0.074,(1.587
to
1.440),0.924
0.998,(-1.476
to
3.471),0.429
0.364,(-1.129
to
1.858),0.633

-1.613,(3.621
to
0.395),0.115
Male
Ref.
Ref.
Spherical
0.003(0.001 to 0.003(0.000
equivalent
0.006),0.012
to
0.005),0.042
High
blood 0.095,(-2.077 to pressure
2.268),0.931
Cholesterol

-1.634,(-3.790
to 0.522),0.137

-

CVD

0.861,(-2.252 to 3.973),0.588

Statins

-0.249,(-2.406
to 1.908),0.821

-

-1.439,(2.918
to
0.041),0.057
Ref.
0.005(0.002
to
0.007),<0.001
-

-

-

-

Smoking
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-1.285,(2.450 to 0.121),0.030
Ref.
-

-1.415,(2.702 to 0.129),0.031
Ref.
0.003(0.001
to
0.005),0.005
-

-

-

-

Current

-3.646,(-7.777
to 0.485),0.084

Former

-1.724,(-3.923
to 0.474),0.124

Never
AMD (Drusen
&
RPE
abnormalties
& SDD)
AMD (Drusen
& SDD)

Ref.
-1.309,(-5.867
to 3.250),0.574

AMD (Drusen
&
RPE
abnormalities)
AMD (Drusen
only)
RPE
abnormalities
& SDD
SDD

RPE
abnormalities
Controls

-

-2.633,(5.565
to
0.299),0.078
-0.780,(2.406
to
0.846),0.347
Ref.
Ref.
-1.879,(-1.486,(6.324
to 4.899
to
2.566),0.407 1.928),0.394

1.055,(-2.799 to 0.407,(-3.488
4.909),0.592
to
4.301),0.838
-0.850,(-6.035
-1.524,(to 4.334),0.748 6.825
to
3.777),0.573
5.625,(3.055 to 5.073,(2.444
8.196),<0.001
to
7.702),<0.001
0.608,(-3.710 to -0.878,(4.926),0.783
5.254
to
3.497),0.694
2.801,(-0.329 to 2.398,(-0.689
5.932),0.079
to
5.486),0.128
-2.781,(-6.404
-2.990,(to 0.842),0.132 6.640
to
0.659),0.108
Ref.
Ref.

0.654,(-1.772
to
3.080),0.597
0.646,(-2.738
to
4.031),0.708
2.471,(0.488
to
4.454),0.015
1.704,(-1.911
to
5.318),0.356
0.455,(-1.868
to
2.778),0.701
-1.145,(4.127
to
1.836),0.451
Ref.

-

-2.222,(4.640
to
0.197),0.072
-0.411,(1.666
to
0.844),0.521
Ref.
Ref.
-1.993,(-0.898,(5.320
to 3.496
to
1.335),0.240 1.700),0.498
0.078,(-2.354
to
2.510),0.950
0.048,(-3.445
to
3.541),0.979
1.980,(-0.007
to
3.968),0.051
0.382,(-3.279
to
4.044),0.838
0.097,(-2.217
to
2.411),0.935
-1.332,(4.291
to
1.628),0.378
Ref.
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0.693,(-1.247
to
2.633),0.484
-0.191,(2.839
to
2.456),0.887
1.327,(-0.215
to
2.869),0.092
-0.426,(3.909
to
3.057),0.811
0.037,(-1.698
to
1.773),0.966
0.116,(-2.101
to
2.333),0.918
Ref.

-

Ref.
0.178,(-2.294
to
2.650),0.888

-2.563,(5.229
to
0.103),0.060
-0.721,(2.137
to
0.695),0.318
Ref.
-1.205,(4.127
to
1.717),0.419

1.483,(-0.519
to
3.485),0.146
-0.196,(3.022
to
2.629),0.892
1.256,(-0.261
to
2.772),0.105
-0.473,(3.773
to
2.827),0.779
0.374,(-1.350
to
2.098),0.670
0.091,(-1.912
to
2.094),0.929
Ref.

0.716,(-1.410
to
2.842),0.509
0.108,(-2.969
to
3.184),0.945
2.313,(0.581
to
4.046),0.009
0.635,(-2.519
to
3.790),0.693
0.530,(-1.465
to
2.525),0.603
-0.767(-3.209
to
1.676),0.538
Ref.

1.173,(-1.056
to
3.402),0.302
-0.132,(3.382
to
3.119),0.937
2.088,(0.365
to
3.810),0.018
0.236,(-2.880
to
3.351),0.882
0.700,(-1.267
to
2.668),0.485
-0.869,(3.200
to
1.462),0.465
Ref.

-

Ref.
-0.580,(3.491
to
2.330),0.696

Table 18 Summary table of final models for the association central subfield (C0) thickness and OCT-based AMD classification

Total retina
B,(95% CI), p

RPE
B,(95% CI), p

AMD (Drusen & RPE
abnormalties & SDD)

-2.027,(-10.753
to 6.700),0.649

2.602,(1.542 to
3.661),<0.001

AMD (Drusen & SDD)

-1.711,(-9.428
to 6.006),0.664

2.761,(1.056 to
4.466),0.002

AMD (Drusen & RPE
abnormalities)

-2.728,(-12.280
to 6.825),0.576

1.532,(0.341 to
2.724),0.012

AMD (Drusen only)

8.526,(2.137 to
14.916),0.009

0.921,(0.050 to
1.791),0.038

RPE abnormalities &
SDD

0.799,(-16.015
to
17.612),0.926

0.178,(-0.514 to
0.870),0.614

SDD

1.755,(-5.554
to 9.063),0.638

-0.237,(-0.654 to
0.180),0.266

RPE abnormalities

-3.494,(-11.745
to 4.756),0.406

0.741,(0.134 to
1.347),0.017

Ref.

Ref.

Controls
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Outer Retina
B,(95% CI), p
1.474,(0.021
to
2.927),0.047
0.320,(-1.275
to
1.916),0.694
-0.851,(-2.220
to
0.519),0.223
0.199,(-0.999
to
1.398),0.745
0.834,(-0.936
to
2.604),0.356
-0.432,(-1.550
to
0.685),0.448
-0.163,(-1.468
to
1.143),0.807
Ref.

Photoreceptors
B,(95% CI), p

Total retina
B,(95% CI), p

-1.346,(-2.826 to
0.1330,0.074

-1.879,(-6.324
to 2.566),0.407

-2.402,(-3.490 to 1.314),<0.001

0.407,(-3.488
to 4.301),0.838

-2.149,(-3.214 to 1.084),<0.001

-1.524,(-6.825
to 3.777),0.573

-0.831,(-1.991 to
0.329),0.160

5.073,(2.444 to
7.702),<0.001

0.465,(-1.376 to
2.305),0.621

-0.878,(-5.254
to 3.497),0.694

-0.403,(-1.440 to
0.635),0.447

2.398,(-0.689
to 5.486),0.128

-0.972,(-2.186 to
0.242),0.117

-2.990,(-6.640
to 0.659),0.108

Ref.

Ref.

4.4

Discussion

Segmentation technology offers an opportunity of precise measurements either
localized or global, which come close to those of histology(17–19). In this chapter,
assessment of the potential impact of AMD-related lesions, on retinal layer
thickness took place. This is an important variable to examine as any changes at
the cellular level leading to alteration in retinal layer thickness, should be detected
and quantified via OCT segmentation analysis in both healthy aging(20,21,26) and
disease(10,27). In addition to the above, several histological findings such as rod
loss, stability of RPE cell numbers(28) and thickening of Bruchs membrane(29) can
be either confirmed, or new insights added to the existing models. According to the
CFP-based classification system, multivariate analysis, showed that the total retina
was not associated with any Beckman stage in any of the eccentricities assessed.
The RPE on the other hand, was associated with an increased thickness in all
eccentricities, in Beckman stage 3. The outer retina was associated with Beckman
stage 2 in the C0 and total area and both stages 2 and 3 in the 3mm diameter and
total area as well. The photoreceptors were thinner in all eccentricities for Beckman
stages 2 and 3 while the ONL, did not display an association with any Beckman
stage. Analysis based on the custom built OCT classification system, revealed that
the total retina is associated with an increased thickness in those with drusen only.
The RPE on the other hand, revealed the most associations between its thickness
and OCT groups (AMD status), followed by the outer retina, as most OCT groups
were associated with increased thickness of these layers. The photoreceptor layer
thickness was associated with thinning in most OCT groups. Finally, the ONL
showed the least associations with OCT status.

203

Several studies looked at the relationship between AMD disease stage and
alterations of retinal layers on OCT. For instance, Nusinowitz et. al., reported on the
retinal structure in what they termed pre-clinical AMD(10). The pre-clinical AMD was
designated to their study participants as they did not have a clinical diagnosis or
visual impairment. The stages included to their study, ranged from Beckman stage
0 to stage 3(10). The authors found increased volume for the RPE and outer retina
across AMD stages (Beckman stage 2 & 3). Furthermore, the same authors report
that retinal volume changes are not associated with AMD stages(10). In the NISA
study, both RPE and outer retina volume are significantly different compared to
controls for both the CFP and OCT-based classification. The NISA study, agrees
with Nusinowitz et. al., in that retinal thickness varies by location and AMD stage.
Furthermore, the NISA results agree with this previous study(10) in the finding that
RPE thickness and volume increase across AMD stages and that there are
significant differences between AMD groups and controls after Bonferroni
adjustment was applied. This was again found for both CFP and OCT-based
classifications herein.
Recently, Patel et. al.(20), reported thickness values for the total retina, as well as
factors associated with it in the UK biobank (UKBB) study(20). In regards to factors
associated with total retinal thickness, the UKBB study(20) reported that after the
age of 60 years old, total retinal thickness decreases for the central, inner, outer
and overall segmentation subfields. The same was observed in the NISA study,
although, the central (C0) subfield did not pass the threshold of statistical
significance. Furthermore, the UKBB reported that the central subfield is associated
with decreasing thickness with positive refractive error while in the other two
subfields, there is an increase in thickness(20). Although in the NISA there was no
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distinction in terms of positive or negative refractive error, it was found that it was
associated with an increase in total retinal thickness in in all subfields assessed
except for the mean of 6mm. Furthermore, the NISA study, agrees with the UKBB
in that smoking is associated with reduced retinal thickness.
Apart from reporting on the associations between various factors and total retinal
thickness, the UKBB did the same for the RPE thickness(21). Ko et al., reported
that after the age of 46 there is a steady decline in RPE thickness(21). Multivariate
analysis in the NISA study showed the same although, this association did not pass
the threshold for statistical significance in any area tested. The UKBB reported also
that hyperopia is associated with thickening of the RPE. Although, there was no
distinction in the analysis between positive and negative refractive error, there was
also an association between increased RPE thickness with spherical equivalent
which did not pass the threshold of spherical equivalent though.
A limitation of both UKBB studies though(20,21), is that ocular health was based on
self-report which might have led to undetected macular disease diagnosis and/or
glaucoma.
As retinal thickness measurements can be expressed in terms of the 9 subfields of
the ETDRS grid, this can make interpretation somewhat cumbersome. Recently,
Sevilla(22) using retinal layer volume comparison in their study population
suggested that RPE-drusen complex could be a sensitive predictor for AMD onset.
The authors reported that RPE-drusen complex thickening could differentiate those
in Beckman stage 0 from all others(22). In the NISA study, both RPE thickness and
volume, were significantly different between groups for both CFP and OCT-based
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classifications, thus coming into agreement with the results of this previous
study(22).
More recently, Lamin et. al.(23), examined the changes in the volume of various
retinal layers over a 2 year follow up period. On their first visit, they found that RPE
and photoreceptor volumes are increased in AMD compared to healthy eyes(23).
This finding is further supported in the NISA study for the RPE. The same occurred
for both CFP and OCT-based classifications. On the other hand, what was
calculated as the photoreceptor volume did not show an increase from one group
to another. This might have occurred due to the difference in methods followed to
calculate photoreceptor thickness and volume between the two studies.
Previous studies who assessed these variables in AMD, have a common
methodological characteristic. They all used CFP classification to assign their
eyes/participants, in a disease category and run subsequent analysis. This occurs
in the NISA study as well for reasons of comparability. Analysis though was
extended further according to OCT-based classification. Also, most studies have
taken segmentation measurements, in areas of lesions. The NISA on the other
hand, used automated global measurements as it is needed to draw conclusions
based on data analyzed globally in AMD eyes. These characteristics as well as the
prospective nature of the NISA study, constitute three major strengths of the NISA
study. In addition to these, the NISA study has extensively studied each retinal layer
of interest in three different eccentricities as well as in overall. AMD causes localized
defects thus it is expected that significant differences will be found between not only
AMD individuals compared to healthy ones, but also within AMD individuals when
comparing areas with lesions to areas without. A point worth considering is to
discuss the differences detected between groups from the view of the resolution of
206

each OCT device. In the NISA study, the Heidelberg device was used. This device
can generate 40.000 A-scans/second with an axial resolution of 3.5μm/pixel digital
[7μm optical (30,31)]. Thus some of the differences herein, such as those detected
when comparing the photoreceptor layer thickness, might be of limited clinical
significance due to this fact. On the other hand, the mean differences between
groups for RPE thickness and outer retina, were larger than 7μm.
In conclusion, the results of the NISA study, suggest that there are statistically
significant differences between AMD and control individuals for the RPE, outer
retina and photoreceptor thicknesses in both CFP and OCT-based classification
systems. In the case of the photoreceptor layer though, the statistical significance
found herein, might not necessarily reflect the clinical significance. These are useful
variables to consider as the changes in these layers, can reflect cellular processes
in AMD. In an era of multimodal imaging with automated measurements and their
potential combination with artificial intelligence(24,25), global thickness and
volumetric measurements are needed in order to assist earlier disease detection in
a more precise manner. The NISA study makes such a contribution by developing
a custom-made OCT grading system and extend its analysis according to it.
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5. The Impact of AMD-related Lesions on Visual Function as
Detected by two Classification Systems
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5.1 Introduction
As Age-related macular degeneration (AMD) progresses it affects ones visual
function and vision-related quality of life, however it is often not symptomatic until
the later stages(1,2). This suggests that AMD has an insidious evolution. Ideally it
should be detected through clinical examination as early as possible and measures
such as antioxidant supplements, taken to reduce the odds of progressing to late
stage disease(3,4).
In its early stages the lesions accompanying AMD, cause a reduction of two or less
letters compared to eyes without(1,5). This difference, although statistically
significant, has no clinical meaning as the variability of a LogMAR chart is between
one to two lines [5-10 letters (1,2)]. More recently, tests that can serve as better
markers for visual function metrics in early and intermediate stage disease have
been

suggested

and

include

low luminance

visual

acuity (LLVA)(6,7),

microperimetry(6,7), cone-specific contrast(6,8) and dark adaptation[DA, (8)].
The effect of SDD has been studied extensively and they have been found to affect
visual function differently than drusen(9). Garg et al., reported a significant
difference in BCVA between persons with SDD compared to those without(10).
More recently, Hogg et al., in a larger sample, reported that there was no statistically
significant difference in distance visual acuity (DVA) between those with and those
without SDD(11). There is thus some inconsistency regarding the effect of SDD on
DVA. Although standard VA tests are questionable in detecting a functional deficit
due to SDD, several studies have reported that LLVA is more effective in doing
so(9,12). Microperimetry has also been widely used to study the effect of SDD on
visual function in persons with and without accompanying AMD(13,14) and in
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different viewing conditions, namely mesopic and/or scotopic(9,15,16). One visual
function test in which SDDs have been found to have a significant impact on, is dark
adaptation. Studies have reported longer rod-intercept times (RIT) in eyes with the
phenotype compared to those without, in both normal and early AMD(17) where it
was reported that eyes with SDD were unable to reach the RIT, even within a
40minute test protocol(18). Although previous studies have reported that the
phenotype is often present with other AMD lesions, it can also occur alone(19,20).
Finally, it was recently reported that eyes with SDD and no drusen (>63μm), have
a significant risk for progression in both GA and/or CNV(21).
During the systematic grading that was performed in this study, a number of eyes
were deemed to have abnormal morphology of the RPE and placed into a category
of RPE abnormalities of unknown etiology. Whether this phenotype represents a
characteristic of early aging change or early AMD or merely an incidental finding,
remains to be elucidated.
The aim of this chapter is to compare the performance of a panel of visual function
tests in participants in the NICOLA study, segregated into the early AMD
phenotypes, identified by systematic grading using color images (traditional grading
methodology) and also, through multimodal imaging which allowed a more granular
classification, and attempt to find out which test(s) can better discriminate control
individuals, from those with AMD in both colour and OCT staging-classification. The
RPE abnormalities phenotype, will be assessed as to whether it is part of the AMD
continuum or not. Finally, the potential correlation between visual function, as
assessed by a panel of visual function tests, and retinal layer volume will be
assessed.
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5.2 Methods
5.2.1 Participant recruitment
Details on the methods of recruitment and test battery have been provided on
chapter 2 (section 2.2.2). In brief, the NISA 2 is a prospective, case-control, add-on
study to the NICOLA study, which was a large population based epidemiological
study and consisted of a home interview and a clinical examination. Within the
clinical examination, a detailed ophthalmic component was included.
All participant images were securely transferred to a Reading Centre (NetWORC
UK) and detailed grading of the macular images performed. Grading was based on
both color fundus photographs and OCT images.
Inclusion criteria for cases: RPD alone or in combination with drusen of ≥63μm in
either one or both eyes, with or without pigmentary abnormalities as assessed from
fundus photographs. The OCT scans were used to detect the presence of drusen
with or without SDD.
Inclusion criteria for control participants was the absence of any drusen >63μm,
absence of AMD, glaucoma, diabetes or any other retinal disease and no previous
invitation to another add-on study.
5.2.2 Clinical Examination
The study adhered to the tenets of the Declaration of Helsinki. Informed consent
was signed upon arrival after the nature and purposes were explained. Study
procedures included: distance visual acuity (DVA) with ETDRS charts at 4m
(ETDRS precision Vision, USA), low luminance visual acuity (LLVA) by overlaying
a 1.5 log neutral density filter over the trial frame, Moorfields acuity chart (MAC),
contrast sensitivity (C.S), near visual acuity measurement (NVA), Smith-Kettlewell
low-luminance acuity test (SKILL test), reading speed (expressed in seconds) and
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critical flicker frequency (CFF) test. Different DVA charts were used for each eye
and binocular V.A. examination respectively. In both DVA and LLVA, the line in
which the participant read at least 3 out of 5 letters correctly, was recorded. The
total letters read along with their corresponding LogMAR values were recorded.
Low luminance deficit was calculated by subtracting the LLVA score from the DVA
score as previously indicated(6). Only for the MAC, the letters read were recorded.
The lowest line in which a participant read at least 3 letters, was kept as the line in
which total letters read were recorded.
Having completed visual tests, the worse eye, determined by acuity, was chosen
as the study eye and was dilated with tropicamide 1%. In those with a history of
amblyopia the fellow eye was chosen. A blood sample was also acquired if possible
from all participants.
Following eye dilation further visual function testing was undertaken. This included
mesopic microperimetry (MAIA, CenterVue S.p.A, Padova Italy), dark adaptometry
(Adaptdx, Maculogix, Hummelstown, PA) and scotopic microperimetry (MAIA,
CenterVue S.p.A, Padova Italy) following 30’ dark adaptation in a light sealed room
(luminance as measured with luximeter: <0.001lux/11m2, a luminance level used in
previous studies as well(22).
Mesopic microperimetry was conducted with lights off and the testing room
illumination was <0.001lux/11m2. In order to improve the quality of data and
familiarise participants with the task and reduce the impact of a learning effect, a
training session was conducted before the actual test (fast exam). This is a suprathreshold test consisting of 37 stimuli and an average duration of 2.5’. For the actual
test, (expert exam option), a 4-2 staircase strategy was followed. The device starts
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with 1 paracentral stimulus projected at each quadrant (0 o, 90o, 180o and 270o
respectively, at a 3o eccentricity). These 4 threshold values serve as a reference for
adjustment of the initial brightness levels for measuring the remaining test loci in
the corresponding quadrants. The dynamic range for mesopic testing is 36dB. A
custom-designed grid was used which consists of 45 stimuli (figure 1) with an
eccentricity of 10o from the fovea.

Figure 1 Example of a mesopic microperimetry test from one of study participants
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For dark adaptometry, a 40’ protocol was employed as previously used by
Flammendorf et al., who reported that persons with SDD were sometimes not able
to reach dark adaptation within this window(18). The procedure with the adaptdx
starts with a photobleach of 0.25ms duration and 58,000 scotopic cd/m2 intensity.
This is the equivalent of approximately 83% bleach. A 4 o diameter flash was centred
5o inferior to the vertical meridian, thus projected superiorly to the fovea. The test
target measuring light sensitivity also lies on this position. Fifteen seconds after
initial bleach offset, threshold measurement for a 2o diameter, 500nm circular target
commenced. Threshold was estimated with stimuli projection at intervals of 30” with
a 3 down/1 up staircase procedure. By the end of these 30” intervals, the device
pauses the examination and the participant, can close their eyes for 10”. This
sequence was continued until the rod-intercept (RIT) time was reached, or protocol
time came to an end, whichever occurred first. To reach the RIT, a sensitivity value
of 5x10-3 scotopic cd/m2 was needed. This was also defined as the time for dark
adaptation. In participants in which the final RIT value was given as >40.0’, a value
of 50’ was assigned to that participant for the purposes of analysis.
Once dark adaptometry was carried out and prior to scotopic microperimetry
testing, the participant remained in a light-sealed room (luminance <0. 001lux/11m2)
for 30’ in order to dark-adapt. No light could enter the room and the participant was
advised to keep their eyes open. They were asked to close their eyes for a few
seconds while the examiner entered and left the room. This occurred through
wireless contact via walkie talkies.
Scotopic microperimetry was carried out with the use of 2 different LED types. A
cyan (λ=505nm) and a red (λ=627nm) which were projected on a 2-1 staircase
strategy. The dynamic range of the scotopic MAIA was 20dB. The same grid was
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used for scotopic tests. The scotopic test starts with the cyan stimulus, proceeds to
the red and finally their difference is calculated (Cyan – Red, figure 2). As for
mesopic testing, the test starts with a paracentral stimulus in each quadrant and
these values serve as a reference for adjustment of the initial brightness levels of
the remaining test loci.

Figure 2 Example of S-MAIA output, Left: Cyan stimulus output, Middle: Red stimulus output, Right: final
Cyan-Red output

All functional tests took place before imaging so as to avoid bleaching of the retina,
which would adversely impact the results. Detailed imaging comprising of colour
fundus photographs (CFP, Canon CX-1, Canon U.S.A., Inc), Optos ultra-wide field
imaging (Optos, PLC, Dunfermline, UK) OCT, wide-field OCT, OCT-A and
autofluorescence imaging (Heidelberg Engineering, Heidelberg, Germany) took
place according the standardised protocols (chapter 2 2.3.16).
Colour fundus images were assessed, graded and disease staging was performed
according to the Beckman clinical classification system for AMD(23). For bivariate
analyses, Beckman stages 0 and 1 were grouped as AMD not present, and stages
2-3 were grouped as AMD present.
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To assess for the presence of AMD-related lesions, OCT scans were also examined
and graded depending on the characteristics found. More details on the CFP and
OCT grading procedures, can be found in chapter 3 section 2.3 and appendix 3
(OCT grading protocol).
5.2.3 Optical coherence tomography segmentation
Automated retinal layer segmentation took place using the software provided by the
manufacturer (Heidelberg engineering, Heidelberg, Germany). Each slice was
inspected individually and manual correction applied if required. Thickness values,
expressed in μm, were extracted for all 9 subfields of the ETDRS grid, as well as
global volume values expressed in mm3, for each layer of interest. To see which
layers were extracted for segmentation as well as their boundaries, please refer
back to pages 149 to 151.
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5.2.4. Statistical analysis
All variables were explored for normality and box plots were produced for each test,
for each study group based on the CFP and OCT grading.
Descriptive statistics were used to present the mean of each variable along with its
standard deviation (SD). Initial univariate analysis showed a strong difference in
ages across AMD stages therefore all subsequent analyses was age-adjusted. For
the CFP and OCT-based classification systems, a generalised linear model (GLM)
was used to compare each visual function test (dependent variable), with the
healthy eyes which was used as the reference group. This same model was applied
to compare visual function results in those with SDD and those without, as well as
those with RPE abnormalities and those without. This model was further extended
to compare these groups when stratified by the presence of AMD.
The sensitivity of each test was assessed using the 10 th and 90th percentile of the
controls as a reference, as used previously by Joltikov et. al.(25). The percentage
of values falling outside these intervals, was used as the sensitivity score for each
test. Any value below the 10th percentile for the MAC, C.S., CFF, mesopic retinal
sensitivity, scotopic cyan, scotopic red and their difference was used as the test
sensitivity, as the lower the score, the worse the performance in these tests. On the
other hand, any value above the 90th percentile for ETDRS logMAR, LLVA logMAR,
LLD logMAR, SKILL score, NVA, reading speed and RIT, was used as the test
sensitivity value, as the higher the score for these tests, the worse the performance.
As a final step of analysis, an age-adjusted correlation between visual function test
results and retinal layer volumes took place. As there was a large number of
significance tests in this part, Bonferroni correction was applied. The significance
limit was set by applying the following formula 0.05/5(number of layers assessed)
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X 14(n of psychophysical tests carried out)=0.05/70=0.001. For the other parts of
analysis, to be considered statistically significant, a p-value needed to be p<0.05.
Statistical analysis was carried out with SPSS version 22 (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
Of note is that scotopic microperimetry was not carried out in all participants as the
equipment arrived when the study had already begun.
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5.3 Results
A total of 748 participants were included in this study (table 1). Of these 357 (47.7%)
were males and 391 (52.3%) were females. Mean participant age was 66.23
(±8.66SD).
There were 30 cases excluded due to diabetes and 2 due to media opacities
(PNS>3). There was one case with late AMD which was excluded from further
analysis. Also, there were 49 individuals who couldn’t complete CFP imaging. In
OCT-based analysis there were 3 cases of late AMD and thus excluded as well. In
the OCT grading, there were 23 individuals who couldn’t complete this modality.
These were within the 49 mentioned previously, not additional to them. Finally, of
those who had scotopic microperimetry, 27 could not finish the red stimulus
examination (10 due to incomplete exam with the red, 12 due to fixation issues and
5 due to device failure).
All AMD stages were significantly older compared to controls (p<0.001), thus all
analysis included adjustment for age.
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5.3.1 Visual function results according to colour fundus classification
All visual function parameters showed a significant difference across AMD groups
in univariate analysis with the exception of C-R difference (scotopic MAIA)
(p=0.179). As indicated earlier within this thesis (chapter 3, pages 125-127), it is
now known that in what is considered Beckman stage 0, several disease-related
phenotypes are present.
Table 1 Cohort characteristics according to Beckman clinical classification

Overall
Males n (%)

357
(47.7)
Females
n 391
(%)
(52.3)
Age
mean 66.23
mean (±SD)
(8.66)

Beckman
stage 0
174
(48.3)
186
(51.7)
63.77
(7.61)

Beckman
stage 1
45 (47.9)

Beckman
stage 2
36 (40.9)

Beckman
stage 3
22 (53.7)

49 (52.1)

52 (59.1)

19 (46.3)

67.31
(9.34)

67.92
(7.60)

74.34
(9.12)

Boxplots (figures 3-5) were produced to visualize the mean values of each visual
function test for every Beckman classification stage. Outliers were assessed and
they were within the interquartile range. Of note is one male classified as Beckman
stage 3, in which the RIT was 76.82 minutes (figure 4 bottom left). One might
wonder how this value was obtained as it was stated in the methods that the
protocol was set at 40.0’. The curve was approaching the sensitivity needed to
reach the dark adaption although, the protocol examination time came to an end
and subsequently, the algorithm computed the RIT of 76.82 minutes. This occurred
only once in the study and the fixation error of this participant wasn’t such that led
to excluding them.
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Figure 3 Visual function test results according to the Beckman classification system. The lower and upper
extremes in the whiskers describe the minimum and maximum values. The lower and upper parts of the box
describe the lower (25th) and upper (75th) quartiles respectively. The line in the middle of the box describes
the mean and the dots, describe the statistical outliers.
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Figure 4 Visual function test results according to the Beckman classification system. The lower and upper
extremes in the whiskers describe the minimum and maximum values. The lower and upper parts of the box
describe the lower (25th) and upper (75th) quartiles respectively. The line in the middle of the box describes
the mean and the dots, describe the statistical outliers.
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Figure 5 Visual function test results according to the Beckman classification system. The lower and upper
extremes in the whiskers describe the minimum and maximum values. The lower and upper parts of the box
describe the lower (25th) and upper (75th) quartiles respectively. The line in the middle of the box describes
the mean and the dots, describe the statistical outliers.

Comparison of visual function tests using GLM (table 2) revealed that when
adjusted for age and compared to Beckman Stage 0, DVA was significantly different
for stages 2 and 3 (p=0.001 and p=0.014 respectiveely). LLVA was significantly
different for all 3 Beckman stages (stage 1: p=0.034), stage 2: p=0.030 and stage
3:p<0.001), while LLD was significantly different for Beckman stage 3 compared to
0 (p=0.003). Beckman stage 3 was significantly different (p=0.014) when compared
to stage 0 when the mean of letters read in the MAC was assessed. All stages were
significantly different compared to stage 0, when contrast sensitivity, NVA and
SKILL test were compared. Reading speed on the other hand, revealed a significant
difference between Beckman stage 1 compared to stage 0 (p=0.019). Mesopic
retinal sensitivity was significantly different for all Beckman stages when compared
to the stage 0 (stages 1 & 2: p=0.001, stage 3: p<0.001). As for RIT, it was
significant only between stage 3 compared to stage 0 (p<0.001). Finally, only
scotopic cyan sensitivity was significantly different when Beckman stage 3 was
compared to stage 0 (p=0.006).
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Table 2 Comparison of visual function tests stratified by AMD stage

Visual Function
DVA letters mean (±SE)
LLVA letters mean
(±SE)
LLD letters mean (±SE)
Moorfields letters mean
(±SE)
Contrast sensitivity
mean (±SE)
NVA mean (±SE)
SKILL mean (±SE)
Reading speed mean
(±SE)
Critical flicker frequency
mean (±SE)
Mesopic sensitivity
mean (±SE)
RIT mean (±SE)
Scotopic Cyan mean
(±SE)
Scotopic Red mean
(±SE)
Scotopic Cyan-Red
mean (±SE)

Overall
85.71 (0.27)

Mean (SD)
Stage 0
Stage 1
Stage 2
Stage 3
86.99 (0.30) 85.04 (0.62) 83.39 (0.92) 81.05 (1.10)

71.96 (0.34)

73.70 (0.32)

70.47 (0.83) 70.15 (1.01) 64.24 (2.11)

0.034

0.030

<0.001

13.74 (0.21)

13.28 (0.21)

14.57 (0.51) 13.24 (0.48) 16.81 (1.52)

0.084

0.487

0.003

35.48 (0.30)

36.84 (0.35)

34.67 (0.68) 34.18 (0.77) 29.80 (1.35)

0.440

0.370

0.014

1.52 (0.01)

1.56 (0.01)

1.49 (0.01)

1.37 (0.02)

0.005

0.003

<0.001

0.17 (0.01)
33.69 (0.33)

0.14 (0.01)
31.87 (0.35)

0.20 (0.01)
0.21 (0.02)
0.25 (0.02)
35.46 (0.73) 35.41 (0.94) 41.64 (1.81)

0.002
0.002

0.002
0.006

0.007
0.002

21.56 (0.27)

20.99 (0.37)

23.07 (0.59) 22.04 (0.52) 22.03 (0.99)

0.019

0.384

0.932

31.45 (0.23)

31.93 (0.26

30.27 (0.77) 31.97 (0.47) 28.63 (0.80)

0.108

0.218

0.161

25.35 (0.11)

26.01 (0.12)

24.70 (0.25) 24.59 (0.25) 22.38 (0.53)

0.001

0.001

<0.001

8.42 (0.35)

7.17 (0.26)

7.54 (0.75)

8.12 (0.85)

22.23 (2.93)

0.746

0.943

<0.001

10.82 (0.16)

11.09 (0.28)

11.20 (0.27) 11.07 (0.26)

8.88 (0.59)

0.535

0.503

0.006

12.49 (0.16)

12.75 (0.30)

12.53 (0.28) 12.77 (0.24) 11.27 (0.49)

0.842

0.442

0.170

-1.57 (0.13)

-1.73 (0.27)

-1.35 (0.17)

0.253

0.235

0.362
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1.48 (0.02)

-1.34 (0.27)

-2.16 (0.33)

Age-adjusted p value
Stage 1 Stage 2 Stage 3
0.266
0.001
0.014

Assessment of each test sensitivity (table 3), showed that while moving from
Beckman stage 1 to stage 3, for most tests there is an increasing percentage of
persons falling outside the reference range. LLVA, contrast sensitivity, mesopic
microperimetry and RIT, showed the greatest increase in test sensitivity (more
participants outside the reference range) while moving from the least, to the most
severe group.
Table 3 Participants falling outside the reference range on each test

DVA n (%) ‡
LLVA n (%) ‡
LLD n (%) †
Moorfields letters n (%)
‡
Contrast sensitivity n
(%) ‡
NVA n (%) †
SKILL n (%) †
Reading speed n (%) †
Critical flicker
frequency n (%) ‡
Mesopic sensitivity n
(%) ‡
RIT n (%) †
Scotopic Cyan n (%) ‡
Scotopic Red n (%) ‡
Scotopic Cyan-Red n
(%) ‡

Beckman
stage 0
23 (6.4)
27 (7.5)
36 (10.0)
31 (8.6)

Beckman
stage 1
11 (11.6)
15 (15.8)
19 (20.0)
15 (15.8)

Beckman
stage 2
19 (21.6)
18 (20.5)
12 (13.6)
18 (20.5)

Beckman
stage 3
12 (28.6)
17 (40.5)
12 (28.6)
15 (35.7)

P
value*
<0.001
<0.001
0.020
<0.001

25 (6.9)

33 (34.7)

30 (34.1)

28 (66.7)

<0.001

19 (5.3)
32 (8.9)
15 (4.2)
14 (4.4)

12 (12.6)
24 (25.3)
12 (12.6)
10 (10.5)

11 (12.5)
24 (27.3)
6 (6.8)
3 (3.4)

10 (23.8)
22 (52.4)
3 (7.1)
7 (16.7)

<0.001
<0.001
0.023
0.003

14 (3.9)

14 (14.7)

12 (13.6)

16 (38.1)

<0.001

36 (10.0)
8 (2.2)
8 (2.2)
6 (1.7)

17 (17.9)
10 (10.5)
3 (3.2)
5 (5.3)

19 (21.6)
6 (6.8)
6 (6.8)
4 (4.5)

27 (64.3)
14 (33.3)
7 (16.7)
4 (9.5)

<0.001
<0.001
<0.001
0.020

† Values above the 90th percentile of the healthy ones used as cut-off
‡ Values below the 10th percentile of the healthy eyes used as cut-off
* Chi-squared test
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5.3.2 Comparison of visual function between those with SDD and those without
Comparison of those with SDD and those without (table 4), when adjusted for age,
revealed that there are statistically significant differences for DVA (p=0.035), LLVA
(p=0.028), letters read in the MAC (p=0.030), contrast sensitivity (p=0.001), NVA
(p=0.001), SKILL score (p=0.027), mesopic retinal sensitivity (p<0.001) and RIT
(p=0.009).
Table 4 Comparison of visual function tests between those with SDD and those without

Visual Function
DVA mean (S.E)
LLVA mean (S.E)
LLD mean (S.E)
Moorfields letters
mean (S.E)
Contrast sensitivity
mean (S.E)
NVA mean (S.E)
SKILL mean (S.E)
Reading speed mean
seconds (S.E)
Critical flicker
frequency mean (S.E)
Mesopic sensitivity
mean (S.E)
RIT mean (S.E)
Scotopic Cyan mean
(S.E)
Scotopic Red mean
(S.E)
Scotopic Cyan-Red
mean (S.E)

SDD
N=136
83.13 (0.62)
68.54 (0.92)
14.59 (0.59)

No SDD
N=436
86.60 (0.29)
73.01 (0.33)
13.59 (0.19)

age-adjusted p
value
0.035
0.028
0.453

32.43 (0.68)

36.59 (0.32)

0.030

1.45 (0.01)

1.55 (0.01)

0.001

0.23 (0.01)
36.60 (0.87)

0.15 (0.01)
32.75 (0.34)

0.001
0.027

22.62 (0.46)

21.24 (0.33)

0.206

30.18 (0.47)

31.79 (0.26)

0.509

23.88 (0.26)

25.79 (0.11)

<0.001

11.88 (1.22)

7.37 (0.25)

0.009

10.44 (0.31)

11.11 (0.18)

0.836

12.06 (0.28)

12.80 (0.18)

0.400

-1.47 (0.18)

-1.63 (0.18)

0.451
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When this analysis was stratified for the presence of AMD (table 5, figure 6) and
adjusted for age, in those with no AMD, there are significant differences between
those with SDD compared to those without, for DVA (p=0.021), LLVA (p=0.022),
letters read in the MAC (p=0.010), contrast sensitivity (p=0.004), NVA (p=0.001)
and mesopic retinal sensitivity (p=0.003).
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Table 5 Comparison of visual function tests between those with SDD and those without based on AMD presence

Visual Function

SDD
N=67
DVA mean (S.E)
84.03 (0.87)
LLVA mean (S.E) 69.93 (1.07)
LLD mean (S.E)
14.10 (0.60)
Moorfields letters 33.12 (0.95)
mean (S.E)
Contrast
1.48 (0.02)
sensitivity mean
(S.E)
NVA mean (S.E)
0.22 (0.02)
SKILL mean (S.E) 34.94 (1.09)
Reading
speed 22.83 (0.71)
mean (S.E)
Critical
flicker 30.19 (0.74)
frequency mean
(S.E)
Mesopic
24.52 (0.32)
sensitivity mean
(S.E)
RIT mean (S.E)
8.43 (1.13)
Scotopic
Cyan 11.06 (0.40)
mean (S.E)
Scotopic
Red 12.21 (0.47)
mean (S.E)
Scotopic
Cyan- -1.24 (0.28)
Red mean (S.E)

No AMD (Stage 0-1)
No SDD
age-adjusted
N=377
p value
87.15 (0.27) 0.021
73.57 (0.31) 0.022
13.57 (0.19) 0.663
37.02 (0.32) 0.010

SDD
N=69
82.26 (0.88)
67.20 (1.47)
15.06 (1.01)
31.77 (0.97)

AMD (stage 2-3)
No SDD
N=59
83.10 (1.20)
69.42 (1.34)
13.68 (0.59)
34.05 (1.03)

age-adjusted
p value
0.327
0.551
0.840
0.480

1.56 (0.01)

0.004

1.43 (0.02)

1.47 (0.02)

0.573

0.14 (0.01)
32.14 (0.34)
21.18 (0.36)

0.001
0.130
0.263

0.23 (0.02)
38.20 (1.32)
22.41 (0.59)

0.21 (0.02)
36.64 (1.22)
21.62 (0.77)

0.780
0.805
0.323

31.81 (0.28)

0.402

30.16 (0.58)

31.70 (0.63)

0.706

25.97 (0.12)

0.003

23.26 (0.40)

24.59 (0.27)

0.235

7.00 (0.22)
11.22 (0.22)

0.724
0.775

15.45 (2.09)
9.97 (0.43)

9.70 (1.12)
10.83 (0.29)

0.424
0.870

12.86 (0.22)

0.516

11.94 (0.35)

12.65 (0.30)

0.588

-1.67 (0.20)

0.363

-1.64 (0.24)

-1.54 (0.39)

0.782
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Figure 6 Examples of mesopic retinal sensitivity in cases with no AMD and no SDD (top left), No AMD with
SDD (top right), note the formation of a stage 1 SDD not sufficient to alter the contour of the IS/OS (white
arrow), AMD without SDD (bottom left) and AMD with SDD (bottom right) note the deposition of a small druse
(blue arrow) and three stage 2 SDDs which slightly alter the contour of IS/OS (white arrows)
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5.3.3 Comparison of visual function between those with RPE abnormalities and those
without
The same analysis took place to compare visual function test results between those
with RPE abnormalities and those without (table 6). When adjusted for age, only
the RIT (p<0.001) was significantly different between those with RPE abnormalities
and those without.
Table 6 Comparison of visual function tests between those with RPE abnormalities and those without

Visual Function
DVA mean (S.E.)
LLVA mean (S.E.)
LLD mean (S.E.)
Moorfields letters
mean (S.E.)
Contrast sensitivity
mean (S.E.)
NVA mean (S.E.)
SKILL mean (S.E.)
Reading speed mean
(S.E.)
Critical flicker
frequency mean
(S.E.)
Mesopic sensitivity
mean (S.E.)
RIT mean (S.E.)
Scotopic Cyan mean
(S.E.)
Scotopic Red mean
(S.E.)
Scotopic Cyan-Red
mean (S.E.)

RPE
abnormalities
N=100
84.03 (0.71)
69.57 (1.13)
14.46 (0.70)

No RPE
abnormalities
N=472
86.15 (0.30)
72.45 (0.34)
13.69 (0.19)

33.66 (0.81)

35.90 (0.32)

0.673

1.48 (0.02)

1.53 (0.01)

0.469

0.19 (0.01)
34.88 (0.98)

0.17 (0.01)
33.40 (0.35)

0.274
0.494

21.27 (0.45)

21.63 (0.32)

0.194

30.43 (0.62)

31.64 (0.25)

0.774

24.62 (0.24)

25.50 (0.12)

0.803

12.86 (1.41)

7.54 (0.30)

<0.001

10.38 (0.31)

10.96 (0.19)

0.627

12.12 (0.25)

12.60 (0.19)

0.891

-1.56

-1.57 (0.14)

0.918
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age-adjusted p
value
0.896
0.736
0.716

When stratified for the presence of AMD (table 7, figure 7), age-adjusted analysis
revealed that in the presence of AMD, those with RPE abnormalities, have
significantly different results in the RIT (p=0.013) and scotopic sensitivity assessed
with the cyan stimulus (p=0.027), compared to those without.
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Table 7 Comparison of visual function test results between those with RPE abnormalities and those without stratified by presence of AMD

Visual Function
DVA mean (S.E.)
LLVA mean (S.E.)
LLD mean (S.E.)
Moorfields letters
mean (S.E.)
Contrast sensitivity
mean (S.E.)
NVA mean (S.E.)
SKILL mean (S.E.)
Reading speed
mean (S.E.)
Critical flicker
frequency mean
(S.E.)
Mesopic sensitivity
mean (S.E.)
RIT mean (S.E.)
Scotopic Cyan mean
(S.E.)
Scotopic Red mean
(S.E.)
Scotopic Cyan-Red
mean (S.E.)

86.00 (0.87)
71.94 (1.15)
14.06 (0.60)

No AMD
No RPE
abnormalities
N=393
86.77 (0.29)
73.16 (0.32)
13.60 (0.20)

35.40 (1.09)

36.49 (0.33)

0.317

32.14 (1.15)

33.20 (0.91)

0.724

1.53 (0.02)

1.55 (0.01)

0.554

1.43 (0.02)

1.46 (0.02)

0.749

0.15 (0.02)
32.98 (1.21)

0.16 (0.01)
32.51 (0.34)

0.058
0.247

0.22 (0.02)
36.86 (1.53)

0.22 (0.02)
37.87 (1.13)

0.509
0.252

22.08 (0.56)

21.34 (0.36)

0.992

20.42 (0.69)

23.03 (0.62)

0.708

31.01 (0.96)

31.64 (0.28)

0.730

29.79 (0.75)

31.60 (0.50)

0.119

25.18 (0.33)

25.83 (0.12)

0.994

24.02 (0.33)

23.78 (0.36)

0.193

10.25 (1.49)

6.85 (0.22)

0.106

15.48 (2.35)

11.02 (1.38)

0.013

10.90 (0.53)

11.21 (0.21)

0.932

10.18 (0.37)

10.45 (0.39)

0.027

11.79 (0.55)

12.77 (0.22)

0.405

12.24 (0.28)

12.26 (0.34)

0.593

-1.05 (0.27)

-1.60 (0.18)

0.437

-1.74 (0.48)

-1.50 (0.20)

0.702

RPE abnormalities
N=51

AMD

81.98 (1.06)
67.10 (1.92)
14.88 (1.30)

No RPE
abnormalities
N=79
83.06 (0.98)
68.92 (1.12)
14.14 (0.58)

ageadjusted p
value
0.958
0.893
0.885

age-adjusted
p value

RPE abnormalities
N=49

0.237
0.381
0.811
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Figure 7 Examples of cases with no AMD and no RPE abnormalities (top left) a case with no AMD with RPE
abnormalities (top right), note the initiation of RPE breakdown and RPE cell migration towards the inner
retina (white arrow), this is also seen in the infrared image of the scotopic cyan microperimetry, a case with
AMD and no RPE abnormalities (bottom left) and a case with AMD and RPE abnormalities (bottom right),
note the initiation of RPE breakdown and pigment detachment on the nasal retina this is also seen on the
infrared image of the scotopic cyan microperimetry, close to the optic disc
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5.3.4 Visual function results according to OCT classification
Inspection of the age and gender profile across the AMD OCT classification groups
(table 8) showed no major differences for gender but significant differences for age.
Therefore all analyses were age-corrected.
Boxplots (figures 8-10) were produced to visualize the mean values for each test
and for each group according to the OCT classification. Outliers were checked with
the interquartile range rule and were within that range.
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Table 8 Visual function test results based on OCT classification

RPE
Controls
abnormalities
(N=318)
(N=40)
n (%)
n (%)
Males
Females
Age mean
(S.E.)
DVA mean
(S.E.)
LLVA
mean
(S.E.)
LLD mean
(S.E.)
Moorfields
letters
mean
(S.E.)
Contrast
sensitivity
mean
(S.E.)
NVA mean
(S.E.)

147
(46.2)
171
(53.8)
63.25
(0.42)
87.44
(0.32)

19 (47.5)
21 (52.5)
66.58 (1.32)
85.45 (1.24)

SDD
(N=70)
n (%)
31
(44.3)
39
(55.7)
66.49
(0.98)
84.37
(0.94)

RPE
abnormalities
+ SDD (N=5)
n (%)
2 (40.0)

AMD (Drusen
only) (N=71) n
(%)

AMD (Drusen
+ RPE
abnormalities)
(N=32) n (%)

AMD
(Drusen +
SDD)
(N=36) n
(%)

AMD
(Drusen +
RPE
abnormalities
+ SDD)
(N=30) n (%)

34 (47.9)

21 (65.6)

18 (50.0)

16 (53.3)

p value‡

0.624
3 (60.0)

37 (52.1)

11 (34.4)

69.80 (1.32)

65.46 (0.90)

68.47 (1.78)╪

88.00 (3.21)

85.32 (1.14)

86.15 (0.75)

18 (50.0)

14 (46.7)

72.69
(1.32) ╪
81.65
(1.32)

76.53 (1.54)
╪

<0.001

78.79 (1.63)

-

73.87
(0.33)

72.18 (1.33)

71.10
(1.14)

78.67 (2.60)

71.97 (1.33)

73.77 (0.89)

67.81
(1.54)

59.88 (3.24)

-

13.57
(0.22)

13.27 (0.58)

13.27
(0.59)

9.33 (0.67)

13.35 (0.68)

12.38 (0.51)

13.84
(1.04)

18.92 (2.44)

-

37.69
(0.35)

37.12 (1.28)

34.25
(0.97)

37.00 (3.61)

36.04 (0.89)

36.42 (0.94)

30.35
(1.47)

27.33 (1.63)

-

1.56
(0.01)

1.55 (0.03)

1.51
(0.02)

1.55 (0.05)

1.54 (0.02)

1.48 (0.02)

1.41 (0.03)

1.36 (0.03)

-

0.14
(0.01)

0.15 (0.03)

0.21
(0.02)

0.17 (0.07)

0.19 (0.02)

0.18 (0.02)

0.25 (0.03)

0.29 (0.03)

-
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SKILL
mean
(S.E.)
Reading
speed
mean
(S.E.)
Critical
flicker
frequency
mean
(S.E.)
Mesopic
sensitivity
mean
(S.E.)
RIT mean
(S.E.)
Scotopic
Cyan mean
(S.E.)
Scotopic
Red mean
(S.E.)
Scotopic
Cyan-Red
mean
(S.E.)

32.45
(0.44)

30.76 (1.15)

34.54
(1.22)

33.33 (4.06)

32.58 (0.80)

35.19 (1.29)

39.03
(1.81)

39.42 (2.25)

-

20.87
(0.33)

20.99 (0.65)

22.18
(0.82)

25.37 (3.48)

21.90 (0.72)

21.13 (1.04)

22.89
(0.72)

21.45 (0.86)

-

32.04
(0.35)

30.11 (0.66)

30.39
(0.51)

31.86 (1.40)

32.38 (0.81)

32.02 (0.94)

29.60
(0.85)

27.31 (1.95)

-

26.15
(0.10)

25.79 (0.29)

24.54
(0.33)

24.47 (0.64)

25.45 (0.31)

24.93 (0.32)

23.25
(0.48)

22.50 (0.63)

-

6.63
(0.23)

6.56 (0.49)

7.20
(1.06)

5.62 (1.72)

7.77 (0.66)

12.60 (2.10)

13.08
(2.40)

21.91 (4.30)

-

11.35
(0.25)

10.97 (0.40)

11.16
(0.41)

10.70 (1.07)

11.25 (0.30)

10.47 (0.45)

9.63 (0.56)

9.40 (0.72)

-

13.25
(0.22)

12.68 (0.37)

13.10
(0.31)

12.21 (1.13)

12.74 (0.38)

12.35 (0.43)

10.78
(0.68)

11.41 (0.53)

-

-1.93
(0.26)

-2.02 (0.22)

-1.82
(0.20)

-1.51 (0.50)

-1.41 (0.28)

-1.23 (0.88)

-1.15 (0.43)

-2.14 (0.57)

-

‡Chi-square for categoricals, one-way ANOVA for continuous
╪Indicator of significantly different groups when compared to controls after Bonferroni Post-hoc correction was applied
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Figure 8 Visual function test results according to OCT classification. The lower and upper extremes in the
whiskers describe the minimum and maximum values. The lower and upper parts of the box describe the
lower (25th) and upper (75th) quartiles respectively. The line in the middle of the box describes the mean and
the dots, describe the statistical outliers.
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Figure 9 Visual test results according to OCT classification. The lower and upper extremes in the whiskers
describe the minimum and maximum values. The lower and upper parts of the box describe the lower (25th)
and upper (75th) quartiles respectively. The line in the middle of the box describes the mean and the dots,
describe the statistical outliers.
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Figure 10 Visual test results according to OCT classification. The lower and upper extremes in the whiskers
describe the minimum and maximum values. The lower and upper parts of the box describe the lower (25 th)
and upper (75th) quartiles respectively. The line in the middle of the box describes the mean and the dots,
describe the statistical outliers.

Age –adjusted comparison of visual function tests among OCT groups, with the
controls as a reference, showed that the tests that could reveal significant
differences were the DVA, LLVA, LLD, letters read in the MAC, contrast sensitivity,
NVA, SKILL score, mesopic microperimetry, RIT and the two scotopic tests C and
R. When each OCT group was compared to the controls. Mesopic microperimetry
and RIT were those that could distinguish most groups from controls.
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Table 9 Comparison of visual function tests stratified by OCT group

age-adjusted p value
RPE
AMD
AMD (Drusen
abnormalities (Drusen
& RPE
& SDD (N=5)
only)
abnormalities)
(N=71)
(N=32)
0.198
0.206
0.977
0.023
0.387
0.428
0.076
0.758
0.222
0.152
0.416
0.599

Visual
Function

Controls
(N=318)

RPE
abnormalities
(N=40)

SDD
(N=70)

AMD
(Drusen
& SDD)
(N=36)
0.065
0.142
0.889
0.025

AMD (Drusen &
RPE
abnormalities &
SDD) (N=30)
0.006
<0.001
<0.001
0.003

DVA
LLVA
LLD
Moorfields
letters
Contrast
sensitivity
NVA
SKILL
Reading
speed
Critical
flicker
frequency
Mesopic
sensitivity
RIT
Scotopic
Cyan
Scotopic
Red
Scotopic
Cyan-Red

Ref.
Ref.
Ref.
Ref.

0.532
0.833
0.636
0.896

0.257
0.655
0.442
0.411

Ref.

0.562

0.187

0.788

0.626

0.237

<0.001

<0.001

Ref.
Ref.
Ref.

0.265
0.051
0.451

0.057
0.851
0.090

0.434
0.700
0.315

0.061
0.544
0.011

0.877
0.601
0.977

0.019
0.006
0.343

0.023
0.094
0.467

Ref.

0.380

0.721

0.209

0.201

0.282

0.675

0.213

Ref.

0.686

0.005

0.855

0.525

0.245

<0.001

0.001

Ref.
Ref.

0.473
0.945

0.364
0.094

0.360
0.334

0.582
0.348

0.004
0.484

0.015
0.026

<0.001
0.112

Ref.

0.722

0.271

0.966

0.982

0.473

0.001

0.171

Ref.

0.953

0.303

0.240

0.161

0.208

0.101

0.594
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When test sensitivities were assessed according to the OCT classification, there
was a trend of increasing percentage of participants falling outside the range set
while moving across groups. The tests with the highest percentages found outside
the reference range were the LLVA, MAC, C.S., SKILL score, mesopic
microperimetry and RIT.
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Table 10 Participants falling outside the reference range on each test according to OCT classification

RPE
abnormalities

SDD

5 (12.2)
6 (14.6)

13 (18.6)
9 (12.9)

0 (0)
0 (0)

10 (13.9)
11 (15.3)

4 (12.5)
3 (9.4)

9 (24.3)
13 (35.1)

6 (14.6)

9 (12.9)

0 (0)

11 (15.3)

3 (9.4)

9 (24.3)

13 (43.3)

<0.001

8 (19.5)

22 (31.4)

0 (0)

19 (26.4)

6 (18.8)

19 (51.4)

17 (56.7)

<0.001

30
(9.43)

7 (17.1)

23 (32.9)

0 (0)

16 (22.2)

10 (31.3)

20 (54.1)

21 (70.0)

<0.001

17 (5.3)
28 (8.8)

3 (7.3)
3 (7.3)

8 (11.4)
10 (14.3)

0 (0)
1 (20.0)

7 (9.7)
9 (12.5)

3 (9.4)
8 (25.0)

6 (16.2)
13 (35.1)

8 (26.7)
10 (33.3)

0.004
<0.001

12 (3.8)

1 (2.4)

8 (11.4)

0 (0)

5 (6.9)

1 (3.1)

2 (5.4)

0 (0)

0.153

23 (7.2)

2 (4.9)

4 (5.7)

0 (0)

2 (2.8)

1 (3.1)

3 (8.1)

7 (23.3)

0.025

13 (4.1)

1 (2.4)

7 (10.0)

0 (0)

9 (12.5)

6 (18.8)

15 (40.5)

13 (43.3)

<0.001

31
(9.75)

6 (14.6)

12 (17.1)

0 (0)

16 (22.2)

11 (34.4)

18 (48.6)

17 (56.7)

<0.001

16 (5.0)

0 (0)

5 (7.1)

1 (20.0)

5 (6.9)

5 (15.6)

11 (29.7)

10 (33.3)

<0.001

Controls
DVA n (%)‡
LLVA n (%)‡
LLD n (%)†
Moorfields
letters n (%)‡
Contrast
sensitivity n
(%)‡
NVA n (%)†
SKILL n (%)†
Reading
speed n (%)†
Critical flicker
frequency n
(%)‡
Mesopic
sensitivity n
(%)‡
RIT n (%)†
Scotopic
Cyan n (%)‡

26 (8.2)
24 (7.5)
31
(9.75)
31
(9.75)
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AMD
(Drusen
only)

AMD (Drusen
& RPE
abnormalities)

AMD
(Drusen &
SDD)

AMD
(Drusen &
P
RPE
value
abnormalities
& SDD)
13 (43.3)
<0.001
16 (53.3)
<0.001

RPE
abnormalities
& SDD

Scotopic Red
9 (2.8)
0 (0)
4 (5.7)
0 (0)
8 (11.1)
n (%)‡
Scotopic
Cyan-Red n
9 (2.8)
0 (0)
5 (7.1)
0 (0)
3 (4.2)
(%)‡
† Values above the 90th percentile of the healthy ones used as cut-off
‡Values below the 10th percentile of the healthy eyes used as cut-off
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4 (12.5)

12 (32.4)

8 (26.7)

<0.001

5 (15.6)

2 (5.4)

4 (13.3)

0.007

5.3.5 Correlation of retinal layer volumes with visual function tests
Age-adjusted correlation analysis (table 11), revealed that in the overall sample,
total retinal volume was not significantly correlated with any of the tests.
RPE volume on the other hand, exhibited a negative correlation with DVA (r=-0.088,
p=0.031) and the letters read in the MAC (r= -0.107, p=0.014), a positive correlation
with the SKILL test score (r= 0.082, p=0.047), a negative one with the mesopic
average sensitivity (r=-0.083, p=0.049), a positive correlation with the RIT (r=0.136,
p=0.001) and a negative significant one with the scotopic cyan (r=-0.225, p<0.001).
The outer retina showed a negative correlation with DVA (r=-0.096, p=0.019), the
letters read in the MAC (r=-0.100, p=0.021) and the scotopic cyan test (r=-0.137,
p=0.021).
ONL volume showed a positive correlation with DVA (r=0.094, p=0.022), LLVA
(r=0.097, p=0.018), the letters read in the MAC (r=0.104, p=0.016) and with the C.S
(r=0.130, p=0.002). There was also a negative correlation between ONL total
volume and SKILL score (r=-0.090, p=0.027).
From the above correlations described though, caution is needed as those that
passed the threshold of statistical significance after applying the Bonferroni
correction, were the correlations between RPE volume and RIT (r=0136, p=0.001)
and cyan scotopic sensitivity (r=-0.025, p<0.001).
Interestingly, irrespective of significance, the correlations between RPE and ONL
were in most cases, in the opposite direction. Finally, the tests that were negatively
correlated with RPE volume, irrespective of significance, were also negatively
correlated with the outer retinal volume as well.
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Table 11 Age-adjusted correlation between retinal layer volume and visual function tests. Although
statistically significant correlations exist, the bold ones are those who passed the threshold of statistical
significance after applying the Bonferroni correction

DVA

r
p
value
LLVA
r
p
value
LLD
r
p
value
Moorfields
r
letters
p
value
Contrast
r
sensitivity
p
value
NVA
r
p
value
SKILL
r
p
value
Reading
r
speed
p
value
Critical
r
flicker
p
frequency value
Mesopic
r
sensitivity
p
value
RIT
r
p
value
Scotopic
r
Cyan
p
value
Scotopic
r
Red
p
value
Scotopic
r
Cyan-Red
p
value

Total retina
volume

RPE
volume

Photoreceptor
volume

ONL
volume

-0.088
0.031

Outer
retina
volume
-0.096
0.019

0.012
0.778

-0.068
0.100

0.094
0.022

0.035
0.399

-0.071
0.086

-0.069
0.093

-0.043
0.298

0.097
0.018

-0.038
0.358

-0.004
0.925

-0.016
0.705

-0.019
0.636

-0.029
0.482

0.035
0.427

-0.107
0.014

-0.100
0.021

-0.059
0.175

0.104
0.016

0.074
0.073

-0.101
0.014

-0.056
0.177

0.002
0.960

0.130
0.002

-0.060
0.146

0.034
0.405

0.023
0.568

0.006
0.882

-0.079
0.054

-0.025
0.550

0.082
0.047

0.027
0.517

-0.028
0.493

-0.090
0.027

0.042
0.316

0.057
0.166

0.032
0.445

-0.001
0.986

0.006
0.884

0.070
0.099

-0.010
0.811

0.011
0.802

0.023
0.583

0.029
0.495

0.042
0.323

-0.083
0.049

-0.031
0.456

0.020
0.629

0.021
0.613

-0.005
0.905

0.136
0.001

0.025
0.555

-0.076
0.072

-0.021
0.617

0.100
0.093

-0.225
<0.001

-0.137
0.021

-0.008
0.888

0.046
0.434

0.063
0.306

-0.108
0.076

-0.064
0.295

-0.002
0.969

0.024
0.693

0.002
0.968

-0.112
0.066

-0.076
0.214

-0.016
0.790

-0.042
0.491
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5.4 Discussion
AMD is characterized by an insidious evolution, various aspects of visual function,
although affected in the earliest stages, are not perceived until later. In this chapter,
visual function was compared among AMD stages as graded with CFP, based on
the Beckman clinical classification system(23), assessment of the impact of SDD
on visual function as well as that of RPE abnormalities, a comparison of visual
function tests among groups based on OCT classification and a correlation between
functional and structural variables took place.
A significant difference was found between those in all Beckman stages compared
to 0 for LLVA which is in agreement with previous research(7,8,26). A significant
difference was found comparing Beckman stage 3 to controls for the LLD. Previous
research found a significant difference for this test only when early AMD was
compared to intermediate(8). As for the letters read in the MAC, significant
differences were found between those in Beckman stage 3 compared to those in
stage 0.This result is in agreement to previous reports stating that persons with
AMD, did worse than controls in the MAC(27). Contrast sensitivity was significantly
different for all Beckman stages (1, 2 and 3) compared to stage 0, a result that
comes in agreement with previous statements that in early AMD, there are
decreases in high and intermediate frequencies(28,29). Contrast sensitivity is a test
that can reflect ones vision related quality of life(29), as in real-life one has to cope
with activities demanding visual function under varying contrast conditions. Near
visual acuity also exhibited significant differences. Although it has been suggested
that there is a linear relationship between DVA and NVA(30), this was contrasted
more recently from a study suggesting that NVA might decrease in a faster rate
than DVA or contrast sensitivity(31). Significant differences were found in the SKILL

249

score. To the best of the author’s knowledge, one more study has employed the
SKILL test in the assessment of AMD. Hogg et al., found significant differences in
the SKILL score between those with RPD compared to those without in patients
with neovascular AMD in the fellow eye(11). Herein the differences were significant
for every disease stage compared to controls.
Recently, Schuman et al., evaluated various visual function tests that can be used
as endpoints for AMD stages and visual impairment in those with early and
intermediate AMD(8). They only found a significant difference for mesopic retinal
sensitivity when they compared intermediate AMD to normal macular health(8). On
the other hand, Sevilla et al., did not find a significant difference between groups for
this test(32). The differences found herein suggest that mesopic retinal sensitivity
could be a good indicator for detecting AMD. In addition a stepwise decrease in
sensitivity while moving from Beckman stage 0 to stages 1, 2 and 3 was found. A
finding which is in support of previous reports stating that microperimetry can detect
functional alterations well and discriminate both early and/or intermediate AMD from
normal macular health(13,33,34).
In regards to dark adaptation, a significant difference was found only between
Beckman stage 3 compared to healthy controls. The same was found by Schuman
et al.,(8). Sevilla et al., on the other hand, did not find any significant difference in
RIT between their groups(32), which is in contrast to previous research, as it has
been suggested that even in normal macular health, dark adaptation is not only
abnormal in older adults(35,36) but is also associated with known risk factors for
AMD(36). Testing dark adaptation can be a complex procedure. Studies assessing
this reported a score of difficulty being 9.7/10 (57). In addition, in the same study,
8% of these participants took longer than 30’ to reach rod recovery (57). A similar
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statement had been made by Flammendorf with a 40’ testing protocol(18). Despite
these practical difficulties, the biological relevance of dark adaptation in AMD, is
high as testing rod dynamics, assesses the translocation of vitamin A derivatives
across RPE and Bruchs membrane(58). Rods are dependent on this route of
supply(58) and any barrier in the way, obstructs the metabolic exchange between
photoreceptors and choroid(59). Its known that rods are more vulnerable with the
aging process while cones remain relatively intact (49,59) as they have an
alternative source of nutrient supply from Muller cells, which in turn, are supplied
with retinoids from retinal vasculature(58). In addition to the above, dark adaptation
has been suggested as a functional biomarker for early AMD(37). Our results
though, differ from previous studies (8,57,58,59,62) in that a smaller effect. The
authors explanation on the differences is the following, first as indicated in chapter
3 of this thesis, in what is graded as normal (or early/intermediate AMD) in CFP,
more advanced disease features exist. Second, most previous studies
(57,58,59,62), recruited older sample sizes than what is included in the NISA study
who were in general younger, as well as they had less controls which might affect
the differences detected. Finally, the aforementioned studies(57,58,59,62) all had
sample sizes approximately half or less compared to the NISA. By having a larger
sample size, there is increasing probability to detect a difference, when one exists,
increases(63).
In absence of AMD, comparison of those with SDD to those without, revealed that
DVA, LLVA, letters read in the MAC, C.S, NVA and mesopic retinal sensitivity, are
significantly associated with the presence of SDD. Previous reports agree with the
finding that SDD can compromise visual function. Participants with SDD have
performed significantly worse in microperimetry compared to those without(14).
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Corvi et al., recently reported that those with SDD have done worse compared to
those with drusen in both mesopic and scotopic conditions(19). Scotopic sensitivity
in the NISA study did not reveal any significant differences between those with and
those without SDD. Neely et. al. found a significant difference in dark adaptation
between those with SDD and those without. This significance though, was lost after
adjustment for age(17). In the NISA study, the same occured. Although, Neely et
al.(17), did not assess for SDD stages present in their study, this took place in the
NISA study. As presented in chapter 3 (page 123), most SDD cases were of stage
1. This stage, as illustrated in the OCT images proposed by Zweifel[chapter 1, figure
5, page 31 (60)], is not much different from a healthy retina and as a result, could
explain the lack of impact on both structure and function. Although,based on the
results of this and previous studies, the SDD phenotype has a highly similar
behavior in terms of the visual deficits caused, like other early AMD lesions and
therefore, is likely to be part of the AMD spectrum.
The RPE abnormalities, a phenotype first reported in the NISA study, didn’t reveal
a behavior similar to other AMD-related phenotypes, therefore providing evidence
that they aren’t likely to fall within the overall disease process. For instance, when
stratified for presence of AMD and adjusted for age, those with AMD and RPE
abnormalities, exhibited longer RIT times and lower scotopic cyan sensitivity. It is
known that with aging there is accumulation of lipofuscin in the RPE(38). In AMD,
this is in excess than what occurs in normal aging(39). It has also been supported
that lipofuscin accumulation has a role in the complex pathogenesis of AMD(40), it
is the principal source of signal in fundus autofluoresence and is mostly present in
RPE and rarely in drusen(40). Mouse models, exhibited delayed dark adaptation
with lipofuscin accumulation(41–43). RPE abnormalities, displayed various forms
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in OCT assessment. In most cases they were seen as hyper-reflective spots
detached from the RPE and migrating towards the inner retina. This form has been
previously reported as activated RPE and it has been stated as a biomarker for
progression to AMD(44,45). In previous studies, these hyper-reflective spots have
been associated with longer RIT(32). Migration of these spots from the RPE(46)
and their distance from it, might reflect the duration of this cell migration
process(47). Further research will shed light on the association of this phenotype
with both dark adaptation and scotopic cyan sensitivity.
Several studies have used OCT to associate structural with functional
findings(24,32). All their analysis though, had CFP classification as their point of
reference. A strength of this study is that a step was made towards the assessment
based on OCT characteristics and groups deriving from it, independently of CFPbased classification. Thus, a practical contribution to the need for inclusion of the
OCT modality for grading AMD(48) is made. To the best of the authors knowledge
this is the first study to have done that. Age-adjusted comparison of visual function
tests among the OCT groups, revealed that DVA, LLVA, LLD, letters read in the
MAC, contrast sensitivity, NVA, SKILL score, mesopic retinal sensitivity and RIT,
are significantly different between controls and most OCT groups. Previous reports,
although based on CFP classification, partly agree with what is reported herein. For
instance Cocce et al.(8), suggested that LLVA, microperimetry, cone contrast test
(CCT) and dark adaptation, can serve as functional measures for differentiating
early to intermediate AMD stages(8). In this study it is not yet known which of these
OCT groups can be classified as early and/or intermediate stage, although similar
tests are found as functional measures to use for detecting AMD. The hierarchy in
the NISA study, was based on OCT findings. In a previous study by Dimitrov et
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al.(62), the authors although employed detailed fundus grading, when they
assessed the hierarchy of AMD based on functional outcome measures, visual
function did not decline in a steady pattern. Some groups though, placed at more
advanced stages, had better results than less sever ones. In the NISA were the
grouping was based on OCT findings, the same was observed. Although, in both
studies, more advanced groups differed significantly when compared to controls,
this clinical grading did not result in discrimination between severity stages. As in
the previous study(62), in the NISA as well, the grouping doesn’t imply equal space
among groups. This characteristic is needed for a firm classification of groups, in
addition to structure-function changes, as there are such kind of changes but not in
a manner of equal increase from one group to another(62). Ideally test results would
decline more and more as hierarchy increases. In AMD though, different tests
decline at a different order among different groups. This suggests that at each stage
there are different underlying mechanisms involved(62)
As for the correlation between structural and functional outcomes, varying results
have been reported. For instance, Sevilla et al.(32), reported better cone-mediated
sensitivity to be correlated with greater RPE-drusen complex volume (this metric
seems to be what is measured as the RPE layer according to the Heidelberg
software) and

longer RIT to be correlated with lower RPE-drusen complex

volume(32). On the other hand, Saßmannshausen et. al., reported decreasing
mesopic sensitivity to be correlated with increasing photoreceptor, RPE and total
retinal thickness and reduced ONL thickness(24). In the NISA, better mesopic
retinal sensitivity was correlated with decreasing RPE volume and longer RIT was
associated with increasing RPE volume. Two possible pathways might explain
these correlations. Structural changes might appear in photorepceptors first(32,49),
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or in RPE/Bruch’s membrane first(50,51). The correlation between mesopic retinal
sensitivity, scotopic cyan microperimetry and letters read in the MAC with reduced
RPE volume, might have to do with the first mechanism. In support of this is the
exact opposite direction of correlation between these tests and ONL, as it is in this
layer in which photoreceptors cell bodies lie. These correlations might be explained
by early photoreceptor degeneration which occur over a thinned RPE.

The

correlation between longer RIT and increasing RPE volume, on the other hand,
might have to do with the second mechanism. Again, in support of this finding is the
correlation between RIT and ONL volume was in the exact opposite direction. It is
known that with aging, hyalinization and thickening of Bruchs membrane take
place(50,51). This thickening affects nutrient transport and is combined with
changes in the RPE which leads to impaired exchange of retinoids which might lead
to slowed dark adaptation as rods are dependent on this route of supply(52). It is
worth mentioning though that after applying Bonferroni correction, the significant
correlations were those between RPE and RIT as well as those between RPE and
scotopic cyan sensitivity.
To assess the sensitivity of each test, values above the 90 th and below the 10th
percentile of the control group were used as cut-offs, as carried out previously by
Joltikov et al(25). Although ROC analysis could have been used since it is a more
conventional way to assess sensitivity(56), it was deemed unsuitable for the needs
of the current study, due to its inherent disadvantages(61). For instance, while
sensitivity and specificity are familiar to clinicans, ROC has little meaning to them,
patients and healthcare providers. In addition, the method lacks clinical
interpretability as clinicians are more interested on clinically relevant thresholds
rather than a range of thresholds which is how the ROC operates as it includes both
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clinically relevant and clinically illogical thresholds as well. Most importantly,
sensitivity and specificity aren’t always equally important when averaged across all
thresholds(61). For example poor sensitivity, might mean severe vision loss while
on the other hand, poor specificity, might just lead to unnecessary ocular imaging.
Thus, the method used by Joltikov(25) was deemed appropriate as the the controls
served as the source of statistical cut-off values. As a result, this method created
more clinically relevant threholds.
Strengths of this study include its large sample size, the ALSTAR study has
reported a sample size of 640 persons(17,26) while the NISA 738. The composition
of the two studies is not significantly different as in both, most participants were in
normal macular health (447 eyes/persons in NISA, 1007 eyes in the ALSTAR),
followed by early AMD (117 eyes/persons in NISA, 253 eyes in the ALSTAR). The
NISA study also has 113 eyes/persons in the Beckman stage 1 (normal aging
changes) and 56 in Beckman stage 3 (intermediate AMD). Also, the visual test
battery of the NISA study is wider with the inclusion among others of the MAC, the
SKILL test and most importantly the scotopic retinal sensitivity assessed with
microperimetry. In this test, the NISA study, also has the largest sample reported to
date compared to other studies(15,19,53–55). When considering conducting darkadapted microperimetry, one has to keep in mind the challenge of conducting this
test as it adds to the total examination time. In addition to that, older individuals with
AMD, make the whole process more complex. In the NISA study, 30 minutes of
dark adaptation was used. One additional strength of the NISA study is that it comes
in agreement with previous studies, but also takes a step forward to create groups
deriving from OCT grading and analyze functional and structural tests deriving from
that. The idea that mesopic microperimetry and dark adaptation can among
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others(8), serve as a functional measure to differentiate among AMD stages, is
further supported herein for both CFP and OCT classifications.
In conclusion, in this chapter, SDD were found to be part of the AMD continuum
and cause similar visual function deficits to other disease phenotypes, while the
RPE abnormalities phenotype was found to affect visual function in a manner
different than AMD. Also, visual function tests that can be useful to detect AMD with
both CFP and OCT-based classification are tests such as C.S, NVA, SKILL,
mesopic microperimetry and RIT. Finally, as per the OCT stages, not all of them
behaved the same on assessment of visual function.
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6. The Relationship of Retinal Structure and Function with a New
Age-Related Macular Degeneration Optical Coherence Tomography
Staging System
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6.1 Introduction

Age-related macular degeneration (AMD) is a complex disease which has attracted
a considerable amount of research(1–8), including focus on the development of
appropriate ways of classifying features found on retinal imaging and severity
staging of patients. To date these have mainly concentrated on photographic
methods of the fundus(9–12). This however has been superseded by new imaging
technologies such as optical coherence tomography [OCT(13)]. This modality, has
offered the opportunity of a non-invasive in vivo assessment of retinal structure.
Despite the progress made thus far, to the best of the authors knowledge, no study
has provided any specific staging information according to the OCT modality. In
chapter 3, the methods, rationale and categories of a custom-built optical
coherence tomography (OCT) classification system were introduced. In chapter 4,
the categories of this system, were tested to assess whether AMD-related lesions,
would affect the structure of the layers of interest and in chapter 5, the same system
was used to assess whether visual function is significantly affected in any of these
categories.
The phenotype reported as RPE abnormalities, did not reveal a significant impact
in either retinal structure, or visual function. Subsequently, based on the results of
chapters 4 and 5, it was believed that the phenotype did not fall under the AMD
spectrum. Furthermore, some of the rest of the groups-lesions, showed similar
behaviour in regards to their impact on both structure and function, thus needing
combination into one group.
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The purpose of this chapter is to re-classify the OCT-based groups into a severity
staging system. In this chapter, categories are reduced on the basis of their impact
on retinal structure and visual function.

6.2 Methods
6.2.1 Disease classification refinement
Details of disease classification are provided in chapters 3 and 4 in depth. The
definitions and procedure of the OCT grading, have been provided in chapter 3
(section 2.3.3) and in the OCT grading protocol (appendix 3).
Based on the results from OCT-based classification on the effect of the diseaserelated lesions on retinal structure (chapter 4, pages 180-207), the RPE
abnormalities group, posed only a small change on RPE thickness in the C0
subfield. The group posed no effect on any other structure in any layer and/or any
eccentricity assessed. In addition to that, in chapter 5 (pages 238-257), it was seen
that the phenotype doesn’t pose a significant effect on visual function in an
independent manner. This led into excluding this group from further assessment
and concluding that it does not consitutte part of the AMD continuum. Although, it
would be interesting to follow these cases up so as to examine their evolution. In
addition, based on the results of OCT-based analysis on visual function (chapter 5,
pages 230-244), the SDD phenotype posed a significant effect on visual function in
an independent manner. The absence of the phenotype to cause an effect on retinal
structure, was deemed to be due to most of this group being stage 1 SDD which
doesn’t differ much from a health retina (chapter 1, figure 5, page 31), although this
stage has been associated with disrupted inner/outer segments(40). Thus, based
on chapter 5 results on visual function and previous reports(17, 20, 22), the SDD
group was kept as a separate one. The other groups were ordered on the basis of
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their structural and functional results, in order to reflect the severity from one stage
to another. For instance, controls, drusen only, drusen & RPE abnormalities, SDD,
all phenotypes present and late AMD groups remain as they were.
This resulted in the following staging:
Stage 0=Controls
Stage 1=Drusen only
Stage 2=Drusen & RPE abnormalities
Stage 3= SDD
Stage 4= All other combinations
Stage 5a = Geographic atrophy
Stage 5b =Neovascularisation
Table 1 shows how the groups were classified before, and after they were
regrouped.
Table 1 Re-classification of OCT groups

OCT classification
Initial
Controls
RPE abnormalities
SDD
RPE abnormalities & SDD

Regrouped
Stage 0 Controls
Excluded
Stage 3 SDD
Stage 4 All combinations

AMD (Drusen only)
Stage 1 Drusen only
AMD (Drusen & RPE
Stage 2 Drusen & RPE
abnormalities)
abnormalities
AMD (Drusen & SDD)
Stage 4 All combinations
AMD (Drusen & SDD & RPE
Stage 4All combinations
abnormalities)
Late AMD
Stage 5 Late AMD†
†Excluded after descriptive analysis
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Each eye was assessed independently and the category of the most advanced eye
was assigned for person level analysis.
6.2.2 Statistical analysis
Frequency and descriptive statistics were computed for all variables. The difference
in quantitative variables was assessed with one-way ANOVA with Bonferroni
correction for multiple comparisons applied. Analysis was carried out only for the
OCT-based staging in this chapter.
To assess the potential impact of the AMD-related lesions of the new OCT
classification system on retinal layers, a linear model with generalized estimating
equations was carried out. The dependent variable was retinal layer thickness (in
the C0 subfield only). The model was carried out in a univariate manner, with each
independent variable entered in the model. The next model, was an age and
gender-adjusted. In the final model, age and gender along with significant variables
and known confounders were included. Stepwise removal of variables took place
with the least significant taken out at each step.
To assess the impact of these lesions on visual function, a generalized linear model
(GLM), was used to compare each visual function test (dependent variable), with
the control group as a reference. The sensitivity of each test was assessed. This
was done by using the 10th and 90th percentile of the controls as a reference and
the percentage of participants within the rest of the groups, falling outside the
reference range was considered the sensitivity of each test to distinguish each OCT
stage from controls as previously used by Joltikov(14). Any value below the 10th
percentile for the letters read in the MAC, C.S., CFF, mesopic retinal sensitivity,
scotopic cyan, scotopic red and their difference (C-R), was used as the test
sensitivity, as the lower the score, the worse the performance in these tests. On the
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other hand, any value above the 90th percentile for ETDRS logMAR, LLVA logMAR,
LLD logMAR, SKILL score, NVA, reading speed and RIT, was used as the test
sensitivity value, as the higher the score for these tests, the worse the performance.
Finally, an age-adjusted correlation between visual function test result and retinal
layer volumes took place. Bonferroni correction was applied for multiple
comparisons by applying the following formula 0.05/5(n of layers assessed) x 14(n
of psychophysical tests)=0.05/70=0.001
In the other statistical tests applied, a p-value needed to be p<0.05 to be considered
statistically significant.
Statistical analysis was carried out with SPSS version 22 (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
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6.3 Results
6.3.1 Participant demographics
Table 2 shows participant demographics according to the new OCT staging
reported on the person level. Those who were previously classified as RPE
abnormalities only, were excluded (n=56). Furthermore, from the 748 participants,
an additional 30 were excluded because they could not complete the OCT imaging
process and an additional 30 were excluded due to diabetes.
In the overall sample, there were 632 participants. Of these, 47.9% were males and
52.1% females and mean participant age was 66.06 years old ±8.65SD. Age
showed a pattern of increase from one group to another. There was a significant
difference regarding refractive error in terms of spherical equivalent (p<0.001),
presence of cholesterol (p=0.004) and smoking (p=0.004). On the other hand, no
significant difference was found for high blood pressure (p=0.824) or cardiovascular
disease (p=0.876). After the descriptive part, the late AMD cases are excluded from
further analysis.
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Table 2 Participant demographics based on the combined OCT staging (reported on the person level)

Males n (%)
Females n (%)
Age mean
(±SD)
Spherical
equivalent
mean (±SD)
High blood
pressure n (%)
Cholesterol n
(%)
Cardiovascular
disease n (%)
Smoking

119
(46.3)
138
(53.7)
63.53
(7.66)

Stage
Stage
Stage 2
Stage 4
1
3
(n=44)
(n=103)
(n=80)
(n=77)
37
32
50
29 (65.9)
(46.3)
(41.6) (48.5)
43
45
53
15 (34.1)
(53.8)
(58.4) (51.5)
65.65
67.91
67.04
73.23
(7.29)
(9.54)
(8.98) (8.11)

Stage
p
5
value†
(n=7)
4
(57.1)
0.182
3
(42.9)
73.71
<0.001
(7.54)

0.55
(2.42)

0.02
(2.62)

0.97
(1.81)

236
(329)
143
(19.9)
35
(4.9)

84
(32.7)
61
(23.7)

28
(35.0)
11
(13.8)

Overall

Stage 0
(n=257)

344
(47.9)
374
(52.1)
66.06
(8.65)

12 (4.7) 2 (2.5)

1.21
(1.97)
12 (27.3)
4 (9.1)
3 (6.8)

0.36
(1.76)

1.37
(2.18)

-0.78
<0.001
(3.79)

24
(31.2)
9
(11.7)

36
(35.0)
22
(21.4)

1
(13.4)
4
(57.1)

3 (3.9)

4 (3.9)

0 (0)

48
24 (9.5) 0 (0)
5 (11.6) 3 (3.9) 6 (6.1) 0 (0)
(6.8)
241
70
32
29
41
5
Former n (%)
20 (46.5)
(34.1)
(27.7) (40.5)
(37.7) (41.4) (71.4)
427
159
47
45
52
2
Never n (%)
18 (41.9)
(59.1)
(62.8) (59.5)
(58.4) (52.5) (28.6)
†Chi-squared for categorical, one-way ANOVA for continuous variables

0.824
0.004
0.876

Current n (%)
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0.004

6.3.2 Comparison of segmentation values among groups
Segmentation data for every grid segment as well as the mean of 3 and 6mm and
total volume for each layer of interest, for the overall sample, are presented in table
3 and figure 1.
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Table 3 Whole grid segmentation values for the overall sample

Overall

Total retina
RPE
Outer retina
Photoreceptors
ONL

C0
mean
(S.E)

N1
mean
(S.E)

N2
mean
(S.E)

S1
mean
(S.E)

S2
mean
(S.E)

T1
mean
(S.E)

T2
mean
(S.E)

I1
mean
(S.E)

I2
mean
(S.E)

Mean
3mm
mean
(S.E)

Mean
6mm
mean
(S.E)

Mean
Overall
mean
(S.E)

287.19
(0.80)
16.27
(0.13)
87.48
(0.17)
71.20
(0.12)
96.34
(0.36)

344.37
(0.58)
15.48
(0.12)
82.34
(0.14)
66.86
(0.07)
75.16
(0.34)

310.34
(0.62)
13.35
(0.06)
78.73
(0.12)
65.39
(0.09)
57.12
(0.25)

339.94
(0.68)
15.63
(0.14)
81.80
(0.17)
66.17
(0.09)
68.79
(0.38)

297.75
(0.57)
13.68
(0.07)
79.57
(0.13)
65.89
(0.09)
60.42
(0.24)

329.21
(0.55)
14.61
(0.10)
81.34
(0.13)
66.73
(0.07)
73.98
(0.28)

281.04
(0.54)
12.98
(0.05)
78.45
(0.12)
65.47
(0.09)
57.87
(0.21)

336.96
(0.57)
14.55
(0.11)
80.04
(0.13)
65.49
(0.07)
67.14
(0.34)

283.11
(0.49)
12.84
(0.05)
77.59
(0.09)
63.72
(0.12)
52.36
(0.22)

337.70
(0.55)
15.07
(0.11)
81.40
(0.13)
66.26
(0.09)
71.29
(0.27)

293.28
(0.46)
13.22
(0.05)
78.64
(0.08)
65.03
(0.11)
56.98
(0.20)

312.21
(0.49
14.37
(0.08)
81.11
(0.11)
66.32
(0.06)
67.69
(0.23)
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Total
volume
mm3
mean
(S.E)
8.56
(0.01)
0.39
(0.00)
2.25
(0.00)
1.86
(0.00)
1.73
(0.01)

Figure 1 Segmentation values of the overall sample, A: total retina, B: RPE, C: Outer retina, D:
Photoreceptors, E: ONL. Units in the figure are expressed in μm
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Table 4 shows the comparison of retinal layer thickness and volumes across OCT
groups. The total retina was thickest in all subfields assessed in the stage 1 group.
Although, there was no clear pattern of the increase in thickness among groups
throughout the eccentricities assessed.
The RPE on the other hand, showed a clearer pattern as its thickness reduced from
the centre towards the periphery. On the other hand, it showed a pattern of increase
while moving from the controls, with an exception of stage 3 (SDD group) to the rest
of the groups. The same was observed for total RPE volume as well which
increased from the controls to the rest of the groups. There were significant between
groups differences in thickness for all eccentricities assessed, as well as for total
RPE volume.
The outer retina, also exhibited a pattern of decreasing thickness while moving from
the central to the outermost subfields of the ETDRS grid, while among groups, there
was an increase in thickness when moving from the control to subsequent ones.
This though occurred for the mean of 3 and 6mm. In the C0, it was getting slightly
thinner when moving from the control group to the others. The total volume of the
outer retina on the other hand, showed a slight increase with transition from the
control to the rest of the OCT groups.
When the photoreceptor layer thickness was examined, it was observed that when
moving from the C0 to the outer subfields, it reduced in thickness. While when
moving from the controls to the rest of the OCT groups, the photoreceptors also got
thinner. There were significant between-groups differences for all eccentricities
assessed.
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Finally, the ONL, also reduced in thickness while moving from the C0 to the outer
subfields. Although, there was no clear pattern of either increase or decrease in
thickness, for any eccentricity, while moving from the controls to the other groups.
The volume of the ONL, did not show any significant changes between groups. The
only significant difference for the ONL was in the thickness of the C0.

Table 4 Comparison of segmentation values of among OCT groups

Total retina

Stage
0
Stage
1
Stage
2
Stage
3
Stage
4
RPE

C0
mean
(S.E)

Mean
3mm
mean
(S.E)

Mean
6mm
mean
(S.E)

Mean
Overall
mean
(S.E)

286.10
(0.98)
294.62
(2.36)*
285.93
(3.28)
284.76
(2.14)
285.34
(1.95)

337.68
(0.73)
340.56
(1.31)
333.82
(2.09)
335.32
(1.51)
334.17
(1.26)

293.39
(0.62)
294.38
(1.11)
289.48
(1.72)
291.82
(1.14)
290.49
(1.13)

312.26
(0.64)
314.93
(1.16)
308.79
(1.83)
310.37
(1.30)
309.33
(1.12)

C0
mean
(S.E)

Mean
3mm
mean
(S.E)

Mean
6mm
mean
(S.E)

Mean
Overall
mean
(S.E)

14.84
(0.06)
15.71
(0.65)
15.37
(0.24)
14.92
(0.14)
16.45
(0.26)*

13.08
(0.05)
13.28
(0.21)
13.27
(0.19)
13.28
(0.10)
13.69
(0.15)*

14.19
(0.05)
14.82
(0.46)
14.65
(0.18)
14.30
(0.11)
15.38
(0.19)*

Mean
3mm

Mean
6mm

Mean
Overall

Stage 16.03
0
(0.07)
Stage 17.42
1
(0.75)*
Stage 17.31
2
(0.43)
Stage 15.87
3
(0.13)
Stage 17.89
4
(0.34)*
Outer retina
C0
mean
(S.E)

Total
volume
mean
(S.E)
mm3
8.56
(0.02)
8.61
(0.03)
8.46
(0.05)
8.51
(0.03)
8.48
(0.03)

p C0

p mean
3mm

p
mean
6mm

p mean
overall

p total
volume

0.002+

0.004+

0.028

0.004+

0.013+

Total
volume
p
p mean
p mean p total
mean
p C0
mean
3mm
overall volume
(S.E)
6mm
mm3
0.38
(0.00)
0.39
(0.01)
0.39
<0.001+ <0.001+ 0.001+ <0.001+ <0.001+
(0.00)
0.39
(0.00)
0.41
(0.00)*
Total
volume
mean
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p C0

p mean
3mm

p
mean
6mm

p mean
overall

p total
volume

mean
(S.E)
81.23
(0.12)
81.55
(0.63)
80.97
(0.34)
81.23
(0.23)
82.46
(0.32)*

mean
(S.E)
78.49
(0.10)
78.41
(0.28)
78.35
(0.32)
78.79
(0.20)
79.13
(0.24)

mean
(S.E)
81.00
(0.11)
81.19
(0.49)
80.73
(0.29)
80.97
(0.20)
81.77
(0.26)

C0
mean
(S.E)

Mean
3mm
mean
(S.E)

Mean
6mm
mean
(S.E)

Mean
Overall
mean
(S.E)

71.54
(0.16)
70.47
(0.29)*
69.25
(0.41)
70.54
(0.29)*
68.84
(0.28)*

66.39
(0.09)
65.84
(0.14)*
65.60
(0.23)*
66.31
(0.15)
66.01
(0.17)

65.23
(0.07)
64.64
(0.19)*
64.58
(0.24)
65.18
(0.15)
64.84
(0.16)

66.45
(0.08)
65.82
(0.16)*
65.55
(0.23)*
66.28
(0.15)
65.80
(0.16)*

C0
mean
(S.E)

Mean
3mm
mean
(S.E)

Mean
6mm
mean
(S.E)

Mean
Overall
mean
(S.E)

Stage 87.56
0
(0.17)
Stage 87.89
1
(0.73)
Stage 86.56
2
(0.46)
Stage 86.41
3
(0.31)
Stage 86.73
4
(0.36)
Photoreceptors

Stage
0
Stage
1
Stage
2
Stage
3
Stage
4
ONL

Stage
0
Stage
1
Stage
2
Stage
3
Stage
4

(S.E)
mm3
2.24
(0.00)
2.24
(0.01)
2.24
(0.01)
2.25
(0.01)
2.26
(0.01)

0.020+

0.013+

0.057

0.106

Total
volume
p
p mean
p mean
mean
p C0
mean
3mm
overall
(S.E)
6mm
mm3
1.86
(0.00)
1.85
(0.00)
1.85
<0.001+ 0.001+ 0.001+ <0.001+
(0.01)
1.86
(0.00)
1.86
(0.00)
Total
volume
mean
(S.E)
mm3
1.73
(0.01)
1.76
(0.01)
1.69
(0.03)
1.72
(0.01)
1.72
(0.02)

p C0

p mean
3mm

p
mean
6mm

p mean
overall

95.89 70.98
56.81
67.45
(0.45) (0.36)
(0.27)
(0.31)
98.89
72.68
57.90
69.02
(1.00)* (0.69)
(0.49)
(0.58)
94.81
70.48
55.51
66.53
0.020+
0.198
0.126
0.092
(1.71) (1.15)
(0.85)
(1.00)
96.75
71.22
56.61
67.56
(0.89) (0.63)
(0.46)
(0.54)
95.04
70.74
56.71
67.21
(0.97) (0.65)
(0.55)
(0.57)
*Indicates which groups were significantly different when compared to controls after post-hoc
analysis was applied
+I
ndicates significant differences after applying Bonferroni correction for multiple comparisons
(≤0.0025)
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0.061

p total
volume

0.066

p total
volume

0.111

6.3.3 The impact of AMD-related lesions on retinal structure
Multivariate analysis of the total retina (table 5), revealed that it was significantly
associated with a thinning with female gender compared to males (p<0.001) and a
thinning with current smoking (p=0.041). As for the OCT staging, stage 1, was
associated with thickening of the total retina in the C0 (p=0.016).
Analysis of the RPE layer, showed that in the C0, it was significantly associated
with a slight thickening with stages 1, 2 and 4, (p=0.038, p=0.012 and p<0.001
respectively). The significance of these associations increased from one group to
another.
The outer retina, in multivariate analysis was associated with a thinning with female
gender compared to males (p<0.001). No OCT stage was associated with outer
retinal thickness in the C0 in multivariate analysis, only in univariate, the outer retina
was associated with a thinning with stage 2 (p=0.016).
Photoreceptor layer thickness, was associated with a thinning with age (p<0.001)
and current smoking (p<0.001). As for OCT staging, stages 2 and 4, were both
associated with a thinning of the photoreceptor layer thickness (p<0.001 and
p=0.001). As with the RPE, the significance of the associations for the
photoreceptor layer, increased from one group to another.
Finally, regarding the ONL, multivariate analysis showed that axial length was
associated with thickening of the ONL in the C0 (p=0.003). In regards to OCT
staging, stage 1 was associated with thickening of the ONL (p<0.001).
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Table 5 Association of retinal layer thickness with various factors and the new OCT stages

Age

Gender
Female

Male
Spherical
equivalent

High blood
pressure

Cholesterol

CVD

Total retina
C0
univariate
final
B,(95%
B,(95%
CI), p
CI), p
-0.155,
-0.223,
(-0.437 to (-0.515 to
0.128),
0.069),
0.284
0.135
-11.135,
(-15.574 to
-0.696),
<0.001
Ref.
2.157,
(0.339 to
3.975),
0.020
-0.560,
(-5.122 to
4.001),
0.810
-1.705,
(-6.640 to
3.230),
0.498
4.282,

-11.190,
(-15.512
to
-6.868),
<0.001
Ref.
0.931,
(-0.888 to
2.751),
0.316
-

-

-

RPE
C0
univariate
final
B,(95%
B,(95%
CI), p
CI), p
0.035,
-0.003,
(-0.002 to
(-0.044 to
0.073),
0.038),
0.065
0.891

Outer retina
Photoreceptors
ONL
C0
C0
C0
univariate
final
univariate
final
univariate
final
B,(95% CI), B,(95% CI), B,(95%
B,(95% CI), B,(95%
B,(95% CI), p
p
p
C11I), p
p
CI), p
-0.113,
-0.113,
-0.148,
-0.121,(-0.030,
-0.072,
(-0.161 to
(-0.161 to
(-0.187 to 0.165 to (-0.155 to
(-0.208 to
-0.065),
-0.065),
0.109),
0.077),
0.096),
0.063),
<0.001
<0.001
<0.001
<0.001
0.644
0.293

0.324,
(-0.223 to
0.870),
0.246

0.397,
(-0.114 to
0.909),
0.128

0.350,
(-0.428 to
1.128),
0.378

0.051,
(-0.772 to
0.874),
0.903

0.027,
(-0.723 to
0.777),
0.945

-0.214,
(-0.904 to
0.476),
0.543

-0.789,
(-2.822 to
1.244),
0.447

-1.565,
(-3.630 to
0.500),
0.137

Ref.
-0.212,
(-0.404 to 0.021),
0.030
-0.160,
(-0.700 to
0.380),
0.561
0.109,
(-0.497 to
0.716),
0.724
0.318,

Ref.
-0.010,
(-0.224 to
0.204),
0.929
-

Ref.
0.048,
(-0.298 to
0.395),
0.784
0.338,
(-0.479 to
1.152),
0.418
-0.375,
(-1.246 to
0.497),
0.399
0.456,

Ref.
-0.070,
(-0.411 to
0.271),
0.687

Ref.
0.261,
(-0.053 to
0.574),
0.103
0.497,
(-0.306 to
1.299),
0.225
-0.484,
(-1.368 to
0.400),
0.283
0.138,

Ref.
-0.072,
(-0.385 to
0.241),
0.651
-

Ref.
-1.230,
(-1.947 to
-0.512),
0.001
0.659,
(-1.559 to
2.876),
0.560
-1.518,
(-3.764 to
0.727),
0.185
1.592,

Ref.
-1.154,
(-1.911 to 0.398),
0.003
-

-

-
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-

-

-

-

Statins

(-4.207 to
12.771),
0.323
0.130,
(-5.114 to
5.374),
0.961

Current

-11.333,
(-20.209 to
-2.456),
0.012

Former

-1.902,
(-6.946 to
3.141),
0.460
Ref.
-4.197,
(-10.528 to
2.133),
0.194
0.630,
(-6.657 to
7.916),
0.866
-3.935,
(-14.382 to
6.512),
0.460

Never
Stage 4

Stage 3

Stage 2

-

-8.713,
(-17.075
to 0.352),
0.041
-3.082,
(-7.780 to
1.615),
0.198
Ref.
-4.295,
(-10.049
to 1.458),
0.143
0.420,
(-6.958 to
7.797),
0.911
-4.094,
(-13.749
to 5.561),
0.406

(-0.684 to
1.320),
0.534
0.019,
(-0.542 to
0.580),
0.946

-

1.067,
(-0.232 to
2.365),
0.107

-

0.552,
(-0.095 to
1.200),
0.094
Ref.
2.345,
(1.312 to
3.377),
<0.001
-0.237,
(-0.654 to
0.180),
0.266
1.532,
(0.341 to
2.724),
0.012

-

Ref.
2.345,
(1.312 to
3.377),
<0.001
-0.237,
(-0.654 to
0.180),
0.266
1.532,
(0.341 to
2.724),
0.012

(-0.983 to
1.895),
0.535
-0.261,
(-1.083 to
0.561),
0.534
Smoking
-1.064,
(-2.550 to
0.423),
0.161

(-1.099 to
1.375),
0.827
-0.280,
(-1.139 to
0.578),
0.522

-

(-1.837 to
5.021),
0.363
-0.187,(2.442 to
2.067),
0.871

-2.130,
(-3.448 to 0.813),
0.002

-2.375,
(-3.532 to 1.217),
<0.001

-4.337,
(-8.680 to
0.007),
0.050

-

-0.229,
(-1.075 to
0.617),
0.596
Ref.
-0.578,
(-1.670 to
0.514),
0.299
-1.027,
(-2.211 to
0.158),
0.089
-1.557,
(-2.820 to 0.294),
0.016

-0.781,
(-1.590 to
0.027),
0.58
Ref.
-2.923,
(-3.857 to 1.989),
<0.001
-0.790,
(-1.886 to
0.306),
0.158
-3.089,
(-4.264 to 1.915),
<0.001

-0.357,
(-1.103 to
0.389),
0.349
Ref.
-1.722,
(-2.739 to 0.704),
0.001
-0.436,
(-1.475 to
0.603),
0.411
-2.172,(3.238 to 1.106),<0.0
01

-2.203,
(-4.453 to
0.047),
0.055
Ref.
0.239,
(-2.628 to
3.105),
0.870
2.801,
(-0.329 to
5.932),
0.079
-0.850,
(-6.035 to
4.334),
0.748

-
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Ref.
0.690,
(-0.530),
0.268
-0.464,
(-1.585 to
0.657),
0.417
-0.888,
(-2.249 to
0.474),
0.201

-

Ref.
-0.545,
(-3.486 to
2.396),
0.716
2.376,
(-0.711 to
5.463),
0.131
-1.562,(6.870 to
3.747),0.564

Stage 1

Stage 0

8.220,
(1.704 to
14.736),
0.013
Ref.

7.670,
(1.438 to
13.902),
0.016
Ref.

0.921,
(0.050 to
1.791),
0.038
Ref.

0.921,
(0.050 to
1.791),
0.038
Ref.

-0.245,
(-1.448 to
0.958),
0.690
Ref.
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0.176,(1.022 to
1.373),
0.774
Ref.

-1.166,
(-2.287 to 0.045),
0.041
Ref.

-0.858,
(-2.015 to
0.300),
0.146
Ref.

5.625,
(3.055 to
8.196),
<0.001
Ref.

5.042,
(2.409 to
7.675),
<0.001
Ref.

6.3.4 The impact of AMD-related lesions on visual function
Table 6 and figures 2 to 4, display the visual function test results for every OCTbased group and the boxplots visualize the mean values for each test. Outliers were
checked with the interquartile range rule and they were within that range.
Comparison of visual function tests, revealed that with the exception of reading
speed and the Cyan – Red, for all the rest of visual function tests, there were
significant differences between groups.
Compared to the control group, only stage 4 was significantly different for all tests
conducted except for reading speed. In addition, stage 3 was significantly different
than controls for mesopic retinal sensitivity and stag 2, for RIT.
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Table 6 Visual function test results based on the refined OCT classification

Overall
n=632
83.89 (0.26)

Visual function test results according to the OCT classification
Stage 0
Stage 2
Stage 3
Stage 1 n=82
Stage 4 n=81
n=355
n=31
n=80
86.98 (0.32)
85.24 (0.98)
85.22 (0.84) 85.03 (0.76) 81.26 (0.88) ‡

Stage 5
n=3†
72.00 (1.53)

DVA mean (S.E.)
DVA nd filter mean
70.26 (0.29)
73.44 (0.33)
71.69 (1.16)
72.31 (1.12) 71.70 (0.90) 65.68 (1.45) ‡
47.33 (0.67)
(S.E.)
LLD mean (S.E.)
13.66 (0.15)
13.54 (0.20)
13.54 (0.63)
12.91 (0.56) 13.33 (0.50) 15.58 (1.01) ‡
24.67 (1.45)
Moorfields letters
34.35 (0.24)
37.11 (0.35)
35.49 (0.81)
35.41 (0.97) 35.14 (0.79) 30.07 (1.00) ‡
17.00 (3.06)
mean (S.E.)
Contrast sensitivity
1.50 (0.00)
1.55 (0.01)
1.53 (0.02)
1.49 (0.02)
1.51 (0.02)
1.40 (0.02) ‡
1.15 (0.10)
mean (S.E.)
NVA mean (S.E.)
0.20 (0.00)
0.15 (0.01)
0.19 (0.02)
0.18 (0.02)
0.19 (0.02)
0.25 (0.02) ‡
0.50 (0.06)
SKILL mean (S.E.)
33.84 (0.26)
32.68 (0.39)
32.90 (0.70)
35.19 (1.41) 33.97 (0.97) 39.40 (1.36) ‡
64.67 (3.33)
Reading speed
21.67 (0.17)
20.99 (0.28)
23.33 (1.50)
21.49 (0.95) 22.71 (0.73)
22.33 (0.50)
20.14 (0.90)
mean (S.E.)
Critical flicker
requency mean
31.15 (0.17)
31.82 (0.30)
32.16 (0.71)
32.05 (0.81) 30.88 (0.44) 29.21 (0.82) ‡
23.11 (0.03)
(S.E.)
MAIA mesopic mean
24.86 (0.27)
25.27 (0.10)
25.94 (0.13)
25.42 (0.27)
24.80 (0.30)
22.88 (0.40) ‡
15.00 (4.14)
(S.E.)
‡
Rod-intercept time
12.09 (1.86)
26.82
8.61 (0.33)
6.75 (0.23)
7.75 (0.63)
7.33 (0.94)
16.52 (2.06) ‡
mean (S.E.)
‡
(12.74)
MAIA scotopic Cyan
10.88 (0.14)
11.26 (0.23)
11.37 (0.27)
10.65 (0.39) 11.70 (0.35)
9.57 (0.43) ‡
5.60 (1.20)
mean (S.E.)
MAIA scotopic Red
12.55 (0.14)
13.06 (0.21)
12.75 (0.32)
12.45 (0.37) 13.31 (0.24) 11.16 (0.44) ‡
5.97 (0.86)
mean (S.E.)
MAIA scotopic Cyan-1.60 (0.11)
-1.84 (0.21)
-1.32 (0.25)
-1.26 (0.72)
-1.48 (0.21)
-1.48 (0.28)
-0.37 (2.06)
Red mean (S.E.)
† Excluded from one-way ANOVA analysis
‡ Indicator of significantly different groups compared to stage 0 (controls) after post-hoc correction was applied
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p value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.061
0.002
<0.001
<0.001
<0.001
<0.001
0.613

Figure 2 Visual function tests according to OCT classification, Top left: DVA, Top right: LLVA, Middle left:
LLD, Middle right: Moorfields, Bottom left: Contrast sensitivity, Bottom right: NVA
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Figure 3 Visual function tests according to OCT classification, Top left: SKILL score, Top right: Reading
speed, Middle left: Critical flickering frequency, Middle right: Mesopic microperimetry, Bottom left: RIT, Bottom
right: Scotopic cyan
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Figure 4 Visual function tests according to OCT classification, Left: Scotopic red, Right: Cyan – Red

Comparison of the age-adjusted visual function tests with controls showed that
stage 1 was significantly different to controls for reading pseed only (p=0.012).
Stage 2 on the other hand, was significantly different for RIT (p=0.008) and stage 3
for letters read in the MAC (p=0.004) and mesopic retinal sensitivity (p=0.007).
Stage 4 on the other hand, was significantly different when compared to controls
for DVA (p=0.014), LLVA (p=0.002), letters read in the MAC (p<0.001), C.S
(p<0.001), NVA (p=0.011), SKILL score (p=0.003), mesopic retinal sensitivity
(p<0.001), RIT (p<0.001) and scotopic sensitivity as assessed with the red stimulus
(p=0.004).
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Table 7 Univariate and Age-adjusted comparison of visual function across OCT groups

Visual Function
DVA
DVA nd filter
LLD
Moorfields letters
Contrast sensitivity
NVA
SKILL
Reading speed
Critical flicker
requency
Mesopic
Rod-intercept time
Scotopic Cyan
Scotopic Red
Scotopic Cyan-Red

Stage 0
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.
Ref.

Stage 1
0.035
0.084
0.999
0.060
0.235
0.011
0.822
0.006
0.628

Ref.
Ref.
Ref.
Ref.
Ref.

0.162
0.162
0.803
0.470
0.177

p value
Stage 2
0.135
0.432
0.471
0.153
0.023
0.190
0.079
0.678
0.825

Stage 3
0.020
0.089
0.733
0.022
0.025
0.005
0.203
0.048
0.184

Stage 4
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
0.118
<0.001

Stage 1
0.209
0.424
0.726
0.415
0.636
0.065
0.0557
0.012
0.195

0.012
<0.001
0.293
0.252
0.224

<0.001
0.638
0.297
0.532
0.323

<0.001
<0.001
<0.001
<0.001
0.304

0.553
0.679
0.344
0.988
0.158
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age-adjusted p value
Stage 2
Stage 3
0.998
0.264
0.392
0.711
0.207
0.415
0.604
0.004
0.247
0.194
0.929
0.063
0.574
0.826
0.959
0.095
0.272
0.759
0.277
0.008
0.502
0.485
0.209

0.007
0.308
0.096
0.279
0.302

Stage 4
0.014
0.002
0.119
<0.001
<0.001
0.011
0.003
0.638
0.556
<0.001
<0.001
0.052
0.004
0.253

6.3.5 Visual function test sensitivity
Assessment of the sensitivity of each test (table 8), revealed that there was a
pattern of increasing sensitivity for each test to detect participants falling outside
the reference range (above 90th percentile of the controls or below the 10 th of
controls). Although, there were significant differences between those falling outside
the reference range set, the tests that showed the greatest sensitivity, were the
LLVA, LLD, letters read in the Moorfields chart, contrast sensitivity, SKILL score,
mesopic retinal sensitivity and RIT.

Table 8 Assessment of visual function tests sensitivity

Stage 0

Stage 4

Stage 1

Stage 2

Stage 3

p value

7 (9.9)
11
(15.5)
8 (11.3)
12
(16.9)

4 (12.5)

10 (14.3)

19 (26.8)

<0.001

3 (9.4)

9 (12.9)

28 (39.4)

<0.001

2 (6.3)

7 (10.0)

17 (23.9)

0.001

3 (9.4)

10 (14.3)

28 (39.4)

<0.001

9 (2.8)

2 (2.8)

0 (0)

2 (2.9)

11 (15.5)

<0.001

17 (5.3)
28 (8.8)

6 (8.5)
9 (12.7)

3 (9.4)
8 (25.0)

8 (11.4)
10 (14.3)

14 (19.7)
23 (32.4)

0.003
<0.001

12 (3.8)

5 (7.0)

1 (3.1)

8 (11.4)

2 (2.8)

0.069

20 (6.3)

2 (2.8)

1 (3.1)

4 (5.7)

9 (12.7)

0.146

DVA n (%) ‡

20 (6.3)

LLVA n (%) ‡

24 (7.5)

LLD n (%) †
Moorfields letters
n (%) ‡
Contrast
sensitivity n (%) ‡
NVA n (%) †
SKILL n (%) †
Reading speed n
(%) †
Critical flicker
frequency n (%) ‡
Mesopic
sensitivity n (%) ‡

23 (7.2)

11 (3.5)

7 (9.9)

5 (15.6)

6 (8.6)

22 (31.0)

<0.001

RIT n (%) †

16 (5.1)

16
(22.5)

12 (37.5)

12 (17.1)

34 (47.9)

<0.001

22 (6.9)

Scotopic Cyan n
8 (2.5)
3 (4.2)
5 (15.6)
4 (5.7)
22 (31.0)
(%) ‡
Scotopic Red n
7 (2.2) 8 (11.3)
2 (6.3)
4 (5.7)
20 (28.2)
(%) ‡
Scotopic Cyan9 (2.8)
3 (4.2)
5 (15.6)
5 (7.1)
6 (8.5)
Red n (%) ‡
† Values above the 90th percentile of the healthy ones used as cut-off
‡Values below the 10th percentile of the healthy eyes used as cut-off

287

<0.001
<0.001
0.010

6.3.6 Correlation between visual function and retinal layer volume
Age-adjusted correlation between visual function tests and retinal layer volume
(table 9) in the overall sample, revealed that total retinal volume was positively
correlated with NVA only (r=-0.086, p=0.045). No other test was significantly
correlated with total retinal volume.
The RPE total volume on the other hand, showed a negative correlation with DVA
(p=-0.093, p=0.029), LLVA (r=-0.084, 0.049), letters read in the MAC (r=-0.117,
p=0.009), C.S (r=-0.114, p=0.007), mesopic retinal sensitivity (r=-0.103, p=0.017)
and scotopic cyan sensitivity (r=-0.226 p<0.001). A positive correlation was found
between RPE total volume and SKILL score (r=0.098, p=0.021) and RIT (r=0.156,
p<0.001).
There was a significant correlation between outer retinal volume and DVA ( r=0.089, p=0.036), letters read in the MAC (r=-0.105, p=0.019) and scotopic cyan
sensitivity (r=-0.141, p=0.019).
Finally in regards to ONL total volume, there was a positive correlation with DVA
(r=0.100, p=0.019), LLVA (r=0.111, p=0.009), letters read in the MAC (r=0.095,
p=0.033) and C.S (r=0.144, p=0.001). On the other hand, there was a negative
correlation with NVA (r=-0.093 p=0.029) and SKILL score (r=-0.113, p=0.008).
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Table 9 Age-adjusted correlation between visual function test and retinal layer total volume

DVA

LLDVA

LLD

MAC

C.S.

NVA

SKILL

Reading
speed
CFF

Mesopic

RIT

Scotopic
Cyan
Scotopic
Red
Scotopic
C-R

r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value
r
p
value

Total retina
volume
0.032
0.448

RPE
volume
-0.093
0.029

Outer retina
volume
-0.089
0.036

Photoreceptors
volume
-0.054
0.207

ONL
volume
0.100
0.019

0.060
0.161

-0.084
0.049

-0.071
0.096

-0.035
0.417

0.111
0.009

-0.049
0.252

0.012
0.784

-0.003
0.949

-0.013
0.757

-0.043
0.314

0.041
0.359

-0.117
0.009

-0.105
0.019

-0.058
0.197

0.095
0.033

0.080
0.061

-0.114
0.007

-0.060
0.159

0.005
0.913

0.144
0.001*

-0.086
0.045

0.055
0.192

0.035
0.411

0.006
0.888

-0.093
0.029

-0.0.39
0.361

0.098
0.021

0.022
0.610

-0.047
0.270

-0.113
0.008

0.048
0.263

0.072
0.093

0.059
0.369

0.002
0.957

0.001
0.982

0.074
0.094

-0.012
0.778

0.018
0.677

0.035
0.423

0.038
0.384

0.049
0.263

-0.103
0.017

-0.041
0.344

0.022
0.607

0.034
0.432

-0.011
0.808

0.156
<0.001*

0.031
0.481

-0.082
0.062

-0.033
0.459

0.096
0.111

-0.226
<0.001*

-0.141
0.019

-0.013
0.825

0.053
0.381

0.065
0.293

-0.109
0.078

-0.067
0.281

-0.006
0.926

0.035
0.573

-0.009
0.260

-0.107
0.082

-0.075
0.225

-0.019
0.761

-0.048
0.443

*Indicates significant values after applying Bonferroni correction (≤0.001)
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6.4 Discussion
Optical coherence tomography is a very useful modality offering the opportunity to
assess in great detail the structure of the retina in health(15) and disease(16). It is
now possible to combine the results of the OCT analysis with functional tests and
directly assess the impact of a disease on the functional aspect(17). In this chapter,
assessment of the potential impact of AMD-related lesions on retinal structure and
visual function was examined. It was found that the RPE and photoreceptors
thicknesses as assessed in the central subfield, are affected in most OCT stages.
In regards to the effect of AMD-related lesions on visual function, it was found that
performance in DVA, LLVA, letters read in the MAC, contrast sensitivity, NVA,
SKILL, mesopic retinal sensitivity and RIT is significantly affected and these tests
could serve as indicators to detect AMD.
Karampelas et al.(18), recently compared total retinal and RPE thickness in AMD
and control participants. They found that the total retina was significantly thicker in
the central subfield in the AMD group compared to controls. In the NISA study,
those with drusen only (stage 1) had the thickest retina in the C0 while the thinnest
was found in the SDD group (stage 3), followed by the control group. The NISA
study agrees with Karampelas in that AMD participants have a thicker total retina
in the C0. This indicates a potential preference of drusen for the foveal area. The
authors though, did not report what AMD stages were included in their study. In the
NISA study, the SDD group (stage 3) had the thinnest total retina. This might be
due to two reasons. First, most of the SDD in this study, was stage 1 SDD according
to the classification proposed by Zweifel(19), which as a stage, is not much different
than a normal retina (a comment made also in chapter 3) and second, the
topographical preference of SDD is the superior macular rather than foveal area,

290

as it is found that the lesions spare the fovea(20–22). Furthermore, Karampelas et.
al.(18) found thicker RPE in those with AMD compared to controls in all subfields
assessed. This was a finding in the NISA study as well for both RPE thickness in
all subfields, and total RPE volume as well.
Sadigh et al.(23), recently reported that they found abnormal thickening as well as
thinning of the photoreceptors in AMD. Thinning of the photoreceptors is consistent
with known structural changes in AMD such as decreased photoreceptor density
and deflected and shortened photoreceptor segments(24). The photoreceptor layer
was associated with reduced thickness in the NISA study, for those with drusen &
RPE abnormalities (stage 2) and those with all phenotypes present (stage 4), thus
agreeing with the findings from Sadigh(23). The same author reported ONL
thickening in some macular areas(23). This finding in the presence of drusen, was
of note in the NISA study as well. Sadigh supported that this was not previously
reported and might indicate an early marker of photoreceptor stress(23). The finding
of ONL thinning, was reported from studies who took manual measurements over
lesion areas, which suggest that the ONL in significantly thinner over drusen(25,26).
In chapter 4, it was commented that manual measurements constitute common
methodological characteristic of several studies and that significant differences
when manually assessing an area affected by lesions to one that is free of such,
are expected. The thicker ONL in the presence of drusen, can be attributed in that
the drusen, especially when solitary, are localized lesions, causing a disruption in
the architecture of the retina, only in the location they develop. As moving further
away from lesion areas though, the integrity of the layer might be not affected as
much and thus, compensate for the affected area.
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Schuman et. al.(27), recently reported a significant difference between intermediate
AMD individuals, compared to controls for the LLVA. In the NISA it was found that
LLVA was significantly different for those with with all phenotypes (stage 4)
compared to controls. Significant differences were found between all phenotypes
combined (stage 4) compared to controls, for the contrast sensitivity test as well. It
is suggested that in early AMD, there is a disruption in both high and intermediate
frequencies(28). Contrast sensitivity has been reported as a test that can easily
detect early disease-related changes(29). Furthermore, herein, significant
differences were found for NVA when stage 4 was compared to the controls thus
supporting previous research statements that NVA might decrease at a rate faster
than DVA or contrast sensitivity(30). To the best of the authors knowledge, only one
other study reported the SKILL test in the field of AMD. Hogg et. al.(31) found a
significant difference in the SKILL score between those with RPD compared to
those without in patients with neovascular AMD in the fellow eye. Herein, the OCTbased staging, detected significant differences between those with all phenotypes
present (stage 4) compared to controls.
Mesopic retinal sensitivity, was significantly different for those with SDD (stage 3)
and those with all phenotypes present (stage 4), compared to controls. Schuman
et. al.(27), reported significant differences between those with intermediate AMD
compared to controls. In the NISA study, despite the fact that mesopic retinal
sensitivity declined from one group to another, it is not yet known which of the OCT
stages reflect early and/or intermediate disease stage. For instance, if an early
pathogenic process is the development of drusen only, subsequently further drusen
along with RPE abnormalities might develop. Although, the SDD only which is
stated herein as a third stage, does not mean that there were drusen before and
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they regressed. Despite these facts, the findings herein agree with previous
research in that microperimetry can be a useful test to detect AMD
individuals(32,33).
Despite the significant differences found in univariate analysis, when adjusted for
age, the RIT was significantly different only between those with drusen and RPE
abnormalities (stage 2) and those with all phenotypes combined (stage 4)
compared to controls. Sevilla et. al.(34) did not find a significant difference for RIT
in their study groups, a finding in contradiction to previous research, as the dark
adaptation test has been not only been reported a useful functional outcome for
early AMD(35,36) but also, those in normal macular health but long RIT times, were
associated with AMD risk factors(37).
In regards to the correlation of functional outcomes with retinal volume measures,
it was found that the RPE showed most correlations as there was a correlation
between decreasing RPE volume and LLVA. Recently Sevilla et. al.(34), related
retinal morphology to visual function in aging and AMD. The authors reported a
correlation between better cone-mediated sensitivity and less RPE abnormal
thinning. In the NISA study, it was found that in the overall sample, better average
sensitivity, correlated with reduced RPE volume. The same authors, reported that
longer RIT times, correlated with lower RPE volume. A finding opposite to the one
found herein as in the NISA study, longer RIT was associated with increased RPE
volume in the overall sample. Furthermore, Nittala et. al.(38), recently reported that
the SKILL deficit was negatively correlated with RPE thickness in the central
subfield, while for the total RPE volume, the authors found a positive but
insignificant correlation(38). In the NISA study, a significant correlation was found
between SKILL score (deficit) and RPE volume.
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Numerous studies have assessed the impact of AMD on visual function with the
use of several functional tests. Although, all of these studies have used
photographic methods to classify their eyes in a specific disease stage, as CFP still
is the golden standard for disease detection and classification(9,39). The same
occurred in previous chapters for reasons of comparability. Analysis though, in the
NISA study, extended to an OCT-based system. Furthermore, automated
segmentation measurements over a specific area rather than on areas of lesions,
or adjacent ones, were taken which along with the large sample of the NISA study,
constitute three major strengths of the study.
A point to be taken into account when assessing these results, is the absence of
significant results from the SDD group (stage 3), in both structural and functional
analysis. This is a finding that comes in contrast to previous research. Although, it
has been stated that most individuals in this study, were of stage 1 SDD (page 123).
This characteristic, might drive the pattern of age between groups formed in this
chapter. While there is a pattern of increasing age, the SDD group, has
approximately similar age to stage 2. This probably indicates that stage 1 SDD is
formed during the normal aging process. Additionally, the lack of association of SDD
with retinal thickness in the C0, could be explained by the topography of SDD
development. As the phenotype is mostly found in the superior retina (20,21). Some
previous studies, have analysed persons with SDD, either lack describing the
stages included in their analysis(20,21,34), or the SDD are sometimes combined
with other AMD phenotypes(41).
In conclusion, based on the above results, it can be inferred that the RPE and
photoreceptor layer thickness can be good indicators of AMD-related changes, as
the lesions accompanying the disease affected mostly these two structures. In
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regards to the functional burden of these groups-stages, the data suggest that while
moving from the controls to the more advanced OCT stages, performance declines
for several visual function metrics such as mesopic microperimetry, contrast
sensitivity RIT, LLVA and LLD, which can act as useful biomarkers for AMD, as they
have increasing sensitivity, with the best candidate metric in doing so, being
microperimetry. Finally, the staging reported herein, although it revealed a stepwise
decrease in performance of the above tests, does not necessarily reflect the steps
of disease evolution rather than groups which have greater vulnerability of an
affected visual performance in these tests.
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7 General discussion and conclusions
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Within this thesis, a number of studies have been carried out trying to shed further
light into the effect of AMD on both retinal structure and function with the availability
of multimodal imaging. The author has been involved, in all stages of this project.
Of all the NISA participants (748 for both waves), the author personally examined
over 400 individuals. All OCT and most CFP images were graded and classified by
him under the supervision of a retinal specialist.
To date most studies looking at this issue have used CFP technology as their
means of detecting and classifying disease stages. Although commonly used, CFP
is used at a cost. That is, missed cases of AMD phenotypes, which might be either
disease stage misclassification and/or SDD non-detection. Even in what is graded
as intermediate stage disease in CFP, a more precise technology in some cases
reveals advanced disease features. There is thus a need to re-consider our
boundaries between normal retinal aging and AMD.
In chapter 1, the current knowledge on the field of AMD was provided as well as the
overall aims and objectives of the current work.
In chapter 2, the methods of examination through the application of state-of-the-art
psychophysical and imaging methods were explained as well as the rationale for
inclusion of these tests. In the same chapter, the repeatability of the scotopic
microperimetry as well as the effect of time chosen to dark-adapt an individual were
assessed. Based on the results, the device was found to have a good degree of
repeatability and in regards to optimal time chosen for dark adaptation, a period of
30 minutes was deemed optimal. Further research with

the

scotopic

microperimetry, could focus on the effect of different dark adaptation times, in
different eccentricities of the examination grid.
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In chapter 3, the rationale and methods of the development of a custom-made OCT
classification system for AMD were outlined, reflecting the need of constructing
such classification systems. This is a novel aspect of the NISA study. The
characteristics of the NISA population were explained on the basis of both CFP and
OCT imaging, as well as an assessment of the degree of agreement of the two
modalities took place. On the basis of CFP imaging, the frequency of the AMD
stages found in the NISA study, agrees with other studies and the prevalence of
RPD in this population, agrees with both clinical and population based studies.
When the characteristics of the NISA population, were assessed on the basis of
OCT imaging, again the prevalence of SDD agrees with previous studies, such as
the ALSTAR, which assessed the prevalence of the phenotype by multimodal
imaging. As for the results of drusen metrics (diameter and height) found herein,
they also agree with previously reported studies. Assessment of the agreement
between CFP and OCT methods, revealed that the two modalities agree only
slightly with each other. Finally, there was a good agreement between the standard
and wide-field OCT lenses.
In chapter 4, OCT segmentation analysis was used to assess if AMD-related
lesions, have an impact on retinal structure. On the basis of the results obtained, it
is suggested that the RPE, outer retina and photoreceptor thicknesses could be
good indicators for early AMD. Furthermore, the results from the NISA study agree
with previous studies that in AMD subjects, the total retina is thicker in the foveal
area (C0 circle of the segmentation ring) and that the RPE gets thicker throughout
AMD stages in all eccentricities assessed. The same can be supported for RPE
volume as it was larger from one AMD group to another for both CFP and OCT
based methods of detection. In this study, the association of AMD-related lesions,
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was assessed for systematic, demographic and ocular factors (AMD classification)
Future research could use biological samples to assess the association between
them with AMD-related lesions-stage.
In chapter 5, the impact of AMD-related lesions on visual function was assessed as
well as a correlation between retinal structure and function took place. The results
of this chapter, suggest that tests such as contrast sensitivity, near visual acuity,
the Smith-Kettlewell test, mesopic microperimetry and rod-intercept time can serve
as good visual function outcome metrics for AMD with both CFP and OCT methods.
The impact of SDD on visual function was assessed, and it was found that in the
absence of AMD, the phenotype compromises a wide aspect of visual function. The
impact of RPE abnormalities, a phenotype described in the NISA study, on visual
function was assessed and revealed that the phenotype itself, does not severely
compromise visual function. This, in combination with the finding that it also does
not significantly affect retinal structure, led to the conclusion that the phenotype is
not part of the AMD spectrum. Finally, correlation analysis between visual function
and retinal layer volume agreed in part with previous studies. Future work could
assess whether there is an association between biological samples (biomarkers in
blood or urine samples) and visual function performance in each AMD stage, in both
CFP and OCT classification systems, as well as follow-up the RPE abnormalities
cases in order to examine how they will evolve.
In chapter 6, the OCT classification groups were reduced and placed in an ordered
categorical scale on the basis of the previous results. With the new classification
system, it was found that RPE and photoreceptor thicknesses in the C0 subfield,
are significantly affected and while moving through the OCT stages, this
significance increases. Also, RPE and photoreceptor thicknesses can distinguish
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controls from AMD individuals. On the basis of the results on the effect of these
lesions on visual function, it was observed that from one OCT group to another,
performance declined steadily for the visual function tests. This was significant for
mesopic microperimetry, contrast sensitivity, rod-intercept time, low luminance
visual acuity and low luminance deficit. Also, these were the tests that can
distinguish AMD from their control counterparts with an increased sensitivity of
doing so. Further research could assess the associations of the OCT stages
suggested in the NISA study, with biological samples in order to reveal whether
genetic and/or inflammatory biomarkers, are associated with these OCT stages.
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Appendix 1
Major Amendment NISA Study January 2016:

Funder:
Macular Society Studentship

Research Team Contact Details:
Chief Investigator

Co-Investigator

Dr Ruth Hogg

Professor Usha Chakravarthy,

Center for Experimental Medicine,

Centre for Experimental Medicine,

Royal Victoria Hospital,

Royal Victoria Hospital

Grosvenor Road,

Grosvenor Road,

Belfast BT12 6BA

Belfast BT12 6BA

Northern Ireland

Northern Ireland

Tel: 02890635018

Tel: 02890632527

Email:
r.e.hogg@qub.ac.uk

Email: u.chakravarthy@qub.ac.uk
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Lay Summary
Rationale: Reticular pseudodrusen (RPD) have been shown to increase the risk of
AMD development and progression, as well as significantly impair visual function,
yet there is a great deal we do not understand about this phenomenon.
Aim of the study: Investigate how common RPD are within the general population,
how they are associated with AMD features and what other health problems or
lifestyle factors they commonly exist with.
Method of investigation: We wish to undertake an AMD focused add-on study
within a large aging study currently taking place in Belfast, as well as use data from
the main study to understand AMD and RPD. The NICOLA study started in Feb
2014 and aims to recruit 8500 participants from across Northern Ireland over the
age of 50 and follow them for 10-15 years. Participants undergo a 2 hour home
interview which covers medical, social, educational and economic histories, they
are then invited to attend a 2 hour health assessment at Belfast City Hospital, which
includes cognitive tests, tests of cardiac and respiratory function as well as 30
minutes of ocular examinations including detailed retinal imaging. Funding is in
place to rapidly assess these images so that those with early or late AMD can be
identified. We propose to invite those with early AMD in either eye to attend for
additional testing more specifically targeted at AMD processes, including a careful
assessment of visual function including acuity in high and low illumination, reading
speed, flicker sensitivity, dark adaptation and visual field assessment. These subtle
functional changes will be compared with the retinal imaging to help us understand
the impact of RPD compared to standard drusen. Participant’s quality of life will also
be assessed using questionnaires, so that we better understand how changes in
visual function, other medical conditions, personal or economic circumstances
impact vision related quality of life. We will also take a blood sample for analysis
focused on AMD disease processes and to investigate the role of inflammation in
the development of RPD.

The research question: What is the association between reticular pseudodrusen
(RPD) and age-related macular degeneration (AMD) in the general population?

Hypothesis: RPD represent an ocular manifestation of a systemic condition with
specific lifestyle, demographic, biochemical and genetic risk factors that act
synergistically with AMD pathogenesis to hasten the onset and progression of the
disease.

Importance of the research: It is increasingly being appreciated that reticular
pseudodrusen (RPD) are an important independent risk factor for the development
and progression of AMD1. Accurate determination of RPD requires either infra-red
or autofluorescence retinal imaging ideally in conjunction with spectral domain
OCT, therefore none of the epidemiological studies to date have been able to
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accurately ascertain its prevalence in the general population or what systemic or
demographic factors are associated with it. Addressing these issues will help to
unravel how this feature fits into our current knowledge of AMD pathogenesis,
particularly the drivers for progression to late stage disease given its strong
association with late stage disease.

Aims:
Describe the prevalence of AMD and RPD within the NICOLA cohort.
Evaluate the influence of systemic, demographic and dietary factors on the
presence of RPD
Determine the impact of RPD on visual function and vision related quality of life.
Use a nested case-control study to establish if systemic inflammatory factors are
more common in those with RPD compared to those without.
Given the broad range of data being collected within the main study and proposed
add-on study several timely questions relevant to our current understanding of AMD
and RPD in particular can be addressed from this dataset:
1. What is the prevalence of RPD and what are the risk factors associated with this
feature?
Drusen are considered a harbinger of the advanced, sight-threatening forms of
AMD, namely geographic atrophy and neovascular AMD. Drusen are defined
histologically as extracellular material trapped between Bruch’s membrane and the
retinal pigment epithelium(RPE) and clinically as focal yellowish spots visible on
ophthalmoscopy. An additional distinct phenotype, reticular pseudodrusen(RPD),
first described in 19901 and its importance in the development and progression of
AMD is beginning to be understood. Several prospective studies have reported that
RPD is a stronger predictor for progression to late AMD than classical drusen
including one from our own group.4 5 We now know that the sensitivity of colour
photography for detection of RPD can be as low as 36%4. This is because the
visibility of the reticular pattern is very dependent on the retinal pigmentation and
also on lens quality. Therefore current epidemiological estimates are likely to
underestimate the prevalence of RPD. An overall estimate of population prevalence
within the Beaver Dam Eye Study was 0.7% with the 15 year incidence of 0.4%6.6% for those aged 43-54 or 75-86 respectively, demonstrating a strong age
relationship similar to that noted with other AMD phenotypes6. The Blue Mountain
Eye Study reported a 15-year cumulative incidence of RPD of 4.0%. Reports of
prevalence of RPD within AMD clinical cohorts differs widely depending on the AMD
stage of the patients assessed and also on the imaging modality used, with reports
of 8.4%7 in those with early AMD, 248-367% in those with neovascular AMD and
29-92.3%9-11 in those with atrophic AMD. Knowing the population prevalence of
RPD and how this relates to AMD features is important to understanding the role
they play AMD development. Associations can be adjusted for genetic factors once
these are available for the whole cohort.
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2. What systemic demographic or lifestyle factors are associated with the presence
of RPD?
Various risk factors have been associated with RPD including smoking, higher body
mass index and a female predominance6 and some investigators have suggested
it may have a systemic inflammatory etiology12 13. However these relationships
have not been consistent as most studies are using relatively small clinic based
cohorts, lacking sufficient power to detect such associations and hampered by the
bias inherent to a clinic based cohort. The NICOLA cohort will provide a large wellcharacterised population based cohort to enable multivariate risk models to be
constructed. The underestimation of RPD in previous cohorts would have seriously
limited the detection of systemic associations. A small study has reported on visual
function characteristics of those with RPD without other AMD features14 suggesting
it may exist in the general population independent of AMD, a large epidemiological
study is the only way to untangle these relationships as finding these cases in a
clinical situation would be very difficult.

3. What are the functional consequences of RPD and how do these relate to other
early AMD features?
Cone adaptation and flicker sensitivity are known to be present in the early stages
of AMD, we recently reported poorer low luminance acuity in those with RPD
compared to those without, despite both groups having neovascular AMD in their
fellow eye. The proposed add-on study will be of sufficient size to enable
stratification by both AMD stage and presence or absence of RPD to untangle visual
deficits due to RPD and those due to early AMD. Subtle psychophysical methods
including flicker perimetry, dark adaptation and microperimetry will be undertaken
enabling structure-function maps to be compared by incorporating the retinal
imaging data. This will improve our understanding of the deficits associated with
RPD and standard AMD features as well as aid in development of clinically useful
biomarkers AMD. Standard clinical measure of function including distance and near
visual acuity, contrast sensitivity, reading speed and face perception will also be
undertaken so that relationships with quality of life can be investigated. Very basic
QOL data is being collected within the main NICOLA study (NEI VFQ-9), therefore
this application would allow NEI-VFQ (full), MacDQoL, and Low Luminance
Questionnaire to be collected within the AMD focused add-on study and compared
with the healthy ageing add-on study as well as the visual function measures. This
would help our understanding of the practical consequences of RPD as well as
forming a baseline to investigate the impact of changes to ocular, economic, social
or medical circumstances on visual related QoL over time.
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Methodology and Outcomes:
Sample size
We expect approximately 4000 to attend the health assessment and if we assume
approximately 14% have some AMD features (~560) and approximately 50% agree
to a further visit, a cohort of approximately 250-300 AMD participants could be
established.
Plan of investigation, methods and techniques
1. NICOLA main study data (available in its entirety early 2017) will be used to
determine:
(i) the population prevalence of early and late AMD and specific AMD phenotypes
such as RPD, pigmentary irregularities and drusen size
(ii) Associations between AMD subtypes and dietary, lifestyle, medical and
demographic factors and eventually genetic factors (funding is being sought
independently for GWAS for the main cohort).
2. Participants identified with early/intermediate AMD, or RPD without AMD from
the main study will be contacted and invited to attend a second visit lasting
approximately 2 hours.
Add-on study assessments at this visit will include:
(i)Refraction and clinical visual function assessment (Refraction, visual acuity at
distance and near, low luminance acuity, reading speed).
(ii) Cone dark adaptation, dark adaptation is recognised as an important biomarker
of RPE dysfunction in AMD development, we will use an Adapt Dx which provides
a clinically feasible methods of measuring key parameters of the dark adaption
curve in under 20 minutes17.
(iii)Perimetric tests: These will enable the spatial relationship between anatomical
features (retinal vasculature, retinal layer disturbance, drusen etc) and functional
changes to be explored. We will use both microperimetry (photopic and scotopic)
(if available for the MAIA)) and flicker perimetry.

Functional and imaging data from the add-on study will be compared to agematched controls, collected as part of a NICOLA visual function focused “normal
aging” add-on study funded by a College of Optometrists studentship with
supplementary funding from RNIB, Thomas Pocklington Trust, and SENSE. This
project started Oct 2013 and aims to recruit 450 participants with no evidence of
ocular pathology from the NICOLA cohort.
(iv) Complete quality of life questionnaires. NEI VFQ 25.
(v) Provide a blood sample so that a Biobank for the cohort can be created.
Although blood is being stored in the main study, access is likely to be very
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restricted, particularly for assessments of subpopulations, as this would lead to
differential depletion of the resource.
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Study visit procedure Comparison pre and post ammendment:
NISA study
Visual Acuity
Contrast sensitivity
Near Visual Acuity
Low
Luminance
Acuity
Reading Speed
MAIA-Mesopic
MAIA-Scotopic

Frequency
Doubling Perimetry
Pentacam
Ocular Biometry
Oculus C-Quant
NEI-VFQ 25
Dark Adaptometry
Retinal
Imaging
(Colour
fundus,
Optos wide-field,
OCT/Wide-field
OCT/ OCT-A

Yes
Yes
Yes
Yes

NISA study AMD
add-on
Yes
Yes
Yes
Yes

Yes
Yes
No (apart from 40
participants
to
provide normative
data)
Yes

Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
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APPENDIX 1.A – Visual Acuity Assessment (4 metre (or 2 metre) and 1 metre
evaluation)

Standardising visual acuity testing is the key to obtaining repeatable and reliable
measurements. The procedure described below has been developed and refined
from a number of previously conducted clinical trials including the MPS studies and
SFRADS.
Acuity testing should preferably be undertaken in dedicated facilities using charts
with standardised and uniform lighting.
The testing distances should be accurately marked out and the procedure followed
should be identical from one patient to the next and when the patient returns for
subsequent visits.
While equipment and light bulbs may be replaced as required every attempt must
be made to keep conditions as unchanged and as standardised as possible.
ETDRS LogMAR Visual Acuity Charts
There are a number of ETDRS charts. For the purposes of the cohort study only
Charts 1 and 2 and Chart R are needed.
Chart R is used for refraction.
After refraction is complete Charts 1 and 2 are used for testing the right and left eye
respectively.
Each line has 5 uniformly sized and spaced letters which decrease progressively in
size from the top most line.
LogMAR charts were developed and popularised by Bailey and Lovie and hence
they are sometimes referred to as Bailey Lovie Charts. The visual angle is largest
with the largest letters. The advantage of these charts is that there is a geometric
progression of the visual angle with a doubling or a halving with every 3 line change.
Therefore calculation of the visual angle is very simple and allowances are made
for the testing distance.
The charts may be standardised for testing at 4 M or testing at 3M.
Regardless, they may be used at any testing distance as long as the appropriate
conversions are clearly understood.
Changing the testing distance simply extends the range of acuity the chart can test.
Thus for example when used at a distance of 4M the acuity range is -0.3 logMAR
to 1.0.
By moving the chart to 2M, the range becomes 0.0 logMAR to 1.3.
When testing is undertaken at 1M, acuities as worse as 1.6 can be assessed.
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Although standardised for the 4 M distance, the chart can be easily used at 2M or
1M.
In order to obtain an acuity, when the chart has been used at 2M or 1M the examiner
simply adds 15 letters or 0 letters (for 2M and 1M respectively) to the number of
letters read at the testing distance.
Full details on how the results of the tests should be scored and recorded will be
provided along with the forms used to record acuity.

1.2

Retroilluminated Visual Acuity Box

The illuminated box can be mounted on a wall or be used free standing.
The box should be placed so that the top of the third row of letters (0.8 logMAR at
4 Metres testing distance ) is 49 + 2 (124.5 + 5.1cm) inches from the floor.

Ambient lighting
Most of the room lights should be turned off during the visual acuity test.
Retro-illumination within the box itself provides the appropriate level of illumination
to undertake the test and should also allow the examiner to record the test results
without any additional lighting..

Visual Acuity Lanes
A distance of 2 meters (78.7 inches) is required between the patient’s eyes and the
visual acuity chart for the 2 meter test, and a distance of exactly 1 meter (39.37
inches) is required for the 1 meter test.
Wall-mounted box: In addition to the 4 meter lane, 17.78 cm (7 inches) must be
allowed for the depth of the box plus space for the patient. If space is insufficient,
the test may be undertaken at any specified distance as long as this is taken into
account during the recording of information.
Stand-mounted box: In addition to the 4 meter lane, 33.02cm (13 inches) must be
allowed for the stand’s casters plus space for the patient.

Marking the distance

The distances are measured form the eye of the patient, seated comfortably in a
chair with his or her back firmly placed against the chairs back, to the centre of the
second (left eye) or fourth letter (right eye) of the third line of the chart. The
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horizontal distance must be measured individually for each examination. 1 or 2
meter sticks can be used.

Refraction
All tests of visual function should be performed by a visual acuity examiner who has
been appropriately trained
Equipment
The equipment required for refraction is:
Retroilluminated ETDRS chart set.
Trial lens frames
Trial lens set, with positive or negative cylinder lenses.
+0.37 and –0.37 spherical lenses.
Jackson cross-cylinders of 0.25, 0.5, and 1.00 diopters.
Pinhole occluder.
Refraction
Always start with chart R. This is the chart used for refraction.
At the initial/first visit, the patient’s spectacles for distance viewing (if worn) should
be measured with a focimetre, and these measurements used as the beginning
approximate refraction.
Refractions may be performed with minus or plus cylinders.
If the patient does not wear spectacles for distance vision, retinoscopy or
autorefraction may be used.
Ensure that the patient does not lean forward and is using only the eye being tested.
When no correction is needed, start with plano.
If correction is needed start with current spectacle correction, retinoscopy result or
autorefractor result (that is the appropriate sphere, appropriate cylinder in
measured axis).
Check which line of the chart the subject is able to read.

1.6.2.1 Refining the spherical correction
Subject looks at lowest line read well.
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Hold challenge lens in front of trial frame over eye to be tested (range between +
0.37 and + 1.00 depending upon acuity) and ask if this makes the lowest line seen
better, no different or worse.
If subject indicates better or no different increase the sphere power in the trial lens
frame and repeat with a plus challenge lens.
If better by reading additional letters, again increase the sphere in the trial frame
and repeat these steps until there is no further improvement or a definite reduction
in number of letters read.
If no change in number of letters read repeat challenge with a plus sphere. If subject
indicates better increase sphere power, and if no different again increase sphere
power. Repeat these steps until performance shows worsening and then stop.
If subject indicates vision is worse offer a minus challenge lens. If patient reads
better then change sphere power accordingly using an equivalent minus correction.
Repeat cycle until subject indicates definite worsening

Refining the axis of the cylinder
Ask the subject to view a letter 1 line above the smallest line they can read
Hold the + 0.5 Jackson’s cross cylinder in front of the trial frame straddling the axis
of the cylinder and flip to each side. Ask the subject to indicate which is clearer or
whether they are equally clear.
Move axis in the direction of reduced blur if subject indicates reduced blur with a
flip.
Repeat this until subject indicates equal blur on both sides of the flip

Refining the power of the cylinder

Align the Jackson’s cross cylinder with the power meridian of the lens in the trial
frame and flip to present either the + 0.50 or the – 0.50.
Ask the subject to indicate which is better flip 1 or flip 2 .
If no difference is indicated stop here
Adjust the power accordingly if one of the flips is indicated as better
If + 0.50 is indicated as better reduce the power of the sphere in the trial lens by –
0.25 and repeat until no difference is indicated
If – 0.50 is indicated as better, increase power of the sphere in the trial lens by
+0.25 and repeat until no difference is indicated
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1.6.2.4 Final steps in refraction
As a final check, repeat a round of the steps used to get the spherical correction
The best correction for each eye is determined from the subjective refraction should
be entered in the Record of Subjective Refraction.
Recording of VA
Each eye should be tested separately at a specified distance
The testing distance should be clearly marked on the record of acuity form
Use chart 1 to test the RE and chart 2 to test the LE
Place the appropriate correction in the trial frame on the eye to be tested and ensure
that the fellow eye is occluded properly.
Ask the patient to read steadily line by line.
The examiner can make reassuring comments but should not tell the patient
whether a letter is correctly or incorrectly identified.
The patient may be encouraged to guess letters and if letters are missed the
examiner may point to the row of letters as patients often use eccentric fixation.
When visual acuity is worse than logMAR 0.8 (that is fewer than 15 letters read at
4M testing distance) testing should be repeated at 1 meter.
If a patient is unable to read any letters on the largest line at 1 meter vision should
be checked with a pinhole to assess whether reduced vision is due, at least in part,
to a very large refractive error.
For the purposes of recording VA, each letter read correctly should be circled.
Cross out letters incorrectly identified.
If a patient skips a letter leave this unmarked, though the patient may be
encouraged to reattempt the line on which the letters were missed.
Patients are also encouraged to guess and the examiner should not stop until a
minimum of 3 letters on one row are incorrectly identified.

1.8 Scoring.
VA may recorded as a linear variable ie. simply enter the number of letters read and
the testing distance.
If no letters are read at 4M, only the score at the 1M testing distance is entered.
If fewer than 20 letters are read at the 4 M testing distance, the number of letters
correctly identified at this distance is added to the score obtained on the 1M testing
distance.
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If more than 20 letters are read at 4M, the total read at 4 M is increased by a further
30.
If the 2 M testing distance is used simply add 15 letters instead of 30 to the score
If a visual angle is required, the line on which a minimum of 3 letters are correctly
identified is entered as the visual acuity.
At each follow-up visit, the refraction recorded at the previous visit may be used as
the beginning approximate refraction for each eye
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APPENDIX 1.B- Pelli-Robson Contrast Sensitivity Assessment Procedure
Test Conditions
1.
The Chart. There are two charts. Each chart has different letter sequences
but are otherwise identical. The letters on the chart are organised into groups of
three
(ie; triplets) there being two per line. Within each triplet all letters have the same
contrast. The contrast decreases from one triplet to the next. The division into
triplets is indicated on the scoring sheet but not on the chart itself. Unlike an acuity
chart, in which the difficulty increases from line to line, in the Pelli-Robson chart the
difficulty increases in the middle of each line as well.
2.
Mounting the chart.
The chart should be hung so that it’s centre will
be approximately at the level of the patient’s eyes. The patient should be seated
on a chair that can have the height adjusted or the chart can be moved up or down
based on the height of the patient.
Illuminating the chart. The chart should be illuminated as uniformly as possible,
so that the luminance of the white areas is between 60 to 120 foot-candles of light.
Measure the illumination of the chart in all four corners of the chart before each test.
Avoid glare.
Contrast Sensitivity Testing
Testing a patient. Test patients before dilating their pupils or applying other drugs
to their eyes. Test contrast sensitivity after logMAR visual acuity testing has been
completed. If the patient was refracted at two meters, add +0.5 diopters to the
patient’s refractive correction. The patient must sit one meter from the chart. Test
the right eye then the left eye. The eye not being tested must be occluded. Test
the right eye with the chart V, R and S as the first triplet. Test the left eye with the
chart that contains H, S and Z as the first triplet. Each chart should remain hidden
from view until the eye in question is ready for testing.
2.

Recording the patient’s performance. Complete the header of the record

Worksheet. The patient should make a single attempt to name each letter on the
Chart, starting with the dark letters on the upper left-hand corner and reading
horizontally across the entire line. Circle each letter read correctly and cross
through each letter read incorrectly. Leave letters not attempted unmarked. Test
the right eye then the left eye.
Do not let the patient give up too soon. Patient’ should be made to guess even
if they believe the letters are invisible. You should allow several seconds for
thefaintest letters to appear, but do not let the patient give up until he or she has
guessed incorrectly 2 of the 3 letters in a triplet. The reliability of the results depend
on this.
Scoring the test. The patient’s sensitivity is indicated by the faintest triplet for
which 2 of the 3 letters are named correctly. The log contrast sensitivity for this
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triplet is given by the number on the worksheet nearest to the triplet. Enter this
number as the Log Contrast Sensitivity Score.
APPENDIX 1.C – Colenbrander mixed contrast acuity

Conventional, high-contrast letter chart acuity captures only one aspect of visual
performance. Low contrast acuity is equally important for activities of daily living,
since most everyday objects have less than black-on-white contrast, are larger than
the smallest letters seen on a letter chart and are seen at various intermediate
distances.
The Colenbrander Mixed contrast chart contains Black and 20% Weber contrast
acuity values printed on the sides for testing at 1 metre and 2.5 metres, along with
visual acuity scores, Snellen acuity and M units. The chart is designed for use in
the ETDRS illuminated light box.
The chart is split horizontally into two areas of differing contrast levels; the left side
contains black letters of high contrast and the right side contains letters of reduced
contrast. The participant is required to read down the high contrast chart first,
followed by low contrast. A score is obtained for this test by determining the
difference between the total number of letters read (using the same method as
described for visual acuity measurement using ETDRS chart) on the high contrast
area compared to the low contrast area.
APPENDIX 1.D – Near Visual Acuity
The near visual acuity assessment should be conducted before dilating drops or
other drugs used in the ophthalmic examination are applied to the subject’s eyes
and following protocol refraction or determination of the subject’s best correction for
distance visual acuity.
Equipment: The equipment needed for the near visual acuity assessment includes:
Near Word Visual Acuity Charts (for the subjects)
Near Word Visual Acuity Score Sheet (for the examiner)
Transportable lightbox with accompanying border
Trial lens set
An occlude for the fellow eye
A 25 cm measuring stick
Procedure:
Near visual acuity will be measured in each eye separately with a modified BaileyLovie near word reading chart using the appropriate reading addition worn over the
protocol refraction at 4 metres providing the best corrected distance visual acuity at
distance. Do not stack lenses, change the lens in the trial frame prior to starting the
reading speed test. Two near word visual acuity charts (Chart 1 for the right eye
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and Chart 2 for the left eye) presented as transparencies with black text and
corresponding score sheets have been developed, translated and validated by
Pfizer specifically for this multinational clinical trial. The near word visual acuity
charts display words of 4, 7 and 10 characters and test the smallest word size
identifiable from 0.0 logMAR to 1.6 logMAR (20/10 to 20/400 Snellen equivalent) at
25 centimetres (cm). The words are unrelated and each line contains words of a set
character size.
Normal room lighting should be maintained during the near visual acuity
assessment. Appropriate lighting for the near visual acuity assessments will be
provided by a transportable light box (provided to each study site) upon which the
selected transparent near word visual acuity chart will be placed to provide optimal
illumination and contrast.
The light box should be positioned at an approximately 45 degree tilt on a flat
surface or table. The transparent near word visual acuity is placed on the lightbox
and fitted with the accompanying border to block excess illumination around the
chart from the lightbox. The angle of the light box and the vertical height of the table
or the examining chair may be adjusted to ensure that the near word visual acuity
chart is at eye level for reading with the patient seated comfortably. The 25cm
distance between the near word visual acuity chart and the outer canthus of the
tested eye should be verified using the 25 cm measuring stick. During the test the
subject may move his eyes or head up and down and/or side to side but not forward
to read the near word visual acuity chart and should be monitored to ensure that
the 25 cm distance between the plane of vision and the near word visual acuity
chart is maintained throughout the test.
Prior to the start of the test occlude the fellow eye. The subject should be instructed
to begin reading the words at the top of the near word visual acuity chart (chart 1
for the right eye and chart 2 for the left eye) from left to right continuing with each
successive row of smaller print until no additional words can be identified. The
patient should be encouraged reading until no additional words can be identified.
The patient should be encouraged to continue reading even if unsure and permitted
to guess at words.
The near acuity test is not timed; however, the examiner should conclude the test
before the subject becomes frustrated or upset.
During the test the examiner will follow along on the corresponding near word visual
acuity score sheet displaying the identical words as those printed on the near word
visual acuity chart given to the subject. The examiner will mark with an X or slash
(/) each word read incorrectly but will encourage the subject to continue reading
until they can read no further because the print is too small. At the conclusion of the
test the examiner will record as the subject’s near word visual acuity the logMAR of
the smallest line on the chart of which at least half of the words on the row were
read correctly.
APPENDIX 1.E – Low Luminance Acuity (SKILL card)
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The Smith-Kettlewell Institute Low Luminance (SKILL) Card, is designed to
measure spatial vision under conditions of reduced contrast and luminance. The
SKILL Card consists of two near acuity charts mounted back to back. One side has
a chart with black letters on a dark gray background designed to simulate reduced
contrast and luminance conditions. The other side has a high-contrast, black-onwhite letter chart. The SKILL score is the acuity loss (number of letters) between
the light and dark sides.
Card should be held approximately 40 cm from the patients eye wearing the
appropriate reading addition with high contrast letters facing the patient under
normal room lighting.
Start at 20/40 line and ask the patient to read the letters.
If errors are made on the 20/40 line, test the next larger line (20/50) and continue
until a line is read perfectly (5 out of 5 correct) prior to reading lines smaller than
20/40.
Proceed to test lines smaller than 20/40 starting with 20/30.
Stop when the patient cannot identify any letters on a line.
Record the number of letters correctly identified, assuming all above the first line
read perfectly (5 out of 5 correct) are also perfect.
APPENDIX 1.F - Reading Speed
The reading speed assessment should be conducted before dilating drops or other
drugs used in the ophthalmic examination are applied to the subjects eyes and
following protocol refraction or determination of the subjects best correction for
distance visual acuity. Additionally, the reading speed assessment must be
performed after measurement of subjects near word visual acuity.
Equipment: The equipment needed for the reading speed assessment includes:
Reading Speed Charts (for the subject)
Reading Speed Score Sheet (for the examiner)
Timer
Transportable lightbox with accompanying border
Trial lens set
An occlude for the fellow eye
A 25 cm measuring stick
Procedure:
Reading speed will be assessed separately in each eye using 2 sets of modified
Bailey-Lovie reading speed charts presented as transparencies with black text and
corresponding reading speed score sheets.
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The reading speed charts (Set 1 includes Charts 5-14 to be used for testing the
right eye and Set 2 includes Charts 15-24 to be used for testing the left eye) use a
similar range and mix of 12 to 30 unrelated words consisting of 4, 7 or 10 letters on
each line of the chart across the range of print sizes from 1.2M to 10M which
correspond to a near visual acuity of 0.7 to 1.6 logMAR (20/25 to 20/400) Snellen
equivalent) at 25 cm.
For the reading speed assessment subjects are tested using the appropriate
reading addition worn over the protocol refraction at 4 metres providing the best
corrected distance visual acuity. Do not stack lenses, change the lens in the trial
frame prior to starting the reading speed test. The reading speed chart selected for
the reading speed assessment should exhibit text of a print size two logarithmic
steps larger than the subjects measured near word visual acuity in the tested eye
as described in the table below.

Normal room lighting should be maintained during the near visual acuity
assessment. Appropriate lighting for the reading speed assessment will be provided
by a transportable light box upon which the selected reading speed chart is placed
to provide optimal illumination and contrast.
The light box should be positioned at an approximately 45 degree tilt on a flat
surface or table. The transparent reading speed chart is placed on the lightbox and
fitted with the accompanying border to block excess illumination around the chart
from the lightbox. The angle of the light box and the vertical height of the table or
the examining chair may be adjusted to ensure that the reading speed chart is at
eye level for reading with the patient seated comfortably. The 25 cm distance
between the reading speed chart and the outer canthus of the tested eye should be
verified using the 25 cm measuring stick. During the test the subject may move his
eyes or head up and down and/or side to side but not forward to read the reading
speed chart and should be monitored to ensure that the 25 cm distance between
the plane of vision and the reading speed chart is maintained throughout the test.
Prior to the start of the reading speed assessment occlude the fellow eye. The
subject should be instructed to read the print on the selected reading speed chart
steadily from the top, left to right without stopping or interruption at a comfortable
pace until all of the words on the chart have been read or attempted. The subject
should be encouraged to continue reading even if unsure and permitted to guess
at words.
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The timer is activated when the subject commences reading. The timer is stopped
when the participant has finished reading all of the words on the chart or at 2
minutes, whichever is sooner. During the test the examiner will follow along on the
corresponding reading score sheet displaying the identical words and chart number
as those printed on the reading speed chart given to the subject. The examiner will
mark with an X or slash (/) each word read incorrectly, reread or missed (skipped)
but will encourage the subject to continue reading until all words on the chart have
been attempted or a time or 2 minutes has elapsed. Any words not attempted or
read within the 2 minute time frame allowed for the test should also be marked with
an X or slash (/).
At the conclusion of the test the examiner will record on the reading speed score
sheet only the total number of words read correctly; those words read incorrectly,
reread or missed (skipped) are not counted. The time recorded for the reading
speed test will be the time taken for the subject to finish reading all the words on
the chart in minutes and seconds as displayed on the timer (maximum 2 minutes).
If the subject skips and entire line of words, the examiner may select the second,
unused chart in the same set with words of the same size and repeat the test. In
the event the subject again skips an entire line on the repeat test the words on that
line shall be recorded as incorrectly read. The results of the first test will be
considered invalid and only the results from the second test will be used as the
reading speed score for that subject.
APPENDIX 1.G: MAIA (Macular Integrity Assessment)
MAIA Testing Protocol
The test procedure is explained as per instructions outlined below:
The participant should be optimally dilated before testing begins using 2 drops of
Tropicamide in each eye (or equivalent). Ocular lubricants should be provided if
required during the test, as ocular surface dryness or discomfort can affect results.
The left eye is patched.
The room lighting is kept on as instructions are given before the start of each test.
RUNNING THE TEST
If the participant is new, select “New Expert Exam” on the screen. If the participant
is performing a follow-up test, select “New Follow Up Test” tab.
The participant is adjusted on the machine so that his eye level aligns with the eye
symbol on the headrest, and his posture is checked.
Choosing the Grid – When performing an expert test select the stimuli grid by
clicking on the select grid button
Alignment- Click on the Go to OS to perform the test on the left eye or on Go to
OD for the right one
The room lighting is switched off at this point.
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The participant is instructed to look for a small red circle, which will appear in the
center of the testing field. The examination is then commenced, by selecting “Start”,
and autofocus of the fundus image will run for approximately 10 seconds.
Once the autofocus has completed, an image will be obtained as a reference
throughout the test.
The machine will then prompt the user to locate the blind spot. This is done by
manually selecting the middle of the optic nerve head.
Once “OK” is selected on the screen prompt, the test has begun, and the MAIA will
then calibrate the Preferred Retinal Locus (PRL). The participant is instructed to
continue to fixate in the middle of the red circle for a period of several seconds (PRL
calibration requires 10 seconds from selecting “OK”) and then instructed to press
the response- button when a white light is seen.
Training session- The perimetric projection starts, with the first few stimuli being
used as a training session for a patient to understand his task. Such stimuli are not
considered in the test results. When/if two of such training stimuli are responded,
the true test stimuli start. If the patient does not respond to eight of such training
stimuli, the test will start anyway.
Test stimuli will begin to be presented, with the first few being supra-threshold
(relatively bright) as practice and then the test stimuli will get dimmer. The
participant is encouraged to keep looking at the center as steadily as possible.
The participant is encouraged throughout the test to fixate well, continue to blink
and the informed of the time towards the end of the examination at regular intervals.
After finishing, the room lighting is turned back on (to ensure each eye obtains the
same amount of dark adaptation) and the participant given a period of rest.
Feedback is then provided on fixation stability, response to false positive stimuli and
general performance and asked if they have any questions.
The participant is then told to rest while setting up for the next test.
The procedure will be repeated using the scotopic stimulus protocol after 30 mins
dark adaptation. This will be achieved by choosing the most severely affected eye
or right eye if equal and patching the eye securely ensuring no light can penetrate.

APPENDIX 1.H: Pentacam High Resolution Camera
Purpose and Scope
The primary purpose for using this instrument is to provide Scheimpflug images of
the lens in order to assessment cataract and its development longitudinally however
it simultaneously measures a number of other parameters.
Introduction
The PentacamHR is an optical instrument for documentation and analysis of the
anterior segment of the eye for diagnostic and research purposes. Its optical design
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is based on the Scheimpflug principle and the Pentacam HR is basically an
automated camera. The software of the system is designed to minimize the
influence of the operator and thus maximize the reproducibility of image capture.
The software offers analysis tools for biometrical measurements in the anterior eye
segment and for densitometric analysis of the transparent tissues, cornea and lens.
Equipment
Pentacam HR
Antiseptic wipes

Procedure
The following clinical prerequisites have to be met by the patient to allow successful
lens image capture:
a) ability to open the eye lids – in patients with pronounced ptosis help by an
assistant is needed to open the eye lids; uncontrolled blepharospasm and
uncontrolled nystagmus exclude a patient from Pentacam imaging.
b) Ability to fixate a target or at least look straight forward – squinting might make it
impossible to trigger the automated release mechanism and will cause distorted
image capture.
329

c) Transparency of the cornea
d) Pupil dilation. In case the pupil cannot be dilated, for what reason so ever, the
image and its analysis are valid only for the cornea and anterior chamber
parameters. An opaque cornea makes image capture useless.

1. Switch on the PD first and then the Pentacam
To open the examination program, you must either enter a new patient’s name or
select an existing patient from the list.

2. Select a patient
- Enter a new patient: Click “New” in patient data management”. Enter the patients
last name, first name and date of birth in the patient window. (need to modify this
for NICOLA). To save the data entered, click “Save”. The new patient information
will now be displayed in the patient list.
-Select an existing patient. Use the “Search” button, click on the entry that you
require to transfer the patient’s name to the patient window. This also brings up a
list of any previous examinations for that patient in the examination window.
3. Start the Pentacam program
After you have selected the patient, starting the program by clicking “Pentacam”.
Alternatively you can start the program by double clicking the patient you have
selected.
4. Prepare to measure
Choose the “Examination” tab and click “Scan” to activate the blue slit lamp.
Make sure “25 pictures”/1sec is clicked under 3D scan.
5. Positioning the patient
Adjust the height of the table.
Ask the patient to place their head in the chin and forehead rest.
The black mark between the chin rest and the forehead rest should be at the same
level as the patients eye.
Adjust the patient’s eye level using the twist grip.
The patient is sitting correctly if their forehead and chin are touching the rests and
their eyes are at the same level as the black mark, so that the blue slit beam is
illuminating the patient’s cornea.
6. Darken the Room
7. Begin measuring
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Ask the patient to open the eye wide and look into the blue slit.
Move the Pentacam’s cross slide towards the patient until the Scheimpflug image
shows the cornea of the eye that you want to examine. The goal is to make the red
dot on the cornea touch the red line. Focus the pupil image by moving the joystick
towards the Pentacam or away from it or to the left or right side.
What to say to the patient before taking the measurement:
“Please open you eyes as wide as possible, look at the blue slit and the bright red
light, the machine may begin to move and make a noise but just keep focused on
the red light”
8. Take the measurement
Make any fine adjustments required based on the information in the adjustment
window. TO do so, move the joystick in the direction provided:
e.g., move the joystick right, towards you and clockwise.
When the eye is in focus, the adjustment window will show a black cross in the
centre of the circle with four black bars surrounding it. The pentacam will then take
the measurement “Automatically”.
What to say to the patient just before the measurement:
“Keep your eyes as wide open as possible as I take the measurement, blink once
more now and then don’t blink while the machine is taking the measurement-now”
9. Check the measurement results
Ask the patient to remove the head from the rest.
Check the measurement results using the quality specification in “QS”
If QS reads ok, the measurement is ok and move on to the other eye.
If QS is yellow or red, take one more measurement before trying the other eye.
The data is stored automatically.
10. The camera is adapted to the patient’s need by modification of table height and
chinrest, such that the patient sits comfortably and relaxed. The operator fills in all
patient data needed by the program. The patient is asked to open the yes as wide
as possible and fixate the red target in the optics of the camera. He is asked not
follow the movement of the blue slit light during recording.
With the aid of the alignment system of the Pentacam, the operator aligns the
camera to the optical axis of the eye. The moment the corneal apex is identified,
the system automatically records a series of 25 images per eye which are also
automatically stored on the hard disc of the computer. A brief quality control by the
system and the operator is performed. If necessary the image capture procedure is
repeated. The same process is performed for the other eye.
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Thereafter the next patient can be documented. Mathematical analysis of the data
obtained is not performed during patient presence, but at a later stage of the study.

APPENDIX 1.I: Oculus C-Quant Straylight meter
(software version 1.09)
Introduction
This document is intended as help when working with the Oculus C-Quant straylight
meter. It gives some examples of possible measurement outcomes, which can be
useful to interpret your own results, especially when measurement reliability is not
optimal. It is assumed that you are already familiar with basic operation of the CQuant. If not, please refer to the C-Quant Instruction Manual.
Please start to familiarize yourself with the measurement by testing your own eye.
Play with different range settings (including “G”) and (erroneous) corrective lenses
up till errors of + and -4D. Study the response patterns (lower graph of the C-Quant
screen) obtained and compare them with the examples in this document.

Startup and patient data entry (Patient Data Management screen)
- Start up the C-Quant program by double clicking the Oculus Company logo on the
desk top. A screen-filling company logo appears. Click again to go to the Patient
Data Management screen.
- Enter the appropriate patient data or select the appropriate patient from the patient
list.
Note: the <First name> field needs at least two characters before the patient data
can be added to the patient list.
- Start up the examination program by single clicking the [C-Quant] button. Note:
Double clicking will give an error!
- If the message “C-Quant could not be found” appears, either the C-Quant is not
switched on, the C-Quant is not properly connected to the (laptop) computer, or the
<Mode> setting in the <System settings> dialog of the examination program (go to
<Settings> <System>) does not correspond to the type of connection you are
using (serial or USB). After making the necessary adjustments, close down the
examination program and start it up again.

The examination program (Oculus C-Quant screen)
Before the measurement
Three settings need to be made on the screen before a measurement can be
started:
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1. Eye:
If both eyes are to be measured, start with the better/dominant eye. The other eye
should be occluded with an eye patch or something similar. Note: see under
“Range” below.
2. Correction:
The refractive correction is not critical for the C-Quant measurement. A deviation of
the best corrected value of up to 2 diopters can easily be tolerated. Cylindrical errors
of up to 3 diopters may be corrected with the spherical equivalent. It is
recommended to use only one trial lens for refractive correction, unless the
cylindrical correction is more than 3 diopters. Note: for visual acuities down to 0.2,
it should still be possible to perform the test. For visual acuities of 0.1 or lower, the
test will be very difficult to perform.
3. Range:
The default <Range> setting is “E(>75)”. This will be a proper setting in many cases,
if straylight increase is mild. If high straylight values are expected (e.g. with cataract
or corneal turbidities), settings “F(cataract)” or “G” must be used. “G” can also be
used if you want an easy (first) test.
The response pattern obtained will guide you how to proceed. Note: change the
<Range> setting before changing the <Eye> setting, otherwise the <Eye> setting
will jump back to “Left”. Note: the chosen <Range> setting might turn out to be not
optimal for the actual patient. Depending on the circumstances, it might be
necessary to repeat the measurement with a different <Range> setting in order to
obtain a (more) reliable measurement (see “After the measurement” below).
Patient instruction:
The instruction for the patient should include the following elements:
Eye position
- Position the eye close to the eyepiece, keeping a minimal distance (figure a). A
slight touch is good, but not firmly against it. If the eye is tightly against the eyepiece,
condensation may form on the lens of the C-Quant, which will influence the
measurement outcome (figure b). Also, if the eye is too far from the eyepiece, this
will give a wrong test result (figure c).
- Keep your eye normally open and do not squeeze, as this may also influence the
measurement outcome (figure d).
Task during the test
- Only concentrate on the two half fields in the center of the field; ignore the flickering
ring.
- Compare the two half fields, decide which one flickers more clearly/strongly, and
press the corresponding button on the C-Quant (left button if the left test field flickers
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stronger, right button if the right test field flickers stronger). This procedure will be
repeated for a series of stimulus presentations, until the test is finished.
- React by first impression and react promptly. Do not try to think about a
presentation. The
buttons can be pressed as soon as flicker appears, shortly after the beep.
- For several presentations, it will be hard to tell the difference between the two half
fields (they seem to be flickering equally strong). This is normal, and also here you
must make a choice following your first impulse.
- Optional information (only if the patients asks): one measurement consists of
about 25 presentations and usually takes 1.5 to 2 minutes.
Make sure the patient is seated comfortably and the measurement takes place in a
quiet environment with a minimum of background noise and other people around.
The measurement requires full attention from the patient.
Start the measurement by clicking the [Start] button. A <Start Examination> dialog
appears where you can check if you entered the correct <Eye> and <Correction>
settings. This information must be correct, as it can not be altered afterwards. The
settings can be altered in the dialog box.
Click the [OK] button to start the actual measurement.
During the measurement
If the patient is too hesitant to choose between the two half fields and/or refuses to
press a button, you can enter responses yourself with the arrow keys on the
computer/laptop. If you need to generate a random answer (in case the patient is
undecisive with respect to the left/right choice), it is best to always press the same
key (e.g. the left arrow key). Use this option cautiously.
After the measurement
When the measurement is finished, reliability is automatically verified. The
measurement is considered reliable when esd0.08 and Q1. In this case, both
numbers are shown in black
(Example 1).
When esd>0.08 and/or Q<1, these values are shown in red, and the message
“Reliability not optimal. Consider to repeat the measurement” appears. What to do
in such a case? This depends on the actual value of esd. The reliability
requirements employed in the C-Quant are rather strict.

In most clinical cases, measurements with esd0.1 or even esd0.12 are
sufficiently reliable, even ignoring the Q value (Example 2). To really get the best
out of the measurement, you could consider to repeat the measurement in order to
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obtain a measurement with esd0.08. Before repeating the measurement, you
should verify if a correct <Range> setting was chosen (see below).

If esd>0.12, the measurement should be considered not reliable (but see below).
The measurement should be replaced to obtain a measurement with esd0.12.
Again, you should first verify if a correct <Range> setting was chosen (see below).
If reliability does not improve, the test may be too difficult for the patient (e.g.
because of very low visual acuity). In this case, the “G” setting for <Range> may
help. The “G” setting is the easiest for everybody, and should be used for difficult
cases.
If esd>0.12 using a high <Range> setting (e.g. “G”), the result might still contain
valuable information. For many clinical applications, it is not necessary to know the
exact straylight value, but only whether or not the value is increased. In some cases,
this information can be deduced from a measurement, even if esd>0.12 (Examples
3a, 3b, and 3c).
When it is desirable to know the exact straylight value (e.g. for follow-up
measurements) after performing the test with the “G” range, another attempt could
be made to obtain a reliable measurement at the patient’s proper <Range> setting
(the patient might have improved his performance after performing the test with the
“G” range).
When to choose a different <Range> setting?
The <Range> setting might be too high if the straylight value of the patient is low.
In this case, there are too many 1 responses and not enough 0 responses
(Example 4). The <Range> setting might be too low if the straylight value of the
patient is much increased. In this case, there are too many 0 responses and not
enough 1 responses (Example 5). In both cases, repeating the measurement with
the same <Range> setting will not yield a lower esd value. You can only improve
reliability by choosing a different <Range> setting. Note: It is not always clear if the
chosen range was too low (Example 6). In such a case it is anyway a good idea to
choose a higher <Range> setting, because the test will be easier to perform then.
Example 7 shows that the patient from Example 6 is perfectly able to do the
measurement. The chosen range in Example 6 was apparently too low.
C-Quant Examples
Example 1: esd0.08 and Q1.
This is a reliable measurement. Note that there is almost no overlap between the 0
and 1 responses. More overlap means a less reliable measurement.
Example 2: 0.08<esd0.12.
Although reliability is not optimal, this measurement may be accepted as a good
measurement in most cases. However, if time allows, it is recommended to repeat
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the measurement in order to obtain a better reliability. Note that there is quite some
overlap between the 0 and 1 responses.
Example 3a: esd>0.12 in “G” range
If there is no time to repeat the measurement, this measurement can be used to
estimate an upper limit for the straylight value. Because there is a consistent row of
1 responses in the right part of the graph, it is quite certain that the patient does not
have a straylight value higher than the outcome of the measurement. If you need a
more reliable straylight value, just repeat the measurement.
Example 3b: esd>0.12 in “G” range
This example is similar to Example 3a: if there is no time to repeat the
measurement, the outcome of this measurement can be used to estimate an upper
limit for the straylight value. If you decide to repeat the measurement, the surplus
of 1 responses would suggest choosing a lower <Range> setting (as in Example
6), but the presence of some erroneous points (blue points at 2.0, 2.3 and
3.3) indicates that this patient has difficulties to perform the test. Note that the same
<Range> setting (“G”) is the easiest for the patient.
Example 3c: esd>0.12 in “G” range
This example is similar to Examples 3a and 3b, only esd is so high that no
estimation for the straylight value could be calculated (log(s)=6.00 is a meaningless
value). However, you can make this estimation yourself by looking at the 1 and 0
responses: the 50%-point of the curve will probably be not higher than 1.8,
corresponding to a straylight value of 1.5, a moderately increased value.

Example 4: <Range> setting too high
This measurement went very well, only there are too many 1 responses and not
enough 0 responses for a reliable estimation of the straylight value. Reliability can
be improved by repeating the measurement at a lower <Range> setting.
Example 5: <Range> setting too low
There are too many 0 and not enough 1 responses for a reliable estimation of the
straylight value. The measurement reliability can be improved by repeating the
measurement at a higher <Range> setting (which will be “G” in this case).
Example 6: unreliable measurement at low <Range> setting
From this result you can not tell if the <Range> setting was chosen too low, or if the
test is too difficult for the patient. In both cases it is wise to repeat the measurement
at a higher <Range> setting, in this case the “G” setting (see Example 7).
Example 7: reliable measurement at high <Range> setting
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The same patient as in Example 6, but measured with the “G” setting. This is a
reliable measurement (esd0.08 and Q1). The chosen range in Example 6 was
apparently too low.
Critical flicker fusion frequency
Measured using MPod, an automated procedure is used to determine flicker
thresholds. The participant is seated with their eye near the eyepiece, and they are
required to press a series of buttons in response to the appearance of flicker at
different blue-green ratios.

APPENDIX 1.J: National Eye Institute Visual Functioning Questionnaire - 25
(NEIVFQ-25)
The VFQ-25 consists of a base set of 25 vision- targeted questions representing 11
vision-related constructs, plus an additional single-item general health rating
question. It is available in two formats, interviewer administered or selfadministered. The self-administered NEIVFQ-25 will be used for this study.
Instructions for the participant are included with the questionnaire as follows:
The following is a survey with statements about problems which involve your vision
or feelings that you have about your vision condition. After each question please
choose the response that best describes your situation.
Please answer all the questions as if you were wearing your glasses or contact
lenses (if any).
Please take as much time as you need to answer each question. All your answers
are confidential. In order for this survey to improve our knowledge about vision
problems and how they affect your quality of life, your answers must be as accurate
as possible. Remember, if you wear glasses or contact lenses, please answer all of
the following questions as though you were wearing them.

INSTRUCTIONS:
1. In general we would like to have people try to complete these forms on their own.
If you find that you need assistance, please feel free to ask the project staff and
they will assist you.
2. Please answer every question (unless you are asked to skip questions because
they don’t apply to you).
3. Answer the questions by circling the appropriate number.
4. If you are unsure of how to answer a question, please give the best answer you
can and make a comment in the left margin.
5. Please complete the questionnaire before leaving the center and give it to a
member of the project staff. Do not take it home.
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6. If you have any questions, please feel free to ask a member of the project staff,
and they will be glad to help you.
The VFQ- 25 generates the following vision-targeted sub- scales: global vision
rating (1), difficulty with near vision activities (3), difficulty with distance vision
activities (3), limitations in social functioning due to vision (2), role limitations due to
vision (2), dependency on others due to vision (3), mental health symptoms due to
vision (4), driving difficulties (3), limitations with peripheral (1) and color vision (1),
and ocular pain (2). Additionally, the VFQ-25 contains the single general health
rating question which has been shown to be a robust predictor of future health and
mortality in population-based studies.
Retinal Imaging
For those participants that attend more than 6 months later than their NICOLA
health assessment visit, retinal imaging in keeping with the NICOLA protocol will be
repeated as significant changes in their retinal anatomy may have occurred. Retinal
imaging will include colour fundus photography, wide-field Optomap imaging (colour
and autofluorescence), spectral domain OCT including phase variance images of
the retinal vasculature, multicolor, infra-red and auto-fluorescence.
APPENDIX 1.K: Dark Adaptometry
Dark adaptation will be measured using the AdaptDx dark adaptometer
(MacuLogix).
Pupillary dilation will be carried out prior to this test.
Corrective lenses for the study eye should be issued as appropriate to correct for
blur at the 30cm viewing distance.
The non-study eye should be occluded with an eye patch
An image of the participant’s eye will appear on the operator control screen
The participant is asked to direct their gaze towards the red fixation light straight
ahead, and this is then centred by the operator with the help of a reticule displayed
on the image of the eye
Patient instructions:
Prior to testing:
This test will measure the ability of your eye to change from daytime vision to night
vision
We will be testing one eye
There will be a short demonstration test so you can practice and ask questions
We will do this test with the room lights off
I will place a patch over the eye not being tested
During testing:
338

The only difference between the demonstration test and the actual test is that the
flash during the actual test is slightly brighter
After the flash, continue to look at the red fixation light and push the response
buttion when you see a green or white light, which will appear at brief intervals below
the red light
The stimulus light may appear brighter or dimmer and vary in colour. This is normal,
and part of the test procedure.
You will be given periodic rest breaks and can close your eyes. I will let you know
when the rest break is over.
Try to keep your chin and forehead on the rests.
The best time to blink is right after pushing the response button.
Procedure:
The subject’s eye is then bleached by exposure to a 505-nm photoflash (0.8ms
duration, 1.8 x 104 scotopic cd/m2 sec intensity), equivalent to 76% bleaching level
for rods.
This bleaching flash of light passes through a square aperture sized to bleach a 4degree area of the retina centred at 5-degree on the inferior visual meridian.
The bleaching flash provides a uniform, focal bleach surrounding the area to be
tested during sensitivity recovery measurements.
Sensitivity measurements begin immediately after the bleaching takes place.
The participant is asked to continue directing their fixation towards the red fixation
light, and then each time a stimulus light was detected they are requested to push
a hand-held button.
The stimulus light is a 505-nm, 2-degree circular test spot located at 5-degrees on
the inferior visual meridian.
Sensitivity is estimated using a three-down/one-up modified staircase threshold
estimate procedure.
The initial test stimulus presentation is 5 scotopic cd/m2 and is presented every two
or three seconds for a 200-ms duration.
The subject is given 2 seconds to respond if the stimulus is detected or not by
pushing the response button.
If the subject indicates that the stimulus is visible, then the intensity is decreased
for each successive presentation in steps of 0.3 log units until the subject stopped
responding that the stimulus was visible.
If the subject indicates that the stimulus is not visible, then the intensity of the target
is increased for each successive presentation in 0.1 log unit steps until the subject
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responds that the stimulus light is once again visible; this intensity level is defined
as the threshold.
Successive threshold measurements are started with the stimulus intensity 0.2 log
units brighter than the previous threshold measurement.
There is a 15-second rest period for the subject between each threshold
measurement.
However, if a threshold had a large deviation from prior thresholds in the dark
adaption function, the point is considered unreliable and a fixation error is recorded.
An additional threshold is then measured.
Threshold measurements are made once per minute for the duration of the dark
adaptation test.
The test is terminated when the subject’s sensitivity is measured twice
consecutively to be greater than 5x10-3 scotopic cd/m2 or when the duration of the
test reaches 20 minutes.
APPENDIX 1.L: HAAG STREIT LENSTAR LS 900® - Ocular Biometry
1 Scan — 9 Measurements — 30 seconds
Ocular biometry will be measured using a LensStar 900 which measure several
different parameters simultaneously
Outcome Parameters:
Corneal thickness RE & LE, Anterior chamber depth RE
& LE, Lens thickness RE & LE, Eye Length RE & LE, Keratometry RE & LE,
White to white distance RE & LE, Pupillometry RE & LE
Appendix 1.M: Pupil dilation
Tropicamide 1% is used to enlarge the pupil to achieve good quality retinal
images. Make sure the participant is given a pupil dilation information leaflet before
they go home. If they report that they have glaucoma it is still safe to dilate as NICE
guidelines require dilated examinations of glaucoma participants at their hospital
appointments.
Do not dilate pupil if average IOP is 34mmHg or above.
Do not dilate or undertake retinal imaging if participant has photosensitive
epilepsy.
Equipment
Minims Tropicamide 1%
Tissues
Procedure.
Check exclusion criteria for dilation.
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If the participant has agreed, place 1 drop of 1% tropicamide in lower lid each eye
after warning them that the drops will cause a brief stinging sensation.
Discard each unit immediately after use.
Appendix 1.N:
Retinal Imaging Protocols – Retinal imaging similar to the NICOLA main study
is repeated if it is >6 months from their NICOLA health assessment visit.
Retinal Imaging
Image acquisition
The images will be obtained using a Spectralis HRA+OCT(Heildelberg Retina
Angiograph+ Optical Coherence Tomography), color fundus camera and Optos
(wide field imaging camera).
Spectralis HRA+OCT
Horizontal single line scans through the Fovea with an ART setting of 100
Vertical single line scan through the Fovea with an ART setting of 100
Posterior Pole (centred on the Fovea with an ART setting of 9, 61 sections)
EDI 19 sections centred on the Fovea with an ART setting of 40.
RNFL centred on the Optic Nerve Head with an ART setting of 100
Multicolour centred on the Fovea with an ART setting of 15 High Resolution
If dilated:
Blue AF fundus image centred on the Fovea with an ART setting of 15 High
Resolution
Blue AF Movie centred on the Fovea with a 30 second run time
OCT-A images
Equipment
Spectralis HRA+OCT
Chair
Alcohol cleaning wipes
SYSTEM START UP
1 Remove dust cover
2 Remove lens cover
3Switch on the power at the wall socket
4 Switch on the isolating transformer – lower white box
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5 Switch on the laser box power supply – upper white box
6 Switch on the PC
7 The PC will start its boot sequence, when the Microsoft desktop is displayed start
HEYEX
Procedure
Clean participant contact areas with the alcohol wipes prior to any measurements
OCT OPERATION – New Patient Examination
1 Unlock camera head and check the camera head position is square and level
2 Set the filter wheel to the R position
3 Press the database button to bring up patient list (yellow button – top of left
screen)
4 Select a new patient and input the patient data;
-LAST NAME

Enter the ID number

-FIRST NAME

NICOLA

-DOB

- 2 days

SEX Select Male/ Female from drop down menu
Examination Data
Operator: State Initials
5 Turn on the camera power (yellow button – lower right of touch screen)
6 Check fixation position is correct (centre) and the Focus is set to 0.00, then
select IR + OCT
Adjust the chin rest so eyes are level with the red marks.
Adjust table height for the patient.
Make sure the patient’s forehead is firmly against the head rest.
7 Using the reference image (left side of the screen) move the camera forward and
centre the bright reflectance image vertically and horizontally
To move the bright reflectance vertically Rotate the joystick
8 Focus the reference image – rotate focus knob on camera head
9 Position OCT scan – check the OCT image is level and between blue markers
To move OCT vertically up & down Joystick forward & back
To move OCT horizontally left & right Joystick left & right
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10 Turn on tracking and ART (black button on touch screen) – remember to watch
the live OCT image at the bottom of the screen
11 Let the number of ART images build to 100 and press Acquire (blue button on
touch screen)
12 Repeat for vertical line scan (click on the up arrow next to the ART display)
To level the tilt of the vertical OCT image Rotate Joystick
13 Repeat for volume scan (P Pole) – watch live OCT window at the bottom of the
screen (ART 9).
14 Repeat for RNFL (ART 100)
15 Repeat for EDI (ART 40)
16 Repeat for M.Colour but change focus by – 0.75 (Art 15)
IF DILATED
17 Change filter wheel to A turn on BAF let bleach for 30 secs turn to IR and realign
switch on again to BAF let it build (Art 100) and take image.
18 Set filter wheel to S Realign
Keep the live OCT image level and in the centre of screen
19 Lock camera head
20 Check your images to make sure you are happy with the examination. Then to
Set
Reference images, select the images required, right click on your selection, then
press
Progression and Set Reference
Myopes if the OCT image is curved excessively or you cannot bring the OCT up to
the ideal
Position use the Long Eye button and select either X or XL
OCT Protocols and Short Cuts for the NICOLA Study
Before starting check the following;
· Unlock camera head
Set the filter wheel to the R position
· Ensure fixation is at centre position
· Adjust the focus and set it to 0.00 then select IR OCT
· Adjust the chin rest so eyes are level with the red marks on the sides of the
headrest
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· Adjust table height to suit the patient ensuring their forehead is firmly against the
head rest
1. Horizontal and vertical single line scans through the Fovea with an ART
setting of 100
2. Posterior Pole (P.Pole) centred on the Fovea with an ART setting of 9
3. RNFL centred on the Optic Nerve Head with an ART setting of 100· Turn on
tracking and align the scan to the centre ONH before acquiring the image4. EDI 19
sections centred on the Fovea with an ART setting of 40.
5. MultiColour centred on the Fovea with an ART setting of 10,
· Ensure fixation is at centre position
· Turn on tracking and use the Green (black & white) reference image adjust the
focus to ensure the clearest image of the blood vessels· Adjust the focus by
approximately -0.75
6. Blue AF fundus image centred on the Fovea with an ART setting of 10 High
Resolution
7. Blue AF Movie centred on the Fovea with 30 second run time Adjust image
sensitivity until coloured pixels start to appear within the autofluorescence image.
You should overall have a granular appearance to the image quality. Inform patient
that they can blink, but to try and limit amount and length of blinking (The 30 second
length of the video should prevent blinking from being an issue in data collection).
Hit “Acquire” on the acquisition panel to begin acquiring the image. During
acquisition, maintain ideal image illumination by moving the camera slightly with the
joystick. Do not adjust sensitivity during acquisition as this can give faulty data.
Notes:
· IMPORTANT check and review the patient’s images before allowing them to move
on.
· IMPORTANT set reference images, select the images you want to use, right click
on your selection and press Progression/Set Reference
· Allow the patients to rest between scans if they are uncomfortable or struggle to
fixate.
· Actively encourage patients to blink to keep a good tear film; this is particularly
important
for contact lens wearers. Dry eyes will deteriorate image quality.
SYSTEM SHUTDOWN
1 Close all HEYEX dialog boxes and windows and close HEYEX.
2 Select “Start \ Turn off Computer”.
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3 When the PC shuts down completely, then turn off the laser box power supply –
upper white box
4 Turn off the isolating transformer - lower white box
5 Turn off the power at the wall socket
6 Unlock camera head and check

COLOUR FUNDUS PHOTOGRAPHY
At all visits, stereoscopic fundus reflex images (an external eye view) should be
taken to document media opacities. If no opacities are present, focus on the
pupillary margin of the iris. If opacities are present, focus on the lens opacities. The
magnification of these images should match that of the image in the figure below.
The best stereo effect is obtained by moving the camera laterally about 3mm
between exposures. The lateral shift can be obtained by moving the joystick. A
fixation target should be positioned to direct the subject's gaze in the primary
(straight ahead) position, so the optic disc does not appear directly behind the lens

Fundus Reflex
1 Evaluation of Image Quality
1.1. General
When shooting the fields, shoot the study eye images first, followed by the fellow
eye. Stereo pairs should be taken consistently, usually shooting the left member of
the pair first, followed by the right member of the pair. All images should be reviewed
for quality at the time of photography, and the photographer should select the best
stereo pairs for each field, deleting extra images.
1.2. Patient Cooperation
Photography of the photophobic subject can be challenging for the photographer
and uncomfortable for the subject. Minimizing the number of flashes and the length
of time the eye is exposed to a bright viewing lamp are two things that can help
make the photography procedure more comfortable. Additionally, keeping the view
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lamp as low as possible (maybe even dimming the room lights) can help make the
photography procedure more tolerable. Patients should be asked to blink frequently
to help keep the cornea clear.
1.3.
Photo
The following sequence is recommended:

Sequence-

Disc centered stereo pair optic disc

Macula centered stereopair

Fundus reflex image(s) should be taken of all eye(s) imaged, either before or after
the retinal photos.
1.4. Focus/Clarity
The best image quality is obtained if corneas are not disturbed by prior examination
with a diagnostic contact lens.
In a properly aligned digital system, the cross hairs and the retina are in focus at
the same time. In these instances, constant attention must be paid to keeping the
cross hairs in the camera ocular in focus when focusing on the retinal vessels.
Proper camera-to-eye distance should be maintained to avoid haziness and
artifacts.
If it is not possible to get the entire photographic field in crisp focus, the
photographer should concentrate on getting the center of the field in focus,
sacrificing a bit on the periphery if necessary.
1.5. Stereoscopic Effect
Dilation of the pupil to at least 6mm is important to permit good quality stereo
photography. If the pupils cannot be dilated to at least 4mm for the screening visit,
the stereo effect will be minimal or nonexistent.
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The technique described by Allen1 is used for taking non-simultaneous stereo
fundus images. The camera should not be rotated or pivoted between members of
the stereo pair; instead, it should be moved laterally from left to right with the joystick
(or by sliding the camera base on its table, if preferred). Try to obtain about 2mm
as the minimum separation between members of the stereo pair when moving the
joystick or sliding the camera.
Stereo pairs should be taken shooting the left member of the pair first, followed by
the right member of the pair. When obtaining stereo pairs, care should be taken that
at least one member of the pair is of good technical quality with crisp focus. In many
cases, it will be possible to obtain good quality in both members of the pair, but if
this is not the case, the aim should be to obtain good quality in one member and
some stereo separation between the members, accepting somewhat poorer quality
in the second member of the pair, if necessary.
1.6. Exposure, Gain, and Flash
It is important that photographers adjust flash, gain, and gamma to obtain optimal
exposure, as well as avoiding severe over or under exposure. Over exposure is
more damaging than under exposure often resulting in total loss of image detail.
1

Allen L. Ocular fundus photography. Am J Ophthalmol 1964; 57:13-28.

WIDE FIELD FUNDUS PHOTOGRAPHS
Images will be captured on the Optos device in each eye:
Color images
The optomap procedure is selected.
The participant’s head is positioned on the chinrest and the corresponding eye in
the Optos software is chosen.
The participant is asked to fixate the fixation target, a green dot, appearing in his
field of view.
The two alignment circles are centered on the participant’s pupil using the manual
eye steering so that the color of the rings changes from red to green.
Image acquisition is triggered with the eye steering remote. Two images should be
acquired for comparison to help identify artifacts.
For superior peripheral field images, the alignment circles are moved so that the
small circle is about one whole diameter above its central position (Figure 1 A).
For inferior peripheral field images, the alignment circles are moved so that the
small circle is about one whole diameter below its central position (Figure 1 B).
ResMax mode is then selected in the Optos software.
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The alignment circles are centered on the pupil until they turn green and the
ResMax image of the central retina is acquired.
This procedure yields a total of 4 color images. One central widefield image, one
superior widefield image, one inferior widefield image, and one central high
resolution image with a reduced field of view.

Figure 1-The alignment circles are moved out of their central position to acquire
more peripheral images.

This procedure is repeated for the Optos Autofluorescent images once this option
is chosen from the menu.
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Appendix 2
19/01/2016

Dear Dr Cooke,

Katie Graham: Ref: 14.25v5 NiSA Study
Northern Ireland Sensory Ageing Study (NiSA study)

We wish to request a major protocol amendment to the above study.

We have recently been awarded funding from a major national eye charity the
Macular Society to undertake deep functional testing of eyes of persons with early
signs of macular degeneration but who have no overt sight loss (project outline
attached and protocol) who are participants of the NICOLA study. We already have
the ongoing NISA study which undertakes all but one test that is proposed in the
new study. NISA study participants are also drawn from the ongoing NICOLA
study.

The table below shows the comparison between the original NISA and new study.
The new study will use scotopic perimetry as an additional test instead of Matrix
perimetry. Scotopic perimetry involves dark adapting the eye (this means patching
an eye for 30 mins) followed by testing of the central retinal field at specified
locations using a range of pre-selected stimuli. The test would add 30 minutes over
above the examination for the original NISA given that we would no longer do Matrix
perimetry.

Therefore the advice Professor Ian Young and Professor Frank Kee on behalf of
the NICOLA steering committee is to request an amendment to the NiSA study to
add the additional functional test as an optional extra. The overall aim of the NiSA
study is to understand the subtle changes in visual function and retinal structure
that occur with age, how these relate to each other and why they happen which is
completely compatible with the aims of the Macular Society grant. They are also
keen that all related documentation relates to “ageing changes” and not age-related
macular degeneration as this study is focusing on pre-clinical stages.

The addition of this component would increase the sample size by approximately
250 participants and also increase the data collection period to approximately June
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2018. We have appointed a PhD student Timos Naskas, an optometrist, to
undertake this study.

Please do not hesitate to contact me if you require further information.

Yours sincerely,

Dr Ruth Hogg
Lecturer
Study visit procedure Comparison pre and post amendment:
NISA study

NISA study AMD add-on

Visual Acuity

Yes

Yes

Contrast sensitivity

Yes

Yes

Near Visual Acuity

Yes

Yes

Low Luminance Acuity

Yes

Yes

Reading Speed

Yes

Yes

MAIA-Mesopic

Yes

Yes

MAIA-Scotopic

No

Yes

Frequency
Perimetry

Doubling Yes

No

Pentacam

Yes

Yes

Ocular Biometry

Yes

Yes

Oculus C-Quant

Yes

Yes

NEI-VFQ 25

Yes

Yes

Dark Adaptometry

Yes

Yes

Retinal Imaging (Colour Yes
fundus, Optos wide-field,
OCT/OCT-A)

Yes
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School of Medicine,
Dentistry and Biomedical Sciences
Queen’s University Belfast, Research Ethics,
School of Medicine Dentistry & Biomedical
Sciences, Health Sciences Building, 97 Lisburn Road, Belfast BT9 7BL
Tel ++ 44 (0) 28 9097 5858 E: p.mcdaid@qub.ac.uk

14th March 2016

Ruth Hogg
Centre for Experimental Medicine
Ref: 14.25v4
Title: Northern Ireland Sensory Ageing Study (NiSA Study)
Thank you for your application to the Ethics Committee, School of Medicine,
Dentistry & Biomedical Sciences.
The committee reviewed v4 of 14.25 - including the increase in participant number
by 250 participants and agree to approval for this major amendment.
This ethical approval and indemnity for the project by the University is dependent
on the project being registered on the QUB Human Subject projects Database. Any
future changes to any part of the submitted protocol must be forwarded to the
committee prior to these changes taking place. The protocol held by the School
Ethics Committee must be identical to the project/protocol taking place. We also
ask you to remember that if applicable, Governance and appropriate Sponsorship
should also be in place before this project begins.
Yours Sincerely
Inez Cooke

Dr I Cooke
Chair, Joint Research Ethics Committee
CC – Dr Ruth Hogg
Professor Usha Chakravarthy
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Apendix 3: Optical coherence tomography Grading Protocol for
NISA study

Author: Klainti Timos Naska
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1. Study Background and Purpose
Age-related macular degeneration (AMD) is the most common cause of visual
impairment in the western world. The burden of disease is expected to grow by
2020 due to the increasing incidence of elderly people in the population(1). Several
studies exist, which have assessed every aspect of disease from epidemiology, to
visual impairment and its effect on quality of life(2–9).
Most studies on AMD, have used colour photographic methods to detect, classify
and address treatment for the disease(10–13). This technology was in common use
at the time these studies were initiated. However as newer and more appropriate
technologies that offer better specificity and thus allow earlier detection of the
disease(14) are developed, subsequent studies will incorporate these into their
study design. One such technology is optical coherence tomography (OCT)(15).
One phenotype of AMD that was previously recognised and described as reticular
pseudodrusen (RPD) owing to the flat ribbon shaped configuration seen in en face
colour imaging, has now been termed subretinal drusenoid deposits (SDD) as these
deposits have been shown on the new generation of spectral domain OCT to be
distributed in the space between the outer retina and the RPE. Recent work has
also shown that SDD occur at a much higher frequency than previously reported
owing to the much higher specificity and sensitivity of SD-OCT(16). This is one
such example of how improvements in technology can modify terminology used in
the assessment of disease(17). Since the wide availability of these types of high
resolution OCT, SDD have attracted considerable attention both in terms of their
detection and associations with risk of AMD(18).
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NISA is a case-control add-on study to the original NICOLA study. The purpose of
the NISA study is to recruit individuals with early and/or intermediate AMD, with or
without RPD/SDD, in order to assess other related OCT characteristics of the
population and examine the potential impact of these lesions on retinal structure
and visual function.
The purpose of this protocol is to describe the grading of the OCT images from the
NISA participants and their assignment to a disease stage. The grading procedure
is multimodal.

2. Colour Fundus Photography grading procedure and definitions
The first modality to be assessed is CFP as it remains the golden standard for
clinical detection and classification of AMD stage-severity and several classification
systems have used this modality(11–13,19).
In order to develop a grading protocol for CFP modality, several definitions need to
be set. Drusen vary in appearance and range from normal fundus to diffuse
degeneration of the RPE. Small drusen are individual round spots at the level of the
RPE and their colour is pale yellowish to white. Larger drusen are yellow-white in
colour and often easily visible.
Four characteristics of drusen will be assessed, namely, size of the largest drusen,
most common type, area covered by drusen and degree of confluence. In table 1,
the defintions followed throughout the grading procedure are presented.
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Table 1 Definitions used in Grading CFP images

Finding

Definition

Drusen

Any yellowish-white material on
a fundus image, lying at the
level of the RPE.

Hard drusen

Drusen with distinct borders and
a diameter of ≤63μm

Soft drusen

Drusen with either distinct or
indistinct borders and a diameter
≥than 63μm
An ill-defined network of broad
interlacing ribbons
No clear network that can be
assigned to drusen

Reticular drusen
Reticular pseudodrusen
questionable
Hyperpigmentation

Granules or clumps of gray or
black pigment beneath the retina

Hypopigmentation

A focal area in which the retina
does not have its characteristic
orange appearance but looks
more yellowish
A region of the macular retina
with blood and/or fluid and/or
fibrosis
A sharply defined area of RPE
degeneration with large
choroidal vessels visible within
it.

WET AMD

GA

Having presented the definitions to be used throughout the grading procedure, the
grading form along with the annotation and coding to be used is presented in table
2 below. The grading of characteristics and final AMD grade will be assessed for
each eye.
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Table 2 Grading form for NISA CFP images

Coding
Image Quality
Increased Pigment Centre
Increased Pigment Inner subfield
Increased Pigment Outer subfield
Depigmentation Centre
Depigmentation Inner subfield
Depigmentation Outer subfield
GA in whole grid
Predominantly soft drusen in Centre
Predominantly soft drusen in Inner
subfiled
Predominantly soft drusen in Outer
subfield
Predominantly soft drusen in whole grid
Largest drusen in grid
Most common drusen type in grid
Drusen area centre
Drusen area inner subfield
Drusen area outer subfield
Neovascular AMD
PED
Calcified Drusen
Reticular drusen whithin whole grid
Any drusen outside grid
Most common drusen outside grid

0

1

No
No
No
No
No
No
No
No

good
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No

Yes

No
No
normal
no drusen
none
none
none
No
No
No
No
No
no drusen

Yes
Yes
C0
hard
<0.5DA
<0.5DA
<0.5DA
Yes
Yes
Yes
Yes
Yes
hard

2

3

fair

bad

C0-C1
soft
0.5DA
0.5DA
0.5DA

C1
calcified
0.5-1DA
0.5-1DA
0.5-1DA

soft

calcified
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4

5

6

cant
grade

7

8

9999
missing
values

C1-C2

C2

>C2

1DA
1DA
1DA

1-2DA
1-2DA
1-2DA

>2DA
>2DA
>2DA

Reticular
drusenoid
questionable?
Final AMD grade

deposits
No
Beckman
grade 0

Yes
Beckman grade Beckman Beckman
1
grade 2
grade 3
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Beckman
grade 4

Following the grading of features seen on colour imaging a disease stage is derived
according to the Beckman classification system.

A numeric code is assigned to

each stage and this was used for clarity throughout the thesis. The Beckman system
uses the size of a druse as a point of reference to assign an eye to a specific AMD
stage(12).
Table 3 The Beckman Classification System

Numerical
code
Beckman
group 0
Beckman
group 1
Beckman
group 2
Beckman
group 3
Beckman
group 4

AMD Classification

Stage Definition (areas of lesions within
2 disc diameters from the foveal center)
No obvious aging changes No Drusen – No pigmentary changes*
Normal aging changes
Early AMD
Intermediate AMD
Late AMD

Only Drusen ≤63μm – No AMD
pigmentary abnormalities*
Medium drusen >63μm and ≤125μm –
No AMD pigmentary abnormalities*
Large Drusen >125μm - any other AMD
pigmentary changes*
Neovascular
AMD
and/or
Any
geographic atrophy
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3. Optical Coherence Tomography Grading procedures and definitions
Having completed the grading with the CFP modality, OCT image grading was
performed. The OCT modality has been proven very specific in regards to
RPD/SDD imaging and is increasingly used(18). As drusen diameter, volume and
load are the better markers for disease severity and are best assessed in the cross
sectional high resolution images obtained on OCT, this modality is increasingly
recognised as the optimum technology for disease staging in AMD(14,20).
According to the APOSTEL recommendations, several factors need to be in place
for OCT studies to be consistent with one another(21). Prior to proceeding with OCT
definitions and grading for each characteristic, the APOSTEL checklist and the
adherence to that from the NISA study will be presented. These factors (not in form
of checklist) should be stated in the methods section throughout the thesis as well.
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Table 4 APOSTEL recommendations checklist

Item on checklist

Action taken
One operating site was included for
the NISA study.
OCT measurements are taken on
the
same
day
as
other
measurements.
Inclusion criteria: Early and/or
intermediate AMD in either eye
with or without RPD/SDD

1. Study protocol
Exclusion criteria: late AMD in one
or both eyes during baseline
NICOLA exam, invited to a
previous add-on study, patient
reported diabetes during NICOLA
study visit, unwillingness from
participant for further invitations.

Heidelberg Spectralis, Heidelberg
Engineering, Heidelberg Germany
2. Acquisition Device

Acquisition
6.7.21.0

software

Room
light
2
0.05lux/24m
3. Acquisition settings

version
conditions

Pupils dilated before imaging
Operators: 1
Devices: 1
Volumetric scan: 61 B-Scans,
123microns distance between
scans, ART 9 images averaged,

4. Scanning protocol

Volumetric scan: 109 B-Scans,
121microns distance between
scans, ART 10 images averaged
(images acquired with wide field
OCT lens)
Area of interest: Macula
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5. Fundoscopic imaging

Other imaging modalities included
OCT-A,
multicolour
imaging,
autofluorescence imaging, colour
fundus photograph, OPTOS widefield imaging

6. Post-acquisition data
collection

Image quality control, automated
segmentation
with
manual
correction if needed
Image review and segmentation
carried out in HEYEX version
1.9.17.0
Automated segmentation was
carried out and corrected manually
if needed

7. Post-acquisition analysis
Retinal layers used in analysis:
Retina, Outer Nuclear Layer, RPE,
Outer Retina and photoreceptors
Grid used for extraction: 9 subfield
extending 1, 3, and 6mm centered
on the fovea

8. Nomenclature
Abbreviations

Anatomical structures analysed:
whole retinal thickness, outer
retinal thickness, RPE thickness
and Outer Nuclear Layer thickness
The data will be analysed in two
manners, in the eye and patient
levels.

9. Statistical approach
They will be fitted into descriptive,
generalized estimating equations,
linear and multi-linear models.
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Having ensured adherence to the APOSTEL recommendations, the grading
procedure along with the definitions used are presented. Prior to commencing
grading, image quality assessment will take place and will be coded as:
1) Good (figure 1): image is sufficiently illuminated and scans were clear with
all layers discernible.
2) Fair (figure 2): image is well illuminated and the layers are discernible but
either not well focused or, information could not be as easily discernible
and/or scan is incomplete.
3) Poor (figure 3): image illumination is not uniform and/or retinal layers are not
distinguishable, or the retinal B scans are degraded or only partially visible
These parameters were applied in both the 30o and 55o OCT lenses.

Figure 1 Good image quality. Taken from one NISA patient
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Figure 2 Fair image quality. Taken from one NISA patient

Figure 3 Poor image quality. Taken from one NISA patient
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Next, an assessment of the whole area of interest will take place and will be
examined for the presence of drusen and/or SDD.
Drusen are defined as dome-shaped elevations of the RPE with hypo- or medium
reflective material separating it from Bruchs membrane (figure 6 right). The
diameter and height of the largest drusen will be noted. Furthermore, the internal
reflectivity will be graded as homogenous (same degree of internal reflectivity of
drusen), or heterogenous (reflectivity not consistent under a druse).
Subretinal drusenoid deposits are defined as granular hyper-reflective material
forming between RPE and inner-outer segment junctions (figure 5). Apart from this,
SDD when present, will be recorded according to the staging reported from Zweifel
et al(22). Specifically, these 3 stages are presented in table 5.
Table 5 SDD classification according to Zweifel

Zweifel
Stage 1
Zweifel
Stage 2
Zweifel
Stage 3

Diffuse deposition of granular hyperreflective material between the
RPE and the boundary between the inner segments and outer
segments of the photoreceptors, not sufficient to alter their contour.
Mounds of accumulated material sufficient to alter the contour of the
IS/OS boundary.
Thicker material of conical appearance that breaks through the
IS/OS boundary.

Nuclear layer thinning is recorded when it seems to deviate from normal
appearance and “fall off”. Although, this is to be further confirmed from
segmentation data.
RPE abnormalities are defined as any changes in the RPE that would alter its
normal shape-structure but are not attributable to drusen (i.e. clearly lifting it from
Bruchs membrane) and/ or SDD. These definitions and grading procedures are
used for both the 30o and 55o fields. Finally, the grading form for the NISA OCT
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images is presented in table 6 along with the annotations on how each variable will
be recorded.
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Table 6 NISA OCT grading form

0

1

2

3

4

30 degree image quality

good

fair

bad

no images

Foveal scan Number

Number of scan that includes fovea*

Drusen Present

No

Drusen scan number

Yes
Scan number closest to foveal scan that has drusen present

Drusen on foveal scan

No

Largest drusen diameter

Number

Largest drusen Height

Number

Largest drusen scan number

Number

Largest drusen internal reflectivity

Yes

homogenous
Scan number of heterogenous drusen closest to the foveal scan (if
present)

Heterogenous drusen scan number
SDD present

No

SDD stage

Number

SDD scan number

Number

Scan closest to foveal scan that SDD is present

SDD most severe scan number

Number

Scan closest to foveal scan that most severe SDD is present

Nuclear layer thinning

No

Yes
Scan number closest to the fovea that has nuclear thinning (if
present)

Nuclear layer thinning scan number

Yes
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heterogeneous

9999
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values

SDD**

AMD**

RPE
alterations**

Late AMD**

55 degree image quality

good

fair

bad

no images

Foveal scan Number

Number of scan that includes fovea*

OCT stage classification

Drusen Present

Healthy**

No

Drusen scan number

Yes
Scan number closest to foveal scan that has drusen present

Drusen on foveal scan

No

Largest drusen diameter

Number

Largest drusen Height

Number

Largest drusen scan number

Number

Largest drusen internal reflectivity

Yes

homogenous
Scan number of heterogenous drusen closest to the foveal scan (if
present)

Heterogenous drusen scan number
SDD present

No

SDD stage

Number

SDD scan number

Number

Scan closest to foveal scan that SDD is present

SDD most severe scan number

Number

Scan closest to foveal scan that most severe SDD is present

Nuclear layer thinning

No

Yes
Scan number closest to the fovea that has nuclear thinning (if
present)

No

Yes

Nuclear layer thinning scan number
SDD nasal to the disc

Yes
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heterogeneous

Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values
Missing
values

OCT stage classification

Healthy**

SDD**

GA

No

Yes

Wet AMD
Co-existing conditions

0=No
none

1=Yes
VMT

*The foveal scan was defined as the one in which the foveal dipping was maximal
** Characteristic images are provided for each patient classification
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AMD**

RPE
alterations**

ERM

Macular hole

Late AMD**

Missing
values
Missing
values
Missing
values

Figure 4 Healthy participant example. Taken from one NISA participant

Figure 5 Stage 2 SDD case example. Taken from one NISA participant
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Figure 6 AMD case examples, Left) A case in which drusen (red arrow) coexist with SDD stage 2 (blue arrow)
and stage 3 (white arrow) and Right) a case of AMD with only drusen. Taken from a NISA participant

Figure 7 RPE defects cases. Note the alterations at the level of the RPE. Taken from a NISA participant

Figure 8 Late AMD cases. Left: a case of CNV, notice the presence of fluid in the subretinal space and right:
a case of GA, note the band of hypertransmission through Bruchs membrane. Taken from NISA participants
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Finally, the presence of any co-existing conditions is checked to ensure absence of
other diseases/conditions which would render the participant excluded from further
analysis. Any co-existing conditions are appropriately coded (table 6). Any features
of vitreomacular disease (figure 9) are recorded when present, and any change in
the structure of the retina from vitreomacular traction is noted.

Figure 9 Vitreomacular traction in an OCT scan. Taken from a NISA participant

Epiretinal membrane (figure 10) is defined as present when a membranous highly
reflective structure, is seen at the vitreomacular interface.
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Figure 10 Epiretinal membrane in an OCT scan. Taken from a NISA participant

A macular hole (figure 11) is defined as present when an opening “splitting” the
retinal layers is present in at least one B scan transecting the foveal avascular zone.

Figure 11 Macular hole in an OCT scan. Taken from a NISA participant
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