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Chapter 1: Introduction

1.1. General ocular anatomy and development

The eye is a highly developed organ optimized for the transmission of visual signals via the optic nerve
to the visual cortex. It is composed of three layers: the sclera, the choroid and the retina. These layers
surround the central cavity which is filled with by the vitreous humour.! A portion of the globe is
transparent and forms the cornea, which allows light to enter the eye (Fig. 1.8.1). Light is refracted at
the air-cornea junction as well as at the crystalline lens to focus it to a point on the retina. The
photoreceptors in the neural retina convert light photons into an electrical potential that is conveyed

through the optic nerve to the brain.

The eye begins in the fifth week of neonatal life. The primitive optic vesicle develops from the
neuroectoderm and differentiates into a double-layered optic cup. This cup forms the neural retina, the
retinal pigment epithelium and the fibres of the optic nerve.! An invagination of the overlying surface
ectoderm and mesoderm forms the lens, vitreous, ciliary body and cornea. The retina further develops
into an outer neuroblastic zone and an inner neuroblastic zone. Cells of the outer layer give rise to the
rod and cone retinal photoreceptors, bipolar cells and horizontal cells. The inner layer forms the
amacrine cells and the ganglion cells. The layers of the retina are, from the choroidal layer to the
vitreous surface (outer to inner retina), as follows: The retinal pigment epithelium (RPE), the outer
segments of the photoreceptors (rods and cones), the external limiting membrane, the outer nuclear
layer - the nuclei of the photoreceptors, the outer plexiform layer, the inner nuclear layer, the inner
plexiform layer, the ganglion cell layer, the nerve fibre layer - axons of the ganglion cells and finally the
internal limiting membrane (Fig.1.8.2). The blood supply to the outer third of the retina is derived from
the choroidal circulation, whereas the central retinal artery supplies the inner two thirds of the retina.
The central retinal artery supplies 5% of the oxygen requirements to the retina. The choroid supplies
the remaining 95%, which is indicative of the high metabolic demands of the photoreceptor layer and

retinal pigment epithelium (RPE).2



The RPE is a tight layer of hexagonal epithelial cells located between the photoreceptors and Bruch'’s
membrane. There are approximately 4 to 6 million RPE cells in each eye. RPE cells are post-mitotic and
therefore lack the ability to proliferate under normal conditions. Each RPE cell develops tight
intercellular complexes with its neighboring cell. These points of contact are enforced by the
expression of junctional proteins (e.g. occludin). The formation of a barrier system restricts the free
flow of molecules from the choriocapillaris (CC) to the neural retina. This restriction in flow forms the
outer blood-retinal barrier (0BRB). The basal surface of the RPE is in contact with the photoreceptor
layer and provides a number of supports to visual function including the absorption of light,
maintenance of the subretinal space and phagocytosis of the rod and cone outer segments.? Over the
course of 70 years a single RPE cell will phagocytose an estimated 3 billion rod outer segments.* The
process of outer segment phagocytosis permits the recycling of retinal and polyunsaturated fatty acids
back into the visual cycle. Each RPE cell supports the nutritional requirements of approximately 45

photoreceptors and RPE death leads to the death of the overlying dependent photoreceptors.

The Bruch’s membrane is a five-layered structure located between the RPE and the choriocapillaris
(CC). The membrane is acellular, composed of the basement membrane of the RPE, two layers of
collagenous matrix sandwiching a central elastin layer, and the basement membrane of the
choriocapillaris. The membrane is approximately 2um thick. It is thinnest centrally in the area of the
fovea and macula and becomes thicker towards the peripheral retina. The choroid is a highly vascular
tissue and is located beneath Bruch’s membrane. The endothelial cells of the choriocapillaris are highly
fenestrated and permit the free flow of molecules from the blood to the Bruch’s membrane. The
fenestrations of the vessels are preferentially orientated towards the membrane and RPE suggesting a

paracrine functional relationship between RPE and choroid.®

1.2. Macular anatomy

The macula lutea, or yellow spot, is an area visible on the retina, located approximately 3mm lateral to
the optic nerve! and can be found between the arterial arcades (Fig 1.8.3). This region has evolved as
the point of highest visual resolution in the retina and is only found in species of the ‘Order primates’,
which includes Homo sapiens. The average human adult macula is 5mm in diameter. The retina dips

into a small depression approximately 1.5mm in diameter called the fovea at the centre of the macula.



The fovea is the central focus point for the refractive apparatus of the eye and is the point of greatest
visual acuity. The depression visible at the fovea is due to the displacement of the ganglion cell layer
peripherally providing the direct access of light to the photoreceptor layer in this area. Within the
fovea there is a further central pit of 0.35mm in diameter known as the foveola.!

The blood supply to the macula is derived from the choroid and the retinal vasculature. The central
fovea is devoid of overlying blood vessels and is known as the foveal avascular zone (FAZ). This region
is dependent on the underlying choroid for metabolic support. The photoreceptors in the macula are
predominantly cones and are found at the highest density in the fovea (147,000/mm?2). The fovea
contains cones exclusively, the majority of which are red (long wavelength) and green (medium
wavelength) cones. The yellow color of the macula is due to an increased concentration of pigments
derived from the carotenoid family such as xanthophyll, zeaxanthin and lutein.” These pigments are
concentrated in the Henle fibre layer that forms the macular portion of the outer plexiform layer. With
a peak absorbance of 460nm this pigment concentration is thought to act as a filter which serves to
restrict high-energy blue light damage to the macula.®? The concentration of the pigment in the macula
provides an antioxidant effect as well as contributing to the hypofluorescence observed in fluorescein

angiography.’

The macula differs from the peripheral retina both anatomically and physiologically. The specific
features of the macula that set it apart from the peripheral retina may have an aetiological connection
to the development of macula specific diseases. Structurally, the neural retina in the region of the
macula becomes thinner at the umbo to permit the passage of light. The peripheral photoreceptors are
predominantly rods whereas the macula contains high concentrations of cones peaking at the fovea.
The blood supply in the foveal avascular zone is derived from the choroidal circulation with a reduced
contribution from the retinal vasculature. The Bruch’s membrane region of the macula is 55nm thick,
approximately one third of the thickness of the membrane in the periphery, and the porosity of the

membrane increases from 0% in the periphery to 35% in the foveal area.l®

Physiologically, the macula is the central focal point of the visual axis and is thus exposed to the highest
concentration of light energy.!! This subjects the macula to the highest amounts of photochemical and

oxidative stress. The accumulation of macular pigment may provide additional protection against the



effect of this additional oxidative stress. The porous and thinned structure of the Bruch’s membrane in
this area is consistent with the high metabolic demands of this tissue. These adaptations result in a
significant reduction in resistance to diffusion from the choriocapillaris. The resulting diffusion
gradient allows rapid delivery of nutrients and removal of waste products from the RPE, provided the
oBRB remains intact. It allows for the unimpaired passage of fluid through to the neural retina in the
absence of the 0BRB. Accumulation of waste products within the Bruch’s membrane and impairment of

the diffusion gradient has been implicated in retinal disease.

1.3. Age-related macular degeneration

Age-related macular degeneration (AMD) is a progressive, degenerative eye condition affecting the
macula,’? and is the leading cause of visual impairment in people over 65 in the entire Western
world.’> AMD can affect the choriocapillaris, Bruch’s membrane, RPE and the neurosensory retina but
damage is almost exclusively confined to the central macular region of the retina.!® The disease was
first described by Hutchinson and Tay in 1875'* and Needleship in 1884 as central choroidal atrophy
but it was Otto Haab who coined the term Senile Macular Degeneration in 1885.15 At that time
pathological findings were attributed to: “sclerosis and obliteration of the choriocapillaris in the
macular area”. The treatment options available for macular degeneration were so limited in fact that
the advice given by the prominent ophthalmologist Sir Steward Duke Elder in the last century was that:
“Such people can only be helped in so far as every effort should be made to assist them to
accommodate their interests with philosophy and resignation to their limited visual efficiency”.1® Until
recently, AMD had been described as a “spectator’s sport”. Nevertheless, the past two decades have

yielded newer treatment modalities and the current prognosis for these patients is more optimistic.

Though the macula comprises only 4% of the retinal surface it conveys the vision of highest resolution
and thus, the loss of central visual clarity impacts heavily upon activities of daily living e.g. reading,
recognizing faces etc.1? There is a wide spectrum of visual disability observed in AMD. In early or mild
cases there may be no accompanying visual impairment. If the disease progresses central vision may
become profoundly affected. Patients may be reassured though, that even in advanced stages, AMD

rarely affects peripheral vision and the patient is not likely to be rendered completely blind.



1.4. Clinical classifications of AMD

There is a wide range of phenotypic appearances observed in AMD that has resulted in some
difficulties in developing classification systems. Clinically, age-related macular changes may be
described as atrophic or neovascular (Table 1.8.1). These classifications have also been described as
either: “dry” (atrophic) or "wet” (neovascular).!” Both disease categories contain a wide spectrum of

disease manifestations.

1.4.1. Atrophic AMD

The atrophic presentation is the most common form of AMD and affects approximately 85% of persons
with AMD.'8 Early signs of age-related changes in the presence of minor visual impairment have been
described as age-related maculopathy (ARM). As clinical findings increase and visual impairment
increases, these patients transition to the later stages of AMD. The hallmarks of atrophic disease are
drusen and RPE abnormalities. These are typically the earliest findings in patients with AMD (Fig

1.8.4B).

Drusen are identified as pale yellow extracellular deposits located beneath the RPE and are described
as hard or soft based on the morphological appearances. Over time, drusen may become calcified and
appear glistening. These collections typically cluster at the posterior pole and may coalesce to form
basal laminar deposits (BlamD) or basal linear deposits (BlinD)!%. Based on a histological examination
of 378 eyes, Sarks et al described a clinical spectrum of appearances spanning the normal degenerative
changes of the RPE to the late changes of AMD (Fig1.8.5).2% This classification describes not only the
clinical characteristics, but also exemplifies the temporal evolution of drusen. Drusen display
autofluorescent features on fluorescein angiography and this property of drusen is due to the
lipofuscin component and it has been suggested that autofluorescent imaging may be a means of
monitoring disease progression in dry AMD.2! Small, hard drusen (<63um) are features of normal
ageing and are not a significant risk factor for the advancement of AMD.10 Elderly patients with small
drusen and no clinical symptoms do not require regular clinical assessment. In the absence of other
pathological changes drusen alone are rarely associated with severe visual impairment. They may

however be associated with subtle defects in macular function such as contrast sensitivity and central



visual field sensitivity.22 The size, number and degree of confluence of drusen must be considered as

larger drusen is a significant clinical risk factor for progression of AMD.23

Both hard and soft drusen may lose their clear boundaries, as the disease progresses. Drusen can
become more confluent and may form retinal pigment epithelial detachments (RPED) over time and
clinically it may be difficult to differentiate large drusen from small RPEDs. Similar to drusen, RPEDs
typically appear as hyperfluorescent regions of rapid filling on angiography. Drusen are seen in a
number of other ocular conditions including membranoproliferative glomerulonephritis type I

(MGNII), Malattia Leventinesse, Doyne’s honeycomb dystrophy and Sorsby’s fundus dystrophy.

In addition to drusen and RPEDs, RPE abnormalities occur in AMD that may appear as either hyper (or
hypo) pigmentation at the macula. In advanced cases, the RPE at the macula may atrophy in a well-
delineated pattern with a scalloped edge. This form of degeneration is known as geographic atrophy
(GA) and involves widespread atrophy of the RPE (Fig.1.8.4B). In the absence of the RPE, the overlying
photoreceptors die which results in exposure of choroidal vessels. Geographic atrophy often develops
in the parafoveal regions and may spare the fovea until late progression.’? When the fovea is involved
however this is the most visually devastating form of atrophic AMD occurs and accounts for
approximately 10% of blindness associated with AMD.!8 The factors that determine the progression of
ARM to either geographic atrophy or neovascular AMD are not yet known and recent data suggests

that the loss of photoreceptors in geographic atrophy may in fact precede the RPE changes.?*

1.4.2. Neovascular AMD

In the process of neovascular AMD, new blood vessels grow from the choriocapillaris and breach the
Bruch’s membrane. The infiltrating vessels may penetrate deeper through the RPE and enter the
neural retina. The pathological growth is known as choroidal neovascularisation (CNV), as they arise
from the choriocapillaris vasculature.'% 25 CNV typically occurs against a background of atrophic AMD
but in many cases it may be the first clinical manifestation. The neovascular vessels may have a grey
appearance with a boggy subretinal tissue that typically leaks on fluorescein angiography.1? Although it

only accounts for approximately 10% of AMD cases, neovascular AMD may lead to a rapid



deterioration in vision and accounts for 75% of cases of significant visual impairment associated with

AMD.26

CNV consists of fragile ectopic membranes that may proceed to hemorrhage, subretinal fluid
accumulation, retinal pigment epithelial detachment, retinal atrophy and disciform scarring which
results in rapid visual loss (Fig 1.8.4C).26 Clinically CNV may be described on the basis of fluorescein
appearance as follows:

- Classic CNV

- Occult CNV

- Fibrovascular CNV
Classic CNV has a clearly defined “lacy” pattern in the early phase followed by leakage into the
subretinal space. Occult CNV appears as an ill-defined hyperfluorescence in the early phase and lacks
the definition of classic CNV. The majority of CNV lesions (>80%) are of the occult class.!?
Fibrovascular PED displays a mixed appearance of both CNV and PED. These distinctions are important
in some of the older forms of treatment (photodynamic therapy) but are less so in the more common
biological treatment strategies in use today. In the absence of treatment, neovascular membranes
progress with over 65% of eyes suffering severe visual loss (a drop in 6 or more lines of acuity) within
5 years.?’” Retinal angiomatous proliferation (RAP) is a subcategory of neovascular AMD. The
proliferating vessels extend to form retinochoroidal anastomosis in these patients. They may be
recognized by an increased number of intraretinal haemorrhages, telangiectasia and

microaneurysms.10

CNV is a response to tissue injury and is similar in nature to the granular tissue of wound healing.’> In
general, the wound healing response is characterized by; clot formation, deposition of fibrin matrix,
infiltration of inflammatory cells, angiogenesis, extracellular matrix destruction and re-formation,
scarring and re-epithelialization.?8 Fibrin is deposited from the choriocapillaris leading to degradation
and remodeling of the Bruch’s membrane in the case of CNV. Vascular endothelial cells and
proliferating fibroblasts originating in the choroidal vessels migrate through Bruch’s membrane and

grow beneath the retinal pigment epithelium and retina. The tendency for CNV to penetrate Bruch'’s



membrane in the region of the macula rather than in the peripheral retina may be related to the

thinned structure and higher porosity of the membrane in this area.

The natural history of untreated CNV is one of progressive growth and leakage.2® After a few months
the lesion enters a cicatricial stage that results in a disciform scar. These scars form dense central
scotomas that cause significant central visual impairment, though peripheral vision is typically spared.
It must be noted that both GA and CNV may be present simultaneously. Approximately 2-4% of
patients with bilateral GA may develop CNV over the course of two years?? and any underlying GA may
be obscured in the presence of CNV. Therefore it is likely that the two conditions coexist in more

instances than has been recognized.

1.4.3.Standardised systems of AMD classification

The application of a standard classification system allows for direct comparison and is conducive to
meta-analyses of multiple epidemiological studies. The two most widely used systems are the
Wisconsin Age-Related Maculopathy Grading System (WARMGS),3? and the International Classification

and Grading System for Age-related Maculopathy and Age-related Macular degeneration (IntARM).3!

WARMGS3°

Wisconsin Age-Related Maculopathy Grading System was described by Klein et al in 1991 and is based
on 30° stereoscopic photographic pairs of fundus images.?® A grid pattern is superimposed over the
centre of the image (Fig 1.8.6). The central ring corresponds to a circle of 500um radius in an average
eye. The middle and outer rings correspond to 1500um and 3000pum respectively. The template
divides the macular area into nine subfields. A series of circular templates are also provided to
estimate the size of drusen and pigmentary changes (Fig1.8.6). The grid patterns contain templates for
63um, 125pum and 250um (Cy, C; and Cs respectively). The WARMGS describes drusen on the basis of

maximum size, predominant type, area and degree of confluence (Table 1.8.2).

WARMGS provides grading systems for retinal pigment epithelial degeneration based on the area of
the subfield affected in addition to drusen classification. The grading of the late stage AMD is less

detailed than that of drusen as the requirements of the WARMGS do not include the use of fluorescein



angiography. Sensory retinal detachment and RPE detachment are placed in the same grade. Subretinal
and sub-RPE haemorrhages are similarly lacking in strict definitions and are graded on the basis of 4
categorisations: absent, present, questionable or cannot grade. Geographic atrophy (GA) is defined as

absent, questionable, less than 50% of subfield or greater than 50% of subfield.

Int(ARM)

This alternative classification system was devised by the International ARM Epidemiological study
group in 1995.31 Stereoscopic photographic transparencies are initially graded with the same central
subfield grid used by the WARMGS, and the grading is performed in a similar manner, by dividing the
retina into three concentric circles. The templates provided for photographic grading (Co-C4) encircle
areas of 63pum, 125um, 175um, 250pm and 500pum. The circles are used to measure drusen size and
the templates may also assist in sizing areas of RPE pigmentation abnormalities and regions of
geographic atrophy. This classification system is effectively an extension of the WARMGS and provides
greater clarification of pigmentary changes, geographic atrophy and neovascular changes. AMD is

defined as late ARM that includes either neovascular or geographic atrophic disease manifestations

(Table 1.8.3).

1.5. Epidemiology of AMD

The prevalence and incidence of AMD are both increasing with the ageing population, and are resulting
in an increase in debilitation as well as social burden. Over two thousand people are registered as
blind or partially sighted and receive assistance from the National Council for the Blind in Ireland.3?
These patients benefit from the provision of visual aids and other support services, however the
estimated number of those eligible for registration is approximately 7,000. The prevalence of the
disease has increased in Ireland by 113% between the years 1996 and 2003 and now accounts for
25% of all blindness registrations where 44% of all new registrations are as a result of AMD.33 In the
United Kingdom, there are an estimated 214,000 patients entitled to blind or partial sight registration
due to AMD and this number is expected to rise.3* Similarly, there are over 1.75 million people affected
by AMD in the United States and this is expected to increase to 3 million by 2020 and the number of

people affected by AMD globally is approximately 50 million.35



The prevalence of AMD has been widely studied among the Caucasian population. Three large
population-based epidemiological studies establish