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Foreword

Age-related macular degeneration (AMD) has become a scourge of modern, developed
societies. In such groups, where improved living conditions and medical care extend
human longevity, degeneration of bodily tissues slowly but relentlessly occurs as the life
span increases. Sooner or later, the “warranty” on such tissues expires, and so do critically
important cells that, in the case of the macula, would have allowed normal visual function
if they had survived. Those cells occupy a tiny area having a diameter of only about 2 to
3 mm in human eyes. When the cells lose their function  or die and disappear, sharp cen-
tral visual acuity fails, and lifestyle is compromised—often severely. The ability to read,
drive, recognize faces, or watch television can be impaired or lost. This group of dis-
eases—AMD—has become the leading cause of visual impairment in those countries
where increasingly large numbers of individuals live to a so-called “ripe old age.” Most of
these senior citizens had anticipated, with pleasure, the opportunity to enjoy their mature
and less frenetic years, but too many of these individuals, ravaged physically and emo-
tionally with AMD, frequently and understandably complain that the golden years are not
quite so golden. This is the human and emotional side of AMD, a group of disorders now
under intense scientific and clinical scrutiny, as ably summarized herein by Dr. Jennifer
Lim and her expert group of coauthors.

The chapters in this book are devoted to pathophysiology, clinical features, diag-
nostic tests, current and experimental therapies, rehabilitation, and research. They repre-
sent what we know today. They also tell us explicitly or by inference what we need to
know tomorrow. In effect, they are cross-sectional analyses of the present state of knowl-
edge, analogous to photos in an album, for example. Here, in this book, we have compre-
hensive, definitive, analytic reviews of the current state of macular affairs. Such albums
and books are often informative and beautiful, but they best realize their inherent poten-
tial, as does this book, by whetting our appetite for more information, both for today as
well as for tomorrow. For example, what are the precise etiology and pathophysiology of
AMD? Will they change? What are the best diagnostic tests for different forms of AMD?
(Parenthetically, it is historically noteworthy to realize that fluorescein angiography
remains the definitive test for diagnosing the presence of choroidal neovascularization and
related phenomena in AMD, despite having been developed almost half a century ago.)
What are the best therapies of today and how might we improve them in the future? At
present, we think primarily of thermal laser photocoagulation and photodynamic therapy.
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How can they be enhanced? What roles, if any, will other techniques play? Will they
include low-power transpupillary thermal or x-irradiation, antiangiogenic drugs, genetic
manipulation, or surgery? Will combinations of these or even newer modalities be demon-
strated to be both safe and effective? Will wide-scale population-based preventive meas-
ures, including antioxidants, for example, be more important than therapeutic intervention
ex post facto?

Clairvoyance is an imperfect attribute, but the largely palliative and incompletely
successful treatments of today are quite frustrating. There is a compelling mandate for
intense and sustained efforts to improve both treatment and prophylaxis. The crystal ball
for AMD suggests that the immediate future will be characterized by refinements in
today’s favored interventions, especially photodynamic therapy, but no one can really
hope or believe that the therapeutic status quo will be preserved. Substantial change is a
certainty. Physicians and patients appropriately demand more. The intermediate and long-
range future will probably include a large number of definitive clinical trials devoted to
fascinating new pharmacological agents, many of which are now in the evaluative
pipeline, but many of which have not yet even been conceived. Classes of drugs will
include antiangiogenic or angiostatic steroids with glucocorticoid and nonglucocorticoid
qualities, as well as diverse agents to bind and inactivate cytokines and chemokines at dif-
ferent points in the angiogenic and vasculogenic cascades. Many will involve blockage of
the actions of vascular endothelial growth factor (VEGF). Ingenious surgical approaches
will also come, and some will then go, as more and more new approaches of this nature
undergo clinical evaluation and gain either widespread acceptance or rejection.

Today’s requirements for “evidence-based” medical decisions invoke Darwinian
selection processes for numerous known, as well as currently unknown, diagnostic and
therapeutic approaches to AMD. Outstandingly good techniques, such as fluorescein
angiography, will persist—at least for the foreseeable future. Less desirable ones, such as
subfoveal thermal photocoagulation, for example, will be supplanted by something better,
such as photodynamic therapy—at least for the moment. The accretion of scientific and
clinical knowledge is usually an extremely slow process, but that is not necessarily bad
because new ideas and techniques are afforded ample opportunity for dispassionate eval-
uation. Sudden breakthroughs, on the other hand, intellectual or technical epiphanies, are
infrequent. When they do occur—such as angiography, photocoagulation, or intravitreal
surgery—they abruptly create quantum leaps characterized by dramatic flourishing of new
hypotheses, experiments, and clinical procedures. The world of AMD would benefit from
such giant steps (such as a new class of drugs or a new physical modality or type of equip-
ment), but, because they are unpredictable in their origin and timing, we are presently
faced with the less spectacular, but important, responsibilities of initiating and sustaining
more prosaic, but potentially useful research efforts.

Hopefully, more emphasis in the future will be placed on preventive approaches.
Modification of relevant risk factors for AMD may prove to be much more effective, from
the perspective of the public health, than therapeutic attempts aimed at a disease that has
already achieved a threshold for progressive degeneration and visual impairment. Thus
far, epidemiological studies have largely been inconclusive and occasionally contradic-
tory, and we now know of only one clear-cut modifiable risk factor, namely, cigarette
smoking (and possibly systemic hypertension).
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The influences of race and heredity remain tantalizing, and it will be important to
understand why some races are protected from severe visual loss in AMD and why others
are not. Moreover, the major influence of heredity is inescapable, but we now know only
that this influence is complex, and it may be even more complex than anticipated because
of a multiplicity of unknown contributory environmental and other genetic factors. We do
know the genes responsible for a previously enigmatic group of juvenile forms of inher-
ited macular degeneration, such as the eponymously interesting diseases named for Best,
Stargardt, Doyne, and Sorsby, but there appears to be no universally accepted or substan-
tive relationship between any of these single-gene, rare Mendelian traits and the far more
common AMD, which has no clear-cut Mendelian transmission pattern, but currently
affects millions of aging individuals.

The march of time related to scientific progress is ceaseless, and this is certainly true
of research related to AMD. Darwinian selection of the best new ideas will inevitably
emerge, allowing an evolutionary approach to enhanced understanding and improved
treatment or prophylaxis. Should we be fortunate enough to witness a bona fide revolution
or breakthrough in ideas related to AMD, such an advance is likely to emanate from those
scientists and clinicians meeting Louis Pasteur’s observation that “chance favors the pre-
pared mind.” It is toward that goal—the creation of the prepared mind—that Dr. Lim has
fashioned this valuable compendium of the way things are—for now!!

Morton F. Goldberg, M.D.
Director and William Holland Wilmer Professor of Ophthalmology

The Wilmer Eye Institute
Baltimore, Maryland
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Preface

Age-related macular degeneration (AMD) remains one of the most enigmatic diagnoses
for elderly patients. Over the past two decades, there has been significant progress in the
pathophysiology and treatment of AMD. These research strides have resulted in novel
therapies that offer not only sight-saving, less destructive forms of treatment for exudative
AMD but also treatment to prevent progression of nonexudative AMD. The purpose of
this book is to summarize and synthesize in a single resource this information for
clinicians and scientists involved in AMD patient care and research. I have asked retinal
experts first to summarize established information and then to present the recent
developments in their specific areas of AMD research.

It is important to understand how the normal eye ages. In Part I, Chapter 1 focuses
on aging-related changes of the retina and retinal pigment epithelium and compares them
with the retinal findings of AMD. Chapter 2 presents the light and electron microscopic
findings of AMD to facilitate understanding of its ultrastructural pathophysiology. Such
an understanding is useful in directing future areas of research toward a cure for AMD.
Chapter 3 elucidates immunological aspects of AMD. This avenue of research may offer
clues to the pathophysiology of AMD and point to potential new treatments.

Part II focuses on clinical features of nonexudative and exudative AMD, which are dis-
cussed with respect to the natural history and prognosis for vision. This information is useful
for the clinician who frequently must provide information to the patient regarding prognosis.

Evaluation of the patient and planning treatment for AMD is aided by imaging tech-
niques. Part III discusses imaging techniques, such as OCT, which are helpful not only for
evaluating the patient but also for making objective assessments of treatment outcome.
Application of OCT to animal and clinical research studies helps to determine efficacy
outcomes objectively. Continued application of ICG angiography to the evaluation of
AMD patients has led to refinements in the diagnosis of AMD and to ICG-based laser
treatments for choroidal neovascularization (CNV) lesions. Chapter 7 summarizes the
current state of knowledge about the application of ICG angiography to diagnosis and
treatment of AMD.

Parts IV to VI of this book present the current and experimental forms of treatment
for nonexudative and exudative forms of AMD. Much progress in the area of AMD
research has occurred since the MPS study first began over 20 years ago. Thus, the clini-
cal application of the MPS data is updated in light of the availability of newer, less
destructive forms of therapy for CNV. Refinements in the application of laser photocoag-
ulation, such as feeder-vessel treatment and subthreshold laser, have contributed to new
applications for thermal laser for AMD. 
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The past decade has witnessed the genesis of novel therapies for CNV, which range
from photodynamic therapy, radiation therapy, transpupillary thermotherapy, and anti-
angiogenesis drugs to submacular surgery and macular translocation. Discussions of the
basic mechanism of action, clinical treatment technique, target patient population,
expected outcomes, and both positive and negative aspects of the treatment are included.

When possible, comparisons between the results of the different treatments are
drawn. Known risk factors for AMD progression are discussed, as well as the recent Age-
Related Eye Disease Study (AREDS) finding of risk reduction through micronutrient sup-
plementation.

Basic science research followed by its application to clinical trials is the mode by
which new treatments for AMD are created. Part VII of this book focuses upon active
areas of basic science research that may lead to clinical trials in the near future. The future
application of genetics research to gene therapy for AMD may be curative and/or preven-
tative for younger patients possessing the gene for AMD. Retinal pigment cell transplan-
tation research may lead to future treatments that reverse damage from AMD. The
discussion of these future treatments is intriguing and presents new hope for the future
generations afflicted with AMD.

Despite the progress in AMD research and the attendant clinical applications, in
reality there still exist patients with visual loss and untreatable disease. For these patients,
visual rehabilitation is extremely important. A discussion of the available low-vision
devices and the psychosocial aspects of visual loss from AMD is included to help counsel
patients with AMD and visual loss. The possibility of using an intraocular retinal
prosthesis to restore vision in the future is intriguing and this area of research is presented.
The prosthesis may represent the ultimate low-vision device for patients with AMD and
vision loss.

Throughout the book, clinical trials data are summarized. Clinical trials remain the
gold standard for proving clinical efficacy of a new treatment. Part VIII discusses the
design of clinical research trials and quality-of-life assessments. The importance of qual-
ity-of-life assessments as part of clinical research outcome measurements is now recog-
nized.

No single volume can present all the existing knowledge about AMD. Thus, only the
most clinically useful and exciting research information was included in this book. My
goal is for this book to serve as a first-hand resource for researchers and clinicians in the
area of AMD. My contributors and I hope we have achieved this and that the information
presented herein will inspire inquiry and ignite research that may unearth answers to those
enigmatic questions about the etiology of and cure for AMD.

I wish to thank all the outstanding contributors, without whom this book would not
be possible. Their eagerness to collaborate and their expertise made my job as editor
extremely enjoyable, educational, and satisfying. I am grateful to Onita Morgan-Edwards
and Charlotte Kler for their efficient and accurate secretarial assistance, and to the staff
at Marcel Dekker, Inc., for their great help in compiling this book.

I dedicate this book to my parents, to my husband, John Miao, and to our daughter,
Bernadette, who was with me (in utero) during the preparation and editing of most of this
book.

Jennifer I. Lim
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1
Aging of Retina and Retinal
Pigment Epithelium

Brian D. Sippy
Emory University, Atlanta, Georgia

David R. Hinton
Doheny Eye Institute, University of Southern California Keck School of Medicine, 
Los Angeles, California

I. INTRODUCTION

It has been said that as soon as we are born, we begin dying. This rather discouraging adage,
however, does embody the theory that aging is a chronic process defined by endogenous
programming and exogenous factors. It is a challenging task to separate the universal
effects of aging on the human condition from those of disease. In extreme age, the bound-
aries of normal and disease are obscured. This chapter attempts to define the changes that
occur with aging in the retina and retinal pigment epithelium (RPE) in the vast majority of
humans and that are not specifically found in the diseased eye. Emphasis will be given to
the macular region to facilitate the comparison of age-related changes to changes associ-
ated with age-related macular degeneration.

To fully understand a disease that seems to be specific to the human macula, it is es-
sential to understand the normal aging processes that affect this tissue. Yet, we are limited
by biased population studies representing only certain people and by the ethical restriction
associated with the study of human subjects. Animal models have been pursued to elicit the
underlying mechanisms of age-related macular degeneration (ARMD), but they are just
that, models. Because of the complexities of interspecies differences, data from nonhuman
models have been minimized here.

II. EMBRYOLOGY

The primitive eye begins development near the end of the fourth week of embryogenesis.
On the rostral end of the neutral tube, two optic pits form and then develop into the optic
vesicle and optic stalk. As this outpouching from the neural tube approaches the surface
ectoderm, it buckles inward to form the optic cup. The invagination process is quite
asymmetrical, allowing for the formation of the choroidal fissure. This choroidal fissure is
accompanied by growth of a primitive blood vessel that enters along the underside of the



optic stalk and proceeds anteriorly to reach the rim of the cup and primitive lens. This ves-
sel eventually gives rise to the hyaloid artery and later the central retinal artery. The
choroidal fissure closes by the end of the fifth or sixth week of gestation, and the basic form
of the eye has taken shape. The optic cup and optic stalk represent the beginnings of the
future retina and optic nerve, respectively. The inner layer of the optic cup forms the sen-
sory retina, including neurons and glial cells. This inner retinal layer terminates anteriorly
at the ora serrata, but it is continuous with the layers of the nonpigmented ciliary body
epithelium and the posterior pigmented iris epithelium. The outer layer of the optic cup will
form the RPE that extends anteriorly also to the ora serrata, and it is continuous with the
pigmented ciliary body epithelium and the anterior pigmented iris epithelium. Posterior to
the ora serrata, the sensory retina and the RPE are separated only by a potential space filled
with the interphotoreceptor matrix (1).

III. GROWTH AND AGING

A definite challenge exists in separating functional or anatomical changes related to nor-
mal aging and those seen in age-associated disease. This is particularly true for the retina
and RPE. This highly specialized tissue is exposed to environmental stressors not typically
encountered by other neural tissues. By its design to enhance vision, the retina functions to
maximize the capture of photon radiation. Lifelong function in this actinic environment
may accentuate the normal aging process, a term referred to as photoaging (2, 3). Thus,
knowledge we have acquired regarding aging of other neural tissues, such as the central
nervous system, may not directly apply to the retina (4).

Many elderly adults experience attenuation in their ability to function effectively
and independently. Such a decline is multifactorial and includes impairment of vision.
Nearly every assessment of visual function has been shown to diminish later in life. De-
creased visual acuity, visual field, contrast sensitivity, motion perception, and dark adapta-
tion are all recognized deficits found in elderly patients (5–7). However, it must be kept in
mind that many of the tests commonly employed to assess visual function do not take into
account age-related decline. The aging nervous system appears to recover more slowly
from the effects of visual stimulation, compatible with an overall slowing in processing
time (8).

A. Sensory Retina

The human neural retina is almost fully developed at birth. The fovea contains most of the
retinal layers but is incompletely differentiated. The fovea and macula complete their mat-
uration in the first few months of life. The peripheral retina, especially near the ora serrata,
is slower to develop and sometimes displays a Lange’s fold histologically in premature or
newborn infants (9). Macular pigments are essentially absent during the first 2 years of life.
As the pigment accrues, the macula takes on a yellow hue, giving this area a distinct clini-
cal appearance. Relative hypofluorescence of the macular region on fluorescein angiogra-
phy may be partly due to these pigments (10). Macular pigment consists primarily of lipid-
soluble carotenoids, including lutein and zeaxanthin. These substances are photically inert
and have antioxidant properties (11–14).

The mature sensory retina is a delicate, transparent structure firmly attached at the ora
serrata anteriorly and at the optic nerve head posteriorly. The neural retina is composed of
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nine layers, from the outside inward, of (1) the photoreceptor cell outer and inner segments;
(2) the external limiting membrane; (3) the outer nuclear layer containing photoreceptor
nuclei; (4) the outer plexiform layer; (5) the inner nuclear layer containing nuclei of hori-
zontal cells, bipolar cells, amacrine cells, and Müller cells; (6) the inner plexiform layer;
(7) the ganglion cell layer; (8) the nerve fiber layer; and (9) the internal limiting membrane
(ILM) (Fig. 1).

The ILM is the innermost layer of the sensory retina that is in direct contact with the
vitreous. The ILM is normally attenuated or absent over the optic nerve head. The vitreous
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Figure 1 Photomicrograph of normal retina obtained from 59-year-old with no known ocular dis-
ease. Tissue embedded in glycol methacrylate and cut at 3 microns. Section stained with 1% tolui-
dine blue. The identified retinal layers are the internal limiting membrane (ILM), nerve fiber layer
(NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plex-
iform layer (OPL), outer nuclear layer (ONL), inner limiting membrane (ILM), inner segments of
photoreceptors (IS), and outer segments of photoreceptors (OS). External to the retina is the retinal
pigment epithelial cell layer (RPE) and choriocapillaris (CC), separated by Bruch’s membrane. 



is attached to and blends with the ILM through fine collagenous fibrils. This attachment is
firm in young persons, but with increasing age and vitreous liquefaction, the connections
become tenuous, leading to posterior vitreous detachment (PVD) in 63% of individuals
over 70 years of age (15). The ILM is primarily composed of basement membrane formed
by Müller cell footplate processes. Occasionally, this basal lamina is composed of astro-
cytic processes and broad, flat cells containing rod-shaped nuclei. The latter probably rep-
resent vitreous hyalocytes that have migrated into the ILM. Müller cells hypertrophy with
age with associated thickening of their basal lamina. Heegaard has reported that fetal ILM
is very thin, being thickest in the macular region, and that adult ILM is slightly thicker with
regional differences (16). Others have shown that ILM increases in thickness to age 57
years, and then decreases in thickness and increases in density to age 82 years (17).

The nerve fiber layer is primarily composed of axons from the retinal ganglion cells,
but it does contain a few neuroglial cells. The axons radiate toward the optic disk, and the
nerve fiber layer thickens as axons converge. With increasing age, there is a progressive re-
duction in nerve fiber layer thickness (18, 19). This thinning is coincident with the loss of
ganglion cells with age; thus, it may represent loss of axons (20). In addition, degenerated
cellular material accumulates in the nerve fiber layer with increasing age. Corpora amy-
lacea are small, noncalcified, occasionally laminated spheroids that stain poorly with hema-
toxylin and eosin (H&E) and stain prominently with periodic acid-Schiff (PAS) and Alcian
blue. Corpora amylacea have been found in the peripapillary nerve fiber layer. Electron mi-
croscopy has shown that these inclusions are intra-axonal organelles consisting of neuro-
tubules, mitochondria, and dense bodies (21, 22).

The retinal ganglion cell layer contains the cell bodies, including nuclei, of the gan-
glion cells. These third-order afferent neurons extend axons into the nerve fiber layer and
extend dendrites into the inner plexiform layer that synapse with neurons of the inner nu-
clear layer. Between 14 and 24 weeks of gestation the ganglion cell layer and inner nuclear
layer undergo precise differentiation to create a topography that maximizes macular func-
tion (23). In the fovea, ganglion cell nuclei and inner nuclear layer cells are displaced cir-
cumferentially to enhance the transmission of light into the outer retina. In the parafoveal
area, the ganglion cells are numerous, forming a layer up to eight cells deep. Elsewhere in
the retina, the ganglion cell layer is mostly a single-cell layer. Lipofuscin, the so-called pig-
ment of aging, is a complex matrix of partially degraded cellular elements that accrues
within aging cells. Lipofuscin has been shown to accumulate in retinal neurons, including
ganglion cells (24). Because lipofuscin is capable of photogenerating a variety of reactive
oxygen species, accrual of this substance in cells exposed to light could potentially lead to
neuronal demise (25, 26). Indeed, Barreau et al. have demonstrated mitochondrial DNA
deletions consistent with oxidative damage within the adult neural retina but not the fetal
retina (27). Others have not confirmed an age-related increase in mitochondrial DNA dele-
tions in retina but have noted that the level of these deletions in retina is less than in optic
nerve or susceptible regions of brain (28). With increasing age, there is evidence for up to
25% loss in the number of ganglion cells in certain retinal locations (20).

The inner plexiform layer is composed of a fine reticulum of axons and dendrites.
The primary synapses found in this layer are those of bipolar cells and amacrine cells with
ganglion cells. Age changes found in the ganglion cell layer and the inner nuclear layer
would likely impact the delicate inner plexiform layer; however, no human studies have ad-
dressed this phenomenon.

The inner nuclear layer is a uniformly dense mass of cells consisting of neuronal and
glial cell bodies and nuclei. Three types of neurons have been identified in this layer.
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Amacrine cells are pear-shaped cells that lie at the inner aspect of the inner nuclear layer.
Their processes extend primarily into the inner plexiform layer where they synapse with
bipolar cells and dendrites of ganglion cells. Bipolar cells are found throughout the inner
nuclear layer; and, as their name implies, they send processes both to the inner plexiform
layer to synapse with ganglion cells and to the outer plexiform layer to synapse with pho-
toreceptor cells. In the fovea, the ratio of photoreceptor cell, bipolar cell and ganglion cell
synapses approaches 1:1:1 to enhance resolution of spatial and temporal stimulation. The
horizontal cells reside in the outer aspect of the inner nuclear layer and have complex ar-
borizing processes that extend primarily into the outer plexiform layer, where they synapse
with bipolar cells and spherules and peduncles of rod and cone axons. Complex signaling
and editing converts photic stimulation into reportable imagery (29). Müller cells, which
are also found in the inner nuclear layer, send processes to the inner aspect of the retina to
form the ILM and to the outer aspect of the retina to form the external limiting membrane.
The inner nuclear layer specifically has not been studied with regard to aging. However,
neurons in this layer have demonstrated accumulation of lipofuscin and, therefore, may be
susceptible to oxidative damage.

The outer plexiform layer consists of fine processes of photoreceptor cells and bipo-
lar and horizontal cell synapses. In the macular region, this layer takes on a specialized ar-
chitecture to enhance visual resolution. The axons and dendrites are elongated and radiate
outward from the fovea to form the fiber layer of Henle. This allows for lateral displace-
ment of nuclei that could scatter light entering the foveal region.

The outer nuclear layer is composed of eight or nine layers of densely packed nuclei
and cell bodies of the rod and cone photoreceptor cells. With H&E stain, the two kinds of
cells can be differentiated by nuclear morphology. The rods tend to have smaller, more
densely stained nuclei, and the cones have larger, weakly staining nuclei that tend to reside
just internal to the external limiting membrane. Occasionally, the photoreceptor nuclei are
displaced outside of the external limiting membrane. This migration may represent a nor-
mal variant associated with age-related change (30), but it has been suggested that this dis-
placement may be associated with cellular demise (31).

Curcio and colleagues have helped define normal human photoreceptor topography
and changes in this mosaic that occur with age. They have reported that the number of rods
in the human retina ranges from 78 to 107 million and that there is a preferential loss of rods
with aging (32, 33). A loss of up to 30% of rods in the central retina was seen in grossly
normal eyes (34). Cone numbers in the macula remain relatively stable between the ages of
40 and 65 years (35). With progressing age, cone numbers eventually decline. By the age
of 90 years, a 40% reduction in cones has been reported (36). Theoretically, however, this
reduction in the number of photoreceptors would not be sufficient to account for age-asso-
ciated decline in visual acuity. In the foveal region, photoreceptor density approximates
200,000 cells/mm2. These densely packed cells are primarily cones, but with a specialized
architecture that resembles rods. The density of these cones in the fovea causes an inward
bowing of the sensory retina, anatomically referred to as the umbo (37).

The external limiting membrane is not a true membrane. It is, instead, formed by ad-
hesions that fuse Müller cells with photoreceptor inner segments. A junctional complex of
this nature is referred to as the zonula adherens. Age-related cellular changes may lead to
weakening of this pseudomembrane, allowing for subtle architectural and perhaps func-
tional variation.

Photoreceptor inner and outer segments extend beyond the external limiting mem-
brane and represent the outermost aspect of the neural retina. The inner segments of cones
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are large and contain organelles and numerous mitochondria, whereas rods have long cylin-
drical inner segments with fewer mitochondria. Scanning electron microscopy clearly
demonstrates the morphological differences between cone and rod inner segments, and it
has been used to evaluate photoreceptor populations and distribution.

Rod photoreceptors possess long outer segments that reach the apex of the RPE cells.
The outer segments consist of stacked disks. These disks are formed near the junction of
the inner and outer segments and mature as they approach the distal tip of the outer seg-
ment. Disks are shed at the end of the outer segment and are phagocytosed by RPE cells
(38). Morphological changes in rod outer segments have been demonstrated in the aging
human retina (39). Aged rod outer segments undergo hypertrophy and an increase in length
secondary to the buildup of mismanaged disks. At the distal tip of the outer segment, the
disks fold back into the outer segment, leading to a disorganization of the internal structure.
Rod outer-segment disks contain rhodopsin that is responsible for photon capture. Recent
studies have shown that rhodopsin content in the human retina increases from preterm to
approximately 6 months of age and then is stable (40). Despite the loss of rod photorecep-
tors with age, rhodopsin levels remain stable, perhaps as a result of the hypertrophy and
convolution of disks in the remaining rods.

The outer segments of cones are typically shorter than rods and do not extend to the
apical surface of the RPE. Instead, the RPE cells send long apical processes or microvilli
to encompass the cone outer segments. Outer segments of the specialized foveal cones are
long and approach the apex of underlying RPE cells. As with rods, cone outer segments are
composed of stacked disks. Cone disks taper in diameter as they approach the distal end,
where they are shed. Cone outer segments and, to a lesser extent, rod outer segments accu-
mulate lipofuscin material after the age of 30 years (41). In contrast to rods, foveal cone
outer segments show no alteration in outer-segment length with age. And unlike rhodopsin
in rods, there is a decline in cone visual pigments after the fifth decade of life (42, 43).

B. Retinal Circulation

The retinal circulation is derived from a primitive fibrovascular ingrowth within the
choroidal fissure. As the hyaloid artery regresses, the primary vascular arcade of the retina
remains. The vascular architecture achieves an adult pattern approximately 5 months after
birth. Retinal vessels provide oxygen and nutrients to the inner aspect of the neural retina.
Capillary beds have been demonstrated in layers from the nerve fiber layer outward to the
inner nuclear layer (44). On the contrary, the outer retina derives its oxygen and nutrients
from the choroid and choriocapillaris.

Aging changes in retinal vessels, including arteriosclerosis, are similar to those found
elsewhere in the body. But the retinal circulation is analogous to the cerebral circulation in
that it maintains a functional barrier, the blood-retinal barrier. Within the retina, at the cap-
illary level, there is a diffuse loss of cellularity with age. Typically, endothelial cells main-
tain a one-to-one relationship with pericytes; however, in the aged eye, there is a loss of en-
dothelial cells followed by a loss of pericytes, leading in some cases to an acellular vascular
channel (45). In a rigid acellular state, there could be perturbation in the autoregulation of
retinal circulation, as seen with the cerebral blood flow in elderly patients (46).

Cellular loss combined with hyalinization and thickening of the pericyte basement
membrane leads to narrowing of vascular lumens. Narrowing diminishes retinal microcir-
culatory flow and thus tissue perfusion (47, 48). In the macular region, blood flow may de-
cline as much as 20% in people more than 50 years old (49).
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In the center of the macula, there is a capillary-free zone functioning to enhance vi-
sual acuity. This area typically measures 300–500 µm and is an important landmark on flu-
orescein angiography. There is a decrease in total capillary number in the macula with age,
and this corresponds with an increase in size of the foveal capillary-free zone (50, 51).

C. Interphotoreceptor Matrix

The interphotoreceptor matrix (IPM) fills the potential space between the photoreceptor
cells and the RPE. It is an exceptionally stable and unusual extracellular matrix (ECM) that
actively supports retinal function by housing specialized molecules involved in retinoid ex-
change, disk phagocytosis, and stabilization of the photoreceptor mosaic. The IPM contains
no collagen, elastin, laminin, or fibrocytes. It does contain an abundance of interphotore-
ceptor retinoid binding protein (IRBP), synthesized by RPE cells. Enzymes responsible for
turnover of the IPM, such as matrix metalloproteinases (MMP) and tissue inhibitor of met-
alloproteinases (TIMPs), have been recently described in human IPM. These enzymes may
be impacted by aging, resulting in perturbed function of the adjacent neural retina or RPE
(52). Hyaluronan has recently been detected in human IPM and displays unique properties
of resistance to degradation by hyaluronidase digestion (53). Rod and cone outer segments
are encased with cell-specific sheaths of ECM, which implies an active role for the pho-
toreceptors in creating and maintaining the IPM (54, 55). Müller cells extend fine processes
external to the external limiting membrane to reside between the inner segments of rods and
cones. These glial extensions may also contribute to the formation of the IPM (56).

D. Retinal Pigment Epithelium

In contrast to the structural and cellular complexity of sensory retina, the RPE represents a
unicellular tissue that is easily identified grossly and histologically based on its innate pig-
mentation and sheet-like integrity. The hardy nature of the RPE cell also allows for pre-
dictable culturing and in vitro experimentation. Most of this report thus far has minimized
discussion of animal or cell culture models. However, in recent years, there has been an ex-
plosion of research conducted to improve our understanding of function and dysfunction in
the context of macular degeneration pathophysiology. To be more inclusive, although we
risk speculation, we have included below references to works that address some of the cur-
rent interests in RPE culture research.

Polarity provides the RPE cell with a foundation of function (57). The apical surfaces
of the RPE cells are tightly bound by junctional complexes, also known as zonulae occlu-
dentes (58). This pseudomembrane limits the movement of molecules to and from the sen-
sory retina and the choroidal circulation, making the RPE the most essential effector of con-
trolled exchange between these two compartments. In the inner aspect of the zonulae
occludentes, the RPE cell membrane is bathed in IPM. Just to the outer aspect of the zonu-
lae occludentes, there is a narrow space along the lateral aspect of the RPE cells. The basal
surface of the RPE cells contains prominent infoldings that increase membrane surface area.

The RPE is a monolayer of regularly arranged hexagonal cells that spans the retina
from the margin of the optic disk anteriorly to the ora serrata. Several studies have evalu-
ated the morphology and density of RPE cells within the human retina. Harman et al. have
recently reviewed the literature and have suggested various pitfalls in evaluating the human
RPE (59). They conclude that there is an increase in retinal area until approximately
30 years of age, no change in RPE cell number between the ages of 12 and 89 years, and
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an overall decrease in RPE cell density between the ages of 12 and 40 years. These find-
ings of a stable cell number and decreased cell density imply that early in life the RPE
monolayer uniformly underlies the sensory retina and that as the eye grows and the sensory
retina expands to cover the increased surface area, the RPE cells spread out rather than di-
vide to cover the increased area. This spreading phenomenon appears to be heterogeneous
with preservation of central macular density and dramatic change in the peripheral areas
(Fig. 1) (59, p. 2020).

RPE cells establish higher density in the macula early in development and reach adult
levels by 6 months of age (60, 61). No mitotic figures have been observed in the macular
RPE after birth, so density preservation is likely secondary to differential spreading and not
replenishment through replication. Actually, RPE cell density in the human macula may in-
crease with extreme age, representing a structural change in the RPE monolayer that allows
tissue contraction and a change in cell morphology from regular hexagons to less regular
polygons (59, 62). RPE cell culture models from young and old donors have suggested that
extracellular matrix enzymes may be influenced by age (52). Recent molecular studies us-
ing microarray analysis on senescent human RPE cell culture suggest that these cells may
have diminished capacity to form and maintain extracellular matrix and structural proteins
with a potential impact on monolayer architecture (63).

The individual RPE cell architecture reflects the complexity of functions that these
cells perform. An extensive review of RPE cellular structure and function is presented in
The Retinal Pigment Epithelium: Function and Disease (64). As mentioned earlier, the api-
cal surface of the RPE cell extends microvilli to encompass the rod and cone outer seg-
ments. The microvilli function to increase cellular surface area and to maintain biochemi-
cal relations with the photoreceptor cells. In particular, the apex of the RPE cells is
responsible for the phagocytosis of shed photoreceptor outer-segment disks, forming
phagosomes in the apical RPE cell cytoplasm. The eventual fate of the phagosome is to be
incorporated into the lysosomal system for degradation and partial recycling. Cathepsin D
is an important protease involved in digestion of the rhodopsin-rich disk membranes. Age-
associated change in enzymatic activity within the lysosomal system could adversely affect
processing of the shed photoreceptor membrane material. Perturbation of cathepsin D, or
other catabolic enzyme systems such as ubiquitination, may lead to the buildup of intracel-
lular and extracellular debris (65, 66).

The apical cytoplasm also contains numerous pigment granules, primarily consisting
of melanin. The RPE appears to be completely melanized at birth with minimal to no
melanin granule formation thereafter (67). Melanin density is greatest in the macula and
particularly in the fovea, and this concentrated pigment is believed to contribute to the rel-
ative hypofluorescence of the macula and fovea in angiography (10, 68). Melanin, inde-
pendent of or together with phagosomes, may become incorporated into the lysosomal sys-
tem, creating melanolysosomes or melanolipofuscin, respectively (69). With age, there
would be an expected decrease in melanin concentration if no new granules were produced
while some granules were modified or degraded. Clinically, the RPE of aged eyes appears
less pigmented than that of younger eyes. Feeney-Bums et al. reported a progressive de-
pletion of RPE melanin in all topographical areas of the human retina, including the mac-
ula (70). Two years later, it was reported that melanin concentrations in the human macula
were stable from 14 to 97 years of age (71). Controversy still surrounds the topic of RPE
pigmentary changes associated with aging.

The outer compartment of the cytoplasm houses the nucleus, abundant mitochondria,
extensive endoplasmic reticulum, and lysosomal storage deposits, including lipofuscin or
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lipofuscin-like material (72). With increasing age, lipofuscin accumulates in the RPE in an
apparent biphasic pattern, with one peak occurring between 10 and 20 years of age and the
second peak occurring around 50 years of age (70, 73). Lipofuscin buildup is greatest in the
posterior pole, especially the macula but sparing the fovea (69). Macular pigments com-
posed of lutein and zeaxanthin may influence the accumulation of lipofuscin in the fovea
(74). Also, specialized cones that reside in the fovea may have cellular membrane proper-
ties or differing visual pigments that preclude the formation of lipofuscin.

Lipofuscin is contained within granules of relatively uniform size. It is a lipid-protein
aggregate that autofluoresces when excited by short-wavelength light. The composition of
RPE lipofuscin is controversial, but most believe that partially degraded outer-segment
disks and autophagy processes contribute to the bulk of lipofuscin (75–77). A growing
body of evidence suggests that lipofuscin may actually induce oxidative damage by acting
as a photosensitizing agent generating reactive oxygen species (14, 78, 79). As a design of
function, the macula is exposed to a lifetime of light radiation, including blue light wave-
lengths that have been shown to induce reactive oxygen intermediates (25). In addition,
biochemical properties of lipofuscin may actually interfere with the enzymatic pathways of
degradation by influencing lysosomal pH (80, 81). Thus, as lipofuscin accumulates with
age, the cellular catabolic machinery may be damaged or inhibited, leading to more accu-
mulation. This cycle would theoretically continue thoughout life until the RPE cell is over-
whelmed.

Senescence of the RPE may be another factor contributing to compromised function
later in life. Senescence differs from quiescence in that senescent cells cannot be provoked
to reenter the replicative cell cycle. The telomere hypothesis of senescence proposes that
cells become senescent when progressive telomere shortening secondary to cell division
reaches a threshold level. In culture, RPE cells have been shown to reach replicative fail-
ure with as few as 15 doublings (82). With introduction of a telomerase that rebuilds telom-
ere length, replicative potential of RPE cells has been restored (83). However, it has been
stated previously that the human RPE in vivo is nonmitotic. The RPE, therefore, should not
be susceptible to senescence by this mechanism. Hjeimeland et al. have proposed that RPE
telomeres may suffer from oxidative damage and that this may lead to senescence without
true replicative exhaustion (84, 85). Senescent RPE may exhibit altered function leading to
diseased states later in life (86).

Underlying the entire RPE is a basal lamina, or basement membrane, generated by
the basal surface of the RPE cells. This membrane joins tightly with the inner collagen lay-
ers of Bruch’s membrane. The convoluted basal surface of the RPE creates pockets where
the cells are not in direct contact with the basement membrane. With age, extracellular de-
bris, such as drusen and basal laminar deposits, accumulates in this space and may repre-
sent early pathophysiological changes within the RPE machinery. Bruch’s membrane is
also structurally and functionally impacted with age, including thickening and decreased
permeability (87).

IV. SUMMARY

A continuum of structural, phenotypic, and molecular changes, that have only been par-
tially characterized, is involved in retinal development, growth, and aging. Retinal ganglion
cells accumulate lipofuscin with aging; there is evidence for up to 25% loss in ganglion cell
number in certain retinal locations. There is preferential loss of rods in the retina with ag-
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ing, but with progressive aging cone numbers eventually decline. RPE cells show numer-
ous aging changes including accumulation of lipofuscin, alterations in cell shape, density,
pigmentation, lysosomal activity, and extracellular matrix formation. Bruch’s membrane
shows thickening and decreased permeability with age. Arteriosclerotic aging changes oc-
cur in the retinal vessels while the macular choriocapillaris shows a decrease in total capil-
lary number with age.

Normal aging changes may result in altered retinal function and, in cooperation with
environmental and genetic factors, predispose to age-related diseases such as AMD.
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I. INTRODUCTION

Age-related macular degeneration (AMD) is common among the elderly, and its incidence
increases progressively with advancing age. According to the Beaver Dam Eye Study, 11%
of the population are affected by AMD at age 65–74, and this number increases to 28% af-
ter age 74. Therefore, postmortem studies have been a source of extensive histopathologi-
cal information on this disease. Large series have been presented and analyzed in multiple
studies, and the result is a significant body of well-established histopathological data that
is available at present. Additional information derives from the availability of subretinal
neovascular membranes removed by a variety of increasingly popular subretinal surgery
techniques (1). AMD is currently well characterized at both the light microscopic and the
electron microscopic level.

The histopathological hallmark of early, nonexudative AMD is the occurrence of
drusen, as well as basal deposits along the basement membrane of the retinal pigment ep-
ithelium, with degeneration of the overlying retinal pigment epithelium (RPE) and pho-
toreceptor cells. Drusen are classified into three main categories: small, hard drusen (also
termed nodular drusen), soft drusen, and large, confluent drusen. Small, hard drusen are the
most common type. They are, by definition, smaller than 63 microns, and may be present
in the eyes of patients with or without AMD, including young individuals. They are not
considered to be a risk factor for AMD (2–5). Hard drusen can be detected clinically when
they reach the size of 25–30 microns (2), and they tend to hyperfluoresce on fluorescein an-
giography. Histologically, they appear as globular, hyaline structures external to the RPE
basement membrane. The overlying RPE cells may be atrophic (5) (Fig. 1). Ultrastruc-
turally, hard drusen contain membrane-bound bodies that are found in what Sarks and as-
sociates have described as “entrapment sites,” in which coated, membrane-bound bodies
are “trapped” between the RPE basement membrane and the inner collagenous layer of
Bruch’s membrane (2). This material is currently presumed to derive from the RPE (5).



Bruch’s membrane normally contains five layers, in the following order: Innermost
is the basement membrane of the RPE, followed by the inner collagenous layer of Bruch’s
membrane, the elastic lamina, the outer collagenous layer, and the basement membrane of
the choriocappillaris. Basal deposits (6) are collections of acellular debris in different
planes in and along Bruch’s membrane (Fig. 2, 3). Most authors define two different types
of basal deposits as follows: Amorphous, acellular debris accumulating between the basal
plasma membrane of the retinal pigment epithelium and the basement membrane of the
RPE is referred to as basal laminar deposits (BLamD) (3). In contrast, deposition of mate-
rial external to the BM of the RPE, e.g., between the latter and the inner collagenous layer
of Bruch’s membrane, is termed basal linear deposits (BlinD). The two types differ not only
in their anatomical distribution, but also with regard to their chemical characteristics and
pathological significance, as will be explained below. Differentiation of these two findings
on light microscopic grounds is difficult, and there may be significant morphological over-
lap (4). Transmission electron microscopy is the main tool in detecting and analyzing those
deposits. It demonstrates that BLamD are composed of fibrous long-spacing collagen (pos-
sibly type IV collagen); amorphous, basement membrane-like deposits are features of nor-
mal aging that appear after age 60 and are not markers of AMD.

BlinD, also termed diffuse or confluent drusen (3,7,8), are composed of membrane-
ous material and this was found to be a sensitive and specific feature of AMD, although the
association between the two does not necessarily indicate causality. Rather, both could
reflect damage to the RPE (6). While BLamD only appear after age 60, they are not
specific to AMD, and are also present in non-AMD, aging eyes. In contrast, the prevalence
of BlinD and large, soft drusen is 24 times higher in eyes with AMD compared to age-
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Figure 1 A hard druse. A globular hyaline deposit with overlying RPE atrophy. The retina is
artifactually detached, thus not shown in this picture (H&E). See also color insert, Fig. 2.1.
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Figure 2 Basal laminar deposit (bld) lies between the retinal pigment epithelium (rpe) and the in-
ner aspect of Bruch’s membrane in this choroidal neovascular membrane excised from a patient with
age-related macular degeneration. Wide-spaced collagen is in the basal laminar deposit and scarred
choroid versus a component of the choroidal neovascular membrane (asterisk) are present within
Bruch’s membrane (original magnification, � 10,440; inset, original magnificaton, � 400).
Reprinted with permission from Ref. 14.)

matched controls (6). BlinD are composed of granular, vesicular, or membranous material,
with foci of wide-spaced collagen. The origin of that membranous debris is thought to be
membranes of photoreceptor outer segments, delivered by the RPE in the form of vacuoles
and vesicles (6,7,9). Soft drusen (large, poorly delineated drusen) may represent focal ac-
centuation of that basal linear material, while its diffuse deposition forms BlinD (3,8). Soft
drusen are seen by light microscopy as localized deposition of granular, pale material with
sloping edges (4). They can also represent areas of detachment of BlinD or BLamD by pro-
teinatious material. Larger detachments of basal deposits correspond to serous pigment ep-
ithelial detachments. Unlike hard drusen, large, soft, and confluent drusen (Fig. 4) are a
sign of AMD (4). In Green and Enger’ s series of 760 globes with AMD, 10.9% showed
soft drusen by histopathology, and 27.6% had basal linear deposits (3).

All forms of drusen may show calcification in the process of regression (5). It was
shown to be present in nodular (hard) and soft drusen in 0.8% and 7.7% of eyes with AMD,
respectively (3).

Calcification and fragmentation of Bruch’s membrane were shown to be associated
with AMD, and to be more severe in eyes with exudative AMD compared to dry AMD (4).
Calcification was mostly found in the elastic layer of Bruch’s membrane, and both calcifi-
cation and fragmentation were more common in the macular, compared to the extramacular,
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Figure 4 Basal deposits (“diffuse drusen”). There is a marked sub-RPE thickening of the Bruchs’
membrane (arrows) (PAS). See also color insert, Fig. 2.4.

Figure 3 A retinal pigment epithelial cell with a bland nuceus (N) displays basal laminar deposit
(between arrows) and basal linear deposit (between arrowheads) (transmission electron microscopy,
original magnification � 3610). Close inspection shows that the basal laminar deposit (lam, upper in-
set, transmission electron microscopy, original mangnification � 5365) is located between the
plasma membrane and basement membrane (arrowheads) of the retinal pigment epithelium, and the
basal linear deposit (lin, lower inset, transmission electron microscopy, original magnification �
2600) is external to the basement membrane. (Reprinted with permission from Ref. 17).



area (4). The authors suggested that such changes in Bruch’s membrane play a role, together
with diseased RPE and basal deposits, in facilitating growth of fibrovascular membranes.

II. GEOGRAPHICAL (AREOLAR) AGE-RELATED
MACULAR DEGENERATION

This form, also called “dry AMD,” is more common than the “wet,” neovascular form. Its
main features include atrophy, migration, and degeneration of the RPE cells. There is a ten-
dency for sparing of the foveal area early on, with eventual foveal involvement and more
severe visual loss. This fact was attributed by Weiter et al. (10) to the higher concentration
of xanthophyll pigment. There is secondary degeneration and loss of the photoreceptors
that overlie the degenerating RPE cells, including their inner segments in severe cases (Fig.
5). This condition may follow serous RPE detachments or large drusen (11). In Green and
Enger’s series (3), 37% of the eyes had RPE atrophy.

III. THE “WET” (NEOVASCULAR) FORM OF AMD

This form is characterized by growth of choroidal neovascular membranes into the sub-
RPE or subretinal areas. These membranes can distort the macular topography and later
produce hemorrhagic or serous RPE and retinal detachments. The latter are the major
sources of visual loss in AMD. Later in the process, these lesions may scar to form a fi-
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Figure 5 Diskiform scarring, low magnification. Notice dystrophic calcification. Calcium
crystals are seen within the substance of the sub-RPE fibrous plaque (arrow). See also color insert,
Fig. 2.5.



brovascular, “diskiform” scar (Fig. 5–7). In the early stages, choroidal capillaries are seen
growing into the Bruch’s membrane. The proliferating choroidal vessels start as capillaries
and develop into arteries and veins over time. Exudation of lipid under the RPE or into the
subretinal space may be seen. Bleeding into the sub-RPE space is common, and blood may
gain access into the subretinal space, and even into the vitreous cavity. At a later stage, this
serous or hemorrhagic detachment evolves into a dense fibrous scar, clinically described as
a “diskiform” scar. Such lesions were found in 40.6% of 760 globes studied by Green and
Enger (3). The scar may contain hyperplastic RPE cells and basement membrane, as well
as hemosiderin and calcifications. It may have a single subretinal component, or three com-
ponents separated by RPE basement membrane and basal deposits. The larger the diskiform
scar, the more likely it is to find degenerated photoreceptors in the overlying retina. RPE
tears were found in 6.8% of eyes (3). A rare finding in diskiform scars is the occurrence of
granulomatous reaction with giant cells (12,13). Dastgheib and Green (12) described a
diskiform scar of at least 11 years’ duration, which had a prominent foreign-body giant cell
response located at the Bruch’s membrane, with cytoplasmic extensions from some of the
cells in the inner and outer layers of Bruch’s membrane. These cells seemed to be actively
breaking down Bruch’s membrane and engulfing it. The authors hypothesized that inflam-
matory response may take part in the pathogenesis of breaks in Bruch’s membrane and the
ensuing choroidal neovascularization. By this theory, the diseased RPE as well as the basal
deposits induce a local inflammatory response that includes macrophages, T-cell activa-
tion, and formation of multinucleated giant cells. These in turn may cause damage to the
Bruch’s membrane and secrete angiogenic factors, both contributing to the development of
choroidal neovascular membranes (CNVM). Excised neovascular membranes from eyes
with AMD, but not from other underlying etiologies, also contained foreign-body giant
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Figure 6 Same case as in Figure 5, higher magnification. Notice degenerated outer segments of
photoreceptors and atrophic RPE. There is a sub-RPE fibrous sheet. See also color insert, Fig. 2.6.
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Figure 7 Diagram of the stages of development and surgical excision of type 2 choroidal neovas-
cularization. Closed arrows indicate growth of new capillaries from the choriocapillaris (cc), through
a defect in the focally damaged Bruch’s membrane (Bm), and into the subsensory retinal space ac-
companied by proliferating retinal pigment epithelial cells (RPE) at their advancing border and along
their posterior surface. Open arrow shows how the neovascular membrane was removed through
retinotomy site using forceps. (Reprinted with permission from Ref. 21.)



cells and basal deposits (14). These findings have been suggested as evidence for CNVM
representing a stereotypical, nonspecific wound repair-like process that is analogous to
granulation tissue (15).

IV. EXCISED SUBRETINAL MEMBRANES AND
ANGIOGRAPHIC CORRELATIONS

Studies of excised subretinal membranes reveal that their most common constituents are RPE
cells, vascular endothelium, and fibrocytes. Less common are inflammatory cells,
macrophages, photoreceptors, myofibroblasts, pericytes, and choroidal tissue (14,16,17). The
anatomical level at which CNVM grow has been a subject of interest of a large number of
studies. Evidence from different authors has suggested a predominant sub-RPE growth pat-
tern (3,18–20). In Green and Enger’s series, 39/44 early (small) membranes grew under the
RPE, and only 5/44 were subretinal (3). However, of 310 disciform scars, 80% had subreti-
nal involvement. Gass (21) has suggested two types of CNVM: Type I, common in AMD,
grows under the RPE, while type 11, seen in other pathologies such as the presumed ocular
histoplasmosis syndrome (POHS), grows under the neurosensory retina (Fig. 8,9). Gass pos-
tulated that, since there is a generalized weakening of normal adhesion between the RPE and
Bruch’s membrane in AMD, the proliferating choroidal vessels are growing unimpeded in the
sub-RPE space. In contrast, POHS includes only focal defects in the RPE–Bruch’s membrane
integrity, and therefore, the vascular proliferation cannot easily grow under the RPE. Ac-
cording to this theory, these anatomical differences would explain the less favorable visual
results after excision of membranes in AMD, compared to POHS. In the former, the mem-
brane does not grow in a potential space, but rather within the inner layers of Bruch’s mem-
brane. Therefore, its removal would cause more destruction to the overlying RPE, limiting fi-
nal visual acuity.

Evidence from histopathological studies of excised membranes has been accumulating
in recent years. Grossniklaus et al. (14) studied 90 excised membranes from eyes with AMD,
and correlated their anatomical localization and other histopathological features with their
fluorescein angiographic characteristics (all membranes with interpretable FA were classic,
and were subdivided into well-demarcated versus poorly demarcated). Approximately 60%
of the membranes were classic, well demarcated, while the other 40% were classic and poorly
demarcated. Well-demarcated membranes had a “bull’s-eye” appearance on FA, with a hy-
perfluorescent center that histologically corresponded to the sub-RPE fibrovascular core of
the membrane. The rim of blocked fluorescence corresponded to hypertrophied RPE, and the
outer rim of faint hyperfluorescence corresponded to subretinal fibrin. Conversely, mem-
branes that histologically seemed to break through the RPE into the subretinal space were
mostly poorly demarcated in the preoperative FA, showing a pattern of scalloped net with late
obscuration. The authors suggest that well-demarcated, sub-RPE membranes may evolve into
“breakthrough,” poorly demarcated, subneurosensory retinal membranes. Results from the
Submacular Surgery Trial, reported by Grossniklaus and Green (17), showed that of 32 ex-
cised AMD membranes that could be anatomically oriented, 16 were subretinal. Sixteen had
a sub-RPE component, and all the non-AMD membranes were subretinal. Surpisingly, this
study showed that a significant number (50%) of AMD membranes could be localized to the
subretinal space and had no sub-RPE component. This is in contrast to earlier reports show-
ing predominantly sub-RPE location of CNVM (3,18–21).

Lafaut et al. (22) described a different correlation between the location of membranes
relative to the RPE and their fluorescein angiographic features. The study included 35 AMD
membranes that were preoperatively classified as classic or occult, based on the definitions of
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Figure 8 Diagram of stages of development and surgical excision of type 1 choroidal neovascu-
larization. Closed arrows indicate growth of new capillaries from choriocapillaris (cc) through
Bruch’s membrane (Bm) and between the basement membrane of the retinal pigment epithelium
(RPE) and the thickened and degenerated inner collagenous zone of Bruch’s membrane. Open arrow
shows how the neovascular membrane was removed through a retinotomy by using forceps.
(Reprinted from Ref. 21.)



the Macular Photocoagulation Study (23). This is in contrast to earlier studies that only in-
cluded classic membranes, as described above. Histopathological features were studied by
light microscopy. Classic membranes had a predominant subretinal fibrovascular component,
while occult membranes predominantly involved the sub-RPE space. Mixed (classic and oc-
cult) membranes had both subretinal and sub-RPE histopathological components. It was also
found that the vascular pattern of classic membrane included presence of both capillaries and
large-caliber vessels, whereas occult membranes contained mostly capillaries. The authors
therefore suggested that CNVM usually starts at the sub-RPE level, and appears classical on
fluorescein angiography (FA) if it breaks through the RPE, into the subretinal space. Other-
wise, if it remains sub-RPE, it has FA features of “occult” membranes. Part of this inconsis-
tency of results between different studies stems from the inherent difficulty in properly ori-
enting the excised specimens to determine whether they are from the sub-RPE or the
subretinal space. Grossniklaus et al. (14) have noted that the presence of RPE in the mem-
brane, although usually used to indicate a sub-RPE location, may be misleading. Membranes
removed from the subretinal space also contain RPE cells, lining their external surface (Fig.
10). This may simulate a sub-RPE membrane and hence prohibit proper orientation. Overall,
only about half the specimens studied in another publication from the same group could be
oriented, owing to folds or lack of landmarks (17).

Grossniklaus et al. have suggested that the lack of vascular endothelium in excised
membranes may represent inadequate surgical removal and may be a predictor of recur-
rence (14). This was based on the observation that approximately 50% of the membranes
that recurred did not show vascular endothelium.

A study by Lee et al. (24) examined the light microscopic features of 14 surgically
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Figure 9 Surgically excised subfoveal choroidal neovascular membrane specimen from an 82-
year-old man with AMD. Outer retinal elements were included in the excised specimen. Notice a
dense fibrovascular membrane above the RPE and underneath the photoreceptor nuclei. This is a type
II, or subretinal, membrane, which, according to Gass’ theory, is more typical of non-AMD mem-
branes (21). See also color insert, Fig. 2.9.



removed subretinal neovascular membranes related to AMD. One membrane was studied
by TEM. All were well-defined membranes smaller than 3.5 disk areas as seen by preop-
erative FA. In addition, ICG angiography was performed in all patients before and after
surgery. Cellular elements found in the excised membranes included RPE cells, vascular
endothelium, inflammatory cells (including rare foreign-body giant cells), red blood cells,
smooth muscle cells, and fibrocytes (spindle-shaped cells). Acellular constituents included
basal laminar deposits, Bruch’s membrane, collagen, and fibrin. No correlation was found
between the anatomical location of the membranes (sub-RPE vs. subretinal) and the ICG
angiographic features (well demarcated vs. poorly demarcated). However, this study only
included membranes with well-demarcated membranes on FA, while ICG angiography is
more useful in cases of occult membranes, which are often poorly demarcated.
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I. INTRODUCTION

Traditionally, immune and inflammatory mechanisms of disease pathogenesis were ap-
plied only to disorders characterized by acute onset and progression associated with obvi-
ous clinical signs of inflammation. Recently, however, it has become clear that many
chronic degenerative diseases associated with aging demonstrate important immune
and inflammatory components. Perhaps similar immune mechanisms participate in age-
related macular degeneration (AMD). Unfortunately, scant information is available on
this topic, and if this chapter were restricted to published findings for AMD, it would be
quite brief.

Nevertheless, the potential scientific merit of this topic is important enough to justify
“informed speculation.” Accordingly, this chapter will attempt to achieve three goals. First,
a brief overview will be provided of the biology of the low-grade inflammatory mechanisms
relevant to chronic degenerative diseases of aging, excluding the mechanisms associated
with acute severe inflammation. Innate immunity, antigen-specific immunity, and amplifi-
cation systems will be differentiated. Second, the immunology of AMD will be discussed
in the context of three age-related degenerative diseases with immunological features, in-
cluding atherosclerosis, Alzheimer’s disease, and glomerular diseases. Since these disorders
share epidemiological, genetic, and physiological associations with AMD, the approach
will attempt to delineate the scope of the subject based on analysis of other age-related de-
generative diseases, and to highlight areas of potential importance to future AMD research.
Finally, this chapter will introduce the paradigm of “response to injury” as a model for AMD
pathogenesis. This paradigm proposes that immune mechanisms not only participate in the
initiation of injury, but also significantly contribute to abnormal reparative responses re-
sulting in disease pathogenesis and complications. The response to injury paradigm, emerg-
ing as a central hypothesis in the pathogenesis of atherosclerosis, Alzheimer’s disease,
glomerular diseases, provides a connection between immunological mechanisms of disease
and the biology of tissue injury and repair in chronic degenerative disorders.



II. OVERVIEW OF BIOLOGY OF IMMUNOLOGY
RELEVANT TO AMD

A. Innate Versus Antigen-Specific Immunity

In general, an immune response is a sequence of cellular and molecular events designed to
rid the host of an offending stimulus, which usually represents a pathogenic organism, toxic
substance, cellular debris, neoplastic cell, or other similar signal. Two broad categories of
immune responses have been recognized: innate and antigen-specific immunity (1–3).

1. Innate Immunity
Innate immunity (also called “natural” immunity) is a pattern recognition response by cer-
tain cells of the immune system, typically macrophages and neutrophils, to identify broad
groups of offensive stimuli, especially infectious agents, toxins, or cellular debris from in-
jury (4–6). Additionally, many stimuli of innate immunity can directly interact with
parenchymal cells of tissues (i.e., the retinal pigment epithelium) to initiate a response. In-
nate immunity is triggered by a preprogrammed, antigen-independent cellular response, de-
termined by the preexistence of receptors for a category of stimuli, leading to generation of
biochemical mediators that recruit additional inflammatory cells. These cells remove the
offending stimulus in a nonspecific manner via phagocytosis or enzymatic degradation.
The key concept is that the stimuli of innate immunity interact with receptors on mono-
cytes, neutrophils, or parenchymal cells that have been genetically predetermined by evo-
lution to recognize and respond to conserved molecular patterns or “motifs” on different
triggering stimuli. These motifs often include specific amino acid sequences, certain
lipoproteins, certain phospholipids or other specific molecular patterns. Different stimuli
often trigger the same stereotyped program. Thus, the receptors of innate immunity are
identical among all individuals within a species in the same way that receptors for
neurotransmitters or hormones are genetically identical within a species.

The classic example of the innate immune response is the immune response to acute
infection (7). For example, in endophthalmitis, bacterial-derived toxins or host cell debris
stimulates the recruitment of neutrophils and monocytes, leading to the production of in-
flammatory mediators and phagocytosis of the bacteria. Bacterial toxins can also directly
activate receptors on retinal neurons, leading to injury. The triggering mechanisms and sub-
sequent effector responses to bacteria such as Staphylococcus are nearly identical to those
of other organisms, determined by nonspecific receptors recognizing families of related
toxins or molecules in the environment.

2. Antigen-Specific Immunity
Antigen-specific immunity (also called “adaptive” or “acquired” immunity) is an acquired
host response, generated in reaction to exposure to a specific “antigenic” molecule, and is
not a genetically predetermined response to a broad category of stimuli (1–3). The response
is initially triggered by the “recognition” of a unique foreign “antigenic” substance as
distinguished from “self” by cells of the immune system (and not by nonimmune
parenchymal cells). Recognition is followed by subsequent “processing” of the unique anti-
gen by specialized cells of the immune system. The response results in unique antigen-
specific immunologic effector cells (T and B lymphocytes) and unique antigen-specific
soluble effector molecules (antibodies) whose aim it is to remove the specific stimulating
antigenic substance from the organism, and to ignore the presence of other irrelevant anti-
genic stimuli. The key concept is that an antigen (usually) represents an alien, completely

28 Cousins and Csaky



foreign substance against which specific cells of the immune system must generate, de
novo, a specific receptor, which, in turn, must recognize a unique molecular structure in the
antigen for which no preexisting gene was present. Thus, the antigen-specific immune sys-
tem has evolved a way for an individual’s B and T lymphocytes to continually generate new
antigen receptor genes through recombination, rearrangement, and mutation of the
germline genetic structure to create a “repertoire” of novel antigen receptor molecules that
vary tremendously in spectrum of recognition among individuals within a species.

The classic example of acquired immunity is the immune response to a mutated virus.
Viruses (such as adenovirus found in epidemic keratoconjunctivitis) are continuously
evolving or mutating new “antigenic” structures. The susceptible host could not have pos-
sibly evolved receptors for recognition to these new viral mutations. However, these new
mutations do serve as “antigens” that stimulate an adaptive antigen-specific immune
response by the host to the virus. The antigen-specific response recognizes the virus in
question and not other organisms (such as the polio virus).

3. Amplification Mechanisms for Both Forms of Immunity
Although innate or antigen-specific immunity may directly induce injury or inflammation,
in most cases, these effectors initiate a process that must be amplified to produce overt clin-
ical manifestations. Molecules generated within tissues that amplify immunity are termed
“mediators,” and several categories of molecules qualify including: (1) cytokines (growth
factors, angiogenic factors, others); (2) oxidants (free radicals, reactive nitrogen); (3)
plasma-derived enzyme systems (complement, kinins, and fibrin); (4) vasoactive amines
(histamine and serotonin); (5) lipid mediators (prostaglandins, leukotrienes, other
eicosanoids, and platelet-activating factors); and (6) neutrophil-derived granule products.
A detailed discussion of all of these factors is beyond the scope of this chapter, especially
since minimal evidence exits for the participation of many of these amplification systems
in the pathogenesis of AMD (1–6). However, since complement, cytokines, and oxidants
seem to be relevant to many degenerative diseases of aging and AMD, these will be
discussed below. 

a. Complement. Components and fragments of the complement cascade,
accounting for approximately 5% of plasma protein concentration and over 30 different
protein molecules, represent important endogenous amplifiers of innate and antigen-
specific immunity as well as mediators of injury responses (8–10). All complement factors
are synthesized by the liver and released into blood. However, some specific factors can
also be synthesized locally within tissues, including within cornea, sclera, and retina. Upon
activation, the various proteins of the complement system interact in a sequential cascade
to produce different fragments and products capable of effecting a variety of functions.
Three pathways have been identified to activate the complement cascade: classical
pathway, alternative pathway, and the lectin pathway (Fig. 1).

Antigen-specific immunity typically activates complement via the classic pathway
with antigen/antibody (immune) complexes, especially those formed by IgM, IgG1, and
IgG3 (8–10). Innate immunity typically activates complement via the alternative pathway
using certain chemical moieties on the cell wall of microorganisms (e.g., LPS) or activated
surfaces (e.g., implanted medical devices) (11). However, some innate stimuli, such as
DNA, RNA, insoluble deposits of abnormal proteins (e.g., amyloid P), or apoptotic cells,
can also trigger the classic pathway (11–14). Recently, a new innate activational pathway,
the lectin pathway, has been identified (15). This pathway utilizes mannose-binding lectin
(MBL) to recognize sugar moieties, such as mannose and N-acetylglucosamine, on
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Figure 1 Schematic of the components and fragments of the complement cascade indicating
three primary sources of activation via the classic, alternative, or lectin pathway.

cell surfaces. While MBL does not normally recognize the body’s own tissue, oxidant
injury, as can occur in AMD, may alter surface protein expression and glycosylation
causing MBL deposition and complement activation (16–19). The activation of
complement is also regulated by inhibitors, such as decay-accelerating factor, factor H, and
others that serve to block, resist, or modulate the induction of various activation pathways
(8–10).

Each activation pathways results in generation of the same complement by-products
that amplify injury or inflammation by at least three mechanisms: (1) a specific fragment
of the third component, C3b, can coat antigenic or pathogenic surfaces to enhance phago-
cytosis by macrophages or neutrophils; (2) activation of terminal complement components
C5–9, called the membrane attack complex (MAC), forms pores or leaky patches in cell
membranes leading to activation of the cell, entrance of extracellular chemicals, loss of cy-
toplasm, or lysis of the cell; (3) generation of small proinflammatory polypeptides, called
anaphylatoxins (C3a, C4a, and C5a), can induce many inflammatory mediators and lead to
the recruitment of inflammatory cells.

In addition, individual complement components (especially C3) can be produced
locally by cells within tissue sites rather than derived from the blood (9). C3 and other com-
plement proteins can be cleaved into biologically activated fragments by various enzyme
systems, in the absence of the entire cascade, to activate certain specific cellular functions.
Further, complement activation inhibitors can be produced by cells within tissues, including
the RPE, serving as a local protective mechanism against complement-mediated injury
(20,21). Recently several components of the complement system have been identified within
Bruch’s membrane and drusen indicating a potential role for complement in AMD (22).

b. Cytokines. “Cytokine” is a generic term for any soluble polypeptide mediator
(i.e., protein) synthesized and released by cells for the purposes of intercellular signaling
and communication. Cytokines can be released to signal neighboring cells at the site
(paracrine action), to stimulate a receptor on its own surface (autocrine action), or in some



cases, released into the blood to act upon a distant site (hormonal action). Traditionally,
investigators have used terms like “growth factors,” “angiogenic factors,” “interleukins,”
“lymphokines,” “interferon, “monokines,” and “chemokines” to subdivide cytokines into
families with related activities, sources, and targets. Nevertheless, research has
demonstrated that, although some cytokines are cell-type specific, most cytokines have
such multiplicity and redundancy of source, function, and target that excessive focus on
specific terminology is not particularly conceptually useful for the clinician. The reader is
directed to several recent reviews (23–25). RPE as well as cells of the immune system can
produce many different cytokines relevant to AMD such as monocyte chemoattractant
protein-1 (MCP-1) and vascular endothelial growth factor (VEGF).

c. Oxidants. Under certain conditions, oxygen-containing molecules can accept
an electron from various substrates to become highly reactive products with the potential
to damage cellular molecules and inhibit functional properties in pathogens or host cells.
Four of the most important oxidants are singlet oxygen, superoxide anion, hydrogen
peroxide, and the hydroxyl radical. In addition, various nitrogen oxides, certain metal ions,
and other molecules can become reactive oxidants or participate in oxidizing reactions. A
detailed description of the chemistry of oxidants is beyond the scope of this chapter, but
can be found in several recent reviews (26–28).

Oxidants are continuously generated as a consequence of normal noninflammatory
cellular biochemical processes, including electron transport during mitochondrial respira-
tion, autooxidation of catecholamines, cellular interactions with environmental light or
radiation, or prostaglandin metabolism within cell membranes. During immune responses,
however, oxidants are typically produced by neutrophils and macrophages by various en-
zyme-dependent oxidase systems (29). Some of these enzymes (e.g., NADPH oxidase) are
bound to the inner cell membrane and catalyze the intracellular transfer of electrons from
specific substrates (like NADPH) to oxygen or hydrogen peroxide to form highly chemi-
cally reactive compounds meant to destroy internalized, phagocytosed pathogens (30).
Other oxidases, like myeloperoxidase, can be secreted extracellularly or released into
phagocytic vesicles to catalyze oxidant reactions between hydrogen peroxide and chloride
to form extremely toxic products that are highly damaging to bacteria, cell surfaces, and ex-
tracellular matrix molecules (31). Finally, several important oxidant reactions involve the
formation of reactive nitrogen species (32). 

Oxidants can interact with several cellular targets to cause injury. Among the most
important are damage to proteins (i.e., enzymes, receptors) by crosslinking of sulfhydryl
groups or other chemical modifications, damage to the cell membrane by lipid peroxida-
tion of fatty acids in the phospholipid bilayers, depletion of ATP by loss of integrity of the
inner membrane of the mitochondria, and breaks or crosslinks in DNA due to chemical
alterations of nucleotides (26,27). Not surprising, nature has developed many protective
antioxidant systems including soluble intracellular antioxidants (i.e., glutathione or vitamin
C), cell membrane-bound lipid-soluble antioxidants (i.e., vitamin E), and extracellular
antioxidants (26,27).

In the retina, oxidation-induced lipid peroxidation and protein damage in RPE and
photoreceptors have been proposed as major injury stimuli (33–37). Relevant sources of
oxidants in AMD might include both noninflammatory biochemical sources (e.g., light in-
teractions between photoreceptors and RPE, lysosomal metabolism in RPE, prostaglandin
biosynthesis, oxidants in cigarette smoke) and innate immunity (e.g., macrophage release
of myeloperoxidase).
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B. Cells of the Immune Response

Both innate and antigen-specific immune system use leukocytes as cellular mediators to ef-
fect and amplify the response (i.e., immune effectors). In general, leukocyte subsets include
lymphocytes (T cells, B cells), monocytes (macrophages, microglia, dendritic cells), and
granulocytes (neutrophils, eosinophils, and basophils). A complete overview is beyond the
scope of this chapter, especially since no evidence exists that all of these cellular effectors
participate in AMD. Thus, this section will focus only upon leukocyte subsets potentially
relevant to AMD, including monocytes, basophils/mast cells, and B lymphocytes/
antibodies.

1. Monocytes and Macrophages
The monocyte (the circulating cell) and the macrophage (the tissue-infiltrating equivalent)
are important effectors in all forms of immunity and inflammation (38–40). Monocytes are
relatively large cells (12–20 �m in suspension, but up to 40 �m in tissues) and traffic
through many normal sites. Most normal tissues have at least two identifiable macrophage
populations: tissue-resident macrophages and blood-derived macrophages. Although many
exceptions exist, in general, tissue-resident macrophages represent monocytes that mi-
grated into a tissue weeks or months previously, or even during embryological develop-
ment of the tissue, thereby acquiring tissue-specific properties and specific cellular mark-
ers. In many tissues, resident macrophages have been given tissue-specific names (e.g.,
microglia in the brain and retina, Kupffer cells in the liver, alveolar macrophages in the
lung) (41–43). In contrast, blood-derived macrophages usually represent monocytes that
have recently migrated from the blood into a fully developed tissue site, usually within a
few days, still maintaining many generic properties of the circulating cell.

Macrophages serve three primary functions: as scavengers to clear cell debris and
pathogens without tissue damage, as antigen-presenting cells for T lymphocytes, and as in-
flammatory effector cells. Conceptually, macrophages exist in different levels or stages of
metabolic and functional activity, each representing different “programs” of gene activa-
tion and synthesis of mediators. Three different stages are often described: (1) scavenging
or immature macrophages; (2) “primed” macrophages; and (3) “activated” macrophages.
Activated macrophages often undergo a morphological change in size and histological fea-
tures into a cell called an epithelioid cell. Epithelioid cells can fuse into multinucleated
giant cells. Only upon full activation are macrophages most efficient at synthesis and re-
lease of mediators to amplify inflammation and to kill pathogens. Typical activational
stimuli include bacterial toxins (such as lipopolysaccharides), antibody-coated pathogens,
complement-coated debris, or certain cytokines (44–46) (Fig. 2).

A fourth category of macrophage, often called “reparative” or “stimulated,” is used
by some authorities to refer to macrophages with partial or intermediate level of activation
(47–50). Reparative macrophages can mediate chronic injury in the absence of inflamma-
tory cell infiltration or widespread tissue destruction. For example, reparative macrophages
contribute to physiological processes such as fibrosis, wound repair, extracellular matrix
turnover, and angiogenesis (51–59). Reparative macrophages play important roles in
the pathogenesis of atherosclerosis, glomerulosclerosis, osteoarthritis, keloid formation,
pulmonary fibrosis, and other noninflammatory disorders, indicating that the “repair” pro-
cess is not always beneficial to delicate tissues with precise structure-function require-
ments. In eyes with AMD, choroidal macrophages and occasionally choroidal epithelioid
cells have been observed underlying areas of drusen, geographic atrophy, and CNV
(60–64). Also, cell culture data suggest that blood monocytes from patients with AMD can
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become partially activated into reparative macrophages by growth factors and debris
released by oxidant-injured RPE (65).

2. Dendritic Cells (DC)
DC are terminally differentiated, bone-marrow-derived circulating mononuclear cells
distinct from the macrophage-monocyte lineage and comprise approximately 0.1–1% of
blood mononuclear cells (66). However, in tissue sites, DC become large (15–30 µm) with
cytoplasmic veils that form extensions 2–3 times the diameter of the cell, resembling the
dendritic structure of neurons. In many nonlymphoid and lymphoid organs, dendritic cells
become a system of antigen-presenting cells. These sites recruit DC by defined migration
pathways, and in each site, DC share features of structure and function. DC cells function
as accessory cells that play an important role in processing and presentation of antigens to
T cells, and their distinctive role is to initiate responses in naive lymphocytes. Thus, DC
serve as the most potent leukocytes for activating T-cell-dependent immune responses.
However, DC do not seem to serve as phagocytic scavengers or effectors of repair or in-
flammation. Both the retina and the choroid contain a high density of dendritic cells
(67,68), and some data suggest that choroidal dendritic cells may insert processes into
drusen in early AMD (69).

3. Basophils and Mast Cells
Basophils are the blood-borne equivalent of the tissue-bound mast cell. Mast cells exist in
two major subtypes: connective tissue versus mucosal types, both of which can release pre-
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Figure 2 Overview of macrophage biology indicating process to “primed” macrophage (step 1)
by IFN and subsequent activation through the exposure to LPS (step 2). Alternatively, via
scavenging and phagocytosis (step 3), macrophages can become “reparative” resulting in local tissue
rearrangement.



formed granules and synthesize certain mediators de novo (70,71). Connective tissue mast
cells contain abundant granules with histamine and heparin, and synthesize PGD2 upon
stimulation. In contrast, mucosal mast cells require T-cell cytokine help for granule forma-
tion, and therefore normally contain low levels of histamine. Also, mucosal mast cells syn-
thesize mostly leukotrienes after stimulation. Importantly, the granule type and functional
activity can be altered by the tissue location, but the regulation of these important differences
is not well understood. Basophils and mast cells differ from other granulocytes in several im-
portant ways. The granule contents are different from those of PMN or eosinophils and mast
cells express high-affinity Fc receptors for IgE. They act as the major effector cells in IgE-
mediated immune-triggered inflammatory reactions, especially allergy or immediate hyper-
sensitivity. Mast cells also participate in the induction of cell-mediated immunity, wound
healing, and other functions not directly related to IgE-mediated degranulation (72,73).
Other stimuli, such as complement or certain cytokines, may also trigger degranulation (74).
Mast cells are also capable of inducing cell injury or death through their release of TNF-α.
For example, mast cells have been associated with neuronal degeneration and death in
thiamine deficiency and toxic metabolic diseases. Recent reports have demonstrated the
presence of mast cells in atherosclerotic lesions and the colocalization of mast cells with the
angiogenic protein, platelet-derived endothelial growth factor (74–80). 

Mast cells are widely distributed in the connective tissue, are frequently found in
close proximity to blood vessels, and are present in abundance in the choroid (81,82). Mast
cells may play important roles in the pathogenesis of AMD since they have an ability to
induce angiogenesis and are mediators of cell injury (83). Mast cells have also been shown
to accumulate at sites of angiogenesis and have been demonstrated to be present around
Bruch’s membrane during both the early and late stages of choroidal neovascularization in
AMD. Mast cells can interact with endothelial cells and induce their proliferation through
the release of heparin, metalloproteinases, and VEGF (84–86). Interestingly, oral tranilast,
an antiallergic drug that inhibits the release of chemical mediators from mast cells, has been
shown to suppress laser-induced choroidal neovascularization in the rat (87).

4. T Lymphocytes
Lymphocytes are small (10–20 µm) cells with large, dense nuclei also derived from stem
cell precursors within the bone marrow (1–3). However, unlike other leukocytes, lympho-
cytes require subsequent maturation in peripheral lymphoid organs. Originally character-
ized and differentiated based upon a series of ingenious but esoteric laboratory tests, lym-
phocytes can now be subdivided based upon detection of specific cell surface proteins
(i.e., surface markers). These “markers” are in turn related to functional and molecular ac-
tivity of individual subsets. Three broad categories of lymphocytes have been determined:
B cells, T cells, and non-T, non-B lymphocytes.

Thymus-derived lymphocytes (or T cells) exist in several subsets (88,89). Helper T
cells function to assist in antigen processing for antigen-specific immunity within lymph
nodes, especially in helping B cells to produce antibody and effector T cells to become sen-
sitized. Effector T-lymphocyte subsets function as effector cells to mediate antigen-specific
inflammation and immune responses. Effector T cells can be distinguished into two main
types. CD8 T cells (often called cytotoxic T lymphocytes) serve as effector cells for killing
tumors or virally infected host cells via release of cytotoxic cytokines or specialized pore-
forming molecules. It is possible, but unlikely, that these cells play a major role in AMD.

CD4 T cells (often called delayed-hypersensitivity T cells) effect responses by the re-
lease of specific cytokines such as interferon gamma and TNF-beta (90). They function by
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homing into a tissue, recognizing antigen and APC, becoming fully activated, and releas-
ing cytokines and mediators that then amplify the reaction. Occasionally, CD4 T cells can
also become activated in an antigen-independent manner, called bystander activation
(91–93), a process that may explain the presence of T lymphocytes identified in CNV
specimens surgically excised from AMD eyes.

5. B Lymphocytes and Antibody
B lymphocytes mature in the bone marrow and are responsible for the production of anti-
bodies. Antibodies (or immunoglobulins) are soluble antigen-specific effector molecules of
antigen-specific immunity (1–3). After appropriate antigenic stimulation with T-cell help,
B cells secrete IgM antibodies, and later other isotypes, into the efferent lymph fluid
draining into the venous circulation. Antibodies then mediate a variety of immune effector
activities by binding to antigen in the blood or in tissues.

Antibodies serve as effectors of tissue-specific immune responses by four main
mechanisms. Intravascular circulating antibodies can bind antigen in the blood, thereby
form circulating immune complexes. Then the entire complex of antigen plus antibody can
deposit into tissues. Alternatively, circulating B cells can infiltrate into a tissue and secrete
antibody locally to form an immune complex. Third, antibody can bind to an effector cell
(especially mast cell, macrophage, or neutrophil) by the Fc portion of the molecule to pro-
duce a combined antibody and cellular effector mechanism. It is unlikely that any of these
mechanisms play a major role in AMD. 

However, one possible antibody-dependent mechanism relevant to AMD is the ca-
pacity for circulating antibodies, usually of the IgG subclasses previously formed in lymph
nodes or in other tissue sites, to passively leak into a tissue with fenestrated capillaries (like
the choriocapillaris). Then, these antibodies form an immune complex with antigens
trapped in the extracellular matrix, molecules expressed on the surface of cells, or even
antigens sequestered inside the cell to initiate one of several types of effector responses
described below (1–3, 94–97) (Fig. 3).

a. Immune Complexes with Extracellular-Bound Antigens. When free antibody
passively leaks from the serum into a tissue, it can combine with tissue-bound antigens
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Figure 3 Possible antibody effects in AMD with subsequent immune complex (IC) formation at
variation locations in the subretinal space, on or within the retinal pigment epithelium.



(i.e., antigen trapped in the extracellular matrix). These “in situ” or locally formed
complexes sometimes activate the complement pathway to produce complement
fragments called anaphylatoxins. This mechanism should be differentiated from
deposition of circulating immune complexes, which are preformed in the blood. Typically,
the histology is dominated by neutrophils and monocytes, but at low level of activation
minimal cellular infiltration may be observed. Many types of glomerulonephritis and
vasculitis are thought to represent this mechanism.

b. Immune Complexes with Cell-Surface Antigen. If an antigen is associated
with the external surface of the plasma membrane, antibody binding might activate the
terminal complement cascade to induce cell injury via formation of specialized pore-like
structures called the membrane attack complex. Hemolytic anemia of the newborn due to
Rh incompatibility is the classic example of this process. Hashimoto’s thyroiditis,
nephritis of Goodpasture’s syndrome, and autoimmune thrombocytopenia are other
examples.

c. Immune Complex with Intracellular Antigen. Circulating antibodies can cause
tissue injury by mechanisms different from complement activation, using pathogenic
mechanisms not yet clearly elucidated (96,97). For example, some autoantibodies in
systemic lupus erythematosus appear to be internalized by renal cells independent of
antigen binding, but then combine with intracellular nuclear or ribosomal antigens to alter
cellular metabolism and signaling pathways. This novel pathway of intracellular
antibody/antigen complex formation may cause some cases of nephritis in the absence of
complement activation. This pathway has also been implicated in paraneoplastic
syndromes, especially cancer-associated retinopathy (CAR), in which autoantibodies to
intracellular photoreceptor-associated antigens may mediate rod or cone degeneration
(98).

C. Mechanisms for the Activation of the Immune
Responses in Degenerative Diseases

1. Activation of Innate Immunity

a. Cellular Injury as a Trigger of Innate Immunity. Not only can immune
responses cause cellular injury, but cellular responses to nonimmune injury are also
common initiators of innate immunity (1–4,99,100). Injury can be defined as tissue
exposure to any physical and/or biochemical stimulus that alters preexisting homeostasis
to produce a physiological cellular response. In addition to injury stimuli produced by the
immune effector and amplification systems described above, nonimmune injurious stimuli
include physical injury (heat, light, mechanical) or biochemical stimulation (hypoxia, pH
change, oxidants, chemical mediators, cytokines) (100). Typical cellular reactions to
injury include a wide spectrum of responses, including changes in intracellular
metabolism, plasma membrane alterations, cytokine production and gene upregulation,
morphological changes, cellular migration, proliferation, or even death. Some of these
cellular responses, in turn, can result in the recruitment and activation of macrophages or
activation of amplification systems, especially if they include upregulation of cell
adhesion molecules, production of macrophage chemotactic factors, or release of
activational stimuli.
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Two important injury responses relevant to AMD that commonly activate innate im-
munity include vascular injury and extracellular deposit accumulation (100,101). Vascular
injury induced by physical stimuli (i.e., mechanical stretch of capillaries or arterioles by hy-
drostatic expansion induced by hypertension or thermal injury from laser) or biochemical
stimuli (i.e., hormones associated with hypertension and aging) can upregulate cell adhe-
sion molecules and chemotactic factors that lead to macrophage recruitment into various
vascularized tissues. Extracellular deposit accumulation can also contribute to activation of
innate immunity by serving as a substrate for scavenging and phagocytosis, especially if
the deposits are chemically modified by oxidation or other processes (see below).

b. Infection as a Trigger of Innate Immunity. Infection can also activate innate
immunity, usually by the release of toxic molecules (i.e., endotoxins, exotoxins, cell wall
components) that directly interact with receptors on macrophages, on neutrophils, or, in
some cases, on parenchymal cells. Active infection is differentiated from harmless
colonization by the presence of invasion and replication of the infectious agent (102).
However, active infections do not always trigger innate immunity, illustrated by some
retinal parasite infections in which inflammation occurs only when the parasite dies.

Recently, the idea has emerged that certain kinds of chronic infections might cause
(or at least contribute to) degenerative diseases that are not considered to be truly inflam-
matory (99–102). One of the most dramatic examples is peptic ulcer disease, recently rec-
ognized to be caused by infection of the gastric subepithelial mucosa with a gram-positive
bacterium called Helicobacter pylori (103). Accordingly, ulcer disease is now treated by
antibiotics and not with diet or surgery. Recently, chronic bacterial or viral infection of vas-
cular endothelial cells has been suggested as an etiology for coronary artery atherosclero-
sis, and infection with an unusual agent called prion has been shown as a cause of certain
neurodegenerative diseases. The relevance to AMD is discussed below.

2. Activation of Normal and Aberrant
Antigen-Specific Immunity

a. Activation of Antigen-Specfic Immunity. This is often expressed as the
concept of the “immune response arc,” which proposes that interaction between antigen
and the antigen-specific immune system at a peripheral site (such as the skin) can
conceptually be subdivided into three phases: afferent (at the site), processing (within the
immune system), and effector (at the original site completing the arc) (1–3,7) (Fig. 4.)
Antigen within the skin or any other site is recognized by the afferent phase of the immune
response, which conveys the antigenic information to the lymph node in one of two forms.
Antigen-presenting cells (APC), typically DC, can take up antigen (almost always in the
form of a protein) at a site, digest the antigen into fragments, and carry the digested
fragments to the lymph node to interact with T cells (88–90). Alternatively, the natural,
intact antigen can directly flow into the node via lymphatics where it interacts with
B cells (1–3).

In the lymph node, processing of the antigenic signal occurs where antigen, APC, T
cells, and B cells interact to activate the immune response. For tissues without draining
lymph nodes (such as the retina and choroid), the spleen is often a major site of processing.
Immunological, processing has been the topic of extensive research and the details are too
complex to discuss in this brief review. Processing results in release of immune effectors
(antibodies, B cells, and T cells) into efferent lymphatics and venous circulation, which
conveys the intent of the immune system back to the original site where an effector re-
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sponse occurs (i.e., immune complex formation or delayed hypersensitivity reaction).
Compared to that of the skin, the immune response arcs of the retina and choroid express
many similarities as well as important differences (i.e., immune privilege, anatomy), which
are discussed in recent reviews (104,105). 

b. Aberrant Activation of Antigen-Specific Immunity. The inappropriate
activation of antigen-specific immunity may play a role in the pathogenesis of chronic
degenerative diseases. Autoimmunity is the activation of antigen-specific immunity to
normal self-antigens, and two different mechanisms of autoimmunity may be relevant to
AMD: molecular mimicry and desequestration. Additionally, immune responses directed
at “neo-antigens” or foreign antigens inappropriately trapped within normal tissues may
also play a role in AMD.

Molecular mimicry is the immunological cross-reaction between antigenic regions
(epitopes) of an unrelated foreign molecule and self-antigens with similar structures
(106). For example, immune system exposure to foreign antigens, such as those present
within yeast, viruses, or bacteria, can induce an appropriate afferent, processing, and
effector immune response to the organism. However, antimicrobial antibodies or effector
lymphocytes generated to the organism can inappropriately cross-react with similar anti-
genic regions of a self-antigen. A dynamic process would then be initiated, causing tissue
injury by an autoimmune response that would induce additional lymphocyte responses
directed at other self-antigens. Thus, the process would not require the ongoing replication
of a pathogen or the continuous presence of the inciting antigen. Molecular mimicry
against antigens from a wide range of organisms, including Streptococcus, yeast, Es-
cherichia coli, and various viruses, has been shown to be a potential mechanism for
antiretinal autoimmunity (107).

A second mechanism for aberrant autoimmunity is desequestration (108–110). For
most self-antigens, the immune system is actively “tolerized” to the antigen by various
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Figure 4 The immune response arc indicating cross-talk between the tissue site, where
antigen recognition and effector processes take place, and the lymph node, the site of antigen
processing.



mechanisms, preventing the activation of antigen-specific immune effector responses even
when the self-antigen is fully exposed to the immune system. For some other antigens,
however, the immune system relies on sequestration of the antigen within cellular com-
partments that are isolated from antigen-presenting cells and effector mechanisms. If the
sequestered molecules are allowed to escape their protective isolation, they can become
recognized as foreign, thereby initiating an autoimmune reaction. For example, certain
nuclear or ribosomal-associated enzymes are apparently sequestered, and if organelles
become extruded into a location with exposure to dendritic cells or macrophages, an
immune response can be triggered against these antigens (109). Accordingly, some RPE
and retina-associated peptides appear to be sequestered from the immune system and
could potentially serve as antigens if RPE injury or death leads to their release into the
choroid (104,110).

Another mechanism for aberrant activation of antigen-specific immunity is the
formation of “neo-antigens” secondary to chemical modification of normal self-proteins
trapped or deposited within tissues (111). For example, oxidation or acetylation of
peptides in apolipoproteins trapped within atherosclerotic plaques can induce new anti-
genic properties resulting in specific T cells and antibodies immunized to the modified
protein.

A final mechanism for aberrant antigen-specific immunity is antigen trapping (112).
Antigen trapping is the immunological reaction to circulating foreign antigens inappropri-
ately trapped within the extracellular matrix of a normal tissue site containing fenestrated
capillaries. Typically occurring after invasive infection or iatrogenically administered
drugs, this mechanism may be very important in glomerular diseases (112) and has been
postulated to induce ocular inflammation (113). Physical size and charge of the antigen are
important. For example, antigen trapping within the choriocapillaris may contribute to
ocular histoplasmosis syndrome (114).

III. EXAMPLES OF IMMUNE AND INFLAMMATORY
MECHANISMS OF NONOCULAR
DEGENERATIVE DISEASES

A. Immune Mechanisms in Atherosclerosis

Myocardial infarction due to thrombosis of atherosclerotic coronary arteries is the major
cause of death in Western countries, and epidemiological studies suggest a possible asso-
ciation with AMD (115,116). The pathology of atherosclerosis suggests a spectrum of
changes whose pathogenesis may be relevant to the understanding of AMD (117,118). The
fatty streak, representing the earliest phase of atherosclerosis, is characterized by lipid de-
position and macrophage infiltration within the vessel wall (111,118,119). Some investi-
gators have suggested similarities in pathogenesis between fatty streak formation and early
AMD (120). The fatty streak can progress into the fibrous plaque, characterized by the pro-
liferation of smooth muscle cells, increasing inflammation, and formation of connective tis-
sue with neovascularization within the vessel wall. The fibrous plaque predisposes to the
complications of atherosclerosis such as thrombosis, dissection, or plaque ulceration
(111,118,119). The pathogenesis of the fibrous plaque may share similarity with mecha-
nisms for the late complications of AMD, including formation of CNV and disciform scars
(Fig. 5).
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Many mechanisms contribute to the pathogenesis of atherosclerosis, including ge-
netic predisposition and physiological risk factors such as high blood cholesterol, smoking,
diabetes, and hypertension. However, most authorities now believe that chronic low-grade
inflammation, induced by a wide variety of injury stimuli, followed by a fibroproliferative
(wound healing) response within the vessel wall, is central to the pathogenesis of
atherosclerosis. Thus, various immune mechanisms implicated in atherosclerosis might be
relevant to AMD.

1. Innate Mechanisms

a. Injury and Atherosclerosis. The “response to injury” hypothesis for the
initiation and progression of atherosclerosis has been supported by numerous investigators
who cite many different participating injury stimuli (111,118,119). For example,
hemodynamic injury by blood flow turbulence can directly injure endothelial cells at
bifurcations of major vessels (121). Biochemical injury secondary to exposure to
polypetide mediators associated with hypertension (i.e., angiotensin II or endothelin-1)
can stimulate the endothelial and smooth muscle responses. Oxidized LDL cholesterol
particles in the blood, advanced glycosylation endproducts in diabetes, or toxic chemicals
secondary to smoking are other potential sources of injury (122). The interested reader is
referred to several recent reviews on these topics.

b. Macrophages in Atherosclerosis. Blood-derived macrophages are major
contributors to the pathogenesis of atherosclerosis (111,118,123). In the fatty streak phase
of atherosclerosis, lipids accumulate in the subendothelial vascular wall at sites of vascular
injury. Injury results in the oxidation of lipids or endothelial production of specific
macrophage chemotactic signals, such as macrophage chemotactic protein-1, recruiting
circulating monocytes to sites of endothelial injury. There, they migrate into the
subendothelial extracellular matrix to scavenge the extracellular lipid-rich deposits (i.e.,
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Figure 5 Micrographs of an atheromatous plaque (left) and a choroidal neovascular membrane
(right) indicating similar histological components of intrastromal neovascularization (arrows) and
macrophages (left, B) and (right, asterisk). (From Jeziorska M, Woolley, DE. Local
neovascularization and cellular composition within vulnerable regions of atherosclerotic plaques of
human carotid arteries. J Pathol 1999; 188:189–196 [left] and Green WR, Enger C. Age-related
macular degeneration histopatholgic studies. The 1992 Lorenz E. Zimmerman Lecture.
Ophthalmology 1993; 100:1519–153 [right].)



scavenging macrophages). Macrophages may also contribute to the solubilization of lipid
deposits by the release of apolipoprotein B (ApoE), which may facilitate uptake and
scavenging of lipids. Genetic polymorphisms of ApoE have been associated with
variations in the severity of atherosclerosis and AMD (124).

Foam cells and macrophages are very numerous in fibrous plaques, and probably
play a major role in lesion progression. Although overly simplistic, experimental data sug-
gest that scavenging macrophages can become activated into reparative “foam” cells by nu-
merous stimuli, including by phagocytosis of oxidized lipoproteins (123,124). Reparative
macrophages secrete amplifying mediators, including platelet-derived growth factor
(PDGF), VEGF, matrix metalloproteinases, or others that contribute to fibrosis, smooth
muscle proliferation, or vascularization of the plaque (125–128). 

c. Infectious Etiology of Atherosclerosis. Although numerous risk factors are
associated with the initiation and progression of atherosclerosis, an infectious etiology has
been suggested by recent data. Many patients with atherosclerosis exhibit signs of mild
systemic inflammation, especially elevated serum C-reactive protein and erythrocyte
sedimentation rate (129). Statistical evidence has been generated to suggest that infection
with various infectious agents, especially Chlamydia pneumoniae or cytomegalovirus
(CMV), might initiate vascular injury and explain the systemic inflammatory signs
(130–133).

Numerous epidemiological studies have revealed a statistical correlation between
atherosclerosis and serological evidence of infection with C. pneumoniae (130). Follow-up
studies have demonstrated the presence of C. pneumoniae by histochemical methods within
atherosclerotic plaques and organisms have been cultured from the lesions (131). Addi-
tionally, pilot studies using appropriate antibiotic therapy have demonstrated a beneficial
effect in patients with severe atherosclerosis (132,133). Several proposed mechanisms for
the role of C. pneumoniae in atherosclerosis may be relevant to AMD. Chronic infection of
vascular endothelial cells may upregulate cell surface molecules that recruit macrophages
or alter responses to injury. For instance, C. pneumoniae endothelial infection can enhance
endotoxin binding to LDL particles that might induce various inflammatory cascades at the
site of uptake (134). Additionally, chlamydial heat shock proteins (HSPs) can directly stim-
ulate macrophages and other cellular amplification systems (135). Also, antigen-specific
immune responses directed against chlamydial HSPs may cross-react with host cellular
HSP including those expressed in the retina (136).

Similar but less extensive data have been generated to support a role of CMV infec-
tion in atherosclerosis (137–139). Cytomegalovirus infects 60–70% of adults in the United
States. Several studies have linked serological evidence of prior CMV infection to
atherosclerosis. Although the association is mild, studies have elucidated possible mecha-
nisms for this association such as enhanced scavenging of LDL particles by virally infected
endothelial cells.

2. Antigen-Specific Immunity
The potential importance of antigen-specific immune mechanisms in atherosclerosis is il-
lustrated by the observation of accelerated atherosclerosis in heart transplant patients who
experience vascular injury associated with mild, chronic allograft rejection (140). In normal
patients with atherosclerosis, T lymphocytes are numerous in fibrous plaques and a role for
lymphocyte-mediated antigen-specific immunity has been proposed for progression of
atherosclerotic fibrous plaques (111). Experimental data suggest that oxidized lipoproteins
can become neo-antigens to activate an immune response arc (141). Scavenging
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macrophages may become antigen-presenting cells at the site, serving to restimulate re-
cruited T cells, thereby activating the effector phase of the immune response. Immune re-
sponses to bacterial or viral antigens, especially chlamydial heat shock proteins, trapped in
tissues after occult infection may also stimulate antigen-specific immunity, or autoimmunity
by cross-reactive molecular mimicry (142). Alternatively, T cells may be recruited by innate
responses and become activated by antigen-independent bystander mechanisms. Interest-
ingly, vaccination against oxidized LDL produces antibodies that seem to prevent or reduce
formation of atherosclerotic plaques (143), similar to those observed in AD (see below).

3. Nonspecific Amplification Cascades

a. Complement Activation in Atherosclerosis. In atherosclerotic lesions, several
complement components and inhibitory proteins have been detected including MAC
complexes (144–146). Cholesterol is also a potent activator of the complement system in
vitro. Alternatively, MAC complex concentration has been shown to induce macrophage
chemotactic factor production in smooth muscle cells, and studies have shown MAC
deposition in the arterial wall prior to monocyte infiltration and foam cell formation.
Interestingly, in addition to its cytotoxic function, limited complement activation and
deposition of the complement precursor protein C1q on apoptotic cells, cell debris, and
cell membrane blebs can enhance phagocytosis by C1q-receptor-bearing macrophages and
may play a role in tissue repair.

b. Oxidants and Cytokines in Atherosclerosis. Oxidation is considered to be a
major injury stimulus in the initiation and progression of atherosclerosis. The role of
oxidized lipoproteins in circulating LDL cholesterol as an initiating injury stimulus as well
as in oxidation of lipid deposits within vessel walls as an amplifier of foam cell activation
has been discussed above (122,123,147). Numerous cytokines, especially PDGF and TGF-
beta, have also been implicated as major mediators of atherosclerosis progression
(125–128).

B. Immune Mechanisms in Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disease affecting up to 25% of
Americans older than age 80. The pathology is characterized by the atrophic loss of selec-
tive cortical neurons and the presence of neurofibrillary tangles and senile plaques (148).
An epidemiological association between AD and AMD has been suggested (149). The
pathogenesis of Alzheimer’s disease is multifactorial, including both genetic predisposition
and physiological factors. Recently, increasing evidence has become available to suggest
an important role for a “response to injury” mechanism with major immunological
contributions (150–154).

1. Innate Immunity in AD 

a. Injury and Monocyte Function in Alzheimer’s Disease. Accumulation of
senile plaques formed from extracellular release and aggregation of abnormally processed
amyloid β-protein is an early event associated with neural degeneration in Alzheimer’s
disease (155,156). Although the abnormal processing of amyloid may be genetically
determined in some forms of Alzheimer’s disease, the subsequent events leading to
neural degeneration probably represent physiological responses to injury involving
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innate immunity (150–154). For example, new evidence suggests that accumulation
of amyloid plaques can activate microglia, the tissue-resident monocytes of the brain
(157). Like blood-derived macrophages, microglia exhibit scavenging of extracellular
deposits, and phagocytosis of abnormal amyloid deposits in Alzheimer’s disease
might lead to inappropriate cellular activation (158,159). Activated microglia can
cause neuronal death by the secretion of mediators like interleukin-1, interleukin-6,
TNF, and prostaglandin. Nonsteroidal anti-inflammatory agents, which block
enzymes responsible for the production of certain prostaglandin derivatives, appear
to slow the progression of Alzheimer’s disease (160). Microglia are also involved
in the regulation of extracellular ApoE. As in atherosclerosis and AMD, increased
deposition of ApoE has been demonstrated in specimens from patients with Alzheimer’s
disease (152,161–163). Since the retina contains abundant microglia with similar
properties, some investigators have proposed that microglia might contribute to
photoreceptor death in AMD (164). Thus, Alzheimer’s disease, like atherosclerosis,
illustrates a disease in which monocyte scavenging of abnormal deposits inadvertently
induces activation of these cells, a mechanism potentially relevant to drusen scavenging
by monocytes in AMD (Fig. 6).

b. Infectious Etiology of Neurodegenerative Diseases. A link between infectious
agents and chronic degenerative diseases of the elderly was established many decades ago
with the understanding that Treponema pallidum is the causative agent for some cases of
dementia, including Alzheimer’s disease (165). A new paradigm for infection-induced
neurodegeneration has been established based on the identification of brain infection with
an unusual agent called a prion (166). Prion infection induces neuronal protein misfolding
leading to the accumulation of extracellular protein deposits. Prions have been identified
as causative agents in certain neurodegenerative diseases, especially Creutzfeld-Jacob
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Figure 6 Electron micrographs from a patient with Alzheimer’s disease (AD) and age-related
macular degeneration (AMD) indicating similar appearance of scavenging of cellular debris by
immune cells. Figure AD shows microglia (M) with cellular processes (asterisks) around
extracellular debris (arrows) from a dying neuronal cell (N) while figure AMD indicates digestion
of basal laminar deposits (BLD) by subretinal macrophage (MO). (From el Hachimi KH, Foncin JF.
Do microglial cells phagocyte the beta/A4-amyloid senile plaque core of Alzheimer disease? CR
Acad Sci III 1994; 317:445–451 [left] and Sarks JP Sarks SH. Macrophages related to Bruch’s
membrane in age-related macular degeneration. Eye 1990; 4:613–621 [right].)



disease and related spongiform encephalopathies in animals (i.e., mad cow disease).
Several studies have indicated that prion infection can produce amyloid aggregates similar
in appearance to those seen in Alzheimer’s disease (167).

2. Antigen-Specific Immunity in Alzheimer’s Disease
In general, the brain, like the retina, is considered to be immune privileged in the sense that
the blood-brain barrier resists passive deposition of antibodies and reduces the recruitment
of antigen-specific lymphocytes (168). Consistent with this observation is the absence of
lymphocyte infiltration or widespread antibody deposition in Alzheimer’s disease. How-
ever, antiphospholipid autoantibodies have been shown to be present in Alzheimer’s dis-
ease serum and can induce brain pathology (169). Further, antibodies purified from serum
from patients with Alzheimer’s disease causes Alzheimer’s disease–like lesions when
injected into the brains of experimental rats (170).

Paradoxically, antigen-specific immunity might actually function to protect
against degenerative diseases. As mentioned above, amyloid accumulation in Alzheimer’s
disease is caused by an abnormally cleaved variant of the amyloid protein that is two
amino acids longer than the normal form. Recently, immunization with the abnormal
amyloid, or passive administration of antibodies against the abnormal protein, greatly
reduced the quantity of deposition in the brain of genetically modified mice with
Alzheimer’s disease, and improved their performance in laboratory tests of memory and
cognitive function (171,172). The mechanisms are unclear, but may be related to enhance
phagocytosis, neutralization of toxic moieties on deposits, or interference with amyloid
fibril aggregation. In Alzheimer’s disease patients, however, individuals may be immuno-
logically tolerant to amyloid preventing protective autoimmunization to the abnormally
processed protein (173).

3. Nonspecific Amplification Cascades in AD
Complement activation has been implicated in the pathogenesis of Alzheimer’s disease
(174–176). Cerebral astrocytes and resident microglia are both capable of secreting all the
components of the classical and alternative pathway; thus deposition from the blood is not
absolutely necessary. Additionally, amyloid has been shown to activate C3 and lead to
the formation of MAC in the brain with subsequent damage to the adjacent neurons (176).
Not surprisingly, oxidants have also been implicated as injury stimuli and amplification
mechanisms in AD (177,178).

C. Immune Mechanisms in Glomerular Diseases

Glomerular diseases account for 70% of chronic renal failure in the United States. Many
glomerular diseases are primarily mediated by inflammatory mechanisms, and are usually
classified as glomerulonephritis. Other glomerular diseases are mediated by a mixture of
degenerative and inflammatory mechanisms, and these are often classified as glomeru-
losclerosis (179,180). Genetic and systemic health factors contribute to the pathogenesis of
both groups (178–182).

The glomerulus shares some anatomical similarities with the outer retina and inner
choroid, so analysis of the mechanism of deposit formation and extracellular matrix
changes of glomerular disorders might be informative in terms of AMD (179). For instance,
both the glomerulus and inner choroid/outer retina can be described as containing capillary
lobules with endothelium on one side of an extracellular matrix and epithelium on the other.
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In the glomerulus, endothelial cells (conceptually corresponding to the choriocapillaris)
cover the internal surface of an extracellular matrix, whose external surface is covered by
an epithelial layer (the podocyte). External to the podocyte is Bowman’s capsule (concep-
tually corresponding to the subretinal space). Smooth muscle cells located internally to the
endothelium, called mesangial cells, are responsible for regulating contractility and main-
taining the glomerular matrix. These cells may share analogies with choroidal
pericytes underlying and surrounding the choriocapillaris.

1. Innate Immunity in Glomerular Diseases

a. Chronic Injury. As is the case for atherosclerosis, a “response to injury”
hypothesis has been substantiated for glomerulosclerosis due to aging, hypertension, or
diabetes (179–186). Glomerulosclerosis is characterized by progressive thickening of the
glomerular extracellular matrix ultimately associated with loss of glomerular capillaries
and epithelial cells. If enough glomeruli are involved, renal impairment occurs. In some
ways, glomerulosclerosis resembles geographic atrophy in AMD (Fig. 7).

The response to injury hypothesis has been thoroughly evaluated for renal hyperten-
sion, a major cause of glomerulosclerosis (182–187). The hemodynamic injury hypothesis
proposes that glomerular capillary hypertension causes excessive flow through the
glomerulus or hydraulic stretching of the capillary wall to activate injury responses in
glomerular cells. The humoral hypothesis proposes that hypertension-associated hormones
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Figure 7 Electron micrographs from glomerulosclerosis and geographic atrophy from age-
related macular degeneration showing appearance of excessive extracellular material and cellular
loss. In GS there is accumulation of glomerular extracellular material (asterisks) and loss of cellular
structure (M), while in AMD there is accumulation of BLD and loss of RPE cells under the external
limiting membrane (ELM). (From Tisher CC, Hostetter TH. Diabetic nephropathy. In Tisher CC,
Brenner BM. Renal Pathology with Clinical and Functional Correlations. Philadelphia: JB
Lippincott, 1994 [left] and Sarks JP, Sarks SH, Killingsworth MC. Evolution of geographic atrophy
of the retinal pigment epithelium. Eye 1988;2:552–577 [right].)



or cytokines associated with low-grade systemic inflammation induced by hypertensive
vascular injury activate cellular injury responses. In either case, the injured endothelium,
podocytes, and mesangial cells demonstrate abnormal production and turnover of collagen
and other matrix molecules, leading to collagenous thickening of the matrix with degener-
ation of the glomerulus (187–189). Genetic background and gender can influence the rate
of progression. Since hypertension is a risk factor associated with AMD and glomerular
disease, hypertension-associated inflammation may also injure the choriocapillaris
endothelium or RPE in an analogous fashion.

b. Macrophage-Mediated Injury. Macrophages contribute significantly to
glomerular damage in renal diseases (190–200). Not surprisingly, infiltration with
activated inflammatory macrophages is a significant histological feature in inflamma-
tory glomerulonephritis caused by antigen-specific immune mechanisms (i.e., immune
complex disease or allograft rejection) (200), and blockade of macrophage infiltration
or function ameliorates glomerular damage (193). Perhaps of more relevance to AMD
is the contribution of reparative macrophages to glomerulosclerosis. Recruitment of
blood-derived reparative macrophages develops early in the course of glomerulosclerosis
in proportion to the severity of the injury (190,191). Various innate injury stimuli,
including renal hypertension, hyperlipidemia, and glomerular capillary endothelial
injury by oxidized LDL, can upregulate macrophage chemotactic factors and adhesion
molecules in the capillaries to induce macrophage recruitment (194–197). Experimental
data suggest that reparative macrophages release mediators that induce mesangial cell
proliferation, amplify the accumulation of extracellular matrix, and might induce killing of
endothelial cells.

2. Antigen-Specific Immunity in Glomerular Diseases
Antigen-specific immunity contributes significantly to inflammatory glomerular
disorders. Lymphocyte-mediated immunity clearly contributes to glomerulonephritis, es-
pecially in renal allograft rejection (200). However, the relevance of this mechanism to
AMD is probably minimal. Many forms of chronic glomerulonephritis are caused
by antibody-dependent mechanisms, and some of these disorders are characterized by
subendothelial or subepithelial deposit formation (112,178–180). Direct deposition
of circulating antibodies targeted at antigens uniformly expressed within the glomerular
matrix is a well-defined, but rare, form of glomerulonephritis, especially in Goodpasture’s
syndrome. Deposition of preformed circulating antigen/antibody complexes in the
blood has been proposed as another major mechanism in many types of glomerulonephri-
tis associated with deposit formation. Nevertheless, it is unlikely that deposition of either
anti-basement membrane antibodies or circulating immune complexes plays an important
role in AMD.

However, another interpretation of the clinical and experimental data is that some
forms of glomerulonephritis may actually represent antigen trapped or “planted” within the
glomerular matrix, followed by the subsequent formation of in situ immune complexes.
This alternative explanation is probably especially relevant to glomerulonephritis associ-
ated with subepithelial deposits rather than subendothelial deposits (since it is unlikely that
large immune complexes would be able to filter through the matrix). For example,
glomerulonephritis that occurs 10–20 days after streptococcal pharyngitis or streptococcal
skin infections is characterized by subepithelial deposits (similar to homogeneous basal
laminar deposits). These do not stain for immune complexes (201).
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3. Nonspecific Amplification Cascades in Glomerular Diseases
Complement deposition plays a major primary role in many glomerular diseases associated
with deposits, especially those mediated by antigen-specific immune complexes. In these
disorders, various fragment of the complement cascade, including C3, C5, and others, are
usually identified within extracellular deposits in association with immunoglobulin and
acute cellular inflammation (178–181).

Complement seems to participate as a secondary amplification mechanism in some
glomerular diseases. Type II membranoproliferative glomerulonephritis (or dense deposit
disease) is especially relevant to AMD since these patients also develop drusen-like
changes in the retina (202–207). Clinically, the retina demonstrates whitish drusen-like
changes, and some eyes develop choroidal neovascularization. 

Histologically, the subretinal deposits appear to be localized between the RPE and its
basement membrane (similar to basal laminar deposits) (Fig. 8). The glomerular deposits
are characterized as electron-dense linear deposits within the glomerular extracellular ma-
trix, occasionally demonstrating dome-shaped subepithelial “humps” under the podocyte.
Complement 3 is present within the deposits, but the presence of other complement pro-
teins, immunoglobulins, and fibronectin is highly variable. Systemic complement is usu-
ally normal. The source of complement (i.e., locally synthesis or blood-derived) as well as
the mechanisms for activation (typical cascades versus enzymatic cleavage) remain un-
known. Finally, oxidants have been implicated as important mediators and amplifiers in
progression of renal disease (208).
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Figure 8 Electron micrograph of dense deposit disease of the retina demonstrating subretinal
deposit (box) located between the retinal pigment epithelium and its basement membrane. (From
Duvall-Young J, MacDonald MK, McKechnie NM. Fundus changes in [type II] mesangiocapillary
glomerulonephritis simulating drusen: a histopathological report, Br J Ophthalmol 1989;
73:297–302.)



IV. EVIDENCE FOR IMMUNE AND INFLAMMATORY
MECHANISMS IN AMD

A. Direct Evidence for Innate or Antigen-Specific
Immune Effectors

Direct evidence for the role of immune mechanism in AMD is scant. The best data
suggest an important role for macrophage-mediated innate immunity (60–69). Investiga-
tors have observed that choroidal macrophages appear to be important in the pathogenesis
of both early and late AMD. However, macrophage involvement is clearly different than
their participation in overt inflammatory disorders characterized by widespread cellular
infiltration.

In early AMD, macrophages have been detected along the choriocapillaris side of
Bruch’s membrane underlying areas of thick deposits. Processes from choroidal monocytes
have been noted to insert into Bruch’s membrane deposits, presumably for the purpose of
scavenging debris. The identity of these cells is uncertain, but they seem to lack typical
phagocytic vacuoles and express HLA DR, suggesting that the cells may represent
dendritic cells or nonactivated macrophages (69).

In late AMD, macrophages and giant cells have been observed around CNVM and
are numerous in excised CNVM, suggesting a role in promoting choroidal angiogenesis
(60,63,210). Also, macrophages are present underlying zones of geographic atrophy, sug-
gesting a role in RPE or endothelial death (61). These observations imply a potential
pathogenic role for cytokines, chemical mediators, MMPs, mitogens, or angiogenic
factors released by macrophages from the choroid. In support of this concept, numerous
investigators have demonstrated that macrophage-derived cytokines (especially TNF-α)
induce major functional and morphological changes in RPE cells (211–215). Further,
macrophage involvement may be underestimated in AMD. Choroidal macrophages
are often difficult to detect by routine histopathology in noninflammatory disorders
because they typically acquire very flattened profiles. Finally, evidence from several
recent clinical trials has shown a benefit from intravitreal corticosteroid therapy in the
treatment of choroidal neovascularization in AMD patients (216,217). Corticosteroids
are potent modulators of macrophage function (218) and these studies suggest that more
research should explore the therapeutic potential of nonspecific anti-inflammatory therapy
in AMD.

Evidence for antigen-specific immunity has not been described in AMD. The possi-
ble contribution of antibody-dependent mechanisms is suggested by recent understanding
of the mechanism for CAR (see Sec. IV.B). In AMD, one group has identified IgG and
MAC association with RPE overlying drusen (219). However, another study has identified
only antibody light chains within drusen, but not the presence of associated heavy chains
to indicate an intact immunoglobulin molecule (22,220). Lymphocytes, especially T cells,
have been identified within some CNV (63). It remains unknown whether these cells are
recruited as part of bystander activation or are responding to antigen-specific immunity.
However, bystander recruitment of T cells occurs in many other forms of pathological
neovascularization and wound healing.

Nonspecific amplification mechanisms may also play a role in AMD. Recently,
several groups have identified complement components in drusen (22,219,220). Fragments
of C5 and MAC were identified in most specimens, and C3 was present in some.
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The activation pathway remains unknown. The RPE express specific and nonspecific
complement inhibitors such as decay-accelerating factor and vitronectin to suggest
intrinsic defense mechanisms to prevent against complement-mediated injury (221,222).

B. Ocular Immune and Inflammatory Disorders
Resulting in Atrophic Retinal Degeneration or CNV

1. Presumed Ocular Histoplasmosis Syndrome (POHS)
POHS may represent a condition suggesting a role for infection-triggered immunity as a
mechanism for RPE injury and CNV formation. The syndrome is presumed to be induced
by the inhalation of live histoplasma capsulatum, which infects the lung and hilar lymph
nodes (223). In some patients, systemic dissemination of the organism occurs, including
into the choroid, but the organism is rapidly recognized and killed by the immune response.
According to data from a primate model, the acute phase of immune response can induce
clinically detectable, small, multifocal creamy lesions in the deep retina and choroid caused
by localized choriocapillaris inflammation mediated by CD4 T cells (presumably delayed
hypersensitivity) (224,225). However, many other areas of active choroidal inflammation
are clinically inapparent. Ultimately the overlying RPE become atrophic “histo spot.”
Chronic, persistent low-grade inflammation apparently triggers CNV formation (226,227).
Additionally, many other forms of chronic chorioretinitis are also associated with RPE at-
rophy and CNV formation, and some of these may represent occult infection of the choroid
or RPE with virus or other infectious agents (228). 

The role of infection in AMD remains entirely speculative. Although it is unlikely
that histoplasmosis contributes to AMD, trapping of antigens related to other common or-
ganisms conceivably could occur. Based on analogies to the role of infection in fibrous
plaque progression, investigation of possible contributions from choroidal endothelial in-
fection with Chlamydia or cytomegalovirus might be informative. Finally, as new unusual
infectious agents, such as prions, are being discovered, the potential role of retinal or RPE
infection in AMD should at least be considered.

2. Cancer-Associated Retinopathy
CAR may serve as a model disease to suggest how antigen-specific autoimmunity can in-
duce retinal degeneration. CAR is a paraneoplastic syndrome in which some patients with
carcinoma, especially small cell carcinoma of the lung or occasionally cutaneous
melanoma, develop antibodies against a tumor-associated antigen that happens to cross-
react with an ocular autoantigen (229,230). For example, some small cell carcinomas
aberrantly synthesize recoverin (a normal protein in photoreceptors) (230). The immune
system inappropriately recognizes, processes, and produces an antibody effector response,
releasing antirecoverin antibodies into the circulation. These antibodies passively perme-
ate into the retina, are taken up by photoreceptors, and cause slowly progressive photore-
ceptor degeneration by a novel, poorly understood cytotoxic mechanism. Current research
speculation proposes induction of programmed cell death caused by intracellular anti-
body/antigen complex formation after photoreceptor uptake of antirecoverin antibodies
(98). Recently, a subset of CAR patients have been shown to also express antibodies to an
RPE-derived protein and demonstrate physiological evidence of RPE dysfunction to
suggest anti-RPE autoimmunity (231).
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V. IMMUNE MECHANISMS IN AMD: FINAL
QUESTIONS AND FUTURE DIRECTIONS 

A. Is the “Response to Injury” Hypothesis Applicable
to AMD?

As discussed above, the response-to-injury hypothesis has become one of the central
paradigms for the pathogenesis of atherosclerosis, Alzheimer’s disease, and glomeru-
losclerosis. The response-to-injury paradigm proposes that pathological features of degen-
erative diseases can be explained by exaggerated or abnormal cellular reparative responses
induced by exposure to chronic, recurrent injurious stimuli. Both genetic and physiological
factors can contribute to injury or repair. This chapter has focused on the physiological role
of innate immunity, antigen-specific immunity, and immune amplification systems as po-
tential triggers of injury and as modulators of abnormal repair.

In terms of AMD, response to injury is implicit in pathogenic models that propose a
role for various injurious stimuli, such as oxidants, lipofuscin cytotoxicty, and other fac-
tors. Injury stimuli relevant to other systemic diseases associated with AMD have not been
carefully evaluated, including hyperlipidemia, oxidized lipoproteins, hormonal changes as-
sociated with aging, or hypertension (232). Presumably, photoreceptors, RPE, choricapil-
laris endothelium, and/or choroidal pericytes may all be relevant targets. However, to ex-
ploit the full power of the response to injury paradigm, AMD investigators must more
precisely delineate the relevant cellular responses to injury to explain the specific patho-
logical changes in AMD. Cellular repair responses are manifested by a wide spectrum,
ranging from transient metabolic changes to cell death (233,234). The appropriate cellular
response must be matched to a specific pathological change. For example, analysis of pro-
grammed cell death in response to lethal injury is relevant to the understanding of geo-
graphic atrophy of the RPE (235). However, it is unlikely that analysis of cell death will ex-
plain the formation of sub-RPE deposits, recruitment of macrophages, or CNV formation.
RPE can react to nonlethal injury by many responses relevant to deposit formation, includ-
ing by extruding patches of cell membranes and cytosol (i.e., blebs) (234); by altering the
synthesis of collagen, matrix metalloproteinases, and other matrix molecules; by increas-
ing production of chemotactic signals or angiogenic factors; and many other responses
(236). These other specific responses need to be correlated with specific injury stimuli.

Recent studies of RPE injury responses may serve as an example of how immunity
can induce deposits or promote abnormal repair. RPE can be injured by myeloperoxidase-
mediated lipid peroxidation of the cell membrane, which represents a physiologically
relevant macrophage-derived oxidative stimulus. Such oxidant-injured RPE undergo
significant blebbing of cell membrane (Fig. 9), cytosol, and organelles, but without activa-
tion of programmed cell death or nuclear fragmentation. However, oxidant-injured cells
downregulate another response, matrix metalloproteinase production (Cousins and Csaky,
personal communication).

Regardless of the stimulus, accumulation of blebs can lead to deposit formation,
which, in turn, can activate an immune response that interferes with healthy repair. For ex-
ample, under certain conditions, blebs might serve as an innate stimulus for recruitment and
activation of reparative macrophages (see below). In addition to innate immunity, blebbing
might cause desequestration of intracellular antigens to provide a target for antigen-specific
immunity or blebs might provide a substrate for nonspecific activation of complement or
other amplification systems, as described for atherosclerosis, AD, and glomerular diseases.

50 Cousins and Csaky



Response to injury may also be relevant to formation of CNV. All blood vessels, in-
cluding the choriocapillaris, must continuously repair endothelial and vessel wall damage
following injury. Increasing evidence suggests that aging is associated with dysregulated
vascular repair after injury (237–239). For example, abnormal and exaggerated repair fol-
lowing acute vascular injury is a well-defined mechanism for accelerated restenosis after
coronary artery angioplasty in older patients (237). A similar phenomenon may exist in the
choroid in terms of CNV. Aging mice exposed to laser injury of the choroid develop much
larger CNV than do younger animals. Investigation of differences between younger and
aging individuals in terms of activation of immune and reparative responses after vascular
injury may be an important topic for research in AMD (Cousins and Csaky, personal
communication).

B. What Is the Role of Choroidal Monocytes?

Although the presence of choroidal monocytes in AMD has been established, their identity
and function remain uncertain. If analogies with atherosclerosis are correct, then these cells
are probably scavenging macrophages recruited to remove lipids and deposits within
Bruch’s membrane. As is the case for atherosclerosis or Alzheimer’ s disease, the function
of scavenging monocytes in AMD can be protective or pathogenic depending upon the ac-
tivation status. Scavenging macrophages probably can remove sub-RPE deposits safely
and assist in healthy repair of Bruch’s membrane. However, activation into reparative
macrophages may result in the production of mediators that can damage Bruch’s mem-
brane, injury choriocapillaris, and promote CNV. Recently, it has been shown that blood
monocytes from some patients with AMD can become stimulated into reparative
macrophages after phagocytosis with RPE-derived cell debris and membrane blebs.
Analysis of interaction between sub-RPE deposits and scavenging macrophages may
address this topic.
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Figure 9 Image of retinal pigment epithelial cells in culture exhibiting extensive cell membrane
blebbing following sublethal oxidative injury. 



C. Does Antigen-Specific Immunity Participate
in the Progression of AMD?

If the identification of dendritic cells in association with drusen is confirmed, this observa-
tion implies an entirely different function for choroidal monocytes and suggests a role for T-
cell-mediated antigen-specific immunity. DC lack scavenging and inflammatory effector
function. However, they might sample antigens within drusen (perhaps inappropriately de-
sequestered or chemically modified proteins), and then might initiate the afferent phase of
the immune response by presenting these antigens to T lymphocytes within lymphoid tissues.

The participation of antibody-dependent immune responses in AMD is intriguing but
remains speculative. Typically, B cells require exposure to the natural, intact antigen within
lymph nodes to become activated, not exposure to antigens that were processed and pre-
sented by dendritic cells. It is possible, but unlikely, that intact retina-specific antigens in
AMD can diffuse into the choroid, gain access to lymphoid compartments, and trigger a “de
novo” retina-specific immune antibody response. Nevertheless, as in CAR, circulating an-
tibodies, perhaps produced in response to immunity triggered elsewhere in the body by
molecular mimicry, desequestration, or neoantigen formation, might cross-react with sim-
ilar antigens trapped within subretinal deposits or expressed within ocular cells. A similar
mechanism has been described in atherosclerosis. Finally, investigators should explore the
idea that protective immunization may improve the clearance of extracellular deposits, as
observed in Alzheimer’s disease and atherosclerosis.

D. Do Inflammatory Amplification Cascades
Contribute to Injury or Progression?

Ongoing research indicates that various cytokines and growth factors are crucial in the
development of AMD complications. However, the contribution of macrophages, mast
cells, or lymphocytes as potential sources for these factors in AMD remains unexplored.
The identification of terminal complement components C5–9 (i.e., MAC) within drusen
and near RPE is intriguing and suggests that complement-mediated cell injury may play a
role in AMD. However, investigators must demonstrate intact MAC in association with
endothelial or RPE cell membranes as well as local activation of these complement frag-
ments. Further, a clear mechanism must be established to link this injury stimulus to
relevant cellular responses involved in deposit formation.

The role of immune- and nonimmune-derived oxidants as potential injury stimuli
and amplifiers of injury responses was briefly described above and reviewed elsewhere.
Evidence to demonstrate an age-related loss of protective antioxidants in AMD patients is
controversial, but is currently being evaluated by several groups (240).

E. Can Anti-Inflammatory Therapy Play a Role
in the Treatment of AMD?

Recently, intravitreal corticosteroids were found to be partially effective in improving
vision and decreasing exudation due to CNV, suggesting the possibility that anti-inflam-
matory therapy might be effective in AMD treatment. Clinical medicine is on the verge of
a revolution in anti-inflammatory therapy based on drugs and other therapeutics developed
from knowledge of the molecular basis of effector mechanisms and amplification systems
described above. Perhaps some of these new approaches may be relevant to the treatment
of AMD.
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One anti-inflammatory approach might be to block the upregulation of amplification
systems discussed above. For instance, various complement inhibitors are in development,
especially inhibitors of C3 activation and the MAC formation (241). The potential role for
vitronectin as an inhibitor of MAC was mentioned above (242). The role of specific an-
tioxidant agents, rather than generic antioxidant cocktails, must also be better evaluated.
Relatively high doses of the lipophilic antioxidant vitamin E, which inserts into the plasma
membrane to quench cell membrane lipid peroxidation, have been shown to diminish com-
plications of myocardial infraction and stroke, in part by diminishing secondary inflamma-
tion-mediated oxidant injury (243). However, recent research suggests that dosing and
bioavailability will be important issues for the eye. For example, exogenous supplementa-
tion with soluble antioxidants, such as glutathione, may be inadequate because the
compound is not taken up by RPE (240). Effective treatment may require the use of agents
that upregulate intracellular synthesis. Biosynthesis of prostaglandins by immune or
parenchymal cells also results in the generation of oxidants. Accordingly, the use of
nonsteroidal anti-inflammatory agents slows the progression of AD, although they have not
been evaluated in AMD (244).

Another anti-inflammatory approach is to block mast cell or macrophage recruitment
to the choroid, or inhibit their local activation. In this regard, blockade of endothelial cell
adhesion molecule expression to prevent the recruitment of macrophages or other leuko-
cytes to injured sites is an active area of research (245). Pentoxifylline has been shown to
diminish macrophage adhesiveness and cell activation in arthritis, suggesting a rationale
for use in AMD (246). The mast cell inhibitor tranilast was observed to be effective in ex-
perimental CNV. Other areas of drug development are inhibitors of cytokines, their intra-
cellular signaling cascades, and/or transcription factor expression (247). These approaches
might not only target macrophage-derived cytokines, like TNF-alpha, which can injure
RPE or endothelium, but also RPE-derived cytokines, like MCP-1, which serve to activate
macrophages. Finally, should an infectious etiology be determined, specific anti-infective
agents for Chlamydia or CMV might be considered. 

VI. BIOLOGY OF THE IMMUNE RESPONSE
IN AMD

To summarize: Innate immunity involves activation by retinal or choroidal injury or
infection. Antigen-specific immunity invovles normal activation by foreign antigens and
aberrant activation in AMD by molecular mimicry, antigen desequestration, neo-antigen
formation, or antigen trapping.

Amplification mechanisms include complement, cytokines, oxidants, and others.
Immune cells include monocytes, macrophages, dendritic cells, mast cells, and lympho-
cytes.

Innate immunity, antigen-specific immunity, and amplification cascades contribute
to the pathogenesis of atherosclerosis, AD, and glomerular diseases. Innate immunity,
antigen-specific immunity, and amplification cascades may contribute to AMD. 
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Nonexudative Macular Degeneration

Neelakshi Bhagat and Christina J. Flaxel
Doheny Eye Institute, University of Southern California Keck School of Medicine, 
Los Angeles, California

I. INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of blindness in the Western
world (1). The severity of AMD increases with age. The highest prevalence of AMD is
found in individuals over 75 years of age; 7.1% in this age group have late AMD (2–4). The
Beaver Dam Eye Study, a population-based report, evaluated the incidence and progression
of AMD and found the 5-year incidence of late AMD was 0.9%, with exudative AMD in
at least one eye in 0.6% and pure geographic atrophy in 0.3% (4). The Chesapeake-Water-
man study had previously reported a lower incidence of 0.2% (5). A total of 11.7% of
patients with early AMD will develop late AMD over 5 years, with 7.1% developing an
exudative component (4).

The prevalence of early and late age-related maculopathy increases with age as
shown in population-based studies all over the world (Table 1). Soft indistinct reticular
drusen or soft distinct drusen with retinal pigment epithelial (RPE) abnormalities form
early age-related maculopathy (6,7).

II. NONEXUDATIVE VERSUS EXUDATIVE AMD

Age-related macular degeneration is either nonexudative or exudative. Nonexudative or
dry maculopathy is the most common form of AMD, accounting for 80–90% of cases over-
all (10). Drusen with associated visual acuity loss due to overlying RPE atrophy constitutes
nonexudative AMD. There is absence of subretinal hemorrhage, subretinal fluid, and hard
exudates (2). Choroidal neovascularization heralds the onset of exudative macular degen-
eration. Clinically this is associated with subretinal fluid, subretinal hemorrhage, hard
exudates, pigment epithelium irregularity, pigment epithelium detachment, or subretinal
greenish-gray lesion. Fluorescein angiography will delineate the exact location (subfoveal,
juxtafoveal, or extrafoveal), the size, and the pattern of leakage (classic versus occult).



The patients who develop exudative AMD are older, with an average age of 70.5
years, than the patients with nonexudative AMD, with an average age of 56.8 years as noted
in the study by Smiddy and Fine in 1984 (12).

III. ASSOCIATED FACTORS

Epidemiological, clinical, and histological studies suggest different factors are associated
with macular degeneration (5,7,13–18). Hereditary influence, photic injury, nutritional de-
ficiency, toxic insult, and systemic cardiovascular factors have been implicated in epi-
demiological studies (10,19,20). We can group these risk factors into the following cate-
gories: (1) personal characteristics, which include age, sex, race, eye color, smoking, and
genetic predisposition.(21–23); (2) systemic disease, especially hypertension, cardiovascu-
lar disease, and blood lipid levels (1,10,15,24–26); and (3) environmental influences such
as sunlight and nutrition (15,24,27–29).
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Table 1 Prevalence of Age-Related Macular Degeneration (AMD)

AMD prevalence (%)

Age (years) Early Late Early or late

1 Chesapeake �50 4.0
Bay
(2) 50–59 6.0

60–69 13.0
70–79 26.0 4.3
80� 13.6

2 Beaver Dam 43–54 8.4 0.1
Study
(2) 55–64 13.8 0.6

65–74 18.0 1.4
65–74 18.0 1.4
75� 29.7 7.1
75� 29.7 7.1

3 Klein and Klein 45–64 2.3
(3) 65–74 9.0

4 Blue Mountains 49–54 1.3 0.0
Eye Study (6)

55–64 2.6 0.2
65–74 8.5 0.7
75–84 15.5 5.4
85� 28.0 18.5

5 Copenhagen 60–69 4.1
(9) 70–80 20.0

6 Framingham 52–64 1.6
(10) 65–74 11.0

75–85 27.9



A. Personal Characteristics

1. Age
The prevalence of AMD increases after 65 years of age; 27.9% of individuals between
the age of 75 and 85 have macular degeneration (1,7,22). The number of drusen and the
presence of confluent drusen correlates with increasing age (12,13).

2. Sex
AMD has been reported to be more prevalent in females (25,30). The Beaver Dam Study,
after adjusting for age, revealed that the incidence of early AMD was 2.2% higher in
women 75 years of age and older than in men in this age group (25). The prevalence of
early age-related maculopathy was higher in men than women in each age category in
the Blue Mountains Eye Study (6). Others have not noted such a difference between males
and female (3).

3. Race
Drusen and pigmentary changes have been reported to be twice more common in whites
than blacks (31).

4. Family History
AMD is known to run in families (1). Stone and co-workers have reported a genetic
mutation that predisposes to drusen formation in malatia Leventinese and certain patients
with macular degeneration (21,22,32). Further studies are needed.

5. Hyperopia
Hyperopia has been associated with AMD (23,33). Persons with brown iris color were
shown to have a lower risk of developing AMD (33).

B. Systemic Diseases

1. Hypertension and Cardiovascular Disease
The Framingham Eye Study (1) and other studies (34) including the Macular Photocoagu-
lation Study (MPS) (26) found a positive correlation between AMD and hypertension. This
was, however, not seen in the studies by Hyman et al. (24), the Beaver Dam Study (3), and
the Eye Disease Case-Control Study (35). Hyman et al. (33), on the other hand, found pos-
itive association of AMD with stroke, arteriosclerosis, and ischemic attacks. In their most
recent case-control series, a strong association was found between neovascular AMD and
moderate to severe hypertension, particularly in patients on antihypertensive therapy
(24,26,30).

2. Hypercholesterolemia
The association between lipid profile and AMD has been inconsistent in various studies.
The Beaver Dam Eye Study (28) noted a positive correlation between high intake of
saturated fat and cholesterol and early AMD. A positive relationship was found with
high-density lipoprotein (HDL) levels in men, and total serum cholesterol was inversely
related to early AMD in women (25). Hyman and colleagues recently reported a
positive association between dietary cholesterol and high levels of HDL with neovascular
AMD (24).
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C. Environmental Influences

1. Photic Injury
Although not scientifically proven, it has been suggested that accumulative exposure to
light may cause gradual loss of photoreceptor cells in the macula (36).

2. Nutrition
It has been suggested that oxidative stress may play an important role in the etiology of
AMD. Light induces the superoxide radicals to form that can damage the outer segments
of photoreceptors (27,29). Antioxidants may prevent this damage (27). Antioxidants like
ascorbate and vitamin E (alpha-tocopherol) may be deficient in elderly individuals, which
may increase their susceptibility to light damage. It is also known that the retina and par-
ticularly the macula is highly susceptible to oxidative stress due to a high polyunsaturated
fatty acid content that is prone to lipid peroxidation (27). One study tested the hypothesis
that ascorbate could protect the retina from oxidative damage in rats: rats fed supplemen-
tary vitamin C were noted to have much milder damage to the retina than the rats that were
exposed to the same amount of light but no supplementary ascorbate (37). In the POLA
Study (27), an inverse association was found between AMD and levels of plasma alpha-
tocopherol. This study and the Eye Disease Case-Control Study found no association
between AMD and plasma ascorbate levels (27,38). Obviously, further randomized studies
are needed to evaluate completely the role of antioxidants in the prevention of neovascular
AMD. The Age-Related Eye Diseases Study (AREDS) (39) is an ongoing study looking at
the effects of antioxidant and zinc supplementation. No results are available.

The Carotene and Retinol Efficacy Trial (CARET) Study (40) found that individuals
who smoked and were assigned to beta-carotene and retinol were developing lung cancer
at a rate of about 28% more than those assigned to placebo. This study was stopped after
4 years. A trial study in Finland (41) also suggested an increase in mortality from cancer
and cardiovascular disease in patients on beta-carotene supplements. These studies did not
take into account AMD but they do implicate possible adverse effects of high-dose vitamin
intake in AMD patients who smoke (40,41).

Recently, much attention has been given to the dietary importance of carotenoids
specially lutein and zeaxanthine (38). Seddon et al. reported the results of further
investigations from the Eye Disease Case-Control Study (EDCCS), which showed that
a high dietary intake of carotenoids, in particularly dark-green leafy vegetables, was
associated with a 43% lower risk of AMD (38). A recent report in the British Journal of
Ophthalmology analyzed various fruits and vegetables to establish which ones contain
lutein and/or zeaxanthine and can serve as possible dietary supplements for these two
carotenoids (15).

IV. DRUSEN

Drusen were first described in 1854 by Donders (42). These are deposits of membranous
debris, extracellular material between the RPE and its basement membrane (basilar
laminar drusen) or between the RPE basement layer and the inner collagenous layer of
Bruch’s membrane (basilar linear drusen) (17), (43–46). Drusen lead to secondary Bruch’s
membrane thickening and RPE degeneration. Visual loss due to macular degeneration is
the result of degeneration of photoreceptor cells and the choriocapillaris, which ensues
soon after RPE atrophy (47).
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A. Etiology

Drusen form as a deposition of membranous material between the plasma membrane and
the basement membrane of the RPE and are found as early as the second decade of life.
They thus may represent a normal aging change (48). Stone and colleagues have identified
a genetic mutation in patients with Malattia Leventinese, which also has been attributed
to drusen formation in Best’s disease and macular degeneration (32). Experimental and
postmortem human studies show that the drusen are RPE-derive (49–51). Different theo-
ries have been entertained regarding the pathogenesis of the drusen.

Ishibashi et al. described the formation of drusen using electron microscopy as follows:
(1) evagination or budding of the RPE cell in the subepithelial space; (2) separation of the
evaginated portion from the parent RPE cell; (3) degeneration and disintegration of this evagi-
nated cell components devoid of a nucleus; (4) accumulation of granular, vesicular, tubular,
and linear material in the sub-RPE space (16). The etiology of the evagination is unknown.

The pathology of the aging changes in the retina is discussed in other chapters.

B. Types

Different types of drusen are noted in the retina: (1) hard, nodular drusen, (2) soft drusen,
(3) crystalline drusen, and (4) cuticular or basal laminar drusen (14).

1. Hard Drusen
Hard drusen are discrete, small, round, yellow, nodular hyaline deposits found in the sub-
RPE space, between the basement membrane of RPE and the inner collagenous layer of the
Bruch membrane (52). These drusen are smaller than 50 microns in diameter (Fig. 1).

Focal densifications of Bruch’s membrane, termed microdrusen, may precede the
formation of hard drusen (53). Preclinical drusen appear ultrastructurally as “entrapment
sites” with coated membrane-bound bodies that form adjacent to the inner collagenous
layer of Bruch’s membrane (53). These are structurally different from basal linear deposit.
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Figure 1 Color photograph of hard drusen in a 65-year-old asymptomatic man. See also color
insert, Fig. 4.1.



Hard drusen are common in young people and do not lead to macular degeneration
(43). Small, hard, indistinct drusen were found in the macula of 94% of the Beaver Dam
population (2). These were not noted to increase in number with age. However, if present
in excessive number, they may predispose to RPE atrophy (11).

Hard drusen act as window defects on fluorescein angiograms with early hyperfluo-
rescence and fading on late frames (Fig. 2).

2. Basal Laminar Drusen
Basal laminar drusen are tiny, white multiple deposits found between the plasma membrane
of retinal pigment epithelium and its basement membrane (43) (Fig. 3). These are found in
normal aging eyes and do not predispose to macular degeneration.
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Figure 2 Fluorescein angiogram: early (A) and late (B) frames of hard drusen demonstrating win-
dow defects (early hyperfluorescence and fading late) and areas of geographic atrophy.

(A) (B)

(3)



Basal laminar deposit is composed mainly of collagen, laminin, membrane-bound
vesicles and fibronectin. It tends to accumulate over thickened Bruch’s membrane
suggesting that the accumulation of the debris may be a local response to altered filtration
at these sites (52). These hyperfluoresce early on fluorescein angiography and give an
appearance of “starry night” as discussed by Gass (54). They have been reported to be
anatomically and histologically similar to soft drusen (Figs 4 and 5).
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Figures 3, 4, and 5 Fluorescein angiogram: early form of basal laminar drusen from a 35-year-
old asymptomatic patient. Fluorescein angiogram: mid and late frames demonstrating “starry night”
appearance.

(4)

(5)



3. Soft Drusen
Soft drusen appear clinically as yellowish lesions with poorly defined edges. Histologi-
cally, they represent small, shallow RPE detachments. They are usually greater than 50
microns and are found after age 55 (Fig. 6). On fluorescein angiography, soft drusen show
early hypofluorescence or hyperfluorescence with no late leakage.

Clinical and histological studies show that soft drusen precede macular degeneration
(55,56). Drusen lead to secondary Bruch’s membrane thickening and RPE degeneration
and subsequent overlying retinal photoreceptor loss and predispose to the ingrowth of
choroidal neovascularization (CNV) (14,46,57).

4. Crystalline Drusen
Crystalline drusen are discrete calcific refractile drusen (Fig. 7). These are dehydrated soft
drusen that predispose to geographical atrophy (11,54).

C. High-Risk Drusen Characteristics

Drusen characteristics associated with a high risk of progression to exudative age-related
maculopathy include drusen type (soft), drusen number (greater than five), large size (� 63
microns), confluence, and associated findings such as hyperpigmentation (8,17,30,55–57).
The risk of developing exudative maculopathy increases if there is a history of CNV in the
fellow eye and with a positive family history (4,21,30,58).

The 5-year risk of eyes with bilateral drusen and good visual acuity to develop CNV
is 0.2–18% (5,12,47,57). This risk increases to 7%–87% if the fellow eye has CNV
(30,46,55,58). Bressler et al., in their age-adjusted analysis, showed that greater than 20
drusen, the presence of soft drusen, confluent drusen, and focal RPE hyperpigmentation
were more often noted in the fellow eyes with unilateral exudative maculopathy than in
eyes with bilateral drusen (56). Focal hyperpigmentation and confluence of drusen are
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Figure 6 Color photograph showing soft drusen in a mildly symptomatic 70-year-old patient
(mild distortion on Amsler grid testing). See also color insert, Fig. 4.6.



associated with an increased risk of progression to exudative AMD (7). In his discussion of
Smiddy and Fine, Jampol explains that focal hyperpigmentation may be associated with
subclinical subretinal neovascularization that cannot be detected by fluorescein angiogra-
phy (59). It may also reflect that changes have occurred already in the RPE, Bruch’s mem-
brane, and choriocapillaris, which facilitate future development of CNV and may simply
suggest the chronicity of the disease process (59) (Fig. 8).
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Figure 7 Color photograph of geographic atrophy and drusen. See also color insert, Fig. 4.7.

Figure 8 Color photograph showing the end-stage appearance of the fellow eye of the patient in
Figure 6 with high-risk drusen. See also color insert, Fig. 4.8.



V. DISAPPEARANCE OF DRUSEN

A. Natural History

Various reports have described the spontaneous disappearance of drusen (5,60). Bressler
et al. noted in their Waterman study that large drusen disappeared in 16 (34%) of 47
individuals in 5 years of follow-up (55).

Areolar atrophy may ensue as drusen disappear (12). With loss of the RPE, photore-
ceptor and choriocapillaris loss follows quickly. Atrophy of overlying RPE is noted as
drusen disappear.

B. Laser to Drusen Studies

Various pilot studies have shown mixed results in an attempt to answer the question
regarding the risk of exudative AMD and the disappearance of drusen (61,62). Two
multicenter trials of laser to drusen have been undertaken, the Choroidal Neovasculariza-
tion Prevention Trial (CNVPT) and the Prophylactic Treatment of AMD Study (PTAMD).
The two subsets of AMD patients are: (1) patients with bilateral soft large drusen and good
visual acuity and (2) patients with soft large drusen and good visual acuity in the fellow eye
of those with exudative AMD in one eye. Results from the CNVPT study demonstrated
an increased risk of exudative AMD in the fellow eye randomized to light argon laser
treatment (61,63). The PTAMD trial, using subthreshold diode laser, has shown similar
findings of increased risk of exudative maculopathy in fellow eyes of  patients treated with
laser. A recent paper in the British Journal of Ophthalmology by Guymer et al. (64) looked
at the effect of laser photocoagulation on choroidal capillary cytoarchitecture and found
that qualitative differences were seen following laser. They postulate that these changes
brought on by laser at just suprathreshold levels may carry a risk of inducing choroidal
neovascularization as these processes may play a part in the clearance of debris from
Bruch’s membrane, and represent an early stage of angiogenesis (64). This side effect is
discussed in another chapter. The bilateral drusen arms of both trials are still in progress
though the pilot subthreshold paper by Olk et al. does show efficacy of diode laser for
drusen (62) (Fig. 9).

VI. NONEXUDATIVE MACULAR DEGENERATION

Clinical and histological studies show that soft drusen precede macular degeneration
(47,55).

The mere presence of drusen does not account for significant loss of vision (45). Soft
drusen lead to RPE atrophy with resultant overlying photoreceptor atrophy and vision loss.
When the vision falls below or equal to 20/30, the disease process is termed nonexudative
or dry macular degeneration.

Subretinal fluid, subretinal hemorrhage, retinal pigment epithelium detachment, hard
exudates, subretinal fibrosis, all signs of exudative maculopathy, are absent in dry macular
degeneration.

Focal hyperpigmentation along with the increased number (� 5) and confluence of
soft, large (� 63 microns) drusen is associated with increased risk of progression of RPE
atrophy and choroidal atrophy. These eyes have a higher incidence of developing CNV
(45,46).
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Geographic atrophy (GA) is a form of advanced dry macular degeneration. This
involves marked choriocapillaris and small choroidal vessel atrophy along with the RPE
atrophy. This progresses slowly over years and often spares the center of the foveal avas-
cular zone until late in the course of the disease (65). Almost 3.5% of individuals older than
75 years of age suffer from GA, which causes visual loss of 20/200 or worse. This severe
form of GA accounts for at least 20% of all patients with 20/200 or worse vision from
advanced macular degeneration (66).

Although nonexudative AMD is more prevalent, it accounts for only 10% of the
severe vision loss due to AMD (25,66). Bressler et al. reported a prevalence of 1.8% of
AMD in men 50 years of age or older in the Chesapeake Bay study. Of these, almost 75%
had the nonexudative maculopathy (8).

The Beaver Dam Eye Study (4) and Chesapeake Bay Waterman Study (5) were
population-based eye studies that provided data on 5-year incidence and progression of
AMD. Soft drusen and retinal pigmentary changes were found to increase with age. In the
5-year period of the Beaver Dam Eye Study, people 75 years or older were 3.3–8.4 times
as likely to develop large drusen between 63 microns and 250 microns in diameter and
40.7 times more likely to develop drusen greater than or equal to 250 microns in diameter
as compared to persons 43–54 years of age. Also, persons 75 years of age or over were
16 times more likely to develop confluent drusen when compared to people 43–54 years
of age (4). There was a much higher incidence of dry macular degeneration clinical
findings in people over 75 years of age (Table 2). This was consistent with the results of
the Blue Mountains Australian (6), Rotterdam (67), and Colorado-Wisconsin (68) studies
of AMD.
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Figure 9 Example of pre (upper left and upper right) and post (lower left and lower right)
subthreshold diode laser showing drusen disappearance in a 45-year-old man with a hereditary form
of AMD. See also color insert, Fig. 4.9.



VII. MONITORING NONEXUDATIVE AMD

Amsler-grid testing is a sensitive indicator of progression of the disease process. Straight
door and window frames may be crude ways to check for any metamorphopsia.

Patients are encouraged to seek medical help if visual distortion, metamorphopsia,
loss of central vision, or any new symptoms occur. These herald the growth of choroidal
neovascular membranes. The early detection of the choroidal neovascular membranes
may facilitate treatment with either laser photocoagulation, photodynamic therapy,
transpupillary thermotherapy, or macular translocation, as described in other chapters.

VIII. SUMMARY

Prevalence of AMD increases with age. Nonexudative AMD is the most common form
of AMD. Factors associated with AMD include increased age, heredity, photic injury,
nutrition, toxic insults, and cardiovascular risk factors. High-risk characteristics of drusen
for development of CNV include: soft drusen, large drusen, greater than five drusen,
confluence, and focal hyperpigmentation. Disappearance of drusen can occur sponta-
neously or may follow laser to drusen (CNVPT and PTAMD). Disappearance of drusen
may result in geographic atrophy. Monitoring visual acuity and visual symptoms for the
progression of AMD is of utmost importance in applying timely treatment.
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I. INTRODUCTION

Geographic atrophy (GA) of the retinal pigment epithelium (RPE) is the advanced form of
nonneovascular age-related macular degeneration (AMD) and is associated with the grad-
ual, progressive loss of central vision. Dense scotomas have been shown to correspond to
the retinal areas affected by GA (1). These scotomas involve the parafoveal and perifoveal
retina early in the course of the disease, sparing the foveal center until late in the course of
the disease (2–5). Consequently, GA is only responsible for approximately 20% of the
legal blindness secondary to AMD, compared to choroidal neovascularization (CNV),
which tends to involve the foveal center much earlier in the course of the disease and
accounts for nearly 80% of the legal blindness secondary to AMD (6). However, the
parafoveal and perifoveal scotomas, in the early stages of GA, compromise the ability to
read and to recognize faces, often despite the retention of good visual acuity, and account
for a much larger percentage of moderate visual loss in those affected (7). The prevalence
of GA in the population 75 years of age or older is approximately 3.5%, half that of neo-
vascular AMD (8,9), and increases to 22% in those 90 years of age or older (22). While
there are treatments for some forms of choroidal neovascularization, at present no treatment
is available for GA. As our understanding of GA grows, it is hoped that medical and surgi-
cal interventions will be developed to slow or completely halt its progression rate and
prevent subsequent moderate and severe visual loss.

II. CLINICAL FEATURES OF GEOGRAPHIC ATROPHY

GA is easily recognized clinically, as it appears as a well-demarcated area of decreased
retinal thickness, compared to the surrounding retina, with a relative change in color that
allows for increased visualization of the underlying choroidal vessels. Both the location and
pattern of the atrophy may vary in appearance. Forty percent of eyes with macular GA also



have peripapillary GA, which may become confluent with the macular atrophy (7). There
may be pigmentary alteration, either hypopigmentation or hyperpigmentation, surrounding
the macular atrophy. Peripheral reticular degeneration of the pigment epithelium is present
in about 41% of eyes (7). Drusen, usually a mixture of the soft and calcific types, are pre-
sent in most eyes until the GA becomes so extensive as to resorb the macular drusen (2).
The increased choroidal vessel detail in the area of GA is usually the most easily identified
fundus change and further reflects the extent of RPE attenuation. On fluorescein angiogra-
phy, this translates into an area of hyperfluorescence that corresponds to the ophthalmo-
scopic borders of the GA, secondary to transmission defect and staining. The intensity of
hyperfluorescence from choroidal flush may vary depending on the presence or absence of
the underlying choriocapillaris (4). Fluorescein angiography may also aid in distinguishing
GA from occult choroidal neovascularization, which may otherwise appear clinically
indistinguishable.

Hemorrhage may occur in eyes with GA. Though this may be a reflection of the
development of CNV and the likelihood of a more precipitous decline in visual function
secondary to neovascular maculopathy, often the small areas of CNV that develop are tran-
sient and may become clinically inapparent a few months later (11). Hemorrhages have
also been described in GA in the complete absence of any CNV (11,12). In general, how-
ever, the presence of hemorrhage, especially when associated with a sudden change in
vision, warrants an angiographic evaluation for the presence of CNV (13).

Though there are frequently small areas of retinal sparing within the GA, especially
at the center of the macula, foveal localization may still prove challenging on clinical ex-
amination, on the color fundus photograph, and on the angiogram. Clinically, the location
of xanthophyll, if visible, is helpful in determining the location of the foveal center. On flu-
orescein angiography, the intense hyperfluorescence associated with the GA may obscure
the view of the entire foveal avascular zone, making foveal localization a less certain task.
Under such circumstances, the red-free photographs can often be of significant help. The
presence of xanthophyll may suggest that the fovea has visual function, even if the retina
appears atrophic and nonfunctional (14). Testing with devices such as the scanning laser
ophthahnoscope (SLO) may help to ascertain the central visual potential that remains (1,5).

III. HISTOPATHOLOGY AND PATHOGENESIS

Histopathological examination of eyes with GA demonstrates a loss of RPE cells in the area
of atrophy with a secondary loss of overlying photoreceptor cells (15). The choriocapillaris
may also be absent, and there is indeed some experimental evidence to suggest that when
the RPE is removed or has atrophied, the choriocapillaris involutes secondarily (16,17). GA
is associated with thickening of Bruch’s membrane secondary to the deposition of basal
laminar and basal linear deposits in the surrounding retina (18). Therefore, histologically,
GA has been thought of as the end-stage of the AMD process if CNV does not develop (19).
GA may also occur following the flattening of a RPE detachment (20).

There is controversy as to whether the loss of RPE cells, perhaps related to the de-
posits in and near Bruch’s membrane, is the primary event in the evolution of GA, or
whether this RPE atrophy develops secondary to choroidal vascular insufficiency. Green
and Key have argued that the presence of choroidal vascular insufficiency should result
in the subsequent degeneration of all the outer retinal layers (15). This is not seen in eyes
with GA. Friedman et al. suggest that choroidal vascular resistance may predispose to the
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development of AMD, specifically high-risk drusen and CNV (21). However, a causal
association between choroidal vascular resistance and GA has not been established to date.

IV. PREVALENCE AND EPIDEMIOLOGY OF
GEOGRAPHIC ATROPHY

Population-based studies, such as the Beaver Dam Eye Study and the Rotterdam Study,
have examined the prevalence of GA in the elderly and compared it to the prevalence of
CNV in the same groups. The prevalence of GA is approximately 3.5% for people age 75
and above in the United States and other developed nations, half that of CNV (8,9). The
prevalence of GA increases with age and is actually more common than CNV in older age
groups. In the population over age 90, the prevalence of GA can reach levels of 20–35%
(10,22). The studies indicate that there is a lower prevalence of GA in African-Americans
(23). There does not appear to be a gender difference in prevalence across the populations
studied.

In the Beaver Dam Eye Study, 8% of eyes with drusen larger than 250 microns went
on to develop GA over a 5-year period. Eyes that developed GA all had pigmentary abnor-
malities and at least 0.2 Macular Photocoagulation Study (MPS) disk areas of drusen at
baseline (24). Of the eyes with GA, 42% had a visual acuity of 20/200 or worse. This
was similar to the 48% of eyes with neovascular AMD that had a comparable level of
severe visual loss (24).

GA is bilateral in 48–65% of cases (39). While the rate of bilateral severe vision loss
is lower from GA than from CNV, GA is still responsible for a full 20% of the binocular
legal blindness secondary to AMD (6). These statistics for severe visual loss measure only
the incidence of legal blindness and significantly underestimate the disability associated
with GA. A patient with GA may not be able to read or to recognize faces because the
object being visualized does not “fit” into the spared central island of vision (5).

A. Systemic Risk Factors

A number of population-based studies have attempted to identify possible risk factors for
the development of GA and neovascular AMD. The Beaver Dam Eye Study did not demon-
strate a relationship between GA and cholesterol level or alcohol intake (8,25). While cur-
rent or past smoking was a significant risk factor for the presence of GA for women in the
Blue Mountains Eye Study, the same association did not reach statistical significance for
men (26). In Sunness’ study, there was a trend for current smokers to have a more rapid
progression of GA than nonsmokers (7). The same study suggested that patients who
are pseudophakic or aphakic do not have more rapid progression of GA than their phakic
counterparts (7).

More recently, the Age-Related Eye Disease Study (AREDS), an ongoing multicen-
ter study of the natural history of AMD and cataract, has reported its findings on possible
risk factors for the development of GA and neovascular AMD. The presence of GA was
found to be associated with increasing age and smoking, confirming the findings of previ-
ous population-based studies (27). In addition, there appeared to be a positive association
between the use of antacids and the use of thyroid hormones and the presence of GA (27).
These two associations have not been previously reported and will certainly prompt
further investigation. Level of education was found to be inversely proportional to the

Geographic Atrophy 85



presence of GA in that persons with more years of formal schooling seemed to be at lower
risk for GA (27).

B. Heredity

Several studies have suggested that genetic factors may also be important in the pathogen-
esis of AMD. Hereditary retinal dystrophies, with clinical manifestations similar to AMD,
may share potential candidate susceptibility genes. For example, a mutation of the RDS/pe-
ripherin gene has been shown to be associated with Zermatt macular dystrophy, which is a
dominant, age-related, progressive macular dystrophy that resembles GA in its later stages
(28). Particular interest has focused on the ABCR gene, which is responsible for autosomal
recessive Stargardt macular dystrophy. One study reported that 16% of patients with AMD
had a mutation in this gene, compared with 13% of Stargardt’s patients and 0.5% of the
general population (29). The mutation was identified primarily in eyes affected by atrophic
AMD, on the continuum between early and advanced disease (30,31). There is some
disagreement with these findings, however.

Pedigree studies have included families in which GA and CNV occur in different
members as well as twin studies, where both twins are affected by GA or where one twin
has GA and the other has an earlier atrophic form of AMD. In one large AMD family, link-
age has been reported to markers in 1q25–q31 (32). Recent data also suggest that the ApoE
epsilon 4 allele may be associated with a reduced risk for the development of AMD (32).
Identification of those genetic factors that play a role in the pathogenesis of AMD may aid
with the recognition of those at risk and permit possible lifestyle modifications to prevent
or decrease the severity of disease.

V. NATURAL HISTORY OF GEOGRAPHIC ATROPHY

Over the last three decades, several studies have described the progression of GA with re-
spect to visual acuity loss and actual enlargement of the atrophy in populations of patients.
Their observations form the foundation of our knowledge of the natural history of GA.

GA typically develops in eyes that, at baseline, have drusen or pigmentary alteration.
As drusen fade, focal areas of atrophy may develop in their place, enlarge, and evolve into
GA (2,33,34). Alternatively, areas of mottled hypopigmentation may also predispose to the
development of GA (2). The progression goes through a number of stages. Initially, single
or multifocal areas of GA may be found in the region around the fovea. As these areas en-
large and coalesce over time, they can form a horseshoe of atrophy that spares the foveal
center (Fig. 1). This horseshoe of atrophy may close off into a ring of atrophy that still per-
mits foveal preservation. In the late stages of GA, the fovea itself becomes atrophic and
nonseeing, from further coalescence of the GA, requiring the patient to use eccentric reti-
nal loci for fixation and seeing (2). GA may also occur secondary to an RPE detachment.
Elman and others have reported RPE detachments flattening and evolving into GA in about
20% of cases (20,35–37). Whether the GA was extrafoveal or foveal depended on the pre-
ceding location of the RPE detachment. Because visual loss tends to be gradual and subtle,
and takes place over a period of years, patients may not seek medical attention until the
solid central GA is present.

GA continues to enlarge over time with a median rate of enlargement over a 2-year
period of 1.8 MPS disk areas (7). The amount of enlargement of total atrophic area has been
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shown to increase with increasing baseline size of atrophy up to approximately 5 MPS disk
areas of baseline, after which there appears to be a plateau at a high rate of increase. For
eyes with more than 10 MPS disk areas, it is difficult to measure enlargement because the
borders of the GA often extend past the photographic field. Baseline level of visual acuity
did not appear to significantly affect the degree of enlargement of total atrophy (7). The
only risk factor that has been linked to more rapid enlargement of the total atrophic area
was a baseline total atrophy area greater than 3 MPS disc areas (7). Neither the phakic sta-
tus of the study eye nor a history of hypertension in the patient was shown to be a risk
factor for the enlargement of total atrophy (7). Though the number of smokers in the study
was small, there was an apparent trend for smokers to have a more rapid enlargement of
atrophy (7).

GA is associated with a significant decline in visual acuity over time in many eyes.
Sunness et al. demonstrated that the median visual acuity tended to be worse in eyes with
larger total atrophic areas, with the most dramatic difference in median acuity occurring be-
tween eyes with less than 3 MPS disk areas of central atrophy (i.e., within 4 MPS disk
areas of the foveal center) and those with greater than three MPS disk areas of central
atrophy (7). Overall, 31% of all study eyes lost three or more lines of visual acuity, dou-
bling the visual angle, by 2 years of follow-up, and 53% lost 3 or more lines of visual
acuity by 4 years of follow-up (7). Rates of severe vision loss, i.e., a quadrupling of the
visual angle or at least six lines of visual acuity loss, were 13% for all study eyes by 2 years
and 29% by 4 years (7). There was a significantly larger rate of moderate and severe vision
loss for eyes with a baseline visual acuity of better than 20/50. At 2 years of follow-up, 41%
of these eyes with good acuity at baseline lost three or more lines of visual acuity and 21%
lost six or more lines of visual acuity (7). Those numbers grew to 70% at 4 years of follow-
up for moderate vision loss and 45% at 4 years for severe vision loss (7). Twenty-seven per-
cent of the eyes with visual acuity of 20/50 or better at baseline had visual acuity of 20/200
or worse at 4 years of follow-up (7). The presence of CNV in the fellow eye did not appear
to affect the rate of visual acuity loss in the GA study eye (7). Risk factors that have thus
far been identified for moderate vision loss include baseline visual acuity of better
than 20/50 and lightest iris color (7). Among eyes with visual acuity better than 20/50, the
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Figure 1 Four-year progression in geographic atrophy. (Left) There are multifocal areas of
geographic atrophy, along with drusen and pigmentary alteration. (Right) Four years later, the areas
of geographic atrophy have enlarged and coalesced, forming a horseshoe of atrophy surrounding the
fovea. See also color insert, Fig. 5.1.



presence of GA within 250 microns of the foveal center was a strong risk factor for a three-
line visual acuity loss (7). No apparent association between phakic status of the study eye,
hypertension, or smoking, and moderate vision loss, was demonstrated in the study by
Sunness et al. (7).

During the 4-year follow-up period, GA appeared to progress through various stages,
including the small, multifocal, horseshoe, ring, and solid stages described in previous
studies (2,3,7). For eyes that did not have the solid pattern of atrophy at baseline and that
did not develop CNV during the course of the study, 61% advanced to a different configu-
ration over the 2-year follow-up period (7). However, those eyes that had the same config-
uration at the 2-year follow-up as at baseline still had visual acuity loss, most notably in the
ring group where 50% of eyes lost three or more lines of visual acuity (7).

The size and rate of progression of atrophy are highly correlated between the two
eyes of patients with bilateral GA. This includes the baseline area of total atrophy, the base-
line area of central atrophy, the presence of peripapillary atrophy, and the progression
of total atrophy. However, the correlation between eyes for baseline acuity, for acuity
at 2 years, and for 2-year change in acuity is significantly smaller, reflecting the importance
of the difference in foveal sparing between eyes. (Fig. 2) (7).

The two parameters used to describe the progression of GA in the Sunness study,
namely the enlargement of the atrophic area and visual acuity loss, do not completely gauge
the actual impact of GA on visual function and performance. Maximum reading rate can be
significantly affected by encroachment of GA on the fovea, even while there may still be
little change in visual acuity (5). Some patients may be able to read single letters on acuity
charts but are unable to read words because of the size of the preserved foveal island (5).
The median maximum reading rate decreased from 110 words per minute (wpm) to 51 wpm
over a 2-year period in patients with visual acuity better than 20/50, where the normal
median rate for the reading test used in elderly people without advanced AMD is 130 wpm.
Eighty-three percent of eyes that lost three or more lines of visual acuity had maximum
reading rates less than 50 wpm at 2-year follow-up. However, even in the group that
maintained good acuity at 2 years, one-third had maximum reading rates below 50 wpm
(5). For eyes with visual acuity between 20/80 and 20/200, when the fovea is already
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Figure 2 Bilateral geographic atrophy. (Left) This eye had 20/30 visual acuity, and the patient
was able to read 80 words per minute, using the spared central area. (Right) The fellow eye did not
have a usable spared region and had 20/400 visual acuity. See also color insert, Fig. 5.2.



involved at baseline, there is evidence to suggest that the maximum reading rate is inversely
related to the size of the total atrophic area (38). This may mean that an intervention
that could slow the rate of enlargement of atrophy could have a significant impact on
preserving visual function, even in the presence of a central scotoma.

VI. DEVELOPMENT OF NEW GEOGRAPHIC ATROPHY

The relatively high prevalence of bilaterality of GA, reported to be anywhere from 48% to
65% (39) in the literature, would suggest that patients with GA in one eye and only drusen
or pigmentary change in the fellow eye are at significant risk for developing GA in the fel-
low eye. In the Beaver Dam Eye Study, 12 patients had GA in one eye at baseline. After
5 years of follow-up, 3 of these patients (25%) had developed GA in the fellow eye (24).
Patients with GA in only 1 eye were found to be 2.8 times more likely to develop advanced
AMD in the fellow eye than were patients with only early changes from age-related macu-
lopathy in either eye at baseline. This is in contrast to patients with neovascular AMD in
only 1 eye where the relative risk of developing advanced AMD in the fellow eye, 1.1, was
not significantly different from the rate at which advanced AMD developed in the fellow
eye of those patients with only early changes from age-related maculopathy at baseline
(24). In Sunness’ progression study of GA, 2 of 9 patients (22%) with GA in one eye and
only drusen or pigmentary changes in the fellow eye developed new GA in the fellow eye
during the 2-year follow-up period (7).

There is limited information available on the rate of development of GA in the eyes
of patients who have only drusen and pigmentary alteration bilaterally at baseline. In the
Beaver Dam Study population, there was a 5-year incidence of new GA of 0.3%. (24) Eyes
with only drusen less than 125 microns in linear dimension at baseline were not observed
to go on to develop GA. Of the eyes with drusen between 125 and 250 microns at baseline,
1% were described as developing GA. In comparison, 8% of eyes with drusen 250 microns
or larger in linear dimension developed GA over a 5-year period. Similarly, only those eyes
with greater than 0.2 MPS disk areas of drusen had a tendency toward developing GA. All
eyes that developed GA had pigmentary abnormalities at baseline as well (24). In addition
to drusen size, there may be some correlation between the type of drusen present in eyes
with early age-related maculopathy and the eventual development of GA. Both calcific
drusen (40) and clusters of small, hard drusen have often been observed to be present in
eyes with GA. Finally, other potential risk factors that have been identified in the develop-
ment of GA include delayed choroidal filling on fluorescein angiography (41,42) and
diminished foveal dark-adapted sensitivity (43).

VII. DEVELOPMENT OF CHOROIDAL
NEOVASCULARIZATION IN EYES
WITH GEOGRAPHIC ATROPHY

Population-based studies have confirmed that the incidence of CNV in an eye with GA de-
pends, in part, upon the status of the fellow eye. In patients with GA and no CNV in one
eye, and CNV in the fellow eye, the eye affected with only GA follows a course that is
essentially identical to that of patients with bilateral GA with respect to foveal preservation,
rate of acuity loss, and rate of enlargement of atrophy, so long as it does not develop CNV
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(7). However, when the incidence of developing CNV in these eyes with baseline GA is as-
sessed, it is found to be significantly higher if the fellow eye has CNV at baseline as op-
posed to GA. Of the patients enrolled in the extrafoveal Macular Photocoagulation Study
with CNV in the study eye, 11 were found to have only GA in the nonstudy eye at baseline.
During the next 5 years of follow-up, 45% of these eyes went on to develop CNV (44).
More recent findings from the Macular Photocoagulation Study Group’s juxtafoveal and
subfoveal CNV trials support this incidence. Forty-nine percent of patients with CNV in
the study eye and only GA in the fellow eye at baseline went on to develop CNV over the
5-year follow-up period (45). A prospective study by Sunness et al. in which 31 patients
had GA and no CNV in the study eye and CNV in the fellow eye reported a 2-year rate of
18% and a 4-year rate of 34% for developing CNV in the GA study eye (11). This is in con-
trast to the results reported by Sunness et al. for patients with bilateral GA at baseline, who
had a 2-year rate of developing CNV in one eye of 2% and a 4-year rate of 11%. Also, none
of the patients with GA in one eye and drusen in the fellow eye developed CNV over the
2-year period (11). These data all demonstrate that there is a higher incidence of CNV in
eyes with GA at baseline that have fellow eyes with CNV.

When CNV does develop in an eye with GA, it seems to have a propensity for areas
of preserved retina surrounding the GA or in spared foveal regions. In a study by Schatz
and McDonald, 8 of 10 patients who developed CNV in eyes that had only GA previously
at baseline developed the CNV at the edge of the atrophy. In the two cases where the CNV
developed over the atrophy, fluorescein angiography was able to demonstrate evidence of
intact choriocapillaris in those areas (4). Sunness et al. observed the development of CNV
over areas of GA only when there were areas of sparing within the atrophy. Otherwise, pa-
tients developed CNV in areas that were adjacent to atrophy (11). Some histological work
likewise suggests that CNV does not develop where the choriocapillaris is absent (15).

CNV that is newly developing in eyes with baseline GA may be difficult to detect by
both clinical examination and fluorescein angiography. In the absence of subretinal hem-
orrhage, it may be difficult to detect subretinal fluid that is shallow and overlying an area
of atrophy. On fluorescein angiography, the hyperfluorescence already present from trans-
mission defects and staining due to the GA may obscure any new hyperfluorescence that is
secondary to CNV. Because GA does not generally cause an abrupt loss in vision, a patient
who presents with subjective and objective evidence of significant changes in baseline
visual function should undergo evaluation for the presence of CNV (13). Although GA
itself has been associated with subretinal hemorrhages without evidence of CNY (11,12),
the presence of hemorrhage should certainly prompt further evaluation to detect newly
developing CNV. In some patients, the CNV may spontaneously involute and have an
appearance identical to that of GA or may leave small areas of fibrosis as remnants of
earlier CNV (11).

VIII. IMPAIRMENT OF VISUAL FUNCTION IN EYES WITH
GEOGRAPHIC ATROPHY

Visual acuity alone is an inadequate marker of visual function in patients with GA. In ad-
dition to central and paracentral scotoma, eyes with GA have other visual function abnor-
malities that may be secondary to changes in the function of retina that is not yet atrophic
(5). Eyes with GA have marked loss of function in dim environments and benefit greatly
from increased lighting (5). Aside from delayed and decreased dark adaptation for both
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rods and cones (5,46–48), eyes with atrophic AMD may also be compromised by reduced
contrast sensitivity (5,49,50). Therefore, despite good visual acuity, the patient’s ability to
read may be significantly impaired by a combination of factors.

A. Central and Paracentral Scotomas

Many patients with GA have difficulty reading because of an inability to see a full enough
central field. Even in the presence of good visual acuity, scotomas near the fovea and in-
volving the foveal center compromise visual performance. Patients may complain that they
can read small newsprint but not larger news headlines. On clinical examination, it may be
apparent that the foveal center remains intact but with only a tiny preserved foveal island,
which cannot accommodate the larger headline letters. For this reason, it is important to
take into account that such patients may be able to read smaller letters on an eye chart even
if they are unable to read the 20/400 letter (5).

The impact that GA has on a patient’s lifestyle is not limited solely to the ability to
read. Patients with GA may also describe having great difficulty recognizing faces stem-
ming from their inability to assimilate all the features simultaneously (51). Some find them-
selves assuming a more reclusive lifestyle after having repeatedly encountered friends and
family that they fail to recognize and to greet. Moreover, the same small central islands of
preserved retina that impair visual function in the first place also complicate low-vision
treatment in these patients. By magnifying the object of interest, these low-vision devices
can result in even fewer characters or features being seen by the patient within the
spared area.

Conventional visual field measurement is unreliable when an eye lacks steady, cen-
tral fixation, and can result in plotting scotomas in the wrong location and of the wrong size
(1). The scanning laser ophthalmoscope (SLO) provides direct and real-time viewing of
stimuli on the retina and permits the precise correlation of visual function with retinal
location. SLO macular perimetry has demonstrated that areas of GA are indeed associated
with dense scotomas with surrounding retinal sensitivity that may be near normal (1). The
fixation behaviors adopted by patients and observed during SLO evaluation may explain
the inherent variation in visual acuity in eyes with central scotomas from GA.

In order for a patient with scotomas that involve the foveal center to realize his visual
potential, he has to place the object of regard on functioning retina by adopting an ex-
trafoveal location for fixation, referred to as a preferred retinal locus (PRL). Sunness et al.
found that in a study of eyes with central GA and visual acuities ranging from 20/80 to
20/200, all patients who were able to adopt an extrafoveal location for fixation placed their
PRL immediately adjacent to the area of atrophy. Most patients fixated with the scotomas
to their right or above fixation invisual field space (38). In another study of GA patients by
Sunness et al., patients reported improvement in the acuity of their worse-seeing eye when
their better-seeing eye worsened somewhat. At baseline, it was noted that these patients had
not developed eccentric PRLs in the worse-seeing eye so that they placed the object of
regard into their scotoma where it could not be seen. Over 3 years of follow-up, these
patients, with visual acuities ranging from 20/80 to 20/500, did demonstrate a spontaneous
mean improvement of 3.2 lines in visual acuity in the worse-seeing eye. This improvement
in the worse-seeing eye was concomitant with the deterioration of vision in the previously
better-seeing eye. At follow-up with SLO macular perimetry, the patients were observed to
have adopted eccentric PRLs, which appeared to account for the improvement in the vision
of the previously worse-seeing eye (52).
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Awareness of the presence and location of scotomas can aid in the effective utiliza-
tion of the remaining functional retina, lessening the searching eye movements some pa-
tients make when they have no strategy for moving the object of regard away from the sco-
tomas. For example, having the patient fixate superior to the area of atrophy on the retina,
that is, placing the scotoma above fixation, is a good strategy because it moves the blind
spot out of the most important part of the visual field. Similarly, fixating with the scotoma
to the right, that is to the left of the atrophy in a fundus photograph, allows the patient to
anchor himself at the beginning of a line while reading (38,53).

With the aid of a fundus photograph, a physician can help facilitate the patient’s de-
velopment of a PRL. A fundus photograph has the same left-to-right orientation as visual
field space since it was already reversed by being viewed from the photographer’s per-
spective. Therefore, an area of atrophy to the left of the fovea, or of fixation, corresponds
with a scotoma to the left of fixation. The fundus photograph is inverted in superior-infe-
rior orientation relative to visual field space, such that a patient fixating above an area of
atrophy in a fundus photograph has the scotoma above fixation in visual field space. If the
fundus photograph indicates the likely location of fixation relative to the scotoma, the
physician can then instruct the patient to look toward the scotoma in visual field space. This
will have the effect of moving the scotoma farther out of the way. For example, if there is
a scotoma to the right of fixation, as when a patient neglects the last letters on each line of
an eye chart, having the patient look farther to the right should allow the object of regard
to come into view.

B. Difficulties in Dimly Lit Environments

Regardless of their level of visual acuity, most patients with GA have difficulties with read-
ing and with performing other visually related tasks in dimly lit environments. A review of
Sunness’ questionnaire response found that at least two-thirds of their patients with GA and
good enough visual acuity to drive during the day had stopped driving at night (51).

Visual function testing objectively confirms the presence of reduced function in dim
illumination in eyes with GA, as demonstrated by Sunness et al. in a study of eyes with GA
and visual acuity better than 20/50. When a control group of elderly patients with ocular
findings limited to only drusen or pigmentary alteration, without advanced AMD, had a
1.5-log unit neutral density filter placed over the study eye, the median worsening in acu-
ity was 2.2 lines on the ETDRS acuity chart. No eye worsened more than 5 lines (5). For
the study group, there was a median worsening in acuity of 4.6 lines on the ETDRS acuity
chart when a 1.5-log unit neutral density filter was placed over the study eye (5). When
foveal dark-adapted sensitivity was measured by gauging the patient’s ability to see a small
red target light in the dark after dark adaptation, eyes with GA and good visual acuity had
a median sensitivity that was 1.2 log units lower than the sensitivity of the control group of
elderly eyes with only early changes from AMD (5).

There is less worsening of visual acuity in dim illumination for eyes that have lost
foveal fixation, suggesting that dark-adapted changes may be a sensitive marker for foveal
changes even before clinically apparent atrophy of the fovea develops from encroachment
of surrounding GA (5). These changes in dark-adapted function may also help to predict
which patients with high-risk drusen and pigmentary alteration are more likely to eventu-
ally develop GA. In a small prospective study of eyes with drusen, Sunness et al. found that
the eyes with the most reduced foveal dark-adapted sensitivity were those most likely to de-
velop advanced AMD, including GA (43). Steinmetz et al. observed similar outcomes.
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Eyes with drusen that had associated delayed choroidal filling and dark-adaptation
abnormalities were more likely to develop GA with time (41,42).

To maximize the remaining retinal function in these patients, low-vision manage-
ment of these patients should include an evaluation of lighting needs and appropriate rec-
ommendation for the necessary degree of lighting for reading and other tasks. For example,
a GA patient may gain an increased sense of independence with the use of a small, hand-
held penlight to use in a dimly lit restaurant to read a menu. Sloan demonstrated, in a study
of visual acuity as a function of chart luminance, that normal eyes reach a plateau and then
do not improve further in visual acuity beyond a certain threshold luminance. Though GA
was not specifically assessed, she found that eyes with AMD in general continued to
improve in acuity with increased luminance for the values tested (54). Eyes with GA and
some preservation of central vision likely follow a similar pattern.

C. Other Visual Function Abnormalities

Several other abnormalities in visual function may occur in eyes affected with GA. Con-
trast sensitivity has been found to be reduced in eyes with GA and visual acuity better than
20/50 compared to eyes of elderly patients with only drusen and pigmentary alteration.
Specifically, contrast sensitivity is reduced at low spatial frequencies, and is even more
markedly reduced at higher spatial frequencies (5) Despite the presence of good acuity
from preserved foveal islands in eyes affected with GA, the reading rate may be dramati-
cally decreased secondary to paracentral scotomas. In Sunness et al.’s study of visual func-
tion in eyes with GA and visual acuity better than 20/50, 50% of eyes had maximum
reading rates less than 100 words per minute (wpm) while 17% had maximum reading rates
less than 50 wpm. In a comparison group of eyes with only the earliest manifestations of
AMD, the median maximum reading rate was found to be 130 wpm, no eye having a
maximum reading rate less than 100 wpm (5). For this reason, visual acuity alone is an
inadequate measure of a patient’s ability to read.

Patients with small, functional foveal islands may have to find an acceptable com-
promise between using their central fixation and their eccentric PRL to optimize their vi-
sual capacity. While the small foveal region has good acuity, it by definition has a limited
visual field extent. Moreover, before the foveal center is frankly atrophic, it may still be af-
fected by reduced retinal sensitivity, reduced contrast sensitivity, and a substantial wors-
ening of function in dim illumination. An eccentric, preferred, retinal locus for fixation po-
sitioned outside the area of GA will inherently have a lower visual acuity but may be able
to offer a larger area of functional retina less affected by dim illumination and reduced
contrast sensitivity. Patients may therefore find themselves switching back and forth
from foveal to eccentric fixation depending upon the visual tasks at hand, illumination
conditions, and other factors (5,13,55,56).

The combination of variables that can ultimately affect a GA patient’s ability to per-
form visually related tasks can make it difficult to prescribe low-vision magnification de-
vices that can make the object of regard too large to be accommodated by the intact central
region. Evaluation of low-vision requirements should always keep these variables in mind.
Good illumination is essential in almost all visually related tasks.

The Motor Vehicle Administration, along with a number of researchers, is currently
attempting to develop better ways to evaluate the driving ability of patients with GA and
compromised visual function. Patients with GA and good acuity are often able to pass the
visual acuity test required for their driver’s license renewal and continue to drive. Those
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with more reduced acuity may still be able to secure restricted licenses. Most patients with
GA tend to limit their driving only to areas that they are intimately familiar with and dur-
ing daylight hours. One study of AMD patients that assessed their driving ability with a
simulated video-type driving test found that performance was poor compared to age-
matched controls without evidence of macular degeneration. However, it was observed that
these patients had very few accidents as they tended to limit their driving (57). Specialized
driver-training programs for low-vision patients are becoming increasingly available in an
attempt to assess the ability of patients with GA to drive and to aid them in improving their
driving ability.

IX. CONDITIONS RESEMBLING GEOGRAPHIC ATROPHY

There are other conditions of the eye that in one stage or other of their progression can re-
semble GA. Some of these are other manifestations of AMD and simply exist on a
different part of the continuum from GA. Other conditions would be classified as retinal or
macular degenerations that are not age-related.

CNV that has spontaneously involuted can leave an atrophic scar that resembles GA
(58,59). Some scars may have small fibrotic areas that are remnants of previous CNV.
Other scars appear identical to GA. In such cases, fluorescein angiography may aid
in distinguishing CNV from GA.

Old laser photocoagulation scars may also resemble GA. The history, however,
should distinguish the two. Again, fluorescein angiography should demonstrate areas
of hypofluorescence that correspond to the laser scars. Areas of GA generally show
hyperfluorescence on angiography.

An RPE tear may clinically resemble GA. On fluorescein angiography, however, the
straight-line border of hyperfluorescence should be characteristic of a rip. It is unclear
whether RPE tears develop atrophy in adjacent areas with time (60).

Eyes with pattern dystrophy and vitelliform changes may develop atrophic changes
that progress in a fashion similar to AMD-related GA. These patients may have areas
of macular GA, and some may be accompanied by pigmentary alterations characteristic
of these conditions, and occasionally by reduced electrooculograms. However, other
cases may be difficult to distinguish from age-related GA. The atrophy spreads in a
parafoveal pattern with early foveal sparing, often resulting in a similar degree of visual
compromise (61).

Central areolar choroidal dystrophy is another degenerative, retinal condition that
spares the fovea early in the course of disease. This hereditary condition is generally auto-
somal dominant and causes areas of atrophy in the macular region to develop since early
adulthood. Unlike age-related GA, these lesions tend to have early atrophy of the choroidal
circulation and choriocapillaris so that involved areas on fluorescein angiography appear
hypofluorescent (62).

Disorders that cause central, atrophic lesions and bull’s-eye maculopathies may also
mimic age-related GA. Stargardt’s disease, cone dystrophy, North Carolina macular dys-
trophy, benign concentric annular macular dystrophy, and chloroquine and other toxic mac-
ulopathies may all have manifestations similar to GA from AMD. The history, including
age of onset of symptoms and prior medication use, may be helpful in differentiating
some of these disorders from GA. Associated clinical findings, such as sensitivity to light
and significant electroretinographic or color vision abnormalities in cone dystrophy, or
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diskiform flecks and an angiographically dark choroid in Stargardt’s disease, may also
facilitate differentiating the GA that results from these other entities from age-related GA.

X. POTENTIAL TREATMENT FOR GEOGRAPHIC ATROPHY

Because GA can be clinically visualized in many patients before the development of mod-
erate or severe vision loss, unlike CNV, there is greater potential for medical intervention
to preserve visual function. However, there is currently no definitive treatment to prevent
GA or even to slow its progression once clinically detected.

The notion of treating AMD with nutritional supplements, including vitamins and
minerals, has been entertained for some time, despite any definite evidence that such treat-
ment would be beneficial. The National Institutes of Health are currently funding the Age-
Related Eye Disease Study to investigate whether vitamins or minerals have the potential
to retard the development of AMD. Two treatment trials specifically geared toward GA be-
gan in early 2001. The Glutathione Augmentation in Age-Related Macular Degeneration
(GAARD) study, a multicenter, double-blind, clinical study sponsored by ThyoGen Phar-
maceutical Corporation, is investigating the efficacy of glutathione in slowing the rate of
acuity loss and GA enlargement. A second pilot study at Wilmer is looking at whether a
Chinese berry, which is a good source of zeaxanthin, can slow the progression of GA.

Pilot studies are currently being conducted to test the hypothesis that healthy fetal
retinal pigment epithelium can directly rescue remaining, viable RPE and choriocapillaris,
and therefore indirectly salvage the photoreceptors, in patients with GA. The transplanted
RPE is thought to produce a humorally related trophic factor that is necessary for RPE sur-
vival and to inhibit or slow the progression of GA. However, attempts at transplantation, as
reported for example in one case by Weisz et al., have been complicated by rejection of the
transplanted cells (63).

Currently, patients with GA and visual compromise can be offered rehabilitation in
terms of low-vision intervention and new strategies for maximizing their utilization of
remaining, healthy retina through the development of preferred retinal loci (PRLs).
More cases of GA will continue to be seen in ensuing years as its prevalence grows in
an aging population. It is hoped that as more is learned about GA in the future, we can
offer more to the patient with respect to the management and eventually prevention of
this form of AMD.

XI. SUMMARY

The prevalence of GA increases with age, being half as common as CNV at age 75, and
more common than CNV in older age groups. GA continues to enlarge over time with a me-
dian rate of enlargement over a 2-year period of 1.8 MPS disk areas. Scotomas from GA,
the advanced form of nonneovascular AMD, involve the parafoveal and perifoveal retina
early in the course of the disease, sparing the foveal center until late in the course of the dis-
ease. These parafoveal and perifoveal scotomas compromise the ability to read and to rec-
ognize faces, often despite the retention of good visual acuity, accounting for a large per-
centage of moderate visual loss in those affected. Hemorrhage may occur in eyes with GA
in the absence of CNV. Small areas of CNV that can be associated with hemorrhage may
be transient, becoming clinically inapparent, or appearing as increased atrophy, a few
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months later. There is a higher incidence of CNV in eyes with GA at baseline that have
fellow eyes with CNV. GA is bilateral in more than half of the people with this condition.
The size and rate of progression of atrophy are highly correlated between the two eyes of
patients with bilateral GA, but the acuities may differ due to central sparing.

Among eyes with GA with visual acuity better than 20/50, there is a 40% rate of
three-line visual loss at 2 years. Maximum reading rate can be significantly affected by en-
croachment of GA on the fovea, even while there may still be little change in visual acuity.
Eyes with GA have marked loss of vision in dim environments and benefit greatly from
increased lighting. The development of a preferred retinal locus (PRL) can aid in the
effective utilization of the remaining functional retina.
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Exudative Age-Related Macular 
Degeneration

Jennifer I. Lim
Doheny Eye Institute, University of Southern California Keck School of Medicine, 
Los Angeles, California

I. INTRODUCTION

Exudative age-related macular degeneration was first described and illustrated in the
literature in 1875 by Pagenstecher and Genth (1). They termed the condition chorioidiore-
tinitis in regione maculae luteae. Oeller in 1905 first used the name “diskiform” degeneration
(degeneratio maculae luteae disciformis) (2). Later, Junius and Kuhnt in 1926 further
elaborated on this condition and established it as a disease (3). Holloway and Verhoeff in
1928 described eight eyes with disk-like degeneration of the retina (4), histopathology in
some of these eyes was performed and showed choroidal neovascularization (CNV). In 1937,
Verhoeff and Grossman also demonstrated and emphasized that blood vessels had erupted
through Bruch’s membrane in their cases of macular degeneration (5). In 1951 Ashton and
Sorsby demonstrated in clinicopathological correlations that CNV with breaks in Bruch’s
membrane resulted in subretinal fluid (6). It was not until 1967 that Gass implicated CNV as
having a primary role in senile diskiform macular degeneration (7,8). In 1971, Blair and
Aaberg showed the clinical and fluorescein angiographic characteristics of CNV in senile
macular degeneration (9). In 1976, Small et al. published a clinicopathological correlation of
the evolution of CNV with a serous pigment epithelial detachment (PED) to a diskiform scar
(10). In 1977, Green and Key (11) studied the histopathological features of 176 eyes from 115
patients with age-related macular degeneration (AMD). They correlated the presence of
drusen with CNV. Their results supported the view that drusen predispose to development of
exudative AMD.

Since the earliest description of AMD, numerous refinements in the categorization
of the types of AMD have developed. In fact, even the name AMD is relatively recent in his-
tory. Prior to 1990, the term “senile macular degeneration” had been in common usage. The
two main types of AMD are nonexudative AMD and exudative AMD, referred to
colloquially as dry AMD and wet AMD, respectively. Nonexudative AMD is typically
associated with less severe visual disturbances than exudative AMD. Nonexudative AMD in-
cludes the broad spectrum of drusen with no visual disturbance to geographic atrophy, with
severe visual loss. In contrast, eyes with exudative AMD typically have some visual distur-
bance.



The nomenclature of exudative AMD was developed through the concerted efforts of
the Macular Photocoagulation Group members and other investigators. The exudative or
neovascular form of AMD has the most serious prognosis in terms of visual acuity out-
comes. Exudative AMD includes eyes with pigment epithelial detachment (serous and hem-
orrhagic) and those with the presence of abnormal vessels in the subretinal or subretinal pig-
ment epithelial space (sub- RPE). These abnormal vessels are known as CNV. This chapter
will focus upon exudative AMD. An overview of the risk factors associated with develop-
ment of exudative AMD, fundus characteristics in exudative AMD, fluorescein and indo-
cyanine green (ICG) findings, and treatment options for the various types of exudative
AMD will be presented.

Exudative AMD, although the less common form of AMD, is the leading cause of
new blindness in the older-age population in the United States, accounting for 16% of all
new cases of blindness over the age of 65 years. Indeed, the majority of patients with
severe visual loss have CNV (12). In fact, 79% of eyes legally blind in the Framingham
Study and 90% of legally blind eyes in a large case-control study had neovascular AMD
(13,14). With the aging of the U.S. population, AMD is reaching epidemic proportions. In
the United States alone, there are 50,000 new cases of CNV due to AMD each year.

II. RISK FACTORS

Numerous candidate risk factors are associated with the development of CNV in AMD.
These risk factors are discussed in great depth within this book in another chapter. Of
the nonocular risk factors, it appears that the strongest epidemiological associations
are age, race, and smoking. There are also ocular risk factors with strong associations for
development of CNV as discussed below.

Increased age is associated with increasing risk of neovascular AMD. Patients with
exudative AMD have a mean age of 70.5 years versus 56.8 years for non-exudative AMD
(15). Gender is not consistently associated with neovascular AMD.

Racial differences in the prevalence of exudative AMD (and also early AMD) exist.
Gregor and Joffe (16) reported that diskiform AMD was found in 3.5% of the white patients
compared to 0.1% of the black South African patients (p < 0.001). The Baltimore Eye
Survey found a prevalence ratio of white:black of 8.8 for neovascular AMD (17). The
Barbados Eye Study found neovascular AMD in 0.6%, which is comparable to that found
in the Maryland Waterman Study but lower than the 1.2% in the Beaver Dam Eye Study
(18). In NHANES-III, the odds ratio for late AMD was 0.34 for non-Hispanic blacks
compared to non-Hispanic whites and 0.25 for Mexican-Americans compared to non-
Hispanic whites (19). Thus, the prevalence is higher in Caucasians.

Family history is a risk factor for the development of AMD, including the exudative
form. The Blue Mountain Eye Study showed an odds ratio of 4.30 for neovascular AMD in
patients with a family history (20). Klaver and colleagues noted a lifetime risk estimate of
late AMD to be 50% for relatives of patients versus 12% for relatives of controls (21).

Smoking is correlated with exudative AMD in most studies, although it was not
linked to AMD in the Framingham Study (13) and the NHANES-III Study (22). The
Beaver Dam Eye Study (23) linked smoking to exudative AMD with a relative risk of 3.29
for current smokers and a relative risk of 2.50 for former smokers compared to those who
had never smoked. In the Blue Mountain Eye Study (24), the odds ratio for exudative AMD
was 4.46 when comparing current smokers to those who never smoked and 1.83 when com-
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paring former smokers to those who never smoked. The POLA study showed an increas-
ing odds ratio for exudative AMD when examining the number of pack-years smoked. This
higher risk of exudative AMD remained even until 20 years after cessation of smoking.

The association between sunlight exposure and late AMD is not clear at this time. The
Chesapeake Bay Waterman Study found an association between late AMD and sunlight
(25) as did the Beaver Dam Eye Study (26). Yet, the EDCCS (27) and the Australian case-
control study on sun exposure and AMD (28) did not show this same association. Since the
use of sunglasses (ultraviolet blocking) is relatively inexpensive and also protective against
cataract formation, it is reasonable to recommend sunglass protection for older patients.

There have been reports of progression of early to late AMD following cataract
surgery. The Beaver Dam Eye Study showed an odds ratio of 2.80 for progression of AMD
to late AMD after cataract surgery (and after controlling for age) (29). Pollack and col-
leagues also noted that progression to exudative AMD occurred in 19.1% of eyes operated
on for cataracts versus 4.3% of the fellow eye (30, 31).

The risk of CNV developing in patients has been linked to the presence of several
fundus characteristics, among which are the presence of soft drusen. Lanchoney and 
associates calculated the risk of CNV developing in patients with bilateral soft drusen to
range from 8.6% to 15.9% within 10 years, depending upon the age and sex of the patient
(32). These projections were based upon natural history studies of Smiddy and Fine (15)
and Holz et al. (33).

The MPS group has determined the ocular risk factors for development of CNV in
the fellow eye (when the opposite eye already has CNV) to include the presence of (5) or
more drusen, focal hyperpigmentation, one or more large drusen (>63 microns), and sys-
temic hypertension (34). The 5-year incidence rate for development of CNV ranged from
7% if none of these risk factors was present to 87% if all four risk factors were present. This
was based upon follow-up of patients with juxtafoveal CNV.

The role of antioxidants and vitamins in the prevention of AMD is being actively 
researched in multicenter clinical trials. The role of nutritional supplementation with zinc,
beta-carotene, and vitamin E and vitamin C was studied in the AREDS study.
The Physicians’ Health Study II is also evaluating the role of vitamin E, vitamin C, beta-
carotene, and a daily multivitamin. The Vitamin E, Cataract and Age-Related Macular 
Degeneration Trial (VECAT) and the Women’s Health Study (WHS) are two other
randomized trials assessing the risk and benefits of antioxidant vitamins for AMD. The role
of zinc and vitamins A, C, E supplementation for prevention of exudative AMD has been
shown to be beneficial in the AREDS study.

Until the risk factors and genetics are determined, prevention of exudative AMD
remains an enigma. It is a difficult area for counseling patients. At this time; modifiable
risk factors (such as smoking, hypertension) should be addressed. Whether prophylactic
therapy such as laser to drusen is determined to be of benefit for prevention of CNV
remains to be determined. Future application of genetic therapy and targeted antiangiogen-
esis treatments will most likely play a role in the prevention of exudative AMD and
attendant visual acuity loss.

III. CLINICAL FEATURES OF EXUDATIVE AMD

Patients with exudative AMD may present with complaints of sudden onset of diminished
vision, metamorphopsia, central scotoma, or paracentral sootoma (35). Others may present
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with loss of vision in their previously “good eye” and may not have even recognized any
visual symptoms in the fellow eye with a scar (36). Yet others may present with no ocular
symptoms and be noted to have ophthalmoscopic evidence of CNV in the second eye
despite a prior CNV in the fellow eye (37). Thus, patients who have risk factors for CNV
should be periodically examined for development of CNV and should be encouraged to
monitor their vision daily, such as by the use of an Amsler grid.

Other patients with cataracts may attribute their visual blurring to the cataract and the
treating ophthalmologist may not detect the underlying PED or CNV. These patients may
undergo cataract extraction and complain of persistent poor vision postoperatively. Post-
operatively, the macular lesion can now be detected. A careful preoperative examination
for exudative AMD or advanced nonexudative AMD is therefore of utmost importance in
patients with known AMD. Fluorescein angiography preoperatively may help detect CNV.
Alternatively, if the cataract totally obscures the view of the fundus, an ultrasound may be
useful in detecting macular fluid or subretinal scar formation (38).

A useful test for detecting the early visual symptoms in patients with AMD is the
Amsler grid (39). Each box on the grid represents one degree of visual field. Thus, it tests
the central 10 degrees straddling fixation. The patient should look at the Amsler grid daily.
The patient may note that the Amsler grid is distorted, missing areas, or has black spots. If
these findings are present, the patient should be instructed to see an ophthalmologist im-
mediately for an examination for exudative AMD. A newly developed, computer-
automated, three-dimensional threshold Amsler grid visual field test is currently being
tested and may also show promise in the earlier detection of exudative AMD (personal
communication, Alfredo A. Sadun, M.D., Ph.D., and Wolfgang Fink, Ph.D., Los Angeles).

Another useful test is to have the patient look at the thin slit lamp beam during biomi-
croscopy. The patient is asked if the beam is distorted. Frequently elevation of the RPE or
retina (due to underlying CNV) causes distortion of the beam.

The major clinical features of active exudative AMD include subretinal fluid, sub-
retinal hemorrhage, sub-RPE fluid, sub-RPE hemorrhage, RPE pigment alterations, and
hard exudates. These features may appear clinically as any one or any combination of the
following: a serous or a hemorrhagic PED, grayish subretinal membrane (Fig. 1, Fig. 2)
area of RPE alteration (Fig. 3), subretinal hemorrhage (Fig. 4), or hard exudates (Fig. 3).
The late manifestation of exudative AMD is a diskiform scar (Fig. 5) or geographic
atrophy (Fig. 6), with or without subretinal fluid or subretinal blood.

It is best to examine a patient with suspected CNV and AMD using the best
stereo- imaging possible. A fundus contact or non-contact lens in conjunction with slit lamp
biomicroscopy should be utilized for the examination. For those less comfortable with the
noncontact fundus macular lenses, a fundus contact lens is easiest to use. The fundus
contact lens or the 78-diopter lens offers more magnification than the 90-diopter lens.

Using biomicroscopy with a macular lens, the separation of the retina from the
underlying RPE, due to underlying subretinal fluid, can be seen. The overlying retina may
have cystic changes and may show cystoid macular edema. Sub-RPE fluid appears as a
PED and typically has more sharply demarcated borders in comparison to subretinal fluid
(Fig. 7). Often, a combination of sub-RPE and subretinal fluid is associated with the CNV
(Fig. 8). The CNV itself may be visible as an area of discoloration (Fig. 9). Other times,
overlying subretinal blood or lipid may be the only clinical clue to the presence of an acute
CNV. The definitive test for the presence of CNV has been fluorescein angiography. This
is further discussed below.
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Figure 1 Subfoveal gray pigmented CNV. Soft large drusen surround CNV. See also color insert,
Fig. 6.1.

Figure 2 (A) Upper left: Color photo of the left eye shows an atrophic extrafoveal laser scar
surrounded by a grayish subretinal lesion. There is overlying subretinal fluid. (B) Upper right:
Fluorescein angiogram shows early lacy hyperfluorescence in the subfoveal area surrounding the
laser scar. Note the ring of blocked fluorescence around the lacy CNV. There is some extrafoveal
occult CNV beyond the blocked fluorescence. (C) Lower left: Occult CNV is present and surrounds
the blocked fluorescence around the classic CNV. (D) Lower right: The occult and the classic
components show late leakage. See also color insert, Fig. 6.2.
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Figure 3 Ring of hard exudates surround an area of turbid fluid with a few spots of intraretinal
hemorrhage overlying the central lesion. See also color insert, Fig. 6.3.

Figure 4 (A) Right eye shows subretinal blood (red) and sub-RPE blood (gray-green) is seen
adjacent to an area of geographic atrophy. There is another area of subretinal blood temporal to the
macula. There is overlying subretinal fluid. Visual acuity is 6/200. (B) Left eye showing more
advanced geographic atrophy is found in the subfoveal area; visual acuity is 20/200. See also color
insert, Fig. 6.4.
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Figure 5 Color photo shows subretinal fibrosis. Note the sharp margins and the whitish color of
the scar. See also color insert, Fig. 6.5.

Figure 6 Early geographic atrophy. Note the orange color of the atrophic lesion and the visibility
of the deep choroidal blood vessels within the area. There are no drusen in the atrophic area but soft
drusen in the area adjacent to the lesion. See also color insert, Fig. 6.6.
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Figure 7 Upper left: Red-free photograph shows the PED as a well-demarcated area adjacent to
subretinal blood. Upper right: The PED is hypofluorescent. Lower left and right: There is a
hyperfluorescent area adjacent to the blood’s location which shows late leakage.

Figure 8 (A) Left stereo pair. (B) Right stereo pair. Stereoscopic photographs show a pigment
epithelial detachment with overlying subretinal fluid and spots of subretinal blood. Visual acuity was
20/300. Three weeks later, the amount of subretinal blood increased and the CNV was more clearly
seen as a greenish lesion in the subfoveal area. See also color insert, Fig. 6.8.
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Spontaneous involution of the CNV may be manifest as any of the above findings
with RPE alterations and/or scar formation.

A. Pigment Epithelial Detachment

The borders of a PED are sharply demarcated. Clinically, hemorrhage or hard exudate
may or may not be present depending upon the presence or absence of CNV. A fluorescein an-
giogram (FA) or ICG angiogram is clinically useful to detect the presence of associated CNV.
A serous PED shows early hyperfluorescence. The dye pools in the PED on the late phase. The
borders remain sharp and the area does not increase in size. On ICG angiography, the PED is
hypofluorescent (Fig. 7). Whereas a serous PED will show uniform filling of the PED, a vas-
cularized PED shows irregular filling, notching of the PED, or irregular margins on the FA.

A PED with occult CNV will frequently show associated subretinal fluid, hard
exudate, or subretinal blood (Fig. 10). The fluorescein angiogram will demonstrate irregu-
lar filling of the PED. The borders may be blurred in the area of the CNV. Leakage on the
late frames of the FA is noted. ICG angiography has been shown to be helpful in this
regard. ICG can identify areas of CNV associated with the PED. Laser treatment to the hot
spots can sometimes cause resolution of the PED and associated subretinal fluid, blood, and
lipid (Figs. 10,11) (40–42).
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Figure 9 (A) Color fundus photo shows subretinal blood and a subretinal pigmented lesion. (B)
Fluorescein angiogram reveals the subfoveal classic CNV. Note the hyperfluorescent border and the
central vessels within the membrane. (C) Increasing hyperfluorescence of the CNV. (D) Late
leakage of the CNV. See also color insert, Fig. 6.9A.
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CNV has been associated with 28–58% of PEDs (43). A study by Elman and
colleagues showed that 32% of serous PEDs develop CNV at a mean of 19.6 months (44).
Risk factors associated with CNV in these eyes included patient age greater than 65 years,
associated sensory retinal detachments, and fluorescein findings of hot spots, notches, and
late or irregular filling of the PED. The association of CNV with PED increases the chance
for visual acuity loss (43,44). In fact, 76% of eyes with macular PEDs and 20/200 or worse
visual acuity harbored CNV (44).

In a natural history study by Poliner and associates, the risk of developing CNV was
26% at 1 year, 42% at 2 year, and 49% at 3 years in eyes with PEDs followed up for 12 or
more months (45). The risk of 20/200 or worse visual acuity increased from 17% at 1 year
to 33% at 2 years and 39% at 3 years; 78% of eyes that developed CNV were 20/200 or
worse versus only one of 28 eyes (3%) that did not have CNV.

Even with spontaneous flattening of PEDs, the visual acuity outcome is poor
(46,47).
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Figure 10 The indocyanine green angiogram was used in treating the presumed area of choroidal
neovascularization associated with the pigment epithelial detachment (PED). (Top left) A red-free
photograph shows the PED (white arrows) and associated areas of hemorrhage (Heme) and
subretinal fluid (SRF). (Top right) A frame from the indocyanine green angiogram shows a well-
demarcated area of hyperfluorescence (black arrow) within the PED. (Bottom left) A late-frame
indocyanine green photograph shows a juxtafoveal area of leakage (hyperfluorescence; white
arrow). (Bottom right) Post-treatment red-free photograph shows the immediate postlaser
appearance (white arrow) of the area of leakage. Reprinted by permission from Lim JI, Aaberg TM
Sr, Capone A, Jr, Sternberg P Jr. Indocyanine green angiography-guided photocoagulation of
choroidal neovascularization associated with retinal pigment epithelial detachment. Am J
Ophthalmol 1997;123:524–32 (Fig. 4).
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Figure 11 The indocyanine green angiogram was repeated on follow-up visits to search for
hyperfluorescent leakage or areas of resolved hyperfluorescence after laser photocoagulation. (Top
left) A red-free photograph taken 3 weeks after laser photocoagulation. The hemorrhage is less
compared with the previous photograph (Fig. 10). (Top right) An indocyanine green image showing
the hypofluorescence (black arrow) of the laser scar. (Bottom left) Absence of leakage (hypofluor-
escence identified by the black arrow). (Bottom right) Hypofluorescence (black arrow) on a late
angiographic frame. Reprinted by permission from Lim JI, Aaberg Tm Sr, Capone A, Jr, Sternberg
P Jr. Indocyanine green angiography-guided photocoagulation of choroidal neovascularization
associated with retinal pigment epithelial detachment. Am J Ophthalmol 1997;123:524–32 (Fig. 5). 

B. Choroidal Neovascularization

The most severe form of exudative AMD remains CNV. The MPS group has defined the
various forms and components of CNV (48). The entire complex of components termed a
CNV lesion includes the CNV itself, blood, elevated blocked fluorescence due to pigment
or scar that obscures the neovascular borders, and any serous detachment of the RPE.

The classic clinical description of a choroidal neovascular membrane is that of a dirty
gray, colored membrane (Fig. 12). There is associated subretinal fluid and there may
or may not be subretinal blood and lipid. Sometimes the outlines of the CNV are clearly
visible with the subretinal vessels readily seen (Fig. 9). Other times, the CNV is manifest
only by a neurosensory detachment or even subretinal blood. The fluorescein angiogram is
a key test in the evaluation of patients with CNV.

On fluorescein angiography, a well-demarcated area of choroidal hyperfluorescence
is seen early (Fig. 9, Fig. 2). The MPS group characterized classic CNV as only occasion-
ally showing a lacy pattern of hyperfluorescence in the early fluorescein phases. In the later



frames of the angiogram, the boundaries of the CNV are obscured by progressive pooling
of dye in the subneurosensory space (Fig. 9).

Occult CNV is classified as either a fibrovascular PED (FVPED) (Fig. 13) or late
leakage of undetermined source (LLUS) (Fig. 14). These types of occult CNVs are differ-
entiated on the basis of the fluorescein angiogram. A stereoscopic FA is very helpful in rec-
ognizing occult CNV. FVPEDs show early hyperfluorescence with irregular elevation of
the RPE. These areas are not as bright or discrete as the classic CNV seen on the transit
phases. Within 1–2 min, an  area of stippled hyperfluorescence is present. By 10 min there
is persistent fluorescein staining or leakage within the subneurosensory detachment. The
borders of the occult CNV may be either well demarcated or poorly demarcated (48). Late
leakage is present, although it is not as intense as that seen in classic CNV (48).

LLUS in contrast does not show early hyperfluorescence. LLUS appears as speckled
hyperfluorescence with pooling of dye in the overlying neurosensory space; choroidal leak-
age is apparent between 2 and 5 min after fluorescein injection. The boundaries of this type
of occult CNV are never well demarcated. In fact, the later frames show hyperfluorescent
leakage in an area that showed no hyperfluorescence on the early frames (48).

Finally, there is a slow-filling form of classic CNV in which hyperfluorescence is not
seen until 2 min. However, in this form of CNV, the late frames of leakage and pooling of
the dye in the subneurosensory space correspond with the area seen at 2 min.

Using ICG angiography, occult CNVs can be further classified into those with hot
spots, plaques, combination of these two types, retinal-choroidal anastomosis, and poly-
poidal-type CNV. Using ICG angiography, about one-third of eyes with occult CNV be-
come eligible for treatment (39). ICG angiography is also useful for evaluating eyes with
subretinal hemorrhage for the presence of CNV. Further details of the usefulness of ICG
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Figure 12 Pigmented CNV with some subretinal blood and surrounding large, soft, confluent
drusen. See also color insert, Fig. 6.12.



angiography and ICG-guided laser photocoagulation of CNV in AMD can be found in an-
other chapter.

CNV lesions are further characterized by their location in relation to the foveal cen-
ter. The location of the CNV is divided into extrafoveal, juxtafoveal, and subfoveal. These
definitions were created by the Macular Photocoagulation Group and are as follows:

Location of CNV Distance from foveal avascular zone center
Extrafoveal 200–2500 microns
Juxtafoveal 1–199 microns
Subfoveal 0 microns

C. Diskiform Scar

A diskiform scar shows an area of subretinal fibrosis or sub-RPE fibrosis. Dull, white
fibrous tissue is seen and may accompany the CNV lesion or replace it over time (Fig. 5).
Areas of RPE atrophy may or may not be present. Fluorescein angiography may show
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Figure 13 Fluorescein angiogram shows a
poorly defined area of choroidal neovasculari-
zation that was a fibrovascular pigment
epithelial detachment (top left). The cor-
responding indocyanine green angiogram shows
a well-demarcated subfoveal area of
hyperfluorescence (top right). The indocyanine
green angiogram after laser treatment shows
resolution of the area of leakage (bottom left).
Reprinted by permission from Lim JI, Sternberg
P, Capone A Jr, Aaberg TM Sr, Gilman JP.
Selective use of indocyanine green angiography
for occult choroidal neovascularization. Am J
Ophthalmol 1995;120:75–82 (Fig. 1).
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leakage associated with the scar if CNV is present. The fibrotic scar may otherwise show
only staining of the fibrotic tissue.

Patients with CNV typically present with symptoms of metamorphopsia, decreased
vision, uniocular diplopia, Amsler grid distortion, scotoma, or macropsia. The severity of
the symptoms varies depending upon the location of the CNV. Obviously lesions closer to
fixation will cause more noticeable symptoms in the patient’s visual field. Patients com-
plaining of such symptoms require prompt clinical evaluation and fluorescein angiography
to detect any CNV or PED and to characterize the CNV by type, location, and size. Treat-
able lesions should undergo laser photocoagulation within 72 h of the fluorescein
angiogram for extrafoveal and juxtafoveal CNV and 96 h of the fluorescein angiogram for
subfoveal CNV, or undergo photodynamic therapy (PDT) within 1 week if the lesion is
eligible for PDT.

D. Feeder Vessels

A feeder vessel is a choroidal vessel that connects the CNV to the underlying choroidal
vasculature thus supplying blood to the CNV membrane. Green and Enger have suggested
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Figure 14 Fluorescein angiogram shows an
area of late leakage of undetermined source
associated with retinal hemorrhage. The early
frames of the fluorescein angiogram show no
discrete area of leakage (top left) that
corresponds to the area of leakage seen in the
late frames of the fluorescein angiogram (top
right). In contrast, the indocyanine green
angiogram shows a single hyperfluorescent spot
of leakage (bottom left). Reprinted by
permission from Lim JI, Sternberg P, Capone A
Jr, Aaberg TM Sr, Gilman JP. Selective use of
indocyanine green angiography for occult
choroidal neovascularization. Am J Ophthalmol
1995;120:75–82 (Fig. 2).



that there are 2.3 feeder vessels crossing Bruch’s membrane per CNV membrane (49).
Feeder vessels are sometimes ophthalmoscopically visible within the CNV lesion. Recent
work has focused on applying laser photocoagulation to feeder vessels in an attempt to
close the CNV. Feeder vessels have been reported to be present in 15% of cases of CNV.
Shiraga and co-workers first reported identification and photocoagulation of feeder vessels
using ICG videoangiography via a scanning laser ophthalmoscope (50). In 70% of the
patients, resolution of the exudative findings was seen and visual acuity improved or
stabilized in 68% of patients. Later, Staurenghi and co-workers verified the superiority of
dynamic ICG angiography with an SLO system for identifying feeder vessels in subfoveal
CNV (51). Dynamic ICG can detect smaller feeder vessels and enables more targeted
treatment of these vessels with a 75% success rate.

Most recently, using high-speeed, high-resolution digital angiography, it is possible
to detect more feeder vessels in eyes with CNV. Details of this technique are found in
another chapter, which describes the combined ICG angiography/dye-enhanced photoco-
agulation system. Using this setup, it is possible to synchronize photocoagulation with the
arrival of the dye bolus at a targeted vessel site. 

E. Pathogenesis of CNV

The pathogenesis of CNV is not fully understood at this time. The primary stimulus for CNV
remains unknown. The angiogenesis factors involved in the neovascular response are pre-
sented in another chapter. Clues to the pathogenesis of CNV are available from surgically
excised membranes. The most consistent pathological finding is accumulation of abnormal
extracellular matrix (ECM) resulting in diffuse thickening of Bruch’s membrane (49). Fo-
cal areas of thickening from drusen and this diffuse thickening suggest altered metabolism
of the ECM. There is data to suggest that altered ECM of RPE cells causes increased
secretion of angiogenic growth factors that could contribute to the growth of CNV (52).

Iatrogenic breaks of Bruch’s membrane in animals have led to animal models of
CNV (53). Laser-induced CNV in primates has been used to investigate the mechanisms of
CNV production and the role of the RPE (54).

It is known that RPE cells produce vascular endothelial growth factor (VEGF) and
fibroblast growth factor 2 (FGF 2). Both are present in fibroblastic cells and in transdiffer-
entiated RPE cells of surgically excised CNV (55–57). Healthy photoreceptors are needed
to prevent the choriocapillaris from responding to excess VEGF (58).

Blockage of VEGF signaling has been shown to inhibit the development of CNV
in mice with laser-induced rupture of Bruch’s membrane (59,60). This information and
further research will aid in the development of antiangiogenesis drug treatment of CNV in
patients with AMD.

F. Idiopathic Polypoidal Choroidal Vasculopathy 
or Polypoidal Choroidal Vasculopathy

Idiopathic polypoidal choroidal vasculopathy (PCV) has recently been classified as a
form of CNV that may occur in elderly patients. A recent study by Yannuzzi and colleagues
determined the frequency and nature of PCV in patients suspected of harboring exudative
AMD (61). In their prospective study of 167 newly diagnosed patients with exudative
AMD, CNV due to AMD was diagnosed in 154 (92.2%) and PCV in 13 (7.8%). Nonwhite
race (23.1%), absence of drusen (16.7% had drusen), and peripapillary location were felt to
distinguish between PCV and AMD.
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IV. PROGNOSTIC IMPLICATIONS OF EXUDATIVE AMD

A. Natural History of Untreated CNV

The natural history of untreated CNV in the setting of AMD is well established in both
retrospective reviews and prospective randomized, controlled clinical trials. Untreated,
eyes with CNV will often lose visual acuity. The location (extrafoveal, juxtafoveal,
subfoveal) of the CNV is linked with the visual acuity prognosis.

B. Natural History of Extrafoveal CNV

The Macular Photocoagulation Study (MPS) gives us important natural history outcome
information for eyes with similar (MPS) baseline characteristics and types of CNV. In the
MPS untreated group, initial visual acuity was 20/100 or better and patients were symp-
tomatic from the CNV.

When untreated, 50% patients with extrafoveal CNV lesions had, by the time of the
first follow-up visit (3 months after enrollment for 98 eyes), already lost two or more lines
of visual acuity; 10% had suffered a loss of six or more lines of visual acuity (62). Thus,
eyes with classic extrafoveal CNV are at high risk for visual acuity loss without prompt
treatment. Patients remain in the treatable phase for only a short time after the onset of
symptoms (63).

At the conclusion (18 months after enrollment) of the extrafoveal study, in the
untreated (natural history) group, 80% of women and 67% of men lost two or more lines of
visual acuity from baseline, 43% of women and 47% of men lost 6 or more lines of visual
acuity from baseline (62). Thus, the natural course of extrafoveal CNV may be visually
devastating. Although photocoagulation is not a cure for the majority of eyes, the MPS
results as summarized below show that there is a statistically significant benefit to
photocoagulation versus observation.

C. Natural History of Juxtafoveal CNV

Thirteen percent of patents with juxtafoveal CNV in the natural history arm (249 eyes) of
the MPS lost six or more lines of visual acuity by 3 months after enrollment and 58% lost
six or more lines by 36 months. The juxtafoveal study included eyes with visual acuity
20/400 or better at entry (64). By 5 years 61% will suffer six or more lines of visual acuity
loss. Only 9.6% of eyes remained unchanged and 5.9% of eyes gained ≥2 lines of visual
acuity by 5 years (65).

D. Natural History of Subfoveal CNV

The MPS Subfoveal Study is the largest study of the natural history of eyes with subfoveal
CNV and initial visual acuity of 20/100 or better. This study found that a majority of eyes
will lose significant amounts of visual acuity over time if untreated. In fact, 77% of patients
lost four or more lines of visual acuity at 24 months and 64% lost six or more lines. The
smaller the lesion at baseline, the better the initial visual acuity (66).

In the MPS subfoveal trials, eyes with subfoveal CNV were enrolled if initial visual
acuity was between 20/40 and 20/320. The visual acuity outcomes were dependent upon
the baseline visual acuity and the lesion size. For all of the groups (A–D), visual acuity in
the natural history group continued to drop during follow-up.
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For lesions ≤ 1 disk area with visual acuity 20/125 or worse, lesion >1 or ≤2 disk
areas with visual acuity 20/200 or worse (Group A), 14% of untreated eyes lost six or more
lines of visual acuity at 3 months after enrollment. By 1 year 25% lost six or more lines of
visual acuity. By 4 years, 35% lost six or more lines of visual acuity. These were eyes with
small lesions and poor visual acuities.

For lesions ≤1 disk area with visual acuity 20/100 or better and for lesions >1 or ≤ 2
disk areas with visual acuity 20/160 or better (Group B), 11% of the natural history group
lost six or more lines of visual acuity at 3 months, 38%, at 6 months, 38% at 1 year, 52%
at 2 years and 3 years, and 55% at 4 years after enrollment. Thus these eyes with better ini-
tial acuity and smaller lesion size had more to lose over time.

For lesions >2 disk areas and initial visual acuity 20/200 or worse (Group C), 8% lost
six or more lines of visual acuity at 6 months, 15% at 1 year, 13% at 2 years, 16% at 3 years
and 25% at 4 years. Thus eyes with larger lesions and poorer initial acuity had less visual
acuity to lose over time.

For lesions >2 disk areas and initial visual acuity 20/160 or better (Group D), 13%
lost six or more lines of visual acuity by 3 months, 26% at 6 months, 31% at 1 year, 54%
at 2 years, 45% at 3 years, and 55% at 4 years. Eyes with larger lesions and better visual
acuity had more visual acuity to lose over time.

E. Macular Photocoagulation Study

The details of the MPS and the actual treatment techniques are discussed in another
chapter. The following is a brief summary of the MPS findings. Treatment recommendations
are summarized in Table 1. The MPS inclusion criteria were to enroll patients with classic
CNV. However, analysis of the data revealed that there were eyes that had classic CNV asso-
ciated with occult CNV that had been enrolled. The MPS treatment recommendations, how-
ever, should apply only to eyes with classic CNV. Freund et al. have shown that only about
13% of patients with CNV from AMD are eligible for treatment by the MPS criteria(67). Pa-
tients treated with laser need to be told about the permanent scotoma (location, size, effect on
central vision function such as reading) that results from laser treatment. Patients should also
be informed of the high risk of persistent CNV (CNV within 6 weeks of treatment) or recur-
rent CNV (CNV present after 6 weeks of treatment and initial closure).

1. Extrafoveal CNV
The original MPS report on the efficacy of laser photocoagulation for extrafoveal CNV in
the setting of AMD was published in 1982 (62). That study showed an overwhelmingly
positive effect of laser treatment for extrafoveal CNV (200–2500 microns from the foveal
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Table 1 Table of CNV and Proven Treatments

Type of CNV Location Proven treatments

Classic Extrafoveal Thermal laser
Classic Juxtafoveal Thermal laser
Classic Subfoveal PDT

Thermal laser
Classic and occult Subfoveal PDT if CNV is ≥ 50% classic
Occult Subfoveal PDT



center). Eligibility criteria included patient age of 50 years or more, best corrected visual
acuity at least 20/100, symptoms due to the CNV, no prior laser treatment, drusen, and no
other eye diseases that could affect visual acuity. Treatment was required to be given to the
entire CNV and all surrounding blocked fluorescence or blood. The treatment, performed
with 200-micron spots of 0.5-s duration argon blue-green laser, extended 100–125 microns
on all sides of the CNV beyond blood, pigment, or blocked fluorescence. The intention was
to treat any occult CNV in those regions.

After 18 months of follow-up, 60% of untreated eyes versus 25% of treated eyes suf-
fered severe visual loss (p < 0.001). Severe visual loss was defined as six or more lines of
visual acuity loss. The recruitment was halted at 18 months because of the overwhelming
treatment benefit of laser treatment. This report, which was the first randomized, controlled
multicenter clinical trial for treatment of AMD, led to a firm treatment recommendation of
laser photocoagulation for extrafoveal CNV due to AMD (62).

Three-year and 5-year data later confirmed the long-term efficacy of laser photoco-
agulation. Although the treatment effect was less at subsequent follow-up years owing to
the presence of recurrent CNV in the treated eyes, 5-year data showed that treated eyes
continued to have better visual acuity outcomes than the control eyes (68). Even though
19% of the original treatment group were actually treated after the early beneficial effects
were determined, there was still a difference between the treatment and placebo groups.
Recurrent CNV occurred in 54% of the eyes; these eyes had poorer visual acuity outcomes
than eyes without recurrences. A follow-up study on recurrent CNV in the argon-treated,
extrafoveal, CNV eyes found the recurrence rate to be 59% with the majority of recurrences
occurring in the first year (69). Eyes with recurrences had poorer visual acuity outcomes.
Cigarette smoking appeared to be related to the rate of recurrence in AMD. At the time
of the extrafoveal arm of the MPS, no treatment for the subfoveal recurrences was given.
Perhaps, with our current armamentarium of treatment, better visual results would have
been seen even in the eyes with the subfoveal recurrences.

2. Juxtafoveal CNV
The MPS AMD juxtafoveal studies showed that krypton laser photocoagulation for
juxtafoveal CNV was effective. In this study, krypton red laser was used since it was felt
that the red wavelength was not absorbed by the xanthophyll. Eyes were eligible for this
study if they had CNV located between 1 and 199 microns of the foveal center or between
200 and 2500 microns of the foveal center if there was associated blood or blocked
fluorescence within 200 microns of the foveal avascular zone (FAZ) center. Peripapillary
CNV was eligible if the required laser photocoagulation would spare at least 1.5 clock
hours along the temporal half of the disk. Patients were required to be 50 years of age or
more and to have drusen in the macula with visual acuity no worse than 20/400. Treatment
of the entire CNV with a 100-micron border was required on the nonfoveal border and in
areas of blood or blocked fluorescence.

Eighty-six of 174 (49%) treated eyes versus 98 of 169 (58%) observed eyes suffered
six or more lines of visual acuity loss at 3 years (64). At the 36-month visit, 62% of
untreated and 49% of treated eyes had visual acuity worse than 20/200 (p = 0.02). The treat-
ment effect depended strongly on the presence or absence of hypertension. Untreated eyes
without hypertension were twice as likely to lose six or more lines of visual acuity com-
pared to treated eyes (64% vs. 31%). This treatment effect was only 1.5 times for the eyes
with hypertension (70% versus 46%). At 5 years, 71 (52%) of treated eyes versus 83 (61%)
of untreated eyes lost six or more lines of visual acuity (65). The effect was greater for
normotensive (RR = 1.82) than hypertensive (RR = 0.93) patients.
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The MPS found 32% of treated eyes showed persistence and an additional 47% of
treated eyes developed recurrent CNV within 5 years after krypton laser to juxtafoveal
CNV (70). Eyes without persistent or recurrent CNV maintained 20/80–20/100 visual
acuity.

Persistent CNV was twice as high when 10% or more of the foveal side of the CNV
was left untreated. Central leakage in the MPS studies was not linked to a worse outcome.
Forty-one percent of the eyes in the juxtafoveal group did not have adequate coverage of
the CNV on the foveal side. This contrasts with the extrafoveal group, in which the lack of
coverage on the foveat side was only 14%. The MPS recommended that the visual loss may
be reduced by covering the entire CNV lesion with laser treatment. More than 90% of
recurrences are located on the foveal side following laser treatment of extrafoveal
and juxtafoveal CNV. Thus, patients should be forewarned of the high risk of persistent/
recurrent CNV and the need for more laser therapy or alternative treatment (if subfoveal
CNV develops).

Patients with a scar in the fellow eye, 20 or more drusen in the fellow macula, or
a fellow eye with non-geographic atrophy at the initial visit had more recurrences than
patients without these findings.

3. Subfoveal CNV
Subfoveal CNV was investigated by the MPS group beginning in 1986. Investigators felt
that the poor natural history of eyes with subfoveal CNV (71,72) and scattered reports of
outcomes of subfoveal laser not resulting in uniformly poor visual acuity warranted trial
of photocoagulation of subfoveal CNV lesions (73). In Jalkh et al.’s study of 94 eyes
followed up for an average of 15 months, CNV was closed in 88 eyes and visual acuity was
stabilized or improved in those eyes (73).

Patients were eligible for inclusion into the MPS subfoveal study if there was some
classic CNV, the lesion borders were well defined, the lesion was 3.5 disk areas or less in
size, or there were less than six disk areas (new area of treatment plus old scar) if recurrent
CNV was present. Visual acuity was required to be at least 20/320 but no better than 20/40.
Patients were required to be at least 50 years of age and to be able to return for follow-up
for 5 years. Patients were ineligible if they had prior eye disease or laser treatment in the
study eye. Treatment was performed to all areas of classic and occult CNV within the
lesion. The treatment border was 100 microns beyond the margins or 300 microns into the
old treatment scar for recurrent CNV treatment. The treating fluorescein angiogram could
be no more than 96 h old.

A total of 373 eyes of 371 patients from 13 clinical centers were randomized to laser
treatment (argon green or krypton red as assigned during randomization) versus observa-
tion. Visual acuity, contrast sensitivity, and reading speed were measured. Post-treatment
photographs were taken to check adherence to the MPS treatment standards (74).

A total of 189 eyes underwent laser treatment (97 argon green laser, 92 krypton
laser); 101 (27%) of these eyes were later judged not to meet eligibility criteria primarily
owing to poorly demarcated boundaries (36 eyes), CNV comprising less than half of the
lesion (35 eyes), lesion component other than CNV (21 eyes), and lesions greater than
3.5 disk areas (14 eyes). For treated eyes, visual acuity usually decreased three lines from
baseline within 3 months after treatment and then was stable for 42 months after treatment.
In contrast, untreated eyes had less decreased visual acuity initially but continued to have
decreases throughout the follow-up period. Treated eyes lost 3.3 lines at 12 months versus
3.7 lines for untreated eyes. At 24 months, treated eyes lost 3.0 lines versus 4.4 lines for
untreated eyes. At 3 months, 20% of treated eyes lost six or more lines of visual acuity;
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this remained stable at 42 months. For untreated eyes, 11% at 3 months had lost six or more
lines of visual acuity; 48% at 42-month follow-up had lost six or more lines of visual acu-
ity (p = 0.006). At the 42-month follow-up, reading speed and contrast sensitivity were bet-
ter for treated than untreated eyes (74).

The persistence rate was 24%; recurrence rate was 32% at 3 years. There was no
difference between the argon and the krypton groups. However, persistence and recurrence
did not affect visual acuity outcomes, unlike in the extrafoveal and juxtafoveal groups. The
3-year rate for subfoveal persistent/recurrent CNV was 56%.

Subgroup analysis showed that treated eyes with smaller CNV lesions (1 disk
diameter or less) experienced an earlier treatment benefit. Eyes with 20/40 to 20/100 visual
acuity lost more than four lines on average after treatment and did not experience any treat-
ment benefit until 18 months later. For eyes with 20/200 or worse visual acuity, treatment
resulted in less than two lines of vision decrease and the mean decrease was less than for
the untreated eyes by 6 months after treatment.

There was no effect of hypertension on the treatment benefit for the subfoveal group.
There was no difference in outcome between argon green laser-treated eyes and krypton
laser-treated eyes with respect to treatment benefit (visual acuity, contrast sensitivity,
reading speed) or any subgroup. (The power of the study could state that the study would
have detected a difference greater than 0.7 line.) Thus, investigators feel that either laser
wavelength is fine for treatment.

For the recurrent CNV subfoveal group, the MPS found a similar treatment benefit.
A total of 206 eyes of 206 patients from 13 clinical centers were enrolled into the study.
The lesion had to be well demarcated but could include classic and occult CNV. The CNV
had to extend under the foveal center, or if the prior laser scar had extended through the
foveal center, the CNV had to be within 150 microns of the foveal center. The randomiza-
tion was the same as that used for the new subfoveal CNV study.

The treatment extended 100 microns beyond the edge of the lesion and 300 microns
into the old scar adjacent to the recurrence. Whenever a feeder vessel was visible, the
treatment was to extend 100 microns beyond it on both sides and 300 microns around its
base. Retreatment was performed at follow-up as long as some portion of the retina within
1 disk diameter of the foveal center was left untreated and the total scar would not exceed
six disc areas.

A total of 97 eyes were treated (49 argon, 48 krypton) and 109 were observed.
Seventeen (8%) eyes were later judged to be ineligible (poorly demarcated borders
or lesion less than half CNV). Treated eyes had approximately 2.5 lines of visual
acuity decrease 3 months after treatment followed by stable vision for 30 months.
Untreated eyes continued to lose visual acuity throughout follow-up such that the average
loss was 1.1 lines more than the treated eyes at 24 months. Six or more lines of visual
acuity were lost in 14% of treated versus 9% of untreated eyes at 3 months. This remained
about 10% for the treated group but increased to 32% for the untreated group at 18 months
of follow-up. Treated eyes retained contrast sensitivity whereas untreated eyes lost
contrast sensitivity.

F. Patient Care After Laser Treatments

After thermal laser photocoagulation, patients require close monitoring consisting of
visual acuity, Amsler grid, biomicroscopy, and fluorescein angiography to help detect
persistent or recurrent CNV. Usually patients are checked 3 weeks after laser
photocoagulation for extrafoveal or subfoveal CNV and 2–3 weeks after laser photocoag-
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ulation for juxtafoveal CNV. The 2nd post-treatment visit is typically 4–6 weeks after
laser, the third visit is 6–12 weeks after laser, and the fourth visit 3–6 months after laser.
Of course, any patient with symptoms should be examined immediately and not wait for
the next scheduled visit.

G. Occult Choroidal Neovascularization

1. Natural History
The MPS group reviewed the results of the juxtafoveal study with respect to the presence
or absence of occult CNV (75). In this subgroup, they noted that there were eyes with only
occult CNV, occult and classic CNV, and only classic CNV. For eyes with occult CNV that
were untreated, 41% lost significant visual acuity within 12 months. Of the 26 symptomatic
eyes with occult only lesions, classic CNV developed in 23% within 3 months and an
additional 23% developed classic CNV by 12 months. For the eyes that developed classic
CNV, 58% developed severe visual loss versus 18% in the group that did not develop
classic CNV. Overall, 23% of eyes with initially occult CNV-only lesions remained stable
or improved at the 36-month follow-up. Of these, 5% of the occult-only group had a
two-line or more increase in visual acuity at 36-month follow-up (75).

Bressler et al. performed a natural history study of 84 eyes in 74 patients with poorly
defined fluorescein angiographic CNV (76). The lesions were subfoveal in 89% of the eyes.
Initial visual acuity averaged 20/80 and 93% had no classic CNV component. Over a
follow-up ranging from 6 months to 53 months (mean 28 months), 14% remained stable
or improved, 21% lost three to six lines of visual acuity, and 42% lost more than six
lines of visual acuity. Including only those 46 eyes with 2 or more years of follow-up
yielded similar results: 17% remained stable or improved, 22% lost three to six lines
of visual acuity, and 48% lost more than six lines of visual acuity. Eyes that developed
diskiform scars had worse visual acuities compared with eyes that had poorly defined CNV
and leakage.

Soubrane et al. analyzed visual and angiographic outcomes of 156 patients (82
untreated) with symptomatic occult CNV and initial visual acuity of 20/100 or better. This
series excluded eyes with turbid fluid, subretinal blood, PED, or visible CNV. Follow-up
ranged from 1 to 8 years. There was no difference between treated and untreated eyes with
CNV. Sixty-five percent of eyes with presenting subfoveal CNV had initial visual acuity of
20/50 or better. In this natural history group, visual acuity fell from 20/40 to 20/70.
Similar to the results of Bressler et al. (76), when visible new vessels developed, the visual
acuity decreased. Treatment did not result in better visual acuity outcomes over time when
compared to the natural history group (77).

Bressler et al. investigated the use of macular scatter (grid) laser treatment of
symptomatic eyes with poorly demarcated subfoveal CNV and visual acuities of 20/25 to
20/320 (51 treated eyes compared with 52 observation eyes) (78). Observed eyes had a
median initial visual acuity of 20/80 and a median visual acuity of 20/320 at 24 months.
The difference in visual acuity loss was significant between the treated and observed
groups only at 6 months (1.8 lines lost in the observed vs. 3.8 lines lost in the treated group).
Treated eyes at 6 months had lost two more lines of visual acuity compared with observed
eyes. However, by 24 months approximately 40% of both groups had a mean change of 4.3
lines lost for observed eyes and 4.6 lines lost for treated eyes. At 12 months, 35% observed
and 29% treated eyes had improved or remained stable, 37% observed and 30% treated
eyes had lost two to five lines, 28% observed and 41% treated eyes had lost six or more
lines of visual acuity. At 24 months, 31% observed and 31% treated eyes had improved or
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remained stable, 31% observed and 28% treated eyes had lost two to five lines, and 38%
observed and 42% treated eyes had lost six or more lines of visual acuity.

Thus, conventional laser photocoagulation (either confluent or scatter) is not of
benefit for eyes with subfoveal occult CNV and AMD. Recently, photodynamic therapy
(PDT) was investigated in the Verteporfin in Photodynamic Therapy (VIP) Study for
treatment of subfoveal occult CNV due to AMD. There was a benefit to use of Visudyne in
the occult CNV eyes at 2 years as discussed below. Thermotherapy and radiation treatment
are also being evaluated for treatment of occult CNV.

V. ALTERNATIVE TREATMENTS TO PHOTOCOAGULATION

Alternatives to laser photocoagulation are mainly for subfoveal CNV. Some physicians feel
that PDT may be useful for juxtafoveal CNV in situations in which conventional laser (79)
would lead to visual loss in the treating ophthalmologist’s opinion.

A. Photodynamic Therapy

PDT initially has been demonstrated to be effective for treatment of subfoveal predomi-
nantly classic (greater than 50% classic) choroidal neovascularization. PDT treatment of
subfoveal CNV offers an advantage over laser photocoagulation, which causes scotoma
formation and hence visual acuity loss. The TAP study demonstrated that PDT using
Visudyne for subfoveal CNV due to AMD with visual acuity between 20/40 and 20/200
(ETDRS chart) resulted in a less than 15-letter (approximately three lines of visual acuity)
loss in 61% of treated eyes versus 46% of placebo eyes at 1 year. Subgroup analysis showed
that eyes with predominantly classic choroidal neovascularization (50% or more classic in
composition) had the best treatment benefit (67% treated vs. 39% placebo lost less than
three lines of visual acuity). Only a small percentage of patients (16% vs. 7%) gained ≥1
line of visual acuity (80). Two-year results continued to show efficacy of PDT (81). For
eyes with ≥50% classic CNV, 66% of treated versus 32.5% placebo lost <3 lines of visual
acuity at 24 months. Thus patients should be told that, although PDT can help prevent
severe visual loss, improvement of visual acuity is indeed rare. Despite treatment a
significant proportion of patients will still lose visual acuity.

More recently, the VIP study has shown that PDT for occult lesions may be
beneficial. The 1-year data showed no statistically significant difference between Visudyne
and placebo, but did show a trend in favor of Visudyne therapy (82). The VIP 2-year data,
on the other hand, did show a statistically significant dfference between Visudyne and
placebo in favor of Visudyne (82). For the occult CNV eyes: avoidance of moderate vision
loss was 45% for Visudyne eyes versus 31% for placebo eyes (p = 0.03); avoidance of
severe vision loss was 71% for Visudyne versus 53% for placebo eyes (p = 0.004). The
treatment effect was best for eyes with 20/50 or less visual acuity and lesion size smaller
than four MPS disk areas. The details of the TAP and VIP studies are given in another
chapter.

B. Other Alternative Treatments

Other alternatives to photocoagulation treatment of subfoveal exudative AMD include
thermotherapy, radiation therapy, pharmacological (antiangiogenesis) therapy, submacular
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surgery, submacular surgery with RPE transplantation surgery, and translocation surgery.
There are currently ongoing clinical trials evaluating thermotherapy, radiation therapy, an-
tiangiogenesis treatment, submacular surgery and translocation surgery for treatment of
CNV secondary to AMD.

Thermotherapy (TTT) is the treatment by which a modified diode laser is used to
deliver heat to the choroid and RPE through the pupil. Prior success has been demonstrated
for treatment of small choroidal melanoma and retinoblastoma with this method (83–85).
Reichel and colleagues (86) performed a pilot study in which 16 eyes of 15 patients with
occult CNV were treated with TTT. Over a mean follow-up time of 12 months, 19%
improved by two or more lines of visual acuity, 56% remained the same, and 25% lost two
or more lines of visual acuity; 94% showed decreased exudation despite the visual acuity
results. Reichel and co-workers have since performed a multicenter trial. The results and
further findings are elaborated in another chapter in this book. Thermotherapy appears to
hold promise in the treatment of AMD eyes with occult CNV.

Radiation therapy has been advocated as a therapy for exudative AMD. Low-dose
radiation inhibits neovascularization (87–89). The key factor in the use of radiation therapy
is achieving a balance between destruction of abnormal CNV tissue and preservation
of normal retinal and choroidal blood vessels (90). Since proliferating tissues are more
radiosensitive, this balance is theoretically achievable. The results of radiation therapy for
treatment of CNV due to AMD are discussed and reviewed in another chapter. Conflicting
data about the efficacy and morbidity of radiation therapy have led to the Age-related
Macular Degeneration Radiation Trial (AMDRT), an NEI-sponsored pilot study compar-
ing observation to radiation. The AMDRT is enrolling patients with lesions not amenable
to laser treatment (classic, occult, or mixed).

Pilot studies evaluating submacular surgery for CNV due to AMD have shown some
promise for use of this technique. The Submacular Surgery Trials (SST) initially were four
pilot studies. The recurrent CNV arm showed no difference between surgery or laser
treatment and no further study was recommended (91). The other three arms: new subfoveal
CNV associated with AMD (Group N), large subfoveal hemorrhage associated with AMD
(Group B), and subfoveal histoplasmic and idiopathic CNV (Group H) continue to enroll
patients (92). The SST Trials will elucidate long-term visual outcomes and recurrence
rates after submacular surgery compared with the natural history of untreated CNV. The
techniques of submacular surgery and the results of clinical series are presented in another
chapter.

Still others are combining submacular surgery with RPE transplantation. Since the
RPE is often removed during submacular surgery and since RPE atrophy often follows
submacular surgical procedures, researchers are evaluating the efficacy of transplanting
RPE cells to repopulate the RPE layer. Loss of the RPE leads to choriocapillaris loss. The
details of this technique and the rationale for RPE transplantation are given in detail in
another chapter.

Retinal translocation and limited macular translocation surgery (93–96) have been
described for treatment of subfoveal CNV. The rationale behind these surgical techniques
is to move the macular area from the underlying CNV to a healthier RPE environment.
The underlying CNV is thus moved relative to the foveal center and can be treated with
conventional laser. The techniques are described in another chapter.

For patients in whom visual acuity is impaired and no treatment is possible or
for whom no treatment possibilities remain, visual rehabilitation is of utmost importance.
Low-vision rehabilitation may help these patients best utilize their remaining visual acuity
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and teach them to utilize ancillary tools such as closed-circuit television (CCTV) and
magnifiers. These patients should also be reminded that AMD affects central and not
peripheral vision. Expectations of the magnitude benefit of low-vision rehabilitation should
be realistically explained to the patient. Further details of the devices and the services
available for the low-vision patient are given in other chapters.

Ultimately, prevention of CNV must be our goal to prevent visual loss in patients
with AMD. Some experimental approaches include laser to drusen and gene therapy. The
next decade will undoubtedly bring more exciting developments in our battle against
exudative AMD. Basic science research into the pathophysiology of AMD will, it is hoped,
lead to preventive and more innovative treatments such as antiangiogenesis agents targeted
against CNV in patients with AMD. Clinical trials into the efficacy of these new treatments
are underway and will help us distinguish useful from nonuseful therapy. (The role of
clinical studies is further elaborated in another chapter). Pharmacological therapy involv-
ing antiangiogenesis agents, gene therapy, and basement membrane stabilizers may one
day be the preferred treatment of CNV. It is even possible that such agents may some day
be used prophylactically in high-risk eyes.

VI. SUMMARY

The exudative form of AMD is the major cause of visual blindness in patients with AMD. In-
creased age, Caucasian race, and smoking are closely linked to development of CNV. Large
drusen (>5), confluent drusen, hyperpigmentation, and hypertension are associated with an
increased risk of CNV in fellow eyes of patients with CNV. Symptoms may be
absent in the presence of CNV. Amsler grid testing of patients at risk of CNV may help to
detect problems earlier. Prompt evaluation of symptomatic patients is essential for prevent-
ing visual loss. Fluorescein angiography is required to characterize the location (extrafoveal,
juxtafoveal, subfoveal), type of CNV (classic, occult—FVPED, LLUS), and extent of CNV.
Extrafoveal CNV (classic or well-demarcated forms) should be treated with laser photoco-
agulation as per the MPS guidelines. Conventional laser photocoagulation (either confluent
or scatter) is not of benefit for eyes with occult CNV and AMD. ICG is useful for evaluating
eyes with occult CNV or PEDs, or subretinal hemorrhage. Occult CNV has a better
natural history than that of classic CNV. When classic CNV develops in occult CNV, the
visual prognosis is worse than for occult only eyes. Photodynamic therapy is useful: (1) for
eyes with subfoveal CNV that are at least 50% or more classic in composition and (2) for
eyes with occult CNV with visual acuity less than 20/50 and lesion size less than four  MPS
disk areas. Persistent and recurrent CNV risk is high for extrafoveal and juxtafoveal CNV
treated with thermal laser. Most of these are on the foveal side of the laser treatment.
Alternative treatments under investigation include thermotherapy, radiation therapy, antian-
giogenesis inhibitors, submacular surgery, RPE transplantation surgery, and translocation
surgery.
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I. INTRODUCTION

Fluorescein angiography (FA) revolutionized the diagnosis of retinal disorders (1,2). How-
ever, there are certain limitations to this technique. Overlying hemorrhage, pigment, or
serosanguineous fluid can block underlying pathological changes and prevent adequate vi-
sualization by FA. Indocyanine green (ICG) is a tricarbocyanine dye that has several ad-
vantageous properties over sodium fluorescein as a dye for ophthalmic angiography. The
clinical usefulness of ICG angiography in the past has been limited by our inability to pro-
duce high-resolution images. However, enhanced high-resolution ICG angiography can
now be obtained owing to the recent technological advance of coupling digital imaging
systems to ICG cameras (3,4). Thus, digital ICG videoangiography finally allows the
theoretical advantages of ICG as an ophthalmic dye to be realized.

II. SPECIAL PROPERTIES OF INDOCYANINE GREEN DYE

ICG absorbs and fluoresces in the near-infrared range. Owing to the special characteristics
of the dye, there is less blockage by the normal eye pigments, which allows enhanced imag-
ing of the choroid and its associated abnormality. For example, Geeraets and Berry (5) have
reported that the retinal pigment epithelium (RPE) and choroid absorbs 59–75% of blue-
green (500 nm) light, but only 21–38% of near- infrared (800 nm) light. The activity of ICG
in the near-infrared range also allows visualization of pathological conditions through over-
lying hemorrhage, serous fluid, lipid, and pigment that may block the blue-light-exciting
fluorescein dye. This property allows enhanced imaging of occult choroidal
neovascularization (CNV) and pigment epithelial detachment (PED) (4,6).

A second special property of ICG is that it is highly protein-bound (98%). Therefore,
less dye escapes from the choroidal vasculature, which allows enhanced imaging of
choroidal abnormalities.



III. HISTORICAL PERSPECTIVES

ICG dye was first used in medicine in the mid-1950s at the Mayo Clinic to obtain
blood flow measurements (7). In 1956, ICG was used for determining cardiac output
and characterizing cardiac valvular and septal defects. In 1964, studies of systemic arteri-
ovenous fistulas and renal blood flow were reported. The finding that exclusively the
liver excreted the dye soon led to development of its application for measuring hepatic
function.

ICG first became attractive to ophthalmologists interested in better ways to image the
choroidal circulation because of its safety and its particular optical and biophysical proper-
ties. Kogure and co-workers (8) in 1970 first performed choroidal absorption angiography
in monkeys, using intra-arterial ICG injection. The first ICG angiogram in a human patient
was performed by David (9) during carotid angiography. In 1971, Hochheimer (10) de-
scribed choroidal absorption angiography in cats using intravenous ICG injections and
black-and-white infrared film instead of color film. One year later, Flower and Hochheimer
performed intravenous absorption ICG angiography for the first time in a human (11,l2).
These same investigators then described the superior technique of ICG fluorescence an-
giography (13,14). Further technological improvements followed (15), and in 1985
Bischoff and Flower (16) reported on their 10-year experience with ICG angiography,
which included 500 angiograms of various disorders.

However, the sensitivity of infrared film was too low to adequately capture the low-
intensity ICG fluorescence, as the fluorescence efficacy of ICG is only 4% of that of
sodium fluorescein. The resolution of ICG angiography was improved in the mid-1980s by
Hayashi and co-workers, who developed improved filter combinations and described ICG
videoangiography (17–20). However, their video system lacked freeze-frame image
recording and possessed cumulative light toxicity potentials owing to its 300-W continu-
ous halogen lamp illumination. In 1988, Destro and Puliafito (21) described a similar video
system, and in 1989, Scheider and Schroedel (22) reported on the use of the scanning laser
ophthalmoscope for ICG videoangiography.

In 1992, Guyer and co-workers (3) and Yannuzzi and associates (4) introduced the
use of a 1024-line digital imaging system to produce high-resolution enhanced ICG images.
These systems have improved the resolution of ICG videoangiography such that this
technique is now of practical clinical value.

IV. PHARMACOLOGY

ICG dye is a water-soluble tricarbocyanine dye, which is an anhdryo-3,3, 3,3-tetramethyl-
1,1-di (4-sulfobutyl)-4,5,4,5-dibenzoindotricarbocyanine hydroxide sodium salt. Its
empirical formula is C43H47N2NaO6S2 and its molecular weight is 775 daltons (23).
It is highly protein-bound. Although it has been thought that ICG is primarily bound
to albumin in the serum (24), 80% of ICG in the blood is actually bound to globulins, such
as al-lipoproteins (25).

ICG special absorption is between 790 and 805 nm (25–27). The dye is excreted by
the liver via bile. ICG is not reabsorbed from the liver, is not detected in cerebrospinal fluid
(28,29), and does not cross the placenta (30).

132 Ciardella et al.



V. TOXICITY

ICG is a relatively safe dye. Only a few side effects have been reported with its clinical use
(7,24,31–33). In our experience, it is safer than sodium fluorescein. Unlike during FA, nau-
sea and vomiting are extremely uncommon during ICG angiography. However, we have
observed two serious vasovagal-type reactions during ICG angiography. Olsen et al. re-
ported a case of anaphylaxis after ICG dye injection (34).

No complications were reported in one study using intravenous ICG doses of
150–200 mg. No side effects were noted in another series of 700 procedures (16). In a study
that reported on ICG angiograpby performed on 1226 consecutive patients there were three
(0.15%) mild adverse reactions, four (0.2%) moderate reactions, and one (0.05%) severe
adverse reaction. There were no deaths (33).

ICG angiography should not be performed on patients allergic to iodide, as it con-
tains approximately 5% iodide by weight. In addition, it should not be performed on pa-
tients who are uremic (16) or who have liver disease. Appropriate emergency equipment
should be readily available, as with FA.

VI. TECHNIQUE OF INJECTION

ICG videoangiography can be performed immediately before or after FA. We inject intra-
venously 25 mg of ICG (Cardio-Green: Hynson, Westcott & Dunning Products, Cock-
eysville, MD) that has been diluted in the aqueous solvent supplied by the manufacturer.
Rapid injection is essential. The injection may be immediately followed by a 5-mL normal
saline flush.

VII. DIGITAL IMAGING SYSTEMS

The coupling of a digital imaging system with an ICG camera allows production of en-
hanced high-resolution (1024-line) images, which are necessary for ICG angiography.
These systems produce instantaneous images, which decreases patient waiting time and ex-
pedites possible laser photocoagulation treatment. Digital imaging systems allow image
archiving, hard-copy generation, and direct qualitative comparison between fluorescein
and ICG angiography findings. In addition, these systems are useful for planning preoper-
ative laser treatment strategies and for monitoring the adequacy of treatment postopera-
tively.

Digital imaging systems contain film and video cameras with special antireflective
coatings and appropriate excitatory and barrier filters.  A video camera is mounted in the
camera viewfinder and is connected to a video monitor.  The photographer selects the im-
age and activates a trigger, which sends the image to the video adapter.  The digitally
charged coupling device camera (mega-plus camera) then captures the images and trans-
mits these digitized (1024 × 1024 line resolution) images to a video board within a com-
puter processing unit.  Flash synchronization allows high-resolution image capture. These
images are captured at one frame per second, stored in buffer memory, and displayed
on a high-contrast, high-resolution video monitor.  Optical disks are used to store images
after editing.  Hard-copy photographs can be obtained through a printer, or slides can be
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produced directly from a slide-making device.  Finally, via telecommunications, satellite
stations can be placed in laser treatment areas and in other offices.

VIII. INTERPRETATION OF ICG ANGIOGRAPHY
FINDINGS IN AMD

A. Definitions

The terminology used to describe the angiographic manifestations of AMD
corresponds with certain exceptions described below, to definitions previously
reported by the MPS protocols and by our group.  Most relevant to the interpretation
of ICG angiography in AMD are the definitions of serous retinal pigment epithelium
detachment (PED), vascularized PED, classic choroidal neovascularization (CNV), and
occult CNV.

1. Serous PED
Serous PED is an ovoid or circular detachment of the RPE. On FA study there is rapid fill-
ing with dye of the fluid in the sub-RPE space. This corresponds to early hyperfluorescence
beneath the PED, which increases in intensity in the late phase of the study resulting in a
bright and homogeneous, well-demarcated pattern. ICG angiography reveals a variable,
minimal blockage of normal choroidal vessels, more evident in the midphase of the an-
giogram (Fig. 1). In simple terms, a serous PED is bright (hyperfluorescent) on FA study
and dark (hypofluorescent) on ICG study.  This difference is caused by the fact that ICG
molecules are larger and almost completely bound to plasma proteins, which prevents free
passage of ICG dye throughout the fenestrated choriocapillaris in the sub-RPE space.  Also
it is important to remember the difference of appearance on ICG angiography between a
serous PED in AMD and a serous PED in central serous chorioretinopathy (CSC).  In fact,
in CSC there is increased permeability of the choriocapillaris that causes leakage of ICG
molecules under the PED. As a result a serous PED in CSC appears bright (hyperfluores-
cent) with ICG angiography.  Approximately 1.5% of newly diagnosed patients with ex-
udative AMD present with a pure serous PED.

2. CNV
CNV is defined as a choroidal capillary proliferation through a break in the outer aspect of
Bruch’s membrane under the RPE and the neurosensory retina.  CNV is divided into clas-
sic and occult based on the FA angiography appearance.

a. Classic CNV. Classic CNV is an area of bright, fairly uniform hyperfluores-
cence identified in the early phase of the FA study, fluorescing throughout the transit phase
with leakage of dye obscuring the boundaries of this area by the late phase of the an-
giogram.  With ICG angiography, a classic CNV has an appearance similar to that seen with
FA angiography, but is usually less well delineated (Fig. 2). Only 12% of newly diagnosed
patients with exudative AMD present with classic CNV.

b. Occult CNV. Occult CNV is characterized as either fibrovascular PED
(FVPED) or late leakage of undetermined source (LLUS).  FVPED consists of irregular el-
evation of the RPE consisting of stippled hyperfluorescence not as bright or discrete as
classic CNV within 1–2 min after fluorescein injection, with persistence of staining of flu-
orescein dye within 10 min after injection.  LLUS consists of areas of leakage at the level
of the RPE in the late phase of the angiogram not corresponding to an area of classic CNV
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or FVPED discernible in the early or middle phase of the angiogram to account for the leak-
age (35). Also, any area of blocked fluorescence (blood, pigment) contiguous to the CNV
is considered occult CNV.  More than 85% of newly diagnosed patients with exudative
AMD present with occult CNV.  Two main types of occult CNV are recognized on ICG an-
giography.

Without Serous PED. The first type of occult CNV is caused by sub-RPE CNV that is not
associated with a PED.  The early stages of FA study reveal minimal subretinal hyperfluo-
rescence of undetermined source that slowly increases over a period of several minutes to
produce an irregular staining of the sub-RPE tissue.  The ICG angiogram reveals early vas-
cular hyperfluorescence and late staining of the abnormal vessels.  If the ICG angiographic
image has distinct margins, it is considered to be a well-defined CNV on ICG angiography.
Two-thirds of newly diagnosed patients with an occult CNV present without an associated
serous PED.

With Serous PED. The second type of occult CNV is associated with a serous PED of at
least 1 disk diameter in size. Combined CNV and serous PED is called a vascularized PED
(V-PED).  This lesion is the result of sub-RPE neovascularization associated with a serous
detachment of the RPE.  One-third of newly diagnosed patients with AMD have an associ-
ated serous PED.  The determination of whether a serous PED is present is best made on
the basis of the FA study.  FA may also demonstrate occult vessels as late, indistinct, sub-
retinal staining beneath or at the margin of the serous PED. ICG angiography reveals early
vascular hyperfluorescence and late staining of the CNV. The serous PED, as noted previ-
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Figure 1 Serous PED. (A) Red-free clinical
photograph of a serous PED in a patient with AMD. (B)
Early-phase ICG study demonstrating a hypofluorescent
serous PED. The fluid in the sub-RPE space blocks the
underlying fluorescence of the choroid. (C) Late-phase
ICG study showing the presence of a well-delimited,
hypofluorescent serous PED. Note the late staining with
ICG dye of confluent drusen inferiorly.
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ously, is comparatively hypofluorescent, because only minimal ICG leakage occurs be-
neath the serous detachment.  ICG is more helpful than FA in differentiating between a
serous PED and a V-PED. It also permits better identification of the vascularized and
serous component of V-PEDs (Figs. 3,4). These differentiations are not possible with FA
alone because both the serous and vascularized portions of a PED demonstrate late hyper-
fluorescence or leakage.  Although fluorescein staining is more intense in the serous por-
tion of the detachment than in the vascularized component, differences in intensity are of-
ten too minimal for accurate interpretation.  However, the ICG angiographic findings are
infinitely more reliable for this differentiation; the serous component of a PED is
hypofluorescent and the vascularized component is hyperfluorescent.

Occult CNV is also subgrouped in two types, one with a solitary area of well-defined
focal neovascularization (hot spot) and the other with a larger and delineated area of
neovascularization (plaque).
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Figure 2 Classic CNV. (A) Clinical photograph demonstrating radial basal laminar drusen and
RPE disturbances. There is an overlying neurosensory macular detachment. (B) Midphase FA
reveals a well-defined area of classic CNV in the central macula with surrounding occult CNV. (C)
Early-phase ICG study demonstrating ill-defined hyperfluorescence corresponding to the
neovascular membrane better shown by FA. (D) Late-phase ICG study demonstrating ill-defined
staining corresponding to drusen and neovascular vessels.  Note the better resolution of the classic
CNV by the FA study. See also color insert, Fig. 7.2A.



Hot Spot (Focal CNV). Focal CNV or a “hot spot” is an area of occult CNV that is
both welldelineated and no more than 1 disc diameter in size on ICG angiography (Figs.
3–5).  Also, a hot spot represents an area of actively proliferating and more highly per-
meable areas of neovascularization (active occult CNV) (Fig. 6).  Chorioretnal anasto-
mosis (CRA) and polypoidal-type CNV may represent two subgroups of hot spots (see
below).

Plaque. A plaque is an area of occult CNV larger than 1 disk diameter in size. A plaque
often is formed by late-staining vessels, which are more likely to be quiescent areas of
neovascularization that are not associated with appreciable leakage (inactive occult CNV)
(Fig. 7). Plaques of occult CNV seems to slowly grow in dimension with time (Fig. 8).
Well-defined and ill-defined plaques are recognized on ICG study.  A well-defined plaque
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Figure 3 Occult CNV with PED (V-PED). (A) Clinical photograph demonstrating an irregularly
shaped PED with turbid yellowish sub-RPE fluid. (B) Late-phase FA study demonstrating
hyperfluorescence of the serous PED. Note the inferior notch. (C) Early-phase ICG study
demonstrating a well-defined hypofluorescent serous PED. Because of the turbidity of the fluid, the
underlying choroidal vessel cannot be visualized. (D) Late-phase ICG study demonstrating a
persistent hypofluorescent serous PED. A focal area of hyperfluorescence (hot spot) within the notch
of the PED is seen, consistent with active CNV. See also color insert, Fig. 7.3A.



has distinct borders throughout the study and the full extent of the lesion can be assessed.
An ill-defined plaque has indistinct margins or may be one in which any part of the neo-
vascularization is blocked by blood.

In a review of our first 1000 patients with occult CNV by FA that were imaged by
ICG angiography, three morphological types of occult CNV were noted: focal CNV or hot
spots, plaques (well defined and ill defined), and combination lesions in which both hot
spots and plaques were noted.  The relative frequency of these lesions was: hot spots 29%,
plaques 61%, combined lesions 8%.  Combination lesions were further subdivided into
marginal spots (hot spots at the edge of plaques of neovascularization); overlying spots (hot
spots on top of plaques of neovascularization); and remote spots (hot spots not in contigu-
ity with plaques of neovascularization) (36).

Two other forms of occult CNV are identified by ICG angiography: retinal-choroidal
anastomosis (RCA) and polypoidal-type CNV.
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Figure 4 Occult CNV with PED. (A) Late-phase fluorescein study in a patient with AMD
demonstrating hyperfluorescence of a serous PED. No classic CNV was identified. (B) High-
magnification, early ICG study demonstrating a well-defined area of CNV along the nasal margin of
the serous PED. (C) Late-phase fluorescein study demonstrating hyperfluorescence of a serous PED,
with irregular mottled hyperfluorescence along its nasal margin.  No classic CNV is seen. (D) Early
ICG study demonstrating a hot spot of active CNV at the inferior margin of the PED. The PED itself
appears hypofluorescent.
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Figure 5 Occult CNV with sub-RPE hemorrhage and
focal spot. (A) Clinical photograph demonstrating a
subretinal hemorrhage in the central macula in a patient
with AMD. (B) Late-phase fluorescein study
demonstrating blocked fluorescence from the
hemorrhage. No CNV could be identified. (C) Early-
phase ICG study demonstrating good visualization of
choroidal circulation beneath the thin layer of
hemorrhage. A focal spot of CNV is seen. See also color
insert, Fig. 7.5A.

Figure 6 Active occult CNV. (A) Clinical
photograph demonstrating a serous PED in the central
macula. (B) Early-phase ICG study demonstrating
intense hyperfluorescence of the CNV along the
inferonasal margin of the PED. (C) Late-phase ICG
study revealing increased hyperfluorescence and leakage
of ICG dye along the active CNV. See also color insert,
Fig. 7.6A.



Retinal-Choroidal Anastomosis. RCA are present in 20–93% of cases of focal hot spots
of CNV noted on ICG study (37,38) (Figs. 9–12).  Clinical characteristics helpful in the
identification of RCAs are:

1. Presence of intraretinal hemorrhages at the site of the hot spot identified on
ICG study.

2. Intraretinal leakage of ICG dye in a cystoid macular edema pattern overlying
the area of neovascularization.

3. Presence of a V-PED on ICG study.
4. Highlighting of the RCA with laser treatment (the RCA remains reddish in

color and is surrounded by the whitening of the retina after laser treatment).

Stereoscopic view of the ICG study allows direct recognition of the network of vessels that
form the RCA.  The identification of any of these clinical findings associated with focal hy-
perfluorescence on the ICG study in association with a PED bodes poorly for successful
laser treatment and control of the exudative process (37).

Lafaut et al. recently reported on the clinicopathological correlation of RCA in AMD.
They found that RCA represents histologically neovascularization growing out of the neu-
roretina, into the subretinal space, which mimics choroidal neovascularization (39).

Polypoidal-Type Occult CNV. A recent observation is the recognition of hot spots of fo-
cal CNV with a polypoidal-like appearance on ICG angiography.  These areas of focal
CNV are more often found near the optic disk, may be associated with a serosanguineous
PED, and seem to better respond to direct laser photocoagulation (Figs. 13, 14).
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Figure 7 Inactive occult CNV. (A) Clinical
photograph demonstrating thickening of the RPE and
chronic exudative changes in the central macula. (B)
Early-phase ICG study demonstrating hyper-
fluorescence of a large, well-defined neovascular vessel
located in the central macula. (C) Late-phase ICG study
demonstrating the full extent of the CNV. The larger
vessels of the plaque, which filled early in the study, are
now hypofluorescent, appearing in relief against the
background of the neovascular lesion. See also color
insert, Fig. 7.7A.



IX. CLINICAL APPLICATION OF ICG ANGIOGRAPHY
TO THE STUDY OF AMD

Patz and associates (23) were the first to study CNV by ICG videoangiography. They could
resolve only two of 25 CNVs with their early model. Bischoff and Flower (16) studied 100
ICG angiograms of patients with age-related macular degeneration.  They found “delayed
and/or irregular choroidal filling” in some patients.  The significance of this finding is un-
clear, however, because these authors did not include an age-matched control group.  Tor-
tuous choroidal vessels and marked dilation of macular choroidal arteries, often with loop
formation, were also observed.

Hayashi and associates (17,18,20) found that ICG videoangiography was useful in
the detection of CNV.  ICG videoangiography was able to confirm the fluorescein angio-
graphic appearance of CNV in patients with well-defined.CNV. It revealed a more well-de-
fined neovascularization in 27 eyes with occult CNV by FA.  In a subgroup of patients with
poorly defined occult CNV, the ICG angiogram, but not the FA, imaged a well-defined
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Figure 8 Natural history of occult CNV with plaques. (A) Late-phase ICG study demonstrating
a plaque of CNV in the central macula. No laser treatment was performed. (B) Late-phase ICG study
obtained 18 months later demonstrates enlargement of the plaque of CNV. (C) Late-phase ICG study
of the fellow eye of the same patient on initial presentation demonstrating only minimal irregular
hyperfluorescence in the macula. (D) Late-phase ICG study 18 months later demonstrating a larger,
well-defined area  of plaque of CNV.
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Figure 9 Occult CNV with serous PED and RCA. (A) Clinical photograph demonstrating
exudation in the central macula with subretinal hemorrhage, lipid, and a serous PED. (B) Late-phase
FA demonstrating occult CNV. There is hyperfluorescence of the PED and blockage by the
hemorrhage. No well-defined CNV is seen. (C) Midphase ICG study demonstrating a hot spot in the
superonasal portion of the PED. On stereoscopic examination, a RCA was identified in this region.
Focal laser treatment of the hot spot was performed. (D) Clinical photograph 3 months following
treatment demonstrating persistent turbid detachment of the PED and subretinal hemorrhage. (E)
Early-phase ICG study demonstrating multifocal hyperfluorescence at the site of prior laser
treatment, indicative of recurrent CNV. (F) Late-phase ICG demonstrating persistent hyper-
fluorescence and leakage at the site of the RCA. See also color insert, Fig. 7.9A, D.
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CNV in nine of 12(75%) cases. ICG videoangiography of the other three eyes revealed
suspicious areas of neovascularization.  Hayashi and co-workers (17, 18, 20) were also
the first to show that leakage from CNV with ICG was slow compared to the rapid
leakage of sodium fluorescein.  While the results of these investigators concerning ICG
videoangiographic imaging of occult CNV were promising, the spatial resolution that
they could obtain was limited by the 512-line video monitor and analog tape of their
ICG system.

Destro and Puliafito (21) reported that ICG videoangiography was particularly use-
ful in studying occult CNV with overlying hemorrhage and recurrent CNV.  Guyer and co-
workers  (3) used a 1024-line digital imaging system to study patients with occult CNV.
These authors reported that ICG videoangiography was useful in imaging occult CNV and
that this technique could allow photocoagulation of otherwise untreatable lesions. Scheider
and co-investigators (40) have reported enhanced imaging of CNV in a study of 80 patients
using the scanning laser ophthalmoscope with ICG videoangiography.
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Figure 10 Occult CNV with serous PED and RCA. (A) Red-free clinical photograph
demonstrating a serous PED, submacular exudation, lipid deposition, and intraretinal hemorrhage.
(B) Mid-phase ICG study reveals the presence of an anastomosis between two retinal vessels and the
underlying neovascular complex.

Figure 11 Occult CNV with serous PED and RCA. (A) Midphase ICG study demonstrating a
RCA and an associated serous PED. (B) Late-phase ICG study reveals the presence of intraretinal
leakage of ICG dye in a “cystoid macular edema” configuration.



Yannuzzi and associates (4) have shown that ICG videoangiography is extremely
useful in converting occult CNV into classic well-defined CNV.  In their study, 39% of 129
patients with occult CNV were converted to well-defined CNV based on information added
by ICG videoangiography.  These authors reported that ICG videoangiography was espe-
cially useful in identifying occult CNV in patients with serous pigment epithelial detach-
ment (SPED) or with recurrent CNV.

Lim et al. found that ICG angiography added useful clinical information to FA by
demonstrating well-demarcated areas of hyperfluorescence in 50% of eyes selected be-
cause of diagnosis of occult CNV and in 82% of eyes selected because of PED (41).

Yannuzzi et al. studied the ICG atigiograms of 235 consecutive AMD patients with
occult CNV and associated vascularized PED.  These eyes were divided into two groups,
depending on the size and delineation of the CNV.  Of the 235 eyes, 89 (38%) had a soli-
tary area of neovascularization that was well delineated, no more than 1 disk diameter in
size, and defined as “hot spots” of focal CNV.  The other 146 eyes (62%) had a larger area
of neovascularization, with variable delineation defined as a plaque CNV (42).
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Figure 12 Occult CNV with serous PED and RCA. (A) Clinical photograph demonstrating
hemorrhage, subretinal lipid exudates, and a PED in the macula. (B) Red-free photograph reveals the
presence of two RCAs in the superior macula. (C) Midphase ICG study shows the presence of a
serous PED and two hot spots corresponding to the RCAs. (D) Clinical photograph obtained
immediately following laser treatment of the two sites of CNV. The reddish lesion now highlighted
within the treatment site represents a network of vessels rather than hemorrhage. See also color
insert, Fig. 7.12A.
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Figure 13 Polypoidal-type occult CNV with subretinal hemorrhage. (A) Clinical photograph
demonstrating subretinal hemorrhage secondary to CNV. (B) Late-phase FA study demonstrating
blocked fluorescence by the hemorrhage and an area of hyperfluorescence in the nasal juxtafoveal
area. (C) Early-phase ICG study demonstrating localized hyperfluorescence in the peripapillary
region. This area does not correspond to the hyperfluorescence seen on FA study. (D) High-
magnification image of the localized CNV. Note the polypoidal-like appearance of the neovascular
complex. This lesion was photocoagulated. (E) Clinical photograph 3 months after laser treatment
demonstrating resolution of the subretinal hemorrhage. (F) FA study demonstrating hypo-
fluorescence at the site of treatment. The hyperfluorescence noted on the original fluorescein
corresponds to an area of RPE atrophy. See also color insert, Fig. 7.13A, E.



In a further report, 657 consecutive eyes with occult CNV by fluorescein angiogra-
phy were studied with ICG angiography. Of 413 eyes with occult CNV without pigment
epithelium detachments, focal areas of neovascularization were noted in 89(22%) Overall,
142 eyes (34.3%) had lesions that were potentially treatable by laser photocoagulation
based on additional information provided by ICG angiography. Of the 235 eyes with occult
CNV and vascularized PEDs, 98 (42%) were eligible for laser therapy based on ICG an-
giography findings.  The authors calculated that ICG angiography enhances the treatment
eligibility by approximately one-third (43).

In an expanded series the same authors reported their results on ICG angiography
study of 1000 consecutive eyes with occult CNV by fluorescein angiography (44). They
recognized three morphological types of CNV, which included focal spots, plaques (well
defined and poorly defined), and combination lesions (in which both focal spots and
plaques are noted).  Combination lesions were further subdivided into marginal spots (fo-
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Figure 14 Polypoidal-type occult CNV with subretinal hemorrhage. (A) Color photograph
demonstrating hemorrhagic detachment of the macula. Note the absence of drusen at the posterior
pole. (B) Late-phase FA study demonstrating blocked fluorescence by the subretinal hemorrhage
and intense hyperfluorescence in the papillomacular bundle. (C) Late-phase ICG study
demonstrating a hot spot in the papillomacular bundle. On higher magnification the hot spot
presented a polypoidal-like appearance. (D) Clinical photograph 1 year after ICG-guide laser
treatment demonstrating resolution of the subretinal hemorrhage. Visual acuity improved from
20/200 to 20/25. See also color insert, Fig. 7.14A, D.



cal spots at the edge of plaque of neovascularization), overlying spots (hot spots overlying
plaques of neovascularization), or remote spots (a focal spot remote from a plaque of neo-
vascularization).

The relative frequency of these lesions was as follows: focal spots 29%; plaques
61%, consisting 27% of well-defined plaques and 34% of poorly defined plaques; and com-
bination lesions 8%, consisting of 3% of marginal spots, 4% of overlying spots, and 1% of
remote spots (44). A follow-up study from the same authors of patients with newly diag-
nosed unilateral occult CNV secondary to AMD showed that the patients tended to develop
the same morphological type of CNV in the fellow eye (45).

Finally, Lee et al. reported on 15 eyes with surgically excised subfoveal CNV that
underwent preoperative and postoperative ICG angiography.  All excised membranes were
examined by light microscopy, and all surgically excised ICG-imaged membranes corre-
sponded to sub-RPE and subneurosensory retinal CNV (46).

Chang et al. (47) reported on the clinicopathological correlation of AMD with CNV
detected by ICG angiography. Histopathological examination of the lesion revealed a thick
subretinal pigment epithelium CNV corresponding to the plaque-like lesion seen with ICG
angiography.

The above studies demonstrate that ICG videoangiography is an important adjunc-
tive study to FA in the detection of CNV. FA appears to be more sensitive than ICG
videoangiography in imaging fine capillaries that connect larger vessels and capillaries at
the proliferating edge of well-defined CNV.  While FA may image well-defined CNV bet-
ter than ICG videoangiography in some cases, ICG videoangiography can enable treatment
of about 30% of occult CNV by the detection of well-defined CNV eligible for ICG-guided
laser treatment in about 30% of cases (36,48). Thus, the best imaging strategy to detect
CNV is to perform FA and ICG videoangiography.

X. ICG-GUIDED LASER TREATMENT OF CNV IN AMD

Patients potentially eligible for laser photocoagulafion therapy by ICG guidance are the
ones with clinical and FA evidence of occult CNV. The technique for ICG-guided laser
photocoagulation has been previously described and is illustrated in Figure 15. Of the two
types of occult CNV that can be identified by ICG study, hot spots and plaques, we rec-
ommend direct laser photocoagulation only of hot spots.  In fact, as mentioned above, hot
spots represent areas of actively leaking neovascularization that can be obliterated by laser
photocoagulation in an attempt to eliminate the associated serosanguineous complications,
and stabilize or improve the vision.  On the contrary, plaques seem to represent a thin layer
of neovascularization that is not actively leaking and may not require laser photocoagula-
tion (Figs. 16–19).

This approach has practical considerations.  In the case of a lesion with both a hot
spot and a plaque, and in which the hot spot is at the margin of the plaque (which may ex-
tend under the fovea), one applies laser photocoagulation to the extrafoveal hot spot and
spares the foveal area.  This treatment approach was successful in obliterating the CNV and
stabilizing the vision in 56% of a consecutive series of AMD patients (48). On the contrary,
we have had poor success with direct laser treatment of hot spots overlying plaques, and
confluent treatment of the entire plaque.

Two subtypes of hot spots are RCA and polypoidal-type CNV. When a RCA is pre-
sent, the success of laser photocoagulation is negatively influenced by the presence of an

Indocyanine Green 147



148 Ciardella et al.

A B

C D

E F

Figure 15 Occult CNV treatment technique. (A) Clinical photograph demonstrating a subretinal
hemorrhage in the macular area. (B) Midphase fluorescein study demonstrating blocked
fluorescence by the hemorrhage. There is mild staining in the papillomacular bundle and
peripapillary region. (C) Late-phase ICG study demonstrating less blocked fluorescence centrally,
with a triangular area of faint hyperfluorescence nasal to fixation. (D) Red-free photograph with
overlying tracing of the lesion noted on ICG study, used as guide for laser treatment. (E) Red-free
photograph immediately after laser treatment demonstrating the extent of the photocoagulation
application. (F) Clinical photograph obtained 6 months after treatment demonstrating mottling of the
RPE at the site of laser treatment and complete resolution of the subretinal hemorrhage. See also
color insert, Fig. 7.15A, D.
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Figure 16 ICG-guided laser treatment of occult CNV with serous PED. (A) Clinical photograph
demonstrating a large, lobular serous PED in the temporal macula. (B) Late-phase FA study
revealing hyperfluorescence of the serous component of the PED. Nasally there is an area of
irregular hyperfluorescence suggesting occult CNV. (C) Early-phase ICG study demonstrating
hyperfluorescence of the serous PED, with focal hyperfluorescence corresponding to CNV along the
nasal margin of the PED. (D) Clinical photograph immediately after ICG-guided laser treatment of
the CNV. (E) Clinical photograph 1 month later demonstrating partial resolution of the PED and a
chorioretinal scar at the site of the treatment. (F) Four years later there is flattening of the PED.
Fibrous metaplasia is seen temporally at the site of prior exudation. See also color insert, Fig. 7.16A,
D, E, F.



associated serous PED. In a small series of patients with RCA and associated PED, laser
photocoagulation was successful in closing the CNV in only 14% of cases (37). Slakter and
associates (49) performed ICG-guided laser photocoagulation in 79 eyes with occult CNV.
The occult CNV was successfully eliminated. Visual acuity was stabilized or improved in
29 (66%) of 44 eyes with occult CNV associated with neurosensory retinal elevations, and
in 15 (43%) of 35 eyes with occult CNV associated with PED. This study demonstrated that
in some cases ICG videoangiography imaging can successfully guide laser photocoagula-
tion of occult CNV.

In another pilot study of ICG-guided laser treatment of occult CNV, Regillo et al. had
similar results (50).

Guyer and co-workers reported on a pilot study of ICG-guided laser photocoagula-
tion of 23 eyes that had untreatable occult CNV secondary to AMD with focal spots at the
edge of a plaque of neovascularization on the ICG study. ICG-guided laser photocoagula-
tion was applied solely to the focal spot at the edge of the plaque. At 24 months of follow-
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Figure 17 ICG-guided laser treatment of occult CNV. (A) Clinical photograph revealing an
exudative macula detachment, with multiple confluent drusen beneath the neurosensory elevation.
(B) Late-phase FA study revealing diffuse leakage under the neurosensory retina. Hyperfluorescent
drusen are seen nasally. (C) Late-phase ICG study demonstrating a hot spot of focal, active CNV in
the juxtafoveal region. (D) Clinical photograph 1 month after ICG-guided laser photocoagulation of
the hot spot of focal CNV. There is complete resolution of the neurosensory detachment of the
macula. See also color insert, Fig. 7.17A, D.



up anatomical success with resolution of the exudative findings was obtained in 6 (37.5%)
of 16 eyes (48). Importantly, these studies set the foundation for future prospective studies
of ICG-guided laser treatment. In addition, they proved that the presence of a PED is a poor
prognostic factor in the treatment of exudative AMD. A recent study prospectively evalu-
ated 185 consecutive eyes with exudative AMD and a well-delineated area (hot spot or fo-
cal area) of hyperfluorescence by ICG angiography.

All the patients were divided into two groups (with PED and without PED).  Of the
185 eyes, 99 eyes without PED achieved a 71% rate of obliteration at 6 months and 48% rate
of obliteration at 12 months.  Eyes with PED did significantly worse with an obliteration rate
of the CNV of 23% at 12 months.  The overall success rate was 36% at 12 months (36). A
possible explanation for the high recurrence rate after laser photocoagulation of occult
CNV, particularly when a vascularized PED is present, may be found in the peculiar
anatomy of the CNV in such cases. It has recently been observed that there is a variant of
CNV where the neovascularization is fed both by a choroidal and by a retinal component
to create a retinochoroidal anastomosis.
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Figure 18 Peripapillary occult CNV with subretinal hemorrhage. (A) Clinical photograph
demonstrating subretinal hemorrhage surrounding the optic nerve. (B) Midphase ICG study
demonstrating a small hot spot of CNV in the peripapillary area. A large, irregular area of faint
hyperfluorescence is seen in the central macula, suggestive of a quiescent plaque of CNV. (C)
Posttreatment clinical photograph demonstrating resolution of the subretinal hemorrhage. (D)
Posttreatment late-phase ICG study demonstrating an hypofluorescent scar at the site of laser
treatment. (Case courtesy of Dr. Kurt Gitter.)
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Figure 19 Hot spot at the margin of a plaque. (A) Clinical photograph demonstrating a turbid
PED with lipid exudates in the temporal macula. Central RPE mottling and thickening is noted. (B)
Late-phase FA study demonstrating the presence of a serous PED and a central are a of diffuse ooze
suggestive of occult CNV. No classic CNV is evident. (C) Early-phase ICG study demonstrating two
hot spots of CNV in the inferior macula and at the inferonasal edge of the PED. (D) Late-phase ICG
study demonstrating leakage of the ICG dye into the PED. A large plaque of “dormant” CNV is now
evident in the central macula. Laser treatment was applied only to the two hot spots of active CNV.
The large plaque of subfoveal CNV was left untreated. (E) Three months following treatment there
is complete flattening of the PED and resolution of the lipids. No change is noted in the central
lesion. (F) Late-phase ICG study 3 months after treatment demonstrating hypofluorescence at the
site of the active CNV and of the previous PED. The large plaque of CNV is unchanged. See also
color insert, Fig. 7.19A, E.



In a recent report by Kuhn et al., RCAs were identified as occurring in 93% of pa-
tients with CNV associated with a serous PED. These authors reported a poor success rate
from laser treatment as well (38).

Slakter and co-workers followed prospectively 150 patients with newly diagnosed
exudative AMD(37). All had clinical and fluorescein angiographic evidence of occult
CNV, and each demonstrated focal areas of hyperfluorescence on ICG angiography, felt to
be representative of CNV. Thirty-one (21%) of the 150 eyes were found to have a RCA. In
82 eyes the occult CNV was associated with a serous PED. Twenty-two (27%) of these pa-
tients were noted to have RCA. In the remaining 68 cases (occult CNV without serous
PED), nine eyes (13%) were found to have a RCA. Associated clinical features of RCAs
were identified in preretinal or intraretinal hemorrhages at the site of the lesion, dilated tor-
tuous retinal vessels, sudden termination of a retinal vessel, and cystoid macular edema.

The same authors found that the success rate of laser photocoagulation of RCAs with-
out serous PED was 66%, while with serous PED it dropped to 14%. Thus the presence of
a RCA may well provide a key to understanding the poor outcome for laser treatment in
this subgroup of patients.

In conclusion, from the work of Freund et al. (51), it is known that approximately
only 13% of patients with CNV secondary to AMD have a classic or well-defined ex-
trafoveal choroidal neovascularization by fluorescein angiography that is eligible for laser
treatment. With a recurrence rate of approximately 50% following laser photocoagulation
under fluorescein guidance for classic CNV, only approximately 6.5% of patients will ben-
efit from treatment.

The remaining 87% of patients have occult CNV by fluorescein imaging. About 30%
of these eyes have a potentially treatable focal spot by ICG angiography.  Therefore, 87%
� 29% or 25% of all eyes with exudative maculopathy may be treated by ICG-guided laser
photocoagulation. With a success rate of 35%, this means that an additional 9% of patients
can be successfully treated using ICG-guided laser photocoagulation. Although this figure
significantly increases the 6.5% of patients successfully treated by fluorescein-guided laser
photocoagulation, there are still  84.5% of patients who continue to be untreatable or are
unsuccessfully treated by thermal laser photocoagulation of the CNV (52).

Lim et al. reported on the visual acuity outcome after ICG angiography-guided  laser
photocoagulation of choroidal neovascularization associated with pigment epithelial
detachment in 20 eyes with age-related macular degeneration. At 3 months after laser pho-
tocoagulation, visual acuity had improved two or more Snellen lines in two eyes (10%),
worsened by two or more lines in 10 (50%), and remained unchanged in eight of 20 (40%).
At 9 months after laser photocoagulation, visual acuity had improved by two or more lines
in one eye (9%), worsened by two or more lines in nine (82%), and remained unchanged in
one of 11 (9%). Lim et al. concluded that ICG-guided laser photocoagulation may tem-
porarily stabilize visual acuity in some eyes with choroidal neovascularization associated
with pigment epithelial detachments, but final visual acuity decreases with time (53).

XI. RECURRENT OCCULT CHOROIDAL
NEOVASCULARIZATION

Recurrent CNV following photocoagulation treatment is a major cause of failure of
laser therapy. Although most recurrences can be detected and imaged with clinical
biomicroscopic examination and FA, a significant number of patients demonstrate new ex-
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udative manifestation and visual symptoms without a clearly defined area of recurrent neo-
vascularization identified by FA. These patients may exhibit diffuse staining and leakage
at the site of previous treatment or may demonstrate no FA evidence of recurrence despite
the new exudative manifestations identified clinically. ICG angiography has often proven
to be useful in detecting the recurrent CNV (Figs. 20–30).
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Figure 20 Classic recurrent CNV. (A) FA study
demonstrating classic recurrent CNV on the nasal
margin of an atrophic scar. (B) Midphase ICG study of
the recurrent CNV; the nasal edge of the recurrence
(black arrows), and the feeder vessel (white arrows)
are seen. (C) Late-phase ICG study demonstrating
staining of the CNV.
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Figure 21 Occult recurrent CNV. (A) Early ICG study demonstrating well-defined
hyperfluorescence from recurrent CNV surrounding the photocoagulation site. (B) Late-phase ICG
study demonstrating staining and leakage from the area of recurrent CNV.
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Figure 22 Occult recurrent CNV. (A) Clinical photograph demonstrating a serosanguinous PED
at the temporal margin of a laser photocoagulation scar. A choroidal nevus is partially visible
superotemporally. (B) Midphase FA study demonstrating hyperfluorescence of the PED and a halo
of hyperfluorescence surrounding the photocoagulation scar. (C) Late-phase FA demonstrating
further pooling of dye in the sub-RPE space and increased hyperfluorescent halo around the laser
photocoagulation scar. (D) Late-phase ICG study revealing the presence of a hot spot of recurrent
CNV at the temporal margin of the laser scar. The PED is hypofluorescent. See also color insert, Fig.
7.22A.

Figure 23 Occult recurrent CNV. (A) Late-phase FA study demonstrating occult recurrent CNV.
There is diffuse staining surrounding two previous photocoagulation scars in a patient with
recurrence 6 weeks after laser treatment. (B) Late-phase ICG study demonstrating localized
hyperfluorescence along the superotemporal margin of one of the previous treatment sites consistent
with a localized, well-defined, area of recurrent CNV.



156 Ciardella et al.

A B

C D

Figure 24 Occult recurrent CNV. (A) Clinical photograph demonstrating an exudative
macular detachment following two previous laser treatments for CNV—one inferonasally
and one inferotemporally to the fovea. (B) FA study revealing staining of the atrophic
photocoagulation scar in the inferonasal macula. (C) Midphase ICG study demonstrating a
hot spot of recurrent active CNV adjacent to the temporal photocoagulation scar. (D) Late-phase
ICG study demonstrating widespread hyperfluorescence bridging and surrounding the previous
photocoagulation sites, representing a large plaque of occult CNV. This plaque serves to explain the
multiple recurrences. See also color insert, Fig. 7.24A.

Sorenson et al. reported on ICG-guided laser treatment of recurrent occult CNV sec-
ondary to AMD. Of 66 eyes that entered in the study, only 29 (44%) were eligible for laser
treatment, and of these 29 eyes 18 (62%) had anatomical success with an average follow-
up of 6 months (54). Interestingly, 56% of the patients remained untreatable by ICG an-
giography guidance, and even with treatment, 11 of 29 patients had incomplete resolution
or worsening of the exudative manifestations.

XII. IDIOPATHIC POLYPOIDAL CHOROIDAL
VASCULOPATHY

Idiopathic polypoidal choroidal vasculopatby (IPCV) is a primary abnormality of the
choroidal circulation characterized by an inner choroidal vascular network of vessels end-
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Figure 25 Occult recurrent CNV with serous PED. (A) Clinical photograph demonstrating a
serosanguineous PED in the central macula. (B) Late-phase FA study demonstrating a serous PED.
There is evidence of occult CNV in the papillomacular bundle. (C) Early-phase ICG study
demonstrating a focal hot spot of CNV at the nasal margin of the PED. (D) Clinical photograph after
treatment demonstrating a serosanguineous PED and exudative macular detachment. (E) Late-phase
FA study demonstrating hyperfluorescence of the serous component of the PED and blocked
fluorescence of the hemorrhagic component of the PED. There is also ill-defined hyperfluorescence
around the treatment scar. (F) Late-phase ICG study demonstrating recurrence of the CNV at the
temporal edge of the treatment scar in the papillomacular bundle. See also color insert, Fig.
7.25A, D.
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ing in an aneurysmal bulge or outward projection, visible clinically as a reddish-orange,
spheroid, polyp-like structure. The disorder is associated with multiple, recurrent serosan-
guineous detachments of the RPE and neurosensory retina, secondary to leakage and bleed-
ing from the peculiar choroidal vascular abnormality (55–58).

ICG angiography has been used to detect and characterize the IPCV abnormality with
enhanced sensitivity and specificity (Figs. 31, 32) (58–60). In the initial phases of the ICG
study, a distinct network of vessels within the choroid becomes visible. In patients with jux-
tapapillary involvement, the vascular channels extend in a radial, arching pattern and are
interconnected with smaller spanning branches that become more evident and numerous at
the edge of the IPCV lesion.

Early in the course of the ICG study, the larger vessels of IPCV network start to fill
before the retinal vessels, but the area within and surrounding the network is relatively hy-
pofluorescent compared with the uninvolved choroid. The vessels of the network appear to
fill more slowly than the retinal vessels. Shortly after the network can be identified on the
ICG angiogram, small hyperfluorescent “polyps” become visible within the choroid.
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Figure 26 Occult recurrent CNV with serous PED and hemorrhage. (A) Midphase FA study in
a patient with recurrent CNV demonstrating early filling of the serous component of a PED and
blocked fluorescence by subretinal hemorrhage. (B) Late-phase FA study demonstrating intense
hyperfluorescence of the serous PED. The previous treatment site appears hypofluorescent
superiorly. No clear area of recurrent CNV is identified. (C) Midphase ICG study demonstrating a
well-defined area of recurrent CNV at the inferior edge of the treatment scar. (D) Late-phase ICG
study demonstrating leakage of the recurrent CNV in the serous PED.
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Figure 27 Treatment of recurrent occult CNV with hemorrhage. (A) Clinical photograph of a
case of recurrent CNV 4 years after laser treatment. Note the presence of subretinal hemorrhage and
neurosensory detachment. (B) Early-phase FA study demonstrating irregular hyperfluorescence
surrounding the treatment scar. No classic CNV is seen. (C) Late-phase FA study demonstrating
diffuse leakage in the neurosensory detachment. (D) Early-phase ICG study clearly demonstrating
the recurrent CNV at the inferior edge of the treatment scar. (E) Midphase ICG study demonstrating
leakage of the CNV. (F) Clinical photograph 6 weeks after ICG-guided laser treatment. There is
complete resolution of the neurosensory detachment.
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Figure 28 Treatment of recurrent occult CNV with hemorrhage. (A) Clinical photograph of
recurrent CNV 6 months after laser treatment. There is a temporal chorioretinal scar and a recurrent
serosanguineous retinal detachment. (B) Early-phase FA study demonstrating ill-defined
hyperfluorescence around the laser scar. (C) Late-phase FA study demonstrating leakage and
staining along the margin of the previous treatment site. No classic recurrent CNV is identified. (D)
Late-phase IVG study demonstrating a hot spot of recurrent CNV at the superonasal edge of the
treatment scar. An area of mild hyperfluorescence nasal to the chorioretinal scar may represent a
plaque of occult CNV. (E) Clinical photograph 3 weeks after laser treatment demonstrating
reduction of the neurosensory detachment. (F) Late-phase IVG study demonstrating complete
obliteration of the recurrent CNV. The plaque of dormant CNV is unchanged. See also color insert,
Fig. 7.28A, E.
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Figure 29 Treatment of recurrent occult CNV with
serous PED. (A) Late-phase FA study of recurrent
occult CNV 18 months after laser treatment. There is
evidence of a serous PED. No well-defined recurrent
CNV is noted. (B) Late-phase ICG study demon-
strating hot spot of well-defined recurrent CNV nasal
to the treatment scar. (C) Late-phase ICG study 6
weeks after laser treatment demonstrating resolution of
the active CNV and of the serous PED after ICG-guide
laser treatment.

These polypoidal structures correspond to the reddish-orange choroidal excrescence
seen on clinical examination. They appear to leak slowly and the surrounding hypofluo-
rescent area becomes increasingly hyperfluorescent. In the later phase of the angiogram
there is a uniform disappearance of the dye (“washout”) from the bulging polypoidal le-
sions. The late ICG staining characteristic of occult CNV is not seen in the IPCV vascular
abnormality.

ICG angiography has also proven useful in recognizing cases of IPCV masquerading
as CSR (61), and also in differentiating chronic cases of CSR from AMD (62–65). Spaide
et al. demonstrated that in chronic CSR there is a characteristic hyperfluorescence of the
choroidal vessels in the midphase of the ICG study, which disappear in the late phase of the
study. This background hyperfluorescence in CSR has been attributed to hyperpermeabil-
ity of the choroidal vasculature.

XIII. NEW TECHNIQUES IN ICG ANGIOGRAPHY

Recent advances in ICG angiography are real-time angiography (66), wide-angle angiog-
raphy (66), digital subtraction ICG angiography (67), and dynamic ICG-guided feeder
vessel laser treatment of CNV (68).

Real-time ICG angiography uses a modified Topcon 50IA camera with a diode laser
illumination system that has an output at 805 nm (Topcon 501AL camera) that can produce
images at 30 frames per second, and allows high-speed recording. The images can be ac-
quired either as videotape, or as a single image at a frequency of 30 images per second. To
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Figure 30 Treatment of recurrent occult CNV with serous PED. (A) Clinical photograph of a
serosanguineous PED in a patient with AMD. (B) Late-phase FA study demonstrating blockage by
the subretinal hemorrhage and leakage in the serous component of the PED. No well-defined CNV
is identified. (C) Late-phase ICG study demonstrating a hot spot of well-defined CNV temporal to
the optic disc. (D) Late-phase ICG study 2 weeks after laser treatment demonstrating
hypofluorescence of the treatment site. (E) Clinical photograph 8 weeks after treatment
demonstrating recurrence of the neurosensory macular detachment. (F) Late-phase ICG study
demonstrating a hot spot of recurrent CNV just temporal to the previous laser treatment scar. See
also color insert, Fig. 7.30A, E, G.



make printed copies of these images, single frames are digitized, but the resolution is lim-
ited to 640 by 480 pixels.

Wide-angle images of the fundus can be obtained by performing ICG angiography
with the aid of wide-angle contact lenses.  The contact lenses used are the Volk SuperQuad
160, the Volk Quadraspheric, or the Volk Transequator (Volk, Mentor OH). Because the
image formed by these lenses is located about 1 cm in front of the lens, the fundus camera
is set on A or + so that the camera is focused on the image plane of the contact lens. This
technique allows instantaneous imaging of a large area of the fundus. The combined usage
of the contact lens and of the laser illumination system allows real-time imaging of a wide
field of the choroidal circulation, up to 160 degrees of field of view (Figs. 33–36).

Digital subtraction ICG angiography (DS-ICGA) uses digital subtraction of sequen-
tially acquired ICG angiographic frames to image the progression of the dye front in the
choroidal circulation. A method of pseudocolor imaging of the choroid allows differentia-
tion and identification of choroidal arteries and veins. DS-ICGA allows imaging of occult
choroidal neovascularization (CNV) with greater detail and in a shorter period of time than
with conventional ICG angiography.

Staurenghi et al. considered a series of 15 patients with subfoveal CNVM in whom
feeder vessels (FVs) could be clearly detected by means of dynamic ICG angiography but
not necessarily with FA. On the basis of the indications of the pilot study, the authors also
studied a second series of 16 patients with FVs smaller than 85 microns. Treatment of FV
using argon green laser was performed. The ICGA was performed immediately after treat-
ment, after 2, 7, and 30 days, and then every 3 months, to assess FV closure. If a FV ap-
peared to be still patent, it was immediately retreated and the follow-up was started again.
The follow-up time ranged from 23 to 34 months for the pilot study and from 4 to 12
months for the second series. In the pilot study, the CNVM was obliterated after the first
treatment in only one patient, five patients needed more than one treatment, and oblitera-
tion failed in nine patients (40% success rate). The rate of success was affected by the width
and number of the FVs. The success rate in the second series of 16 patients was higher
(75%). The authors concluded that dynamic ICGA may detect smaller FVs and makes it
possible to control the laser effect and initiate immediate retreatment in the case of incom-
plete FV closure and should be considered mandatory for this type of treatment (68).
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Figure 30 (cont.) (G) Clinical photograph 2 months after treatment of the recurrence
demonstrating resolution of the neurosensory detachment. (H) Late-phase ICG study demonstrating
complete elimination of the recurrent CNV.
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XIV. SUMMARY

ICG videoangiography is a useful adjunctive technique to FA for the diagnosis of AMD.
This is especially true in the presence of occult CNV. Furthermore, ICG allows better
recognition of subtypes of occult CNV such as vascularized PED, hot spots, plaques, and
RCA Preliminary studies suggest that ICG-guided laser photocoagulation may be benefi-
cial in the treatment of CNV. Further research is necessary to improve our understanding
of all the information obtained by ICG angiography. Real-time ICG angiography, wide-an-
gle ICG angiography, and digital subtraction ICG angiography may improve our
diagnostic ability in AMD.
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Figure 31 Idiopathic polypoidal choroidal vasculopathy. (A) Clinical photograph of a patient
with idiopathic polypoidal choroidal vasculopathy demonstrating a pattern of polypoidal-like
dilation of the choroidal vasculature in the peripapillary area. A larger, bulging dilation is present
inferiorly. (B) Early-phase ICG study of a patient with idiopathic polypoidal choroidal vasculopathy
demonstrating the vascular network in the papillomacular bundle at the level of the inner choroid
with polypoidal lesions at its temporal border. Inferiorly an elevated network of tortuous vessels
appears to fill from this vascular network and extend anteriorly. (C) High-magnification early-phase
ICG study better reveals the network of vessels in the inferior lesion extending anteriorly. (D) Late-
phase ICG study showing ring-like staining of the polypoidal structure temporally. The larger lesion
inferiorly has intense staining with leakage into the subRPE space. (Courtesy of Richard F. Spaide,
MD, New York. From Yannuzzi LA, Flower RW, Slakter JS. Indocyanine Green Angiography. St.
Louis: CV Mosby, 1997:332–333.) See also color insert, Fig. 7.31A.
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Figure 32 Idiopathic polypoidal choroidal vasculopathy. This patient presented with submacular
hemorrhage. ICG angiography shows poly-like bulging of the inner choroidal circulation in the
papillomacular bundle.

Figure 33 Wide-angle ICG angiography. A Volk SuperQuad 160-fundus lens is held in contact
with the patient’s eye to perform wide-angle ICG angiography of the fundus.
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Figure 34 Wide-angle ICG angiography. Wide-angle ICG angiography picture of a patient with
a choroidal nevus. Note the typical butterfly distribution of the choroidal circulation. (Courtesy of
Richard F. Spaide, MD, New York. From Yannuzzi LA, Slakter JS, Flower RW. Indocyanine Green
Angiography. St. Louis: CV Mosby, 1997.)

Figure 35 Wide-angle ICG angiography. Wide-angle ICG angiography picture of a patient with
subretinal hemorrhage secondary to idiopathic polypoidal choroidal vasculopathy. The image shows
160 degrees of the fundus. (Courtesy of Richard F. Spaide, MD, New York, New York.)
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I. INTRODUCTION

Optical coherence tomography (OCT) is a noninvasive imaging modality capable of pro-
ducing micron-resolution cross-sectional images of biological tissues. Developed less than
a decade ago, it has demonstrated utility as both a research and clinical diagnostic tool for
diseases of the retina and vitreoretinal interface (1–4). OCT accurately represents specific
structural characteristics of the retina and can provide objective anatomical measurements.
The diagnostic information complements conventional imaging techniques such as
fluorescein and indocyanine green angiography.

II. OVERVIEW

The mechanism of OCT is analogous to ultrasound B-mode imaging with several distinct
advantages. The use of light instead of acoustic waves allows for spatial resolution in the
10–20-micron range, approximately 10 times higher than B-mode ultrasound. Traditional
B-mode ultrasound using a sound wave frequency of 10 MHz yields spatial resolutions of
approximately 150 microns. In addition, the use of light allows an image to be
obtained noninvasively, without direct contact to the globe. Cross-sectional images can be
obtained rapidly in approximately 2.5 s.

III. APPLICATION

OCT has a wide range of applications in ophthalmology, particularly for diseases of the
macula. The technology has been used to study patients with epiretinal membranes, macu-
lar holes, central serous chorioretinopathy, diabetic retinopathy, age-related macular
degeneration, and other disorders. A particularly useful application of OCT is in the



localization, detection, and measurement of retinal fluid. A fluid collection is accurately de-
picted in its anatomical layer, may it be intraretinal, subretinal, or under the retinal pigment
epithelium. OCT can provide clinically useful information about any retinal disease that
manifests by changing macular thickness or accumulation of fluid in the macula. It also has
utility in following response to treatments that alter macular structure.

IV. OPTICAL COHERENCE TOMOGRAPHY
INTERPRETATION

Interpretation of OCT images of ophthalmic disease such as age-related macular degener-
ation requires familiarity with the OCT representation of a normal posterior segment and
knowledge of basic OCT principles.

The strength of the OCT signal at a particular tissue layer is dependent on several fac-
tors. Signal strength is defined by the following: the amount of incident light transmitted to
a particular layer without being absorbed by intervening tissue, the amount of transmitted
light that is backscattered, and the fraction of backscattered light that returns to the detec-
tor without being further attenuated. The reflectivity is the portion of incident light that is
directly backscattered by a tissue. Therefore, the OCT signal from any particular tissue
layer is a function of its reflectivity and the absorption and scattering properties of the over-
lying tissue layers (1). For example, a tissue with a high level of backscatter that lies deep
to a tissue with low absorption and low backscatter will produce a high signal.

The signal strength can be represented in gray scale or as the false color representa-
tion used for the images that follow. Figure 1 shows an OCT image of a normal eye scanned
through the optic nerve and fovea. The vitreoretinal interface is characterized by a demar-
cation in contrast from the nonreflective vitreous and the highly reflective nerve fiber layer
(NFL). High backscatter is represented by red-orange color and low backscatter appears
blue-black. False color is represented by the normal visible spectrum. The fovea has a char-
acteristic depression with thinning of the retina corresponding to its normal anatomy.
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Figure 1 OCT of a normal eye through the optic nerve and fovea. See also color insert, Fig. 8.1.



A bright red-orange layer that delineates the posterior boundary of the retina corre-
sponds to the retinal pigment epithelium (RPE) and choriocapillaris. Again, there is con-
trast between the less reflective photoreceptors and the highly backscattering RPE. The
thin, dark layer anterior to the RPE layer represents the photoreceptor layer. Relatively
weak backscatter returns from the choroid and appears  green on the tomogram. The inter-
mediate layers between the highly reflective NFL and RPE exhibit moderate backscatter
and are represented on the false color scale as yellow-green.

V. NONEXUDATIVE MACULAR DEGENERATION

Cross-sectional imaging of eyes with nonexudative age-related macular degeneration
(AMD) shows the characteristic appearance of drusen and geographic atrophy. Soft drusen
cause a modulation in the highly reflective posterior boundary of the retina consistent with
the accumulation of material within the RPE (Fig. 2). The small elevations of the RPE can
appear similar to RPE detachments. Geographic atrophy shows thinning of the overlying
retina and the hypopigmented RPE allows deeper penetration of the incident light into the
choroid. The choroidal layer will have higher-than-normal backscatter owing to a decrease
in signal absorption from the atrophic retina and RPE (Fig. 3). 
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Figure 2 Soft drusen. See also color insert, Fig. 8.2.

Figure 3 Geographic atrophy. See also color insert, Fig. 8.3.



VI. EXUDATIVE MACULAR DEGENERATION

Optical coherence tomograms of exudative macular degeneration may aid in the diagnosis
and management of this condition. OCT is particularly valuable for detecting subretinal fluid
and retinal pigment epithelial detachments, as well as changes in retinal thickness from in-
traretinal fluid. Measurements of retinal thickness provide an objective method of compar-
ing retinal edema and subretinal fluid before and after intervention. There is some variabil-
ity in the appearance of choroidal neovascularization on OCT. However, OCT may represent
a new technique for visualizing angiographically occult choroidal neovascularization.

A. Intraretinal and Subretinal Fluid

The presence of intraretinal fluid may be represented as retinal thickening or as the accu-
mulation of fluid in well-defined spaces. (Fig. 4, 5). Intraretinal fluid in localized cysts
(cystoid macular edema) appears as areas of discrete decreases in backscatter within the in-
termediate retinal layers, while diffuse edema will show an increase in thickness without
definite spaces. Neurosensory detachments from the accumulation of subretinal, fluid ap-
pear in cross-section as elevations of the neurosensory retina above an optically clear space.
The fluid space has well-defined boundaries at the fluid-retinal and fluid-RPE interfaces.
In contrast to RPE detachments, the highly reflective RPE is imaged at the posterior border
of the detachment (Fig. 6).

B. Retinal Pigment Epithelial Detachments

It is possible to distinguish between serous and hemorrhagic retinal pigment epithelial de-
tachments (PED) based on OCT images. Serous pigment epithelial detachments appear as
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Figure 4 Retinal thickening. See also color insert, Fig. 8.4.



dome-shaped elevations of the RPE with an elevated reflective band corresponding to the
RPE. The intervening nonreflective layer is fluid in the sub-RPE space. The margins are
sharp and there typically is shadowing of the reflections returning from the deeper choroid.
This may be due to increased reflectivity and attenuation of the light through the decom-
pensated RPE (Fig. 7). Hemorrhagic PEDs have a similar appearance. However, images of
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Figure 5 Cystoid macular edema secondary to choroidal neovascularization. See also color
insert, Fig. 8.5.

Figure 6 Neurosensory detachment secondary to subretinal fluid. See also color insert, Fig. 8.6.



hemorrhagic detachments tend to show a band of high backscatter under the RPE band at
the apex of the detachment (Fig. 8). This corresponds to the accumulated blood, decreas-
ing light penetration, and attenuating choroidal reflection. Hemorrhagic PEDs and subreti-
nal hemorrhages are sometimes difficult to distinguish on OCT because blood and the de-
tached RPE have similar reflectivity.

C. Choroidal Neovascularization

The presentation of choroidal neovascularization on OCT typically falls into one of three
categories, but may show variability. Neovascular complexes that are angiographically
well defined typically present as fusiform enlargement of the RPE/choriocapillaris reflec-
tive band with discrete borders (Fig. 9). Occasionally, the membrane may be imaged in the
subretinal space (Fig. 10). Neovascular complexes that are poorly defined angiographically

176 Rivellese et al.

Figure 7 Serous retinal pigment epithelial detachment. See also color insert, Fig. 8.7.

Figure 8 Hemorrhagic retinal pigment epithelial detachment. See also color insert, Fig. 8.8.



and fall into the category of occult fibrovascular PEDs display a well-defined elevation of
the RPE reflective band with a mildly backscattering region below, corresponding to fi-
brous proliferation (Fig. 11). No shadowing of the choroidal reflection is present. Many
choroidal neovascular complexes display enhanced choroidal reflection without a discrete

Optical Coherence Tomography for AMD 177

Figure 9 Well-defined choroidal neovascularization. See also color insert, Fig. 8.9.

Figure 10 Choroidal neovascularization in the subretinal space. See also color insert, Fig. 8.10.
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Figure 11 Fibrous pigment epithelial detachment. See also color insert, Fig. 8.11.

Figure 12 (A) Choroidal neovascularization before photodynamic therapy. (B) Same eye after
photodynamic therapy. See also color insert, Fig. 8.12A, B.

A
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membrane. This may be due to increased optical penetration secondary to retinal pigment
epithelial changes (1).

The ability to detect small changes in retinal thickness and the presence of fluid make
OCT particularly useful for following patients after conventional laser treatment, photody-
namic therapy, or transpupillary thermotherapy. Figure 12 shows a patient before and after
treatment with verteporfin photodynamic therapy. Note the change in retinal thickness
secondary to intraretinal fluid absorption.

VII. SUMMARY AND FUTURE DEVELOPMENT

OCT is a noninvasive imaging modality capable of providing accurate, reproducible im-
ages of the posterior segment. The retinal and RPE changes in age-related macular degen-
eration have a characteristic appearance on OCT. OCT is useful in detecting small changes
in retinal thickness, subretinal and sub-RPE fluid, and choroidal neovascularization. It ac-
curately localizes these processes and may provide an objective measurement. This is
particularly useful in monitoring the response to therapeutic intervention in concert with
conventional fluorescein and indocyanine green angiography.

REFERENCES

1. Puliafito CA, Hee MR, Schuman JS, et al. Optical Coherence Tomography of Ocular Diseases.
Thorofare, NJ: Slack, 1996.

2. Hee MR, Puliafito CA, Duker JS, et al. Topography of diabetic macular edema with optical co-
herence tomography. Ophthalmology 1998;105:360–370.

Figure 12 (cont.)

B



3. Puliafito CA, Hee MR, Lin CP, et al. Imaging of macular diseases with optical coherence to-
mography. Ophthalmology 1995;102:217–229.

4. Hee MR, Puliafito CA, Wong C, et al. Optical coherence tomography macular holes. Ophthal-
mology 1995;102:748–756.

5. Hee MR, Baumal C, Puliafito CA, et al. Optical coherence tomography of age related macular
degeneration and choroidal neovascularization. Ophthalmology 1996;103:1260–1270.

180 Rivellese et al.



181

9
Laser Photocoagulation for Choroidal
Neovascularization in Age-Related Macular
Degeneration

Jonathan Yoken, Jacque L. Duncan, Jeffrey W. Berger, 
Joshua L. Dunaief, and Stuart L. Fine
Scheie Eye Institute, University of Pennsylvania Health System, Philadelphia, Pennsylvania

I. INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of blindness in developed
countries (1), and choroidal neovascularization (CNV) is responsible for most of the severe
visual loss (SVL) associated with AMD (2). Since the 1970s, laser photocoagulation had
been recognized as a potentially beneficial treatment modality for CNV (3), and the initial
report of the Macular Photocoagulation Study (MPS) Group (4) for the first time confirmed
that argon laser photocoagulation of CNV guided by fluorescein angiography reduced the
risk of SVL in AMD. In this chapter, the methodology and results of the MPS are reviewed
and reinterpreted in light of the new data recently reported from the ongoing Photodynamic
Therapy (PDT) trials (5). In addition, results generated from case series and trials of laser
photocoagulation for CNV outside of the MPS are presented and discussed.

II. MACULAR PHOTOCOAGULATION STUDY

Prior to the MPS findings, “the prevailing notion was that nothing could be done to pre-
serve the central vision once the exudative process was under way” (6). Patz and associates
(3) first recommended that CNV > 125 microns from the foveal avascular zone (FAZ) edge
be considered for laser treatment, based upon clinical experience and intuition, but no
prospective, controlled trial had yet been performed nor was there a thorough understand-
ing of treatment impact as a function of underlying disease process or size and location of
CNV. The MPS, a prospective, randomized, multicenter clinical trial, initially set out to an-
swer the question “does coagulating a leaking vessel (i.e., CNV) outside the fovea prevent
significant loss of visual acuity?” (7). Subsequently, the MPS also addressed the visual out-
comes of eyes receiving photocoagulation for new or recurrent juxtafoveal and subfoveal
CNV.



A. MPS Eligibility Criteria, Methodology, and
Outcome Measures

In the initial study of extrafoveal CNV (Fig. 1), patients in the AMD arm consented to have
their study eye assigned to either observation or immediate argon laser treatment. Study
eyes were required to have angiographic evidence of well-defined CNV 200–2500 microns
from the center of FAZ, best-corrected visual acuity of 20/100 or better, CNV-related
symptoms such as decreased acuity, metamorphopsia, or monocular diplopia, and drusen
in either the study or the fellow eye (4,8). Also, the patient must have reached 50 years of
age at the time of randomization. Exclusion criteria included a history of prior retinal pho-
tocoagulation, coexisting ocular disease potentially affecting visual acuity, and visual acu-
ity worse than 20/400 (4,8). The subsequent studies evaluating treatment of juxtafoveal
CNV required that the edge of the CNV be located 1–199 microns from the center of the
FAZ or more than 200 microns from the FAZ if adjacent blood or pigment extended to
within 200 microns. Eligible eyes were randomized to either observation or treatment with
krypton red laser (9,10).

The MPS also evaluated AMD patients with new and recurrent subfoveal CNV. In-
clusion criteria for the New Subfoveal CNV Study required a fluorescein angiogram obtained
less than 96 h before randomization, demonstrating CNV with well-demarcated borders, new
vessels under the FAZ center, and a total lesion size < 3.5 MPS standard disk areas (1 MPS
standard area = 1.77 mm2) with most of the lesion composed of classic or occult CNV. Best-
corrected visual acuity at randomization was required to be in the range of 20/40–20/320
(11). In the Recurrent Subfoveal CNV Study, a fluorescein angiogram obtained < 96 h prior
to randomization had to demonstrate either CNV under the FAZ center contiguous with a
prior treatment scar or CNV within 150 microns of the FAZ center contiguous with a scar
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Figure 1 Eligibility for laser treatment in the extrafoveal studies. (Reproduced with permission
from Macular Photocoagulation Study Group. Argon laser photocoagulation for neovascular
maculopathy: three year results from randomized clinical trials. Arch Ophthalmol 1986;104:
694–701. Copyright 1986, American Medical Association.)



that had expanded under the FAZ center (12). Best-corrected visual acuity at randomization
was required to be in the range of 20/40–20/320 (11). Additionally, following the proposed
laser treatment, some portion of the retina within 1.5 mm from the center of FAZ would have
to remain untreated. The total area occupied by prior and new treatment areas had to be < 6
MPS disk areas. Except for scar, most of the lesion had to be composed of CNV. Patients
with prior treatment involving the center of the FAZ were excluded.

The primary outcome of the MPS comparing treated to observed eyes was SVL, de-
fined as a loss of six or more lines of visual acuity (or a quadrupling of the visual angle).
Visual acuity was measured in all studies. Critical reading print size was measured in the
extrafoveal and juxtafoveal studies. Reading speed and contrast threshold were measured
in the subfoveal studies. The rates of recurrent and persistent CNV in treated eyes and the
incidence of new CNV in observed eyes were also reported. The standardized techniques
utilized for measuring visual acuity, contrast threshold, and reading speed have been
described previously (13).

B. MPS Laser Treatments, General Considerations

Photocoagulation of all neovascular lesions was performed according to a protocol stan-
dardized among the clinical centers depending on whether the lesion was extrafoveal,
juxtafoveal, or subfoveal. The MPS protocol required retrobulbar anesthesia for all ex-
trafoveal and juxtafoveal treatments. Retrobulbar anesthesia was recommended but not re-
quired for subfoveal treatments.

C. Extrafoveal Treatment

In the extrafoveal study, patients were treated with argon blue-green or green photocoagu-
lation. The neovascular complex including contiguous blood was to be completely covered
with laser burns sufficient to produce uniform retinal whitening. Noncontiguous 100-mi-
cron-diameter burns were used to outline the boundaries of the treatable lesion. Treatment
for extrafoveal lesions was to extend 100–125 microns beyond the borders of the neovas-
cular complex using overlapping 200- to 500-micron spots with 0.5-s exposures (Fig. 2).
When treating within 350 microns of the FAZ center, 100-micron spots were used with 0.1-
to 0.2-s-duration burns. Eyes with peripapillary CNV were also treated if treatment of the
CNV would spare at least one and one-half clock hours of the peripapillary nerve-fiber
layer, and no spots were delivered <200 microns from the edge of the optic nerve. Imme-
diately following treatment, stereoscopic photographs were taken and compared to an in-
tensity standard at the Fundus Photograph Reading Center (Fig. 3) (14). Angiograms taken
at selected intervals following treatment were examined at the Reading Center for evidence
of transit-phase hyperfluorescence that extended in later phases. This was considered either
persistence (within 6 weeks of treatment) or recurrence (after 6 weeks) of CNV. Definite
fluorescein leakage along the margins of the laser scar or at a second location mandated
retreatment if the lesion remained extrafoveal, i.e., no closer than 200 microns from the
center of the FAZ.

D. Juxtafoveal Treatment

When the initial MPS began, the wavelength most available to investigators was argon
blue-green. However, since macular xanthophyll pigment absorbs blue light, it was be-
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lieved that this might contribute toward unintentional damage to the inner retina overlying
an area of photocoagulation. When the MPS trials for treating juxtafoveal lesions were
developed in 1981, investigators chose to use the krypton red laser to allow for better
penetration through macular xanthophyll and thin layers of blood (15).

An angiogram less than 72 h old was required to guide the treatment of juxtafoveal
lesions. The laser treatment was to extend for 100 microns beyond the border of the neo-
vascular complex, except on the foveal side where treatment beyond the border of the le-
sion was not required unless the hyperfluorescence was greater than 100 microns from the
center of the FAZ. Treatment of all areas of blood or blocked fluorescence associated with
the CNV was not required (9).

E. Subfoveal Treatment

In this arm of the study, patients who were randomized to laser treatment were further ran-
domized to either argon green or krypton red laser treatment. Intense photocoagulation
burns had to extend for 100 microns beyond the borders of the lesion. For areas of the le-
sion covered by thick blood, the burns were to extend up to, but not beyond, the borders of
the lesion. This part of the treatment protocol was applied to both the new and recurrent
subfoveal CNV groups (11,12). Patients with recurrent subfoveal CNV required laser treat-
ment to extend for 300 microns into the prior-treatment scar, and to obliterate any visible

184 Yoken et al.

Figure 2 Schematic of protocol treatment. (A) Noncontiguous 100-micron burns are used to
outline the choroidal neovascularization. (B) Foveal edge is treated with overlapping 200-micron
0.2-s burns. (C) Perimeter of the complex is treated with overlapping 200-micron 0.2-s burns. (D)
Entire complex is treated with overlapping 200–500-micron 0.5-s burns. (Reproduced with
permission from Macular Photocoagulation Study Group. Ocular histoplasmosis. Arch Ophthalmol
1983;101:1350. Copyright 1983, American Medical Association.)



feeder vessel for 100 microns on either side of the vessel and for 300 microns beyond the
vessel base (12).

III. SUMMARY OF MAJOR RESULTS OF THE
MPS

A. Results of Extrafoveal CNV Treatment

Eighteen months into the study, enrollment of patients into the extrafoveal AMD arm
of the MPS was terminated owing to an unequivocal treatment benefit: 60% of untreated
eyes versus 25% of treated eyes developed SVL by 18 months (4). The treatment benefit
persisted, and after 5 years of follow-up, 64% of untreated versus 46% of treated eyes
had SVL (16). Recurrences of CNV were common, either independent or contiguous
with the prior laser treatment, and were seen in 54% of treated eyes at 5 years (16). These
recurrences were most common in the first year after treatment; 75% of all recurrences
occurred in the first year. An association with smoking and likelihood of recurrence
was noted in that 85% of patients who smoked more than 10 cigarettes per day versus
51% of nonsmokers suffered a recurrence (8). Patients who had recurrent CNV had a
decreased average visual acuity, 20/250 as compared to 20/50 for those patients without
recurrences (16) (Table 1).
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Figure 3 Treatment intensity standard. Posttreatment fundus photographs were compared with
this photograph to determine compliance with treatment protocol. (Reproduced with permission
from Macular Photocoagulation Study Group: Krypton laser photocoagulation for neovascular
lesions of ocular histoplasmosis: results of a randomized clinical trial. Arch Ophthalmol
105:1499–1507, 1987. Copyright 1987, American Medical Association.) See also color insert, Fig.
9.3.



Table 1 Outcome of CNV Treatment Secondary to AMD in the MPS, Risk of SVL

1 year 2 year 3 year 5 year

MPS AMD Treated Control Treated Control Treated Control Treated Control
Study eyes eyes eyes eyes eyes eyes eyes eyes

Extrafoveal 24% 41% 33%b 51%b 45% 63% 46% 64%
CNV(16)
Juxtafoveal 31% 45% 45% 54% 51% 61% 55% (54%)c 65% (72%)c

CNV(10,18)
Subfoveal 24% (20%)a 30% (11%)a 23% 39% 23%d 45%d

new
CNV (20)
Subfoveal 11% 29% 9% 28% 17% 39%
recurrent
CNV (20)

a Three months
b Eighteen months (reflects 18-month data after 5 years of follow-up).
c Patients with classic CNV only.
d Four years.

B. Results of Juxtafoveal CNV Treatment

For juxtafoveal CNV, at 3 years of follow-up 61% of untreated versus 51% of treated eyes
had SVL. By 5 years of follow-up, 65% of untreated eyes versus 55% of treated eyes had
developed SVL (10). The greatest treatment benefit was observed in treated patients with-
out definite hypertension. Patients were defined as having definite hypertension if their sys-
tolic blood pressure was 160 mmHg or greater or their diastolic pressure was 95 mmHg or
greater or they were currently taking antihypertensive medications. Seventy percent of un-
treated eyes versus 38% of treated eyes of patients without definite hypertension suffered
SVL while no treatment benefit was observed in patients with definite hypertension (67%
treated vs. 62% observed). Sixty-eight percent of eyes of untreated suspect hypertensive
patients versus 55% of treated suspect hypertensive patients developed SVL. This outcome
has not been observed in other MPS AMD studies, and therefore, it is still generally
recommended to treat hypertensive patients otherwise meeting eligibility criteria. How-
ever, aspects of the MPS outcome data for hypertensives should be part of the informed
consent process. Persistence and recurrence were again common, occurring 32% and
47% of the time 5 years, respectively (17). Not surprisingly, eyes without persistence
or recurrence sustained better final visual acuity than those eyes that had persistence
or recurrence (20/80–20/100 vs. 20/200–20/250). This relatively high level of persistence
and recurrence was felt to be secondary to increased difficulty of treatment within the
FAZ. Even though the investigators had a high level of proficiency in treating CNV with
photocoagulation, reluctance to treat within the FAZ and decreased visibility of landmarks
were thought to contribute to a 40% incomplete or inadequate treatment of lesions on the
foveal side (17).

A subsequent publication from the MPS Fundus Photograph Reading Center outlined
revised criteria for differentiating classic and occult CNV (18). This allowed for reevalua-
tion of the juxtafoveal data previously reported (18). The greatest benefit at 5 years was ob-
served in treated eyes with lesions composed purely of classic CNV. Fifty-four percent of
treated eyes versus 72% of untreated eyes developed SVL, which was in part attributable to
treatment adequacy. Classic-only and occult-only CNV lesions were completely covered by
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adequate photocoagulation in 89% and 35% of eyes, respectively. The classic CNV com-
ponent of eyes with mixed CNV lesions was completely covered in 63% of these eyes as
compared to less than 50% of the occult component being covered. No benefit was detected
in treating the classic component of a combined lesion or part of an occult-only lesion (18).

C. Results of Subfoveal Treatment

The high rates of recurrent CNV that invovled the fovea seen in the juxtafoveal and ex-
trafoveal studies motivated the MPS group to investigate the effects of laser treatment for
subfoveal recurrent CNV (12). Eligible patients in this study had an average initial visual
acuity of 20/125. By 3 and 24 months after enrollment, laser-treated eyes had maintained
an average visual acuity of 20/250 while eyes assigned to observation had dropped to an
average visual acuity of 20/200 by 3 months and 20/320 by 24 months. At 24 months of
follow-up, 9% of treated eyes versus 28% of observed eyes had developed SVL. By 3 years,
17% of treated eyes versus 39% of observed eyes experienced SVL. Furthermore, treated
eyes maintained a better average contrast threshold and average reading speed than
observed eyes throughout the study period.

The MPS group also reported the results of laser treatment versus observation for
new subfoveal CNV (19,20). In this arm, eyes that had well-defined subfoveal CNV no
larger than 3.5 MPS disk areas were randomized to laser treatment with either argon green
or krypton red wavelengths and compared to observation. At 3 months, the observed eyes
fared better with only 11% experiencing SVL compared to 20% of treated eyes. However,
by 24 months, 23% of treated eyes suffered SVL while the percentage of observed eyes
with SVL had increased to 39%. Laser-treated eyes maintained contrast thresholds for large
letters at or near baseline throughout the 3 years of follow-up while contrast sensitivity for
observed eyes declined. After 5 years of follow-up, these treatment benefits persisted (20).
Persistence or recurrence of CNV was seen in 51% of treated eyes by 24 months of follow-
up, but interestingly this was not associated with a worse visual acuity (21). At
3 years of follow-up in the Subfoveal New CNV Study, eyes with persistence, eyes with re-
currence, and eyes with neither persistence nor recurrence had mean visual acuities of
20/400, 20/250, and 20/320, respectively.

Throughout 5 years of follow-up, there was no significant difference in average loss
of visual acuity or contrast sensitivity from baseline when comparing treatment with argon
green or krypton red wavelengths (15). Also, there was no difference in the rates of recur-
rence or persistence of CNV. Small differences in average reading speed favored argon
green treatment for recurrent subfoveal lesions, but since this parameter was markedly
abnormal in both groups, its significance is uncertain.

The MPS investigators evaluated the influence of initial lesion size and visual acuity
on visual outcome in the New Subfoveal CNV Study (22). Four patterns of clinical behavior
were recognized and labeled A, B, C, and D (Fig. 4). All subgroups, except group D, that were
treated suffered less SVL than observed eyes, but the treatment benefit was realized sooner
for eyes with smaller lesions and worse initial visual acuity. Eyes with larger lesions but bet-
ter initial visual acuity (group D) seemed to have no obvious treatment benefit (Fig. 5).

IV. LASER TREATMENT OUTSIDE THE MPS

Since most AMD lesions are not eligible for laser treatment guided by the MPS, and since
treatment of subfoveal lesions results in immediate loss of central vision, recent efforts
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have been directed toward the development of prophylaxis strategies and more selective
treatments for exudative AMD.

V. LASER TREATMENT OF OCCULT LESIONS

Initially, the MPS extrafoveal and juxtafoveal studies did not distinguish between occult
and classic CNV. As discussed earlier, when a subsequent report from the MPS reading
center was issued, reanalyzing all angiograms from the juxtafoveal study, it was deter-
mined that treated lesions composed of entirely classic CNV benefited most from laser
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Figure 4 Schematic aid for determining the pattern of visual loss for eyes with subfoveal
choroidal neovascularization. (Reproduced with permission from Macular Photocoagulation Study
Group. Visual outcome after laser photocoagulation for subfoveal choroidal neovascularization
secondary to age-related macular degeneration: the influence of initial lesion size and visual the
acuity. Arch Ophthalmol 1994;112:480–488. Copyright 1994, American Medical Association.)



treatment and had the lowest rates of SVL (18). Eyes that had both classic and occult com-
ponents and received treatment only to the classic component or received variable cover-
age of the occult component fared no better than untreated eyes. The number of treated eyes
with occult CNV only was too small to draw meaningful conclusions.

The natural history of occult CNV is variable, complicating interpretation of treat-
ment studies, particularly those studies without controls (23). A retrospective study by
Soubrane and co-workers (24) demonstrated no benefit for treatment of nonfoveal occult
CNV. The study group consisted of 163 eyes, 77 treated and 79 observed, with initial vi-
sual acuity of 20/100 or better and angiographic evidence of occult CNV that spared the
center of the FAZ by at least 100 microns. The treated patients received intense, confluent
laser burns to the entire lesion as identified by fluorescein angiography plus an additional
100 microns sparing the center of the FAZ. At the end of follow-up (12– 84 months), SVL
was demonstrated in 53% of treated eyes versus 40% of untreated eyes.

Some investigators have examined the use of laser treatment for AMD-associated
pigment epithelial detachment (PED). These lesions were specifically excluded from the
MPS because it was believed that the PED might limit the treating ophthalmologists’
ability to treat the entire CNV complex, thereby increasing the chances for recurrence or
persistence.
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Figure 5 Proportion of eyes in groups (A), (B), (C), and (D) with a six- or more line decrease in
visual acuity following subfoveal laser treatment. The solid and broken lines depict the treatment and
no-treatment groups, respectively. (Reproduced with permission from Macular photocoagulation
Study Group. Visual outcome after laser photocoagulation for subfoveal choroidal
neovascularization secondary to age-related macular degeneration: the influence of initial lesion size
and visual acuity. Arch Ophthalmol 1994;112:480–488. Copyright 1994, American Medical
Association.)

(A) (B)

(C) (D)



The Moorfields Macular Study (25) demonstrated that argon blue-green grid photo-
coagulation to PEDs without clinical or angiographic evidence of CNV accelerated the loss
of visual acuity. At 18 months, 73% of treated versus 41% of observed eyes had lost two
lines of Snellen visual acuity. Geographic atrophy was also seen more frequently and ear-
lier in treated eyes. The increased frequency of visual loss in the treated versus untreated
eyes was sustained in a later report that included 4 years of follow-up (25).

Occasionally, PED is observed adjacent to CNV. Maguire et al. treated a small group
of AMD patients (14 eyes) with foveal PEDs and adjacent extrafoveal CNV (Fig. 6) (26).
These investigators treated only the adjacent extrafoveal CNV with laser photocoagulation.
Closure of the CNV and subsequent collapse of the PED was observed in 8 of the 14 eyes
treated (57%). Six of these eight eyes also had visual improvement at 6–64 months of fol-
low-up. Although this was a small pilot study with no randomization or control group, the
authors point to the poor natural history of these types of lesions as an incentive to consider
treatment with photocoagulation (27–30). A prospective randomized study further evaluat-
ing this notion has not been performed.

VI. LASER TREATMENT OF SUBFOVEAL CNV,
OUTSIDE MPS

Some investigators, in an effort to limit the immediate visually disturbing effects of photo-
coagulation of subfoveal lesions, have explored “foveal sparing” techniques. Coscas and
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Figure 6 Choroidal neovascular membrane (arrow) with an adjacent subfoveal retinal pigment
epithelial detachment (arrowhead). (Reprinted from Maguire JI, Benson WE, Brown GC. Treatment
of foveal pigment epithelial detachments with contiguous extrafoveal choroidal neovascular
membranes. Am J Ophthalmol 1990;109:523–529. Copyright 1990, with permission from Elsevier
Science.)



associates (31) reported the largest series of patients treated with “annular” photocoagula-
tion treatment for subfoveal CNV. In a prospective, randomized, controlled clinical trial,
160 patients with AMD and angiographic evidence of subfoveal CNV, either classic or oc-
cult, with or without a serous PED were randomized to either perifoveal laser treatment or
observation. Visual acuity at presentation had to be in the range of 20/100–20/1000 with-
out any prior history of laser treatment in the eligible eye. The treatment protocol required
sparing of the central 400 microns of the FAZ and placement of confluent burns to the pe-
ripheral extent of the CNV lesion, or to the limits of any vascularized PED if present (Fig.
7). With more than 1 year of follow-up, visual acuity remained stable or improved in 41%
of treated versus 20% of observed eyes. The authors further remarked that final results did
not differ between those eyes that had well-defined versus occult CNV. Orth and co-work-
ers (32) described a case series of three patients for whom this technique of annular photo-
coagulation provided dramatic visual improvement. The three patients described had the
most favorable results of a larger group of 34 patients who were treated similarly. The three
study patients varied from one another in that one had classic subfoveal CNV, one had re-
current subfoveal CNV, and one had a PED associated with subfoveal CNV. Their visual
acuities improved from 20/100 to 20/40, 20/200 to 20/60, and 20/100 to 20/50 at 6 months,
respectively. These three patients had complete resolution of exudation on fluorescein an-
giography as well. The authors of this report describe the other 31 patients treated with this
technique typically as having visual acuity stabilization and a paracentral scotoma. This is
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Figure 7 Treatment protocol for perifoveal laser treatment of subfoveal choroidal neovascular
membrane. Protocol consists of confluent overlapping burns applied to the peripheral border of the
neovascular membrane. Similar burns delineate the foveal avascular zone. The surface between
these two limits is filled with laser photocoagulation. (Reproduced with permission from Coscas G,
et al. Perifoveal laser treatment for subfoveal choroidal new vessels in age-related macular
degeneration. Results of a randomized clinical trial. Arch Ophthalmol 1991;109:1258–1265.
Copyright 1991, American Medical Association.)



a remarkable result when considering that typically patients who receive subfoveal photo-
coagulation develop a sudden decline in their visual acuity. Despite the potential promise
of this technique, it has not gained widespread acceptance nor has it been studied with rigor.

Many small pilot studies and anecdotal reports initially indicated that there might be
some benefit to the use of scatter (“grid”) photocoagulation for subfoveal CNV (33–35).
Tornambe et al. (33) conducted a small pilot study in which 40 eyes with well-demarcated
subfoveal neovascularization secondary to AMD involving 100% of the FAZ were treated
with either extrafoveal scatter alone (18 eyes) or scatter plus focal, confluent ablation of ex-
trafoveal CNV (22 eyes). Scatter treatments were placed outside the area subtended by
CNV. Fluorescein angiography and visual acuity were monitored at periodic intervals with
average follow-up of 2.4 years (ranging from 1 to 4 years). The results indicated that 55%
of all patients had persistent angiographic leakage, which included 56% of patients who re-
ceived scatter alone and 55% of patients who received scatter plus focal ablation. At en-
rollment, 28% of eyes had a visual acuity of 20/80 or better and 80% had a visual acuity of
20/200 or better. At completion, 18% of eyes had 20/80 or better and 53% were 20/200 or
better. Sixty percent of eyes attained the same or better visual acuity. There was no signif-
icant difference in final visual acuity between groups with or without persistent angio-
graphic leakage, nor between groups treated with scatter alone versus scatter plus focal ab-
lation. Importantly, there was no control group, which makes it difficult to draw definitive
conclusions from this study.

Another small pilot study, conducted by Soubrane and Coscas (36), also investigated
the use of macular scatter photocoagulation for ill-defined subfoveal CNV. These authors
randomized eyes of patients 50 years or older with poorly defined subfoveal CNV and vi-
sual acuity of 20/100 or better to either treatment or observation. Treatment consisted of
300–500 nonconfluent 0.2-s-duration krypton laser burns of “minimal intensity” to the
CNV complex. By 2 years of follow-up, no statistically significant differences were noted
between groups (36).

Bressler et al. (37) reported the results of a randomized, prospective pilot trial of mac-
ular scatter photocoagulation for poorly demarcated subfoveal CNV related to AMD. A
total of 103 eyes of patients with symptomatic occult CNV secondary to AMD, with or
without a classic component, with poorly demarcated borders were randomized to either
laser treatment or observation. Two subgroup treatments were developed using either di-
rect grid treatment alone or grid plus focal ablation of classic CNV. The results of this study
did not demonstrate any benefit from this type of treatment (Fig. 8). In fact, at 6 months
treated eyes had two more lines of visual acuity loss as compared to observed eyes, sug-
gesting that the treatment might even have been harmful at that point. However, by 24
months of follow-up, a crossover point was observed. There was no significant difference
in visual function between groups such that 40% of each group had suffered severe visual
loss at 2 years. The results of this trial have largely discouraged the use of scatter treatment
for poorly demarcated subfoveal lesions, especially in light of the highly variable natural
course of this type of CNV lesion (24,38).

VII. INDOCYANINE GREEN–GUIDED LASER
TREATMENTS

Kogure and Choromokos reported the first use of indocyanine green (ICG) for
fundus imaging in 1969 (39). However, owing to its low fluorescence (only 4% that of
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fluorescein), it was difficult to detect ICG with the imaging systems of that day. More sen-
sitive detectors have allowed for acquisition and rendering of high-quality angiograms with
more readily discernible normal landmarks and pathological features.

ICG has two important differences from fluorescein. (1) ICG absorbs and emits in the
near-infrared portion of the spectrum, which is less absorbed by the pigment epithelium,
macular xanthophyll, media opacities, and blood when compared to visible light. (2) ICG
is almost completely bound to plasma proteins (98%) and therefore is mostly confined to
the intravascular space. This allows for better visualization of the choroidal vasculature as
compared to fluorescein, which easily leaks from the small fenestrations of the choriocap-
illaris. In one study, Lim et al. noted that in 153 consecutive patients, imaged with both flu-
orescein and ICG angiography, 50% of patients with occult lesions on fluorescein angiog-
raphy had hyperfluorescent lesions with “well-demarcated” margins on ICG (40).

Three basic patterns of ICG fluorescence of occult CNV have been described. These
include small, focal “hot spots,” plaques, and mixed lesions (41–43). The focal hot spot is
a bright area of fluorescence smaller than one disk area that fluoresces early and is usually
present by the midphase of the angiogram. It is thought to represent actively proliferating
vessels with highly permeable areas of neovascularization. Plaque lesions are greater than
one disk area in size, tend not to fluoresce early and fluoresce less intensely in the later
stages of the angiogram, and can be either well defined or ill defined (60%). Mixed types
of ICG fluorescence, which have both a plaque and a focal spot, include three important
subtypes characterized by the location of the focal spot. The focal spot can be adjacent to,
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Figure 8 Percentages of eyes with severe visual loss for treated (solid line) and untreated (broken
line) groups following macular scatter laser treatment for poorly demarcated subfoveal choroidal
neovascularization. (Reproduced with permission from Bressler NM, et al. Macular scatter (“grid”)
laser treatment of poorly demarcated subfoveal choroidal neovascularization in age-related macular
degeneration: results of a randomized pilot trial. Arch Opthalmol 1996;114:1456–1464. Copyright
1996, American Medical Association.)



overlying, or remote from the plaque. In a review of 1000 consecutive eyes with occult
CNV imaged with fluorescein and ICG, Guyer et al. reported that plaques, focal spots, and
mixed lesions were observed in 61%, 29%, and 8% of the patients, respectively (43,44). Pi-
lot studies using ICG-guided photocoagulation have primarily targeted the focal hot spot as
a potential treatment site.

Although no large, randomized, controlled trials have been reported evaluating the
use of ICG-guided photocoagulation, data exist from many pilot studies that have exam-
ined this issue (42,43,45–48). In one of the earliest reports, Regillo et al. (42) retrospec-
tively reviewed all patients over a 5-month period who had undergone ICG angiography
and who had exudative AMD with ill-defined CNV on fluorescein angiography. Of 19 pa-
tients who demonstrated well-defined, hyperfluorescent extrafoveal lesions on ICG and un-
derwent subsequent ICG-guided photocoagulation, 63% experienced clinical resolution of
exudation and stabilization (within one line) or improvement of Snellen acuity at 6 months.
In one of the largest series reported to date, Slakter et al. (46) subsequently evaluated 347
consecutive patients with clinical and angiographic evidence of occult CNV. Of these, 79
(23%) were found to have focal hot-spot type lesions eccentric to the fovea with ICG. These
lesions were treated as described by the MPS for extrafoveal, classic CNV (4). Two groups
of potentially treatable patients were identified. Those in group 1, termed the vascularized
pigment epithelial detachment group, included patients with a distinct detachment of the
RPE on clinical examination greater than one disc diameter with minimal irregular hyper-
fluoresence on early fluorescein angiography that gradually increased in intensity and
eventually stained the subpigment epithelial tissue late. Also, a serous PED in association
with the occult CNV was seen filling in the late stages of the angiogram. Group 2 included
patients with CNV beneath the RPE that appeared clinically as a shallow, solid thickening
of the RPE without an associated serous PED. Forty-four patients (56%) had complete res-
olution of their exudative manifestations following treatment. Visual acuity improvement
was noted in 10 eyes (13%) (two or more lines of Snellen acuity) and vision stabilization
was noted in 42 eyes (53%). Follow-up ranged from 6 weeks to 16 months with a median
of 23 weeks. The authors concluded, despite the lack of a contemporaneous control group,
that this anatomical success rate was similar to that seen in the extrafoveal, classic CNV
arm of the MPS (4,9,16). They also noted that 43% of eyes had one or more recurrences,
again similar to MPS rates of recurrence (8,47). However, it is important to note the shorter
follow-up time of this group compared to the MPS patients. The authors reported slightly
less favorable anatomical, visual acuity, and recurrence outcomes in patients who presented
with a serous PED (group 1), and offered three possibilities to explain these outcomes: (1)
These patients may have had attenuated treatment secondary to turbid subretinal pigment
epithelial fluid despite apparently satisfactory clinical “burns” noted at the time of treat-
ment; (2) the turbid PED may still obscure the margins of the CNV despite the enhanced
visualization capabilities of ICG, resulting in incomplete treatment; and (3) vascularized
PEDs with a serous component may represent a naturally more aggressive form of exuda-
tive disease. Several retrospective analyses have demonstrated the poor natural course of
eyes with serous and nonserous PEDs (28–30)

More recently, Weinberger et al. (48) reported a similar prospective pilot study, uti-
lizing early ICG of occult CNV to guide treatment, with follow-up ranging from 12 months
to 48 months (mean follow-up of 30 months). At 12 months, 13 of 21 eyes (62%) had oblit-
eration of their lesions on fluorescein angiography and 66% of 21 eyes had stabilized or im-
proved visual acuity. By 36 months, 6 of 10 eyes (60%) had obliteration of their lesions on
fluorescein angiography, but only 30% of 10 eyes had stabilized or improved visual
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acuity, with 40% experiencing severe visual loss. Again, this study demonstrates the
importance of long-term follow-up and careful comparison to control groups.

Guyer et al. (43) reported their success in treating only the focal hot spot adjacent to
a plaque lesion. Of 23 eyes that were evaluated and treated, 19 eyes were available for fol-
low-up at 1 year. Anatomical success was achieved in 13 eyes (68%) and stabilization or
improvement of visual acuity was achieved in 9 (69%) of these 13 eyes. Again, longer
follow-up and comparison to a control group are needed to assess fully this outcome.

ICG also has been examined for use in treating recurrent occult CNV. Sorenson et al.
(47) consecutively evaluated 66 patients who presented with clinical signs and symptoms
of recurrent occult CNV but had no well-defined or classic CNV on fluorescein angiogra-
phy. Sixty-four (97%) were deemed to have recurrent CNV by ICG angiography. Of these,
29 (44%) were believed to have well-defined CNV lesions that were treated with ICG-
guided photocoagulation. Twenty-three lesions were extrafoveal or juxtafoveal and six
were subfoveal. At the end of follow-up, which averaged 6 months, 18 eyes (62%) had res-
olution of their exudative manifestations with stabilization or improvement of visual acu-
ity.

In recent work presented in abstract form, Glaser and co-workers have observed
“modulating” vessels that fill early and then fade quickly as seen on high-speed ICG
videoangiography (49). It appears that selective treatment of these modulating vessels may
be associated with a more widespread reduction in dye leakage. This modality is discussed
more fully elsewhere in this book, and additional data are being accumulated, although no
randomized, controlled clinical trial has yet been performed.

ICG remains a useful tool that allows for further classification and understanding of
CNV lesions and may ultimately increase the number of patients eligible for standard pho-
tocoagulation. Definite recommendations await large, controlled clinical trials. As yet,
none have been conducted.

VIII. LASER TREATMENT OF AMD USING
PHOTODYNAMIC THERAPY

Novel treatments for AMD attempt to stop or prevent the growth of CNV without the con-
current damage to the retina and RPE caused by laser photocoagulation. One very promis-
ing approach is photodynamic therapy (PDT). In PDT, dye molecules are injected intra-
venously. Dye molecules preferentially localize to choroidal neovascularization-associated
endothelial cells. Low-intensity, long-exposure irradiation promotes the photochemical
production of reactive oxygen species including singlet oxygen, hydroxyl radicals, and su-
peroxide anion, which promote thrombosis and vascular injury. The laser power is lower
than that required for thermal retinal injury, conferring selectivity; CNV can be treated,
while sparing overlying, potentially functional retina.

Although many different photosensitizing drugs exist (50), only benzoporphyrin
derivative, also called verteporfin, has been evaluated, in Phase I, II and III clinical studies,
and has recently been approved by the Food and Drug Administration (5,51,52). Encour-
aging 1- and 2 year reults have been reported for verteporfin. Subfoveal lesions composed
of 50% or greater classic CNV (predominantly classic) had a significant improvement in
outcome with verteporfin treatment: at 2 years 67% of eyes treated lost less than 15 letters,
compared to 39% of eyes receiving placebo. Lesions in which some classic component was
present, where the classic component subtended less than 50% of the lesion area, and
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patients with recurrent CNV had no improvement in outcome with verteporfin compared
to placebo.

IX. IMPLICATIONS FOR CLINICAL PRACTICE

Patients at risk for the development of CNV should monitor central vision in each eye sep-
arately with alternate monocular cover testing on a daily basis. Any symptomatic change
in reading vision, distance vision, or on Amsler grid testing should prompt examination to
identify a potentially treatable lesion (13). AMD is a bilateral disease, and treatable pathol-
ogy may be present in the fellow asymptomatic eye, so examination and imaging studies
should be perfomed in both eyes.

Informed consent among patients who are eligible for thermal laser treatment should
include discussion of potential risks and benefits of laser treatment. Patients should under-
stand that many people report scotomata after treatment, and that persistence and recur-
rence are common. Even after initially successful laser treatment, progressive visual loss is
the rule rather than the exception, owing to persistence, recurrence, or the development of
new CNV.

Patients with CNV due to AMD that benefited from thermal laser photocoagulation
in the MPS, were those with well-defined, classic CNV lesions. This type of lesion is pre-
sent in not more than 13% of patients with neovascular AMD (53), and thus the vast ma-
jority of patients with neovascular AMD do not meet MPS eligibility criteria for laser treat-
ment. However, thermal laser treatment has been shown to be effective in reducing the rates
of severe vision loss among the patients eligible for treatment. In treated eyes that do not
develop postlaser leakage, the mean visual acuity 3 years post treatment is 20/50. Unfortu-
nately, over half of those treated have recurrent CNV with associated vision loss (10,16),
and expansion of the laser scar may be associated with further decline in visual function for
extrafoveal, juxtafoveal, and subfoveal lesions. In addition, thermal laser treatment of sub-
foveal CNV results in immediate iatrogenic loss of central vision from damage to retinal
tissue overlying the CNV. These factors have prompted investigation into new treatment
modalities, with the goal of developing a treatment that would benefit patients with
larger, less well-defined CNV lesions, and would selectively obliterate CNV with minimal
damage to the overlying retina.

PDT provides a new tool for the treatment of subfoveal lesions with minimal damage
to overlying retina, and without immediate loss of vision as may be associated with photo-
coagulation of subfoveal lesions. Long-term outcome data comparing eyes treated with
verteporfin to eyes that received placebo will yield better understanding of its role in the
treatment of patients with CNV due to AMD. It is not possible at this time to determine the
precise indications for thermal laser or PDT for patients with CNV due to AMD. The fol-
low-up to date in clinical studies of PDT is limited to 12–24 months, and the natural course
of CNV from AMD, as studied in the MPS, includes a high rate of recurrence and persis-
tence with associated visual loss over time. Demonstration of long-term efficacy and
safety, especially in an approach requiring retreatments as often as every 3 months, will re-
quire evaluation of longer-term follow-up data.

However, certain recommendations for treatments of CNV in patients with AMD can
be made. Data support treatment of extrafoveal CNV lesions meeting MPS criteria with
traditional laser. Five-year follow-up has shown a significant improvement in visual out-
come with laser treatment compared to observation for this type of CNV (16), and treat-
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ment of extrafoveal CNV has not been evaluated with PDT. Second, MPS data support
treatment of recurrent CNV that extends under the geometrical center of the fovea with
thermal laser (20). The subgroup of 59 patients in TAP with recurrent subfoveal CNV who
received PDT fared no better than the 23 patients who received placebo (5). However, the
TAP study was not designed specifically to investigate patients with recurrent CNV, and
likely did not have the power necessary to detect a treatment effect in this group of patients.

The results of the TAP study support treatment of subfoveal CNV from AMD that is
predominantly classic with verteporfin (5). PDT is especially likely to benefit patients with
subfoveal CNV that can be classified into groups B, C, and D of the MPS (small lesions
with good initial visual acuity and large lesions), because at 12-month follow-up, patients
treated with laser in each of these groups had worse visual outcomes than patients who were
observed (22), while patients treated with verteporfin had better visual outcomes at this
time compared to placebo (5). For patients with recurrent subfoveal CNV, and for patients
with new subfoveal lesions, especially those characterized as MPS group A (small lesions
with moderate or poor visual acuity, or medium-size lesions with poor visual acuity), ther-
mal laser treatment should be considered. Patients were found to benefit from thermal laser
by the MPS for up to 5 years after treatment (22), compared to the treatment benefit shown
at only 24 months with PDT (5).

Currently, the data do not support strongly treatment of certain types of CNV with ei-
ther thermal laser or PDT. The MPS demonstrated a treatment benefit from thermal laser
in patients with juxtafoveal CNV, but this benefit was modest. The average visual acuity at
5 years was 20/200 in the treated group versus 20/250 in the untreated group, and 52% of
treated versus 61% of untreated patients lost six or more lines of best-corrected visual acu-
ity (10). Persistence and recurrence were frequent, occurring at a rate of 78% over 5 years
(10). Patients with juxtafoveal CNV and hypertension were not shown to have a treatment
benefit with thermal laser by the MPS (9,10). At this time, laser photocoagulation is rec-
ommended for well-defined juxtafoveal CNV; however, accumulating data, subgroup anal-
ysis, and future trials may shed additional light on the potential benefits of PDT for
juxtafoveal CNV.

Patients with subfoveal CNV lesions that are less than 50% classic, without well-de-
marcated boundaries, do not meet MPS eligibility criteria, and additionally were found not
to benefit from treatment with PDT. There remains no proven treatment for patients with
predominantly occult CNV. This type of lesion is being investigated in a number of case
series and prospective randomized trials with treatments such as external-beam radiation,
transpupillary thermal therapy, submacular surgery, and pharmacological treatments (54).

The large majority of patients with visual loss due to CNV in AMD have subfoveal,
occult CNV for which no treatment benefit with PDT has been demonstrated. An effective
treatment or prophylactic intervention for the majority of patients with vision loss due to
CNV has not yet been identified, and research is ongoing to find an effective modality to
reduce rates of vision loss in these patients. Until an effective intervention is found, refer-
ral to a low-vision specialist may help to ensure that patients with vision loss due to AMD
benefit from all visual aids and community resources available to them.

X. SUMMARY

Laser treatment, as described by the MPS Study Group, is beneficial for eligible eyes with
extrafoveal, juxtafoveal, and subfoveal CNV. Subgroup analysis in the subfoveal new
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study revealed that treated eyes with worse initial visual acuity and smaller initial lesion
size fared better than observed eyes. Group D eyes with larger lesions and good initial vi-
sual acuity sustained no treatment benefit. Recurrences of CNV were common, seen in 54%
of treated eyes at (5) years in the extrafoveal study. No benefit was observed for treating
the classic component of a lesion composed of both classic and occult components.

The natural history of occult CNV is variable, complicating interpretation of treat-
ment studies, partcularly those studies without controls. Currently, no good data exist to
guide the treatment of predominantly occult lesions. Patients at risk for the development of
CNV should monitor central vision in each eye separately with alternate monocular cover
testing on a daily basis. Any symptomatic change in reading vision, distance vision, or on
Amsler grid testing should prompt examination to identify a potentially treatable lesion. Pa-
tients should be counseled that scotomata persistence and recurrence are common even
after successful treatment.
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I. INTRODUCTION

A. Historical Overview

Photodynamic therapy (PDT) is an emerging therapeutic modality that entails the adminis-
tration of a photosensitizer, subsequent accumulation in the target tissue, and then activa-
tion by nonthermal monochromatic light corresponding to the sensitizer’s absorption pro-
file (1). Powerful oxidizing agents such as cytotoxic singlet oxygen and radicals are
produced causing irreversible cellular damage. PDT has traditionally focused on the treat-
ment of cancer (2), but the potential for selective destruction of diseased vessels, while
sparing normal overlying tissues, coupled with promising clinical efficacy has spawned in-
creasing nonclinical and clinical PDT research for the treatment of age-related macular de-
generation (AMD), particularly subfoveal choroidal neovascularization (CNV). PDT is se-
lective, both through photosensitizer retention in new vessels and through light application.
Illumination is restricted to the diseased area and the limited depth of light penetration re-
stricts damage to underlying tissues.

B. Vascular Targeting

PDT has been used successfully in the treatment of certain cancers owing to the remarkable
selectivity of many photosensitizers for tumor tissue. PDT causes direct cellular injury in
addition to microvascular damage or “shutdown” within the illuminated tumor. Uptake is
considered to be due to the increased expression of low-density lipoprotein (LDL) recep-
tors on tumor cells and neovascular endothelial cells. Porphyrin photosensitization in
mammals was studied as early as 1910 when Hausmann investigated the effects of hemato-
porphyrin and light on mice (3). The results established the phototoxic propensity of por-
phyrins and Hausmann concluded that the peripheral vasculature was one of the primary
PDT targets. In 1963, Castellani and co-workers demonstrated the microvasculature to be
a crucial target (4). PDT-mediated neovascular damage has now become an emerging re-



search area with many researchers showing differences in efficiency between photosensi-
tizers in a number of vascular models (5,6).

Endothelial cells accumulate certain photosensitizers and are susceptible to PDT-in-
duced destruction. The subcellular localization of motexafin lutetium (Lu-Tex) was deter-
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Figure 1 Photosensitizer accumulation in endothelial cells. Human umbilical vein endothelial
cells, phase contrast micrograph shown in (a), were incubated with motexafin lutetium and
fluorescence microscopy was performed revealing the subcellular localization sites (red in b).
Fluorescence emission spectra taken from discrete cellular localization sites in (b) revealed the
distinctive 750-nm-wavelength emission profile characteristic of the sensitizer (c). Background
spectra were also obtained.



mined in human umbilical vein endothelial cells using fluorescence microscopy; a typical
micrograph is displayed in Figure 1. Lu-Tex exhibits a fluorescence emission profile at 750
nm and this signature fluorescence marker is used to characterize and quantify sensitizer
concentrations within tissues. Lu-Tex was found to localize within the lysosomes and en-
doplasmic reticulum as evidenced by costaining with organelle-specifie fluoroprobes. Fol-
lowing illumination some relocalization of the sensitizer occurred with partitioning being
observed in the mitochondria, suggesting the primary subcellular localization site could not
possibly fully account for all of the PDT-induced damage. Sensitizer-alone and light ad-
ministration-alone treatment groups did not induce any changes in cell viability. Significant
cell death due to Lu-Tex-mediated PDT was observed in endothelial cells producing a steep
dose response (Fig. 2).

Vascular occlusion following PDT is marked by the release of vasoactive molecules,
vasoconstriction, blood cell aggregation, endothelial cell damage, blood flow stasis, and
hemorrhage. The response is dependent on sensitizer type, concentration, and the time in-
terval between administration and treatment. Benzoporphyrin derivative monoacid ring A
(BPD-MA)-induced PDT yielded selective destruction of tumor microvasculature, using a
chrondosarcoma rodent model, compared to the surrounding normal microvasculature
when illumination occurred within 30 min following sensitizer administration (7). How-
ever, no acute change in vascular status was observed when illumination occurred at 3 h.
The vascular shutdown results correlated with the antitumor effect since tumor-bearing an-
imals treated at 5 min responded more positively than those treated at 3 h.
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Figure 2 Cytotoxicity following photodynamic therapy. The effect of PDT with motexafin
lutetium on the survival of human umbilical vein endothelial cells was assessed (open squares) and
compared to sensitizer-only subsets (closed squares). Cells were incubated with varying sensitizer
concentrations and then activated using 2 J/cm2 of 732-nn-wvavelength light.



C. Light Application

The light used for ophthalmic applications is nonthermal monochromatic laser light
matched to the sensitizer’s far-red absorbance profile. Far-red wavelength light possesses
greater transmission through both blood and tissue than light at lower wavelengths, thereby
enabling the treatment of pigmented or hemorrhagic lesions. The energy at which light is
delivered is a product of the radiant power (expressed in milliwatts per square centimeter,
mW/cm2) and the time of illumination. The radiant energy, often termed fluence, is ex-
pressed as joules per square centimeter (J/cm2). Therefore, to deliver a fluence of 50 J/cm2

light at a power density of 600 mW/cm2 an illumination time of 83 is required.
Upon illumination (Fig. 1), photons (h�) interact with the ground singlet-state sensitizer

(1Sensitizer) causing it to undergo an electronic transition to an activated, short-lived, excited
singlet state (1Sensitizer*). The singlet state can then convert back to the ground state caus-
ing fluorescence or undergo intersystem crossing to generate the longer-lived excited triplet-
state sensitizer (3Sensitizer*). From the triplet state, a photon can be emitted causing phos-
phorescence with conversion to the ground state or the triplet state can interact with oxygen
or biological substrates leading to microvascular damage (8,9). As schematically represented
in Figure 3, two photo-oxidation processes can occur between the triplet state and molecular
oxygen (3O2) causing irreversible damage to vascular components. The direct interaction of
the excited triplet state with biomolecular substrates is termed the type I mode and is favored
in areas with low oxygen concentrations. Biomolecular radicals are generated and react with
oxygen forming cytotoxic oxidizing products. The type II mechanism entails interaction from
the excited triplet-state sensitizer to ground-state oxygen producing singlet oxygen (1O2) with
theoretical regeneration of the ground-state sensitizer. However, photobleaching and photo-
product formation can deplete the ground-state sensitizer concentration.

Singlet oxygen is highly electrophilic, oxidizing biological substrates and initiating a
cascade of radical chain reactions that damage cellular components. Singlet oxygen pro-
duction is thought to be responsible for most of the damage induced by PDT. Singlet oxy-
gen possesses a reactive pathlength of less than 0.02 micron so any effect has a limited po-
tency (2). The photochemical processes involved are complex and are different for each
sensitizer and are also subject to the microenvironment. Intersystem crossing is kinetically
important for the formation of the excited triplet state and for PDT potency. Molecules with
high fluorescence quantum yields will generate lower triplet quantum yields and are more
likely to be used as diagnostic agents. Conversely, molecules with low fluorescence quan-
tum yields will generate high triplet quantum yields and therefore should produce a high
yield of cytotoxic species.

D. PDT Candidates

The ideal photosensitizer should be chemically pure and possess the appropriate physical
and biological properties that make it inherently nontoxic until activated by light. The agent
should possess strong absorption properties in the far-red spectral region (660–780 nm)
where light has greatest penetration into blood and tissue and possess efficient photophys-
ical properties for destroying neovascular endothelial cells. The sensitizer should also lo-
calize selectively in the neovasculature while being rapidly cleared from the blood and
overlying photoreceptors. In addition, rapid cutaneous clearance would limit cutaneous
photosensitivity. Several photosensitizers are currently being explored and are in different
stages of preclinical and clinical development.
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Photosensitizing candidate molecules are generally related to porphyrins (Fig. 4, 5).
Porphyrins are fused tetrapyrrolic macrocycles that are omnipresent in nature as major bi-
ological pigments. Protoporphyrin IX, a typical porphyrin molecule, forms the nonprotein
portion of hemoglobin. Reduction, oxidation, or expansion of the macrocyclic ring leads to
different molecular subclasses. A reduction at one of the four pyrrole rings in the porphyrin
macrocycle yields a chlorin molecule. The electronic conjugation system is altered causing
further absorption into the far-red wavelength region, from 630 to approximately 660–690
nm. Increasing the macrocycle conjugation system further, by the formation of a pen-
tadentate metallophotosensitizer, yields a texaphyrin molecule and results in even further
absorption in the far-red spectral region (700–760 nm). Phthalocyanines are tetrapyrrolic
structures fused together by nitrogen atoms instead of carbon bridges; absorption is exhib-
ited in the 650- to 700-nm-wavelength region. Purpurins possess a reduced pyrrole ring and
also an extended ring conjugation system; the absorption maxima is between 650 and 690
nm. The chemical structures of the main photosensitizers now being evaluated clinically
are shown in Figure 4 while those in preclinical development are in Figure 5. The singlet
oxygen quantum yield (1O2 ��) and the extinction coefficient (	) at the wavelength used for
photoactivation are also shown.

E. Benzoporphyrin Derivative Monoacid (Verteporfin,
Visudyne, BPD-MA)

BPD-MA (benzoporphyrin derivative monoacid ring A) consists of equal amounts of two
regioisomers that differ in the location of the carboxylic acid and methyl ester on the lower
pyrrole rings of the chlorin macrocycle (see Fig. 2). BPD-MA, owing to its hydrophobic-
ity, is formulated with liposomes. The monoacid analogs were developed because they pro-
duced greater PDT responses compared to the diacids (10). The monoacid regioisomers are
converted, in the liver, to the diacids. The regioisomers responded similarly in experimen-
tal efficacy settings; however, the pharmacokinetic properties were different in the rat, dog,
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Figure 3 Photochemical processes involved in photodynamic therapy.



and monkey but not in humans, where the plasma half-life was 5–6 h (11,12). It is thought
the latter may be due to differences in plasma esterases or lipoprotein profiles.

PDT studies undertaken using experimentally induced CNV in primates resulted in
closure of the neovasculature and choriocapillaris, but not the retinal vasculature.

Liposomal BPD-MA was infused at a dose of 0.375 mg/kg over 10–32 min; illumi-
nation with a fluence of 150 J/cm2 (689–692 nm laser light at 600 mW/cm2) occurred
30–55 min following infusion initiation (9). When the same treatment parameters were per-
formed on normal primate eyes, some retinal pigment epithelium (RPE) damage and chori-
ocapillaris closure occurred; however, little harm was observed in contiguous tissues.
When light was delivered within 30–45 min following sensitizer delivery, sensitizer ad-
ministration rates had little effect on vascular occlusion rates. BPD-MA localization in the
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Figure 4 Chemical structures and photophysical properties of photodynamic therapy agents now
in clinical trials.

Figure 5 Chemical structures and photophysical properties of photodynamic therapy agents now
undergoing preclinical development.



choroid and RPE was confirmed using fluorescence microscopy in rabbits. Retention oc-
curred within 5 min with progression to the outer segments within 20 min. No BPD-MA
was detected within the choroid or photoreceptors at 2 h; however, a small trace was de-
tected in the RPE at 24 h (13). A similar pharmacokinetic pattern was observed in monkeys
using in vivo fluorescence imaging (14).

The long-term effects on the retina and choroid were evaluated in cynomolgus mon-
keys with experimental CNV (15). Fundus photography and angiography analyses were
performed at 24 h and then weekly for 4–7 weeks following a treatment of 0.375 mg BPD-
MA/kg and a fluence of 150 J/cm2. Eyes were examined histologically at the end of the fol-
low-up period. CNV closure also resulted in closure of the choriocapillaris with damage
occurring to RPE cells. However, these areas appeared to regenerate somewhat in the 4–7-
week study period. Of 28 CNV lesions followed for 4 weeks 72% remained closed.

Lesion retreatment was determined to be needed to sustain vessel closure. The effect
of three treatments was evaluated in disease-free primate eyes (16). Treatments, using sen-
sitizer doses of 6, 12, or 18 mg/m2 20 min after drug infusion and a fluence of 100 J/cm2,
were performed every 2 weeks. A cumulative dose response was observed; damage to the
retina, choroid, and optic nerve was limited in the 6 mg/m2 sensitizer subgroup while the
higher-dose groups exhibited severe choriocapillaris and photoreceptor damage at 6 weeks.

F. Tin Ethyl Etiopurpurin (Purlytin, SnET2)

The purpurin SnET2 has been clinically evaluated for the palliation of symptoms associ-
ated with recurrent cutaneous metastatic breast cancer (17). The sensitizer possesses a large
extinction coefficient at 660 nm and since it is hydrophobic it is formulated in a lipid emul-
sion. SnET2-mediated PDT was found to occlude CNV experimentally induced in rats
(18). SnET2 was intravenously administered at a dose of 1 mg/kg; the eyes were then ex-
posed at 10 min with 10, 15, or 25 J/cm2 of 664-nm light using an irradiance of 150
mW/cm2.

All vessels were occluded in the 25 J/cm2 subset at the 28-day follow-up with no ev-
idence of damage to contiguous tissues.

G. Motexafin Lutetium (Optrin, Lutetium
Texaphyrin, Lu-Tex)

Motexafin lutetium is a water-soluble pentadentate metallophotosensitizer that absorbs
strongly in the far-red wavelength region. Subsequent activation at this wavelength enables
greater light transmission through blood, lipids, and other endogenous pigments thereby
maximizing the induction of cytotoxic species at the diseased site. Lu-Tex possesses a
strong, broad fluorescence emission profile centered at 750 nm that is not hindered by en-
dogenous chromophores, thereby exhibiting potential advantages over conventional angio-
graphic dyes (19). The sensitizer is presently in oncological and atherosclerotic clinical tri-
als (20, 21). Rapid clearance is exhibited in humans with plasma half-lives of 0.25 and 8.8
h, thereby reducing cutaneous phototoxicity and limiting systemic toxicity (21).

Studies in rabbits confirmed the potential utility of Lu-Tex as both a photodynamic
and angiographic agent (22). Rapid clearance of the sensitizer from retinal vessels, detected
using fluorescence angiography was observed in primates. The fluorescence signal peaked
in the CNV region at 10–45 min with minimal leakage occurring at 5 h (22). CNV primate
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closure, with limited damage to retinal and choroidal tissues, was obtained using 1- and 2-
mg/kg sensitizer doses and fluences of 50–100 J/cm2 (23).

H. Light Considerations

Generally any light source that is matched to the photosensitizer’s absorption profile can
be used for PDT. For ophthalmology fiberoptic delivery of a laser source is required to per-
mit focusing on the retina with a slit lamp system. Lasers are needed because high-energy
monochromatic collimated light can be coupled efficiently to fiberoptics allowing delivery
within an acceptable time frame. Diode lasers that are stable, compact, and relatively inex-
pensive in the 630- to 730-nm-wavelength range are now available.

II. CLINICAL OUTCOMES

PDT is now thought to be a superior alternative to laser photocoagulation, when CNV lies
beneath the geometrical center of the fovea, since the overlying retina can be spared. Us-
ing preclinical CNV models, the neovascularization and normal choriocapillaris can be
closed while the outer and inner retina is preserved. In contrast, during the process of de-
stroying neovascularization lying beneath the RPE and sensory retina with photocoagula-
tion, thermal conductance to the retina results in acute necrosis of all layers of the retina,
which can later atrophy leading to loss in vision. However, with PDT visual acuity gener-
ally remains stable immediately following treatment and has been shown, in a minority of
patients, to immediately improve, suggesting the relative preservation of photoreceptors
and inner retinal elements (25).

A. Verteporfin Human Trials

The safety and efficacy of verteporfin (BPD-MA, Visudyne) have been confirmed in Phase
I, II, and a recently completed pivotal Phase III trial in humans (24,25,29). The photosen-
sitizer is being developed jointly by QLT Phototherapeutics, Vancouver, Canada, and
CIBA Vision AG, Bülach, Switzerland. The Phase I and II study proved that a single treat-
ment of verteporfin PDT could occlude CNV vessels, as measured by fluorescein angiog-
raphy, for 1–4 weeks following administration (24). The maximal tolerated light dose, de-
fined by retinal closure, was 150 J/cm2. A light dose of 25 J/cm2 was needed to achieve
minimal closure of the vessels. Fluorescein leakage recurred by 4–12 weeks after PDT.
CNV progression was noted at 3 months in 51% of eyes with classic CNV.

Since fluorescein leakage recurred by 12 weeks after a single PDT treatment, the in-
vestigators believed the neovascular vessels would regrow causing a further subsequent
loss in vision. Therefore, the trial was extended to analyze the safety and efficacy of repeat
treatments to an eye with subfoveal CNV (29). It should be noted that the reperfusion area
was smaller than the pretreatment area. Verteporfin was infused at a dose of 6 mg/m2 over
a period of 10 min and then two different light-dosing regimens were used. In the first reg-
imen patients received 100 J/cm2 of light 20 min after infusion initiation while in the sec-
ond regimen 50, 75, or 100 J/cm2 of light was applied 15 min after commencement of the
infusion. Patients received up to two retreatments at 2 or 4 weeks after the initial PDT pro-
cedure. The visual acuity change in the first regimen was 0.2 line and in the second regi-
men was 
1.0 line at follow-up times of 16–20 weeks after the initial treatment. Fluores-
cein leakage recurred in almost all patients by 4–12 weeks. The leakage was, however,
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reduced with multiple treatments. Ocular and systemic side effects were not increased fol-
lowing multiple PDT treatments.

The TAP study (Treatment of Age-Related Macular Degeneration with Photody-
namic Therapy) evaluated 609 patients with subfoveal choroidal neovascularization (CNV)
who were randomized to treatment with either verteporfin or placebo in a ratio of 2:1. Pa-
tients were required to have CNV beneath the geometrical center of the fovea, as one com-
ponent of a lesion that also contained some component of classic new vessels. Lesions were
classified on the basis of baseline color photographs and fluorescein angiography as being
either predominantly classic or minimally classic depending on whether the area of CNV
occupied greater or less than 50% of the total lesion, respectively, for purposes of statisti-
cal analysis. Greatest linear dimension (GLD) was limited to 5400 microns or less.

Patients received either verteporfin at a dose of 6 mg/m2 over 10 min in 30 mL of
D5w or placebo intravenous injection and were then irradiated 15 min after the start of the
infusion for 83 s with 689 nm light from a diode laser at a power setting of 600 mW/cm2

for a total fluence of 50 J/cm2. The diameter of the treatment zone was set to exceed the
GLD of the total lesion including CNV, as well as other lesion components such as blood,
or blocked fluorescence if applicable by a total of 1000 microns or approximately 500 mi-
crons beyond the furthest edge on all sides if possible. Patients were instructed to avoid di-
rect sunlight and wear sunglasses for at least 48 h following treatment and to return for fol-
low-up at 3-month intervals. At each follow-up visit, the patient underwent visual acuity
screening with both ETDRS charts and contrast sensitivity charts by an examiner masked
with respect to their treatment category, followed by fluorescein angiography. If the lesion
was judged to be actively leaking on fluorescein angiography, retreatment was performed
by an identical method to the first session, except that the margins of the lesion and conse-
quent retreatment spot size were calculated on the basis of the most recent angiogram.

The first published report indicated that visual acuity, contrast sensitivity, and fluo-
rescein angiographic outcomes were more favorable in the verteporfin-treated eyes than in
the placebo-treated eyes. Twelve months following initial treatment, 246 (61%) of 402 eyes
assigned to verteporfin compared with 96 (46%) of 207 eyes assigned to placebo had lost
fewer than 15 letters of visual acuity from baseline p � 0.001). In subgroup analyses, the
visual acuity benefit (�15 letters lost) of verteporfin therapy was clearly demonstrated
(67% vs. 39%; p �0.001) when the area of classic CNV occupied 50% or more of the area
of the entire lesion. These results remained significant with longer follow-up of 24 months.
Over that time period, verteporfin patients received on average 5.6 treatments compared
with 6.5 treatments for patients receiving placebo (Table 1). The percentage of patients
with predominantly classic CNV losing less than 15 letters remained relatively constant at
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Table 1 Baseline Demographics and Follow-Up Results

Verteporfin (n � 402) Placebo (n � 207)

1. Completion of follow-up
a. 12 months 94% 94%
b. 24 months 87% 86%

2. Cumulative treatments
24 months 5.6 6.5

n � 609 patients.
Source: Modified and reprinted with permission from the Arch Ophthalmol 1999; 117: 1329–1345.



59% compared with 31% who lost less than 15 letters in the placebo group (39). In con-
trast, in the minimally classic group at 24 months, 47% of verteporfin-treated patients lost
less than 15 letters compared with 44% of the placebo group, a difference that is neither sta-
tistically nor clinically significant. Interestingly, at both 12 and 24 months, a small subset
of patients who were judged by the reading center to not have any classic component of
CNV (86 patients) also had less vision loss in the verteporfin arm than the placebo arm
(Table 2).

Adverse events including vision disturbance, infusion-related back pain, injection
site trauma, and photosensitivity reaction were rare, although statistically significantly dif-
ferent between the two groups (24,25) (Table 3). These results were a significant landmark
in the treatment of this disease since other therapies have not been shown to be successful
in reducing loss of visual acuity over time compared with placebo. With laser photocoag-
ulation there exists the serious complication of immediate vision loss as a result of thermal
damage to the surrounding normal retina (26–28). In contrast, although PDT when suc-
cessful generally results in the temporary closure of choroidal new vessels for a period of
approximately 1–4 weeks, by 12 weeks most patients have reperfusion or reproliferation of
choroidal new vessels resulting in the need for retreatment to achieve continued closure and
visual stabilization. However, the risk of adverse events such as acute vision loss does not
increase with PDT retreatment, unlike that associated with conventional thermal photoco-
agulation.

Owing to the strong evidence from the TAP trial supporting the use of verteporfin in
reducing vision loss, the sensitizer was recently approved by the regulatory agencies of 22
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Table 2 Primary Vision Endpoints at 12 and 24 months

Verteporfin Placebo

�15 letter loss (12 months)
Predominantly classic 67% 39%
Minimally classic 56% 55%
No classic 63% 30%
�15 letter loss (24 months)
Predominantly classic 59% 31%
Minimally classic 47% 44%
No classic 56% 30%

Source: Modified and reprinted with permission from the Arch Ophthalmol 1999; 117:1329–1345.

Table 3 Adverse Events (cumulative 24 months)

Vertiporfin Placebo

Any visual disturbance 22.1% 15.5%
Vision decreased 10.2% 6.3%
Acute loss (�20 letters within 7 days) �1.0% 0.0%
Infusion-related back-pain 2.5%
Injection site trauma 15.9%
Photosensitivity reaction 3.5%

Source: Modified and reprinted with permission from the Arch Ophthalmol 1999; 117: 1329–1345.



countries, including the United States, European Union, Canada, and Australia, for the
treatment of age-related macular degeneration (AMD) in patients with predominantly clas-
sic subfoveal choroidal neovascularization.

B. Case Example

A 90-year-old woman with a history of AMD, and a diskiform scar in the fellow right eye
underwent successful treatment of a peripapillary choroidal neovascular membrane in the
left eye with retention of 20/60 vision (Fig. 6). She subsequently developed a recurrence of
predominantly classic CNV into the center of the fovea in her left eye. The early and late
phases of the pretreatment angiogram are seen in Figures 7 and 8, respectively.

Visual acuity was reduced from 20/60 to 20/200. The patient underwent photody-
namic therapy with Visudyne to the left eye according to the methods described in the TAP
study on December 16, 1999. Early and late-phase fluorescein angiographic images taken
1 week later (Figs. 9 and 10, respectively) demonstrated hypofluorescence in the area of
prior hyperfluorescence confirming temporary closure of the active classic CNV. However,
by 3 months following initial treatment, the CNV had become reperfused, as demonstrated
in Figures 11 and 12, necessitating retreatment. Visual acuity was stabilized at the 20/200
level, permitting reading with low-vision aids.

PDT with Visudyne is only suited for patients with predominantly classic subfoveal
CNV. There was no visual acuity difference between placebo-treated and Visudyne-treated
eyes when the lesion had less than 50% classic CNV composition (39). The Verteporfin In
Photodynamic Therapy Trial (VIP) evaluated the use of Visudyne for occult CNV. The VIP
Trial found no significant difference between placebo-treated and Visudyne-treated eyes
with occult CNV at 1 year (40). Further studies will investigate the use of different treat-
ment parameters in the treatment of occult CNV with PDT.
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Figure 6 Ninety-year-old female with prior successful treatment of peripapillary choroidal
neovascular (CNV) membrane. Visual acuity is 20/60.
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Figure 7 Early frame angiogram from same patient 1 month later with reduction in visual acuity
to 20/200 with recurrence of classic CNV from temporal edge of prior treatment scar into center of
fovea.

Figure 8 Late frame from study on same date.
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Figure 9 Early frame angiogram of same patient one week following photodynamic therapy with
verteporfin. Note absence of hyperfluorescence in foveal region, previously seen in Figure 8.

Figure 10 Late frame angiogram 1 week following photodynamic therapy. Note persistence of
hyperfluorescence indicating absence of leakage from and presumed closure of subfoveal choroidal
neovascularization.
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Figure 11 Same patient seen in Figure 6, seen 3 months following initially successful photo-
dynamic therapy. The midframe angiogram demonstrates regrowth of subfoveal choroidal neuvascu-
larization with slight enlargement compared with Figure 7.

Figure 12 Late frame angiogram of same patient confirming staining of lesion.



III. OTHER AGENTS

Differences exist, however, in the quantum yield, clinical efficiency, and light and sensi-
tizer dose requirements between different classes of agents. While Verteporfin (Visudyne)
is the first photosensitizing agent to be approved, other photodynamic therapy agents, such
as tin ethyl etiopurpurin (Purlytin) and motexafin lutetium (Optrin), are currently undergo-
ing Phase III and Phase II trials, respectively, and may also prove useful in the area of pho-
todynamic therapy.

A. Tin Ethyl Etiopurpurin Human Trials

Phase I/II tin ethyl etiopurpurin (Purlytin, SnET2) studies have confirmed the preclinical
studies prediction of efficacy in the treatment of subfoveal choroidal neovascularization in
humans (30). The trials are cosponsored by Miravant Medical Technologies, Santa Bar-
bara, California, and Pharmacia Upjohn, Kalamazoo, Michigan. Forty eyes with subfoveal
CNV were treated in an open-label dose-escalation study in which they received between
0.25 and 1.0 mg/kg of tin ethyl etiopurpurin and 664-nm light ranges from fluences of
36–126 J/cm2 at a rate of 600 mW/cm2. Twenty-three of 40 eyes (58%) remained at base-
line or improved. At the preferred drug light combination of 0.5–0.75 mg/kg and 36 J/cm2,
visual acuity changes from baseline ranged from �1.9 to �3.5 lines 12 weeks after treat-
ment. Retreatment was frequently required. Fourteen eyes were evaluated at 6 months and
were found to have a decline of 
1.1 line in visual acuity. Based on these results, a pivotal
Phase III trial is currently underway for patients 50 years or older who have subfoveal
CNV of less than 3000 microns with at least some classic component secondary to AMD
and a best corrected visual acuity score of 20/63–20/500. Eyes with prior laser treatment,
recent intraocular surgery, high myopia, or large amounts of submacular damage were
excluded.

B. Motexafin Lutetium Human Trials

Human studies performed in Europe (sponsored by Pharmacyclics, Sunnyvale, CA, and Al-
con Laboratories, Fort Worth, TX) confirmed the utility of using motexafin lutetium (Op-
trin, lutetium texaphyrin, Lu-Tex) as a PDT agent for the treatment of subfoveal CNV in
humans at selected drug doses and light fluences. In patients receiving 2.5–3.0 mg/kg of
drug and fluences ranging from 50 to 125 J/cm2 (732 nm) complete or partial closure of
CNV was achieved in nine of 13 patients. Twenty of 26 patients receiving at least 4 mg/kg
of drug had partial or complete closure. Higher light doses were associated with higher clo-
sure rates; only three of 18 patients closed with 50–75 J/cm2 while eight of nine closed with
125–150 J/cm2. Changes in visual acuity were strongly correlated with angiographic clo-
sure with an improvement of 0.5 line in patients with complete or partial closure compared
with a mean decrease of 0.33 line in patients without closure (p � 0.03). Patients treated
with 4.0 mg/kg were more likely to experience paresthesias, which were thought to repre-
sent a mild photosensitizing effect. There was one case of obvious facial photosensitiza-
tion. Based upon these studies, a Phase I/II study was begun in the United States with sites
in the San Francisco Bay area, New York, Los Angeles, and Boston to further evaluate the
safety and efficacy of Lu-Tex (2.0–3.0 mg/kg and 50–125 J/cm2) for both angiography and
PDT in 45 patients.
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C. Complications

To date, verteporfin has had the longest follow-up, so most of the adverse events are known
for this sensitizer. Recurrence of CNV and vision disturbances has occurred in some pa-
tients. For verteporfin, injection site reactions (13.4%), infusion-related back pain (2%),
and cutaneous photosensitivity reactions (3%) have been reported. Transient visual distur-
bances occurred in 18% of PDT patients compared to 12% of placebo patients. The long-
term effects of treatment, in terms of both safety and vision stabilization, are largely un-
known as follow-up, thus far, has been limited to 2 years. The use of fluorescein
angiography as a surrogate clinical endpoint is questionable. In subgroup analyses of many
of the photosensitizers it seems that this is not the ultimate predictor for vision improve-
ment, so in the absence of visual acuity data, caution must be used when designing retreat-
ment regimens.

IV. FUTURE DEVELOPMENTS

A. Photodynamic Angiography

One area of current investigation and potential utility is photodynamic angiography. As in-
dicated earlier, upon illumination of the sensitizer with a paired laser light source, it un-
dergoes an electronic transition to an activated short-lived excited singlet state, which may
either intrasystem crossing to generate the longer-lived excited triplet state or convert back
to the ground state with consequent fluorescence (Fig. 3). Even when the conversion to a
triplet occurs, photons are still generated during reversion to the ground state producing flu-
orescence. The quantum yield for emitted fluorescence varies from compound to com-
pound much as does the quantum yield for free radicals. One potentially useful side effect
of this emitted fluorescence is the ability to image the photosensitzer in vivo employing
sensitive detectors matched to the emission wavelength of the photosensitizer. In the case
of Motexafin Lutetium, maximal absorbance occurs in two regions, 470 nm, and 732 nm,
and emission at 750 nm (Fig. 1) When specialized filters centered around 75 nm are used,
a florescein angiogram demonstrating the biodistribution of this photosensitizer can be dis-
played (Fig. 13). The information available from this type of real-time analysis, may per-
mit the development of more refined treatment regimens based upon the differential phar-
macokinetics of different sensitizers, individualized for type of CNV and specific patient
pharmacokinetic factors, as a supplement to conventional fluorescein angiography (19,22).

B. Mono-L-Aspartyl Chlorin e6 (NPe6 or MACE)

Preclinical studies in pigmented rabbits and monkeys confirm the utility of NPe6 in the clo-
sure of experimental choroidal neovasculature and the normal choriocapillaris while spar-
ing the retina (31). Effective occlusion of normal vessels was achieved at 2 mg/kg with a
fluence of 2.3–7.5 J/cm2 or 10 mg/kg using 0.46–0.75 J/cm2, using relatively short pulses
of 1–10 s (450–750 mW/cm2 and 664 nm) 5 min after injection. The combination of higher
doses of drug and higher fluences was highly toxic to the retina. NPe6 could also be im-
aged in the retinal and choroidal circulation using specialized digital capture equipment and
matched filters.
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C. Chloroaluminum Sulfonated Phthalocyanine
(A1PcS4)

A1PcS4-mediated PDT produced closure of retinal medullary ray vessels and choroidal
vessels in normal nonpigmented and pigmented rabbits. Histological evaluation revealed
marked thrombosis of medullary ray and choroidal vessels with minimal changes to sur-
rounding tissues including the neurosensory retina. In pigmented rabbits higher sensitizer
doses were needed for complete closure compared to the nonpigmented rabbits. Kliman
and colleagues undertook a diagnostic and therapeutic study using A1PcS4 in monkeys that
had photothermal-induced choroidal neovascularization (32,33). A1PcS4 is highly fluores-
cent. Excitation at 600 nm induces fluorescence around 680 nm. Angiographic monitoring
of the monkey eyes using 3 mg A1PcS4/kg displayed localization of the dye in the neo-
vascular vessels for up to 24 h. Light dose and time interval dependencies for vascular oc-
clusion were observed. Illumination 30 min following sensitizer administration with a flu-
ence of 34 J/cm2 at a rate of 283 mW/cm2 produced complete CNV closure as seen at 48 h.
Using the same illumination parameters at 24 h did not produce vessel closure. Increasing
the fluence to 85 J/cm2 at 24 h elicited partial vessel closure.

To increase the targeting ability of A1PcS4 heat-sensitive liposomes have been used
as a delivery vehicle. This method of laser-targeted delivery has been described by Asrani
and Zeimer (34). Albino rats were administered 7.5 mg A1PcS4/kg and then were irradi-
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Figure 13 Composite photograph demonstrating different angiographic views of patient with
classic recurrent CNV emanating from temporal edge of previously treated CNV. The image at top
left is a late frame fluorescein angiogram with the temporal margin obscured by blood. The image
at top right is an ICG angiogram taken on the same day. The image at bottom left is an angiographic
image taken with an excitation and barrier filters of approximately 730 and 750 nm, respectively,
optimized to demonstrate the biodistribution of motexafin lutetium. Note the relative similarity
between the ICG and Lu-Tex images related to their capture in the infrared spectrum, and relatively
greater molecular weight and protein binding than fluorescein.



ated within 5 min of administration. A dye laser at 577 nm was used so that significant
blood absorption would take place thereby heating the liposomes and subsequently releas-
ing the A1PcS4 that was then activated by the sensitizer. Activation at this wavelength of
A1PcS4 is not ideal, as it is 14 times less than the peak at 675 nm, but it is still feasible.
Vessel occlusion was achieved, suggesting that laser-targeted delivery may be feasible in
humans.

D. ATX-S10

ATX-S10 [13,17-bis (1-carboxypropionyl) carbamoylethyl-8-ethenyl-2-hydroxy-3-hy-
droxyimino-ethylidene-2, 7,12,18-tetramethyl 6 porphyrin sodium] is a hydrophilic chlo-
rin photosensitizer that has been shown to close CNV in the rat (35,36). Fluorescence mi-
croscopy using ATX-S10 as its own fluorophore confirmed the presence of the drug in the
lumen of the retinal and choroidal vessels within 5 h. The sensitizer cleared rapidly from
the normal retina. Laser illumination applied immediately and 2–4 h following sensitizer
injection at fluences of 7.4 J/cm2 and 22 J/cm2, respectively, caused CNV occlusion with-
out significant damage to the normal retinal and larger choroidal vessels.

ATX-S10-mediated PDT was found to induce selective occlusion of experimental
CNV in primate eyes (37). Optimal treatment regimens included dosing regimens of 30–40
J/cm2 with illumination 30–74 min after administration of 8 mg ATX-S10/kg, and 1–10
J/cm2 illumination at 30–74 min or 30–74 J/cm2 illumination 75–150 min after adminis-
tration of 12 mg ATX-S10/kg.

V. FUTURE PDT DIRECTIONS

Microvasculature damage occurs soon after PDT causing blood flow stasis leading to hy-
poxia. Hypoxia induces angiogenesis marking disease continuation. Antiangiogenic treat-
ment has recently been shown to increase the antitumor effectiveness of PDT using exper-
imental tumor models (38). It therefore envisioned combining antiangiogenic treatments
with clinical PDT for AMD patients for both acute and sustained vessel closures. The flu-
orescent properties of the photo sensitizers can be taken advantage of to allow diagnostic
localization.

VI. CONCLUSION

Subfoveal CNV associated with AMD has a poor prognosis. The potential for selective de-
struction of the CNV by PDT is being realized with the recent evaluation of randomized
clinical trials. Visudyne (BPD-MA) has shown clinical benefits in treated patients catalyz-
ing the exploration of other photodynamic agents. Further evaluation of light-dosing pa-
rameters, pharmacokinetics, plasma protein binding, subcellular localization, sensitizer ab-
sorption, degradation, and metabolism is currently underway which will help to discern the
differences between the various sensitizers. It is anticipated that further refinements will be
made in protocol and treatment design enabling this technique to become a widely prac-
ticed, beneficial treatment modality.

VII. ADDENDUM

The 2-year results for the occult CNV with no classic group showed a statistically signifi-
cant difference between the verteporfin and the placebo groups (40). Verteporfin therapy
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reduced the risk of moderate and severe vision loss in the AMD patients. The benefit was
greater for patients presenting with either smaller lesion size (4 disk areas or less)—re-
gardless of initial acuity—or lower levels of visual acuity (letter score less than 65 letters,
20/50-1 or less equivalent) regardless of initial lesion size.

There is at present no proven benefit of verteporfin for treatment of minimally clas-
sic lesions at this time. The Verteporfin in Minimally Lesion Study is ongoing and will ad-
dress this application.

REFERENCES

1. Henderson BW, Dougherty TJ. How does photodynamic therapy work? Photochem Photobiol
1992;55:145–157.

2. Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D, Korbelik M, Moan J, Peng Q. Pho-
todynamic therapy. J Natl Cancer Inst 1998;90:889–905.

3. Hausmann WH. Die sensibilisierende Wirkung des Hamatoporphyrins. Biochem Z
1911;30:276–316.

4. Castellani A, Page GP, Concioli M. Photodynamic effect of haematoporphyrin on blood mi-
crocirculation. J Pathol Bacteriol 1963;86:99–102.

5. Selman SH, Kreimer-Birnbaum M, Klaunig JE, Goldblatt PJ, Keck RW, Britton SL. Blood flow
in transplantable bladder tumors treated with hematoporphyrin derivative and light. Cancer Res
1984;44:1924–1927.

6. Star WM, Marijnissen HP, van den Berg-Blok AE, Versteeg JA, Franken KA, Reinhold HS.
Destruction of rat mammary tumor and normal tissue microcirculation by hematoporphyrin
derivative photoradiation observed in vivo in sandwich observation chambers. Cancer Res
1986;46:2532–2540.

7. Fingar VH, Kik PK, Haydon PS, Cerrito PB, Tseung M, Abang E, Wieman TJ. Analysis of
acute vascular damage after photodynamic therapy using benzoporphyrin derivative (BPD). Br
J Cancer 1999;79:1702–1708.

8. Fingar VH. Vascular effects of photodynamic therapy. J Clin Laser Med Surg 1996;
14:323–328.

9. Husain D, Miller JW, Kenney AG, Michaud N, Flotte TJ, Gragoudas ES. Photodynamic ther-
apy and digitial angiography of experimental iris neovascularization using liposomal benzo-
porphyin derivative. Ophthalmology 1997;104:1242–1250.

10. Richter AM, Waterfield E, Jain AK, Allison B, Sternberg ED, Dolphin D, Levy JG. Photosen-
tising potency of structural analogues of benzoporphyrin derivative (BPD) in a mouse tumor
model. Br J Cancer 1991;63:87–93.

11. Richter AM, Jain AK, Canaan AJ, Waterfield E, Sternberg ED, Levy JG. Photosensitizing effi-
ciency of two regioisomers of the benzoporphyrin derivative monoacid ring A (BPD-MA).
Biochem Pharmacol 1992;43:2349–2358.

12. Levy JG, Chan A, Strong A. Clinical status of benzoporphyrin derivative. Proc SPIE
1995;2625:86–95.

13. Haimovici R, Kramer M, Miller J, Hasan T, Flotte TJ, Schomacker KT, Gragoudas ES. Local-
ization of lipoprotein-delivered benzoporphyrin derivative in the rabbit eye. Curr Eye Res
1997;16:83–90.

14. Husain D, Miller JW. Photodynamic therapy of exudative age-related macular degeneration.
Semin Ophthalmol 1997;12:14–25.

15. Husain D, Kramer M, Kenny AG, Michaud N, Flotte TJ, Gragoudas ES, Miller JW. Effects of
photodynamic therapy using vertepofin on experimental choroidal neovascularization and nor-
mal retina and choroid up to 7 weeks after treatment. Invest Ophthalmol Vis Sci
1999;40:2322–2331.

16. Reinke MH, Canakis C, Husain D, Michaud N, Flotte TJ, Gragoudas ES, Miller JW.

Photodynamic Therapy 221



Verteporfin photodynamic therapy retreatment of normal retina and choroid in the cynomol-
gous monkey. Ophthalmology 1999;106:1915–1923.

17. Mang TS, Allison R, Hewson G, Snyder W, Moskowitz R. A phase II/III clinical study of tin
ethyl etiopurpurin (Purlytin)-induced photodynamic therapy for the treatment of recurrent cu-
taneous metastatic breast cancer. Cancer J Sci Am 1998;4:378–384.

18. Primbs GB, Casey R, Wamser K, Snydner WJ, Crean DH. Photodynamic therapy for corneal
neovascularization. Ophthal Surg Lasers 1998;29:832–838.

19. Blumenkranz MS, Woodburn KW, Qing F, Verdooner S, Kessel D, Miller R. Lutetium texa-
phyrin (Lu-Tex): a potential new agent for ocular fundus angiography and photodynamic ther-
apy. Am J Ophthalmol 2000;129:353–362.

20. Rockson SG, Lorenz DP, Cheong WF, Woodburn KW. Photoangioplasty: an emerging clinical
cardiovascular role for photodynamic therapy. Circulation. 2000: 102;591–596.

21. Renschler MF, Yuen AR, Panella TJ, Wieman TJ, Dougherty S, Esserman L, Panjehpour M,
Taber SW, Fingar VH, Lowe E, Engel JS, Lum B, Woodburn KW, Cheong W, Miller RA. Pho-
todynamic therapy trials with lutetium texaphyrin (Lu-Tex) in patients with locally recurrent
breast cancer. Proc SPIE 1998;3247:35–39.

22. Graham KB, Arbour JD, Connolly EJ, Delori F, Carson D, Gragoudas ES, Miller JW. Digital
angiography using lutetium texaphyrin in a monkey model of choroidal neovascularization (ab-
stract). Invest Ophthalmol Vis Sci 1999;40 (Suppl):S402.

23. Arbour JD, Connolly EJ, Graham K, Carson D, Michaud N, Flotte T, Gragoudas ES, Miller JW.
Photodynamic therapy of experimental choroidal neovascularization in a monkey model using
intravenous infusion of lutetium texaphyrin (abstract). Invest Ophthalmol Vis Sci 1999;40
(Suppl):S401.

24. Miller JW, Schmidt-Erfurth U, Sickenberg M, Pournaras CJ, Laqua H, Barbazetto I, Zografos
L, Piguet B, Donati G, Lane AM, Birngruber R, van den Berg H, Strong A, Manjuris U, Gray
T, Fsadni M, Bressler NM, Gragoudas ES. Photodynamic therapy with verteporfin for choroidal
neovascularization caused by age-related macular degeneration: results of a single treatment in
a Phase 1 and 2 study. Arch Ophthalmol 1999;117:1161–1173.

25. Photodynamic therapy of subfoveal choroidal nsovascularization in age-related macular de-
generation with verteporfin: one-year results of 2 randomized clinical trials—TAP report 1.
Treatment of Age-Related Macular Degeneration with Photodynamic Therapy (TAP) Study
Group. Arch Ophthalmol 1999;117:1329–1345.

26. Dastgheib K, Bressler SB, Green WR. Clinicopathologic correlation of laser lesion expansion
after treatment of choroidal neovascularization. Retina 1993;13:345–352.

27. Visual outcome after laser photocoagulation for subfoveal choroidal neovascularization sec-
ondary to age-related macular degeneration. The influence of initial lesion size and visual acu-
ity. Macular Photocoagulation Study Group. Arch Ophthalmol 1994;112:480–488.

28. Laser photocoagulation for juxtafoveal choroidal neovascularization: five-year results from
randomized clinical trials Macular Photocoagulation Study Group. Arch Ophthalmol
1994;112:500–509.

29. Schmidt-Erfurth U, Miller JW, Sickenberg M, Laqua H, Barbazetto I, Gragoudas ES, Zografos
L, Piguet B, Pournaras CJ, Donati G, Lane AM, Bimgruber R, van den Berg H, Strong HA,
Manjuris U, Gray T, Fsadni M, Bressler NM, Photodynamic therapy with verteporfin for
choroidal neovascularization caused by age-related macular degeneration: results of retreat-
ments in a Phase 1 and 2 study. Arch Ophthalmol 1999;117:1177–1187.

30. Thomas EL, Rosen R, Murphy R, Puliafitto C, Jonsson P. Visual acuity stabilizes after a single
treatment with SnET2 photodynamic therapy in patients with subfoveal choroidal neovascular-
ization (abstract). Invest Ophthalmol Vis Sci 1999;40(Suppl):S401.

31. Mori K, Yoneya S, Ohta M, Sano A, Anzai K, Peyman GA, Moshfeghi DM. Angiographic and
histologic effects of fundus photodynamic therapy with a hydrophilic sensitizer (mono-L-as-
partyl chlorin e6). Ophthalmology 1999;106:1384–1391.

32. Kliman GH, Puliafito CA, Stern D, Borirakchanyavat S, Gregory WA. Phthalocyanine photo-

222 Blumenkranz and Woodburn



dynamic therapy: new strategy for closure of choroidal neovasculariaztion. Lasers Surg Med
1994;15:2–10.

33. Kliman GH, Puliafito CA, Grossman GA, Gregory WA. Retinal and choroidal vessel closure
using phthalocyanine photodynamic therapy. Lasers Surg Med 1994;15:11–18.

34. Asrani S, Zeimer R. Feasibility of laser targeted photo-occlusion of ocular vessels. Br J Oph-
thalmol 1995;79:766–770.

35. Gohto Y, Obana A, Kaneda K, Miki T. Photodynamic effect of a new photosensitizer ATX-S10
on corneal neovascularization. Exp Eye Res 1998;67:313–322.

36. Obana A, Gohto Y, Kanede K, Nakajima S, Takemura T, Miki T. Selective occlusion of
choroidal neovasculariazation by photodynamic therapy with a water-soluble photosensitizer,
ATX-S10. Lasers Surg Med 1999;24:209–222.

37. Obana A, Gohto Y, Kanai M, Nakajima S, Kaneda K, Miki T. Selective photodynamic effects
of the new photosensitizer ATX-S10(Na) on choroidal neovascularization in monkeys. Arch
Ophthalmol 2000;118:650–658.

38. Ferrario A, von Tiehl KF, Rucker N, Schwarz MA, Gill PS, Gomer CJ. Antiangiogenic treat-
ment enhances photodynamic therapy responsiveness in a mouse mammary carcinoma. Cancer
Res 2000;60:4066–4069.

39. Therapy (TAP) Study Group. Photodynamic therapy of subfoveal choroidal neovascularization
in age-related macular degeneration with verteporfin: two-year results of 2 randomized clinical
trials—TAP Report 2. Arch Ophthalmol 2001;119:198–207.

40. Tap Study Group Verteporfin therapy of subfoveal choroidal neovascularization in age-related
macular degeneration: two-year results of a randomized clinical trial including lesions with oc-
cult with no classic choroidal neovascularization—Verteporfin in photodynamic therapy report
2. Am J Ophthalmol 2001:131:541–559.

Photodynamic Therapy 223





225

11
Radiation Treatment in Age-Related Macular
Degeneration

Christina J. Flaxel
Doheny Retina Institute of the Doheny Eye Institute, University of Southern California Keck
School of Medicine, Los Angeles, California

Paul Finger
New York AMDRT Center, New York, New York

I. INTRODUCTION

Age-related macular degeneration (AMD) is a leading cause of severe visual loss and legal
blindness in developed countries (1,2). Ten million Americans are visually disabled due to
AMD and 10% of patients aged 66–74 years have signs of AMD (3,4). Estimates of preva-
lence range from 7 to 30% in persons aged 75–85 years (4–6). The wet form of AMD is re-
sponsible for the most severe and rapid vision loss. In North America, 200,000– 400,000
people will develop the most severe, or wet, form of AMD each year. This wet form ac-
counts for 12% of cases overall but 90% of cases of legal blindness (4).

Macular degeneration is likely to reach epidemic proportions. It is estimated that
the U.S. population over the age of 85 years is currently 5 million, a number expected
to triple by the middle of this century (2). Because of increasing life expectancies in
developed countries, more and more people will live long enough to develop vision loss
from AMD.

Vision loss due to neovascular (wet) AMD involves the growth of abnormal “new”
vessels through breaks in Bruch’s membrane from the choroid and under the retinal pig-
ment epithelium (RPE). This neovascular process is felt to be due to age-related degenera-
tion of the RPE. In the normal eye by-products of retinal metabolism, specifically of the
photoreceptors, are usually removed by cells of the RPE layer. These materials build up and
are seen clinically as drusen in the macula. It is felt that aging slows down the RPE cell
metabolism and is associated with RPE cell death, so that this layer is no longer able to re-
move these waste products, which in turn accumulate and are seen clinically as drusen. It
is also unclear why in the dry form of AMD this accumulation leads to cell loss and atro-
phy, while in wet macular degeneration drusen appear to be a stimulus for blood vessels to
grow from the choroid. It has been postulated that neovascularization is an attempt to clear



the waste. Unfortunately, these new vessels, called choroidal neovascular membranes
(CNV), cause many of the problems related to the wet form of the disease.

A. Laser Treatment for AMD

Neovascular membranes due to AMD are identified as either classic or occult or present as a
combination of the two forms: classic CNV are characterized by discrete areas of hyperfluo-
rescence in the early phase of the fluorescein angiogram (FA) that expand in the later phase
while occult CNV lack the typical features of classic CNV and show areas of stippled hyper-
fluorescence in the early phase, often associated with elevation of the RPE, associated with
dye leakage in the later phase. Typically, classic CNV have well-demarcated borders on FA
and result in significant vision loss within the first year of onset while occult CNV have
poorly defined borders and cause gradual decline in vision over an extended period of time.
Though patients selected for the Macular Photocoagulation Study (MPS) were to have clas-
sic CNV, the MPS investigators undertook a rereview of baseline FAs with attention to de-
gree of occult CNV and determined that half the patients had classic only and half had some
degree of occult CNV (11). More than half of the patients with classic CNV only developed
recurrent CNV within 1 year of treatment but the treatment was still beneficial. In the patients
with occult CNV there was no difference in outcome between treated and untreated eyes and
no benefit was found in treating only the classic component in these cases (11).

B. Rationale for Laser

Until recently, the only treatment for AMD proven by randomized clinical trial was laser
photocoagulation of the abnormal and leaking blood vessels. In these studies, the location
of the CNV along with the fluorescein angiographic characteristics determined whether the
lesion was treatable.

The MPS series demonstrated the benefit of treating extrafoveal, juxtafoveal, and
subfoveal CNV due to AMD (7–9). Unfortunately, laser photocoagulation of subfoveal le-
sions induces an immediate central scotoma that is poorly tolerated by most patients, in all
groups, only 10–15% of eyes with neovascular AMD meet the criteria for laser treatment,
recurrent CNV is very common, and the majority of patients with neovascular AMD be-
come legally blind despite laser treatment (10).

The MPS group found that most treated eyes had an average visual acuity of
20/200–20/320 at 3 years, which is better than untreated eyes, and that treated eyes main-
tained better contrast sensitivity than untreated eyes (12). Within 5 years of treatment, more
than half of patients required retreatment and most eyes became legally blind (visual acuity
� 20/200). Recurrent CNV is the major reason for additional vision loss after argon laser
treatment for juxta- and extrafoveal CNV because these recurrences are often subfoveal (10).
Laser treatment of subfoveal CNV has been shown to be beneficial in eyes with classic, well-
demarcated lesions of relatively small size with relatively good vision (13). Many eyes with
subfoveal lesions are not good candidates for laser because the CNV is too big, the vision is
too good, or the lesion cannot be clearly demarcated using standard FA techniques (14).

C. New Approaches in Treatment of AMD

Alternative newly developed therapeutic approaches for subfoveal CNV include surgical
removal of the neovascular membrane with or without transplantation of pigment epithe-
lial cells (15–18). This approach is currently undergoing clinical trials in the United States
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as the Subfoveal Surgery Trial (sponsored by the National Institutes of Health). Other
methods, such as macular translocation surgery, involve rotation of the retina and CNV
away from the macula thus allowing the CNV to be lasered in an extrafoveal location
(19–22). Photodynamic therapy (PDT) is a new treatment option that has been shown to
temporarily close CNV due to AMD and high myopia (23–29). A number of antiangiogenic
drug trials for AMD are also underway (30–34).

Of these new methods, only PDT (using the photoactive drug Visudyne) has been
proven to slow down visual loss in treated eyes in a randomized placebo-controlled clini-
cal trial (29). The TAP study showed that 54% of sham-treated eyes versus 39% of treated
eyes lost three or more lines of vision after 1 year and that PDT is indicated only when the
CNV is greater than 50% classic in composition (29). However, the treatment does have
some shortcomings including the need for repeated treatment at 3-month intervals. Recent
2-year results from the VIP Study do show efficacy of PDT in subfoveal occult membrane
in slowing visual loss (34a).

Other methods currently undergoing evaluation include plasmapheresis, which is un-
dergoing pilot studies (35,36), low-dose transpupillary thermal therapy (TTT) (37), and
drug therapy including the use of intraocular administration of antiangiogenic agents.

II. RADIATION THERAPY FOR AMD

When compared with these other experimental treatment methods, theoretical advantages
of radiation therapy include absence of iatrogenic mechanical or laser damage or systemic
side effects (38). An additional advantage to radiation treatment is that eyes with primarily
occult CNVs are potentially eligible for treatment (38) and, unlike PDT, only one treatment
would be necessary. The scientific rationale for using radiation therapy for a benign disease
characterized by neovascular growth is based on experimental and clinical evidence. Radi-
ation is known to potentially destroy vascular tissue (39–42). Specifically, low-dose radia-
tion has been shown to inhibit neovascularization (43–46). An example is seen in plaque-
irradiated choroidal melanomas where a ring of chorioretinal atrophy is commonly found
around the tumor’s base and decreased or absent blood flow is demonstrated by FA. These
findings demonstrate the ability of radiation to destroy normal and neovascular blood ves-
sels, but the resultant chorioretinal atrophy is an unacceptable endpoint when treating mac-
ular degeneration (46,47).

In contrast, if relatively low-dose radiotherapy could inhibit CNVs and secondary
disciform scars, then patients should have better visual outcomes (Fig 1–3). The main ques-
tion persists: is there a therapeutic window in which the dose of radiation used is high
enough to induce regression of CNV but low enough to spare the normal retina and
choroid? Radiation specialists believe this is possible: proliferating endothelium is more
susceptible to radiation damage than are nonproliferating capillary endothelial cells and
larger vessels; thus neovascular endothelial cells as well as inflammatory cells are particu-
larly radiosensitive (48). There is also the potential for radiotherapy to inhibit further
neovascular growth and induce neovascular regression by induction of programmed cell
death and by modifications of growth factor profiles of the neovascular complexes (41,49).
In addition, it is also thought that inflammation may play a role in neovascularization and,
as noted, radiation inhibits the inflammatory response (41,50). Benign intracerebral arteri-
ovenous malformations as well as choroidal hemangiomas have been shown to regress
using ionizing beams (51–53).
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Figure 1 Right eye of 72-year-old patient with diskiform scar. See also color insert, Fig. 11.1.

Figure 2 Left eye of same patient as in Figure 1 with recurrent CNV following laser treatment.
See also color insert, Fig. 11.2.



A. Radiation Toxicity

The potential toxicity of radiation is well known. (42,44,54–59). Studies have shown that
the normal neural retina and choroid are relatively radioresistant (57,58). It is also known
that factors influencing development of radiation retinopathy include total dose deliv-
ered, daily fraction size, preexisting microangiopathy, diabetes, or prior chemotherapy
(47,48).

Radiation-induced retinopathy has been reported at doses of 30–35 Gy, but is more
commonly associated with doses of 45–60 Gy (Fig. 4). Radiation optic neuropathy is rare
at doses below 50 Gy (47,48,54–56) (Fig. 5, A and B) Fraction sizes greater than 2.5 Gy
may predispose to toxicity especially with total doses greater than 45 Gy (55,56). However,
there is increasing evidence that fractionated doses with larger daily fraction size in lower
than standard overall doses can be delivered safely and effectively to small regions. Lens
dose of 15 Gy or more will induce cataract and transient dry eye; keratitis and epiphoria are
expected complications (54–56,60). Other concerns are exposure to brain and contralateral
eye (50,54–56).

III. PRIOR STUDIES

Initial reports regarding radiation for AMD began to appear in the literature in 1993 (61).
Chakravarthy’s preliminary results included 19 patients with subfoveal CNV due to AMD
treated with radiation therapy and seven matched controls. At 1 year 63% of treated patients
showed stabilization of vision, while there was deterioration of acuity in eyes of all con-
trols over the same period. This study also showed significant neovascular membrane re-
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Figure 3 Same eye as in Figure 2, 6 months status post–proton radiation left eye for recurrent
CNV. See also color insert, Fig. 11.3.



gression in 77% of treated patients at 1 year by image analysis with concurrent progressive
enlargement of the neovascular membranes in all controls over the same time period (61).
These results and the results from other centers led to an ongoing prospective-randomized
British and European Trial of radiation therapy (62). Multiple subsequent reports involv-
ing both external-beam radiotherapy (EBR) and plaque radiotherapy showed promising but
variable results.

In 1996, Finger and colleagues reported their results with low-dose external-beam ra-
diation of 12–15 Gy and plaque radiotherapy with equivalent dosage in 137 patients and
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Figure 5 (A) Postradiation optic neuropathy after 14 GE proton beam treatment, 1 year post-
treatment. (B) In this view the CNV appears dry. See also color insert, Fig. 11.5A, B.

Figure 4 Radiation retinopathy 1 year following proton beam radiation using 14 GE. See also
color insert, Fig. 11.4.
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showed decreased subretinal hemorrhages, exudates, and leakage of neovascular mem-
branes with maintenance of visual acuity (63). Subsequently, Stalmans et al. from Belgium
reported failure of control of CNV with radiation dosage of 20 Gy in 2-Gy fractions in 111
patients (64). A similar finding was noted by Spaide and his group in 1998 when they re-
ported a dose of 10 Gy in 5-Gy fractions failed to control neovascular growth in AMD. This
study never disclosed what percentage of irradiated patients were “recurrent CNVs” (pre-
viously treated by laser photocoagulation) (65). Several further reports in 1998 and 1999
reported possible beneficial effects of radiation—the Radiotherapy Study from the French
group reported a potential beneficial effect of using 16 Gy in four sessions of 4 Gy each
with mean follow-up of 6.4 months (66). A second group from France reported stabiliza-
tion of visual acuity and anatomical outcome, also in occult CNV in eyes with AMD, in
1999 (67). However, this group also reported a significant complication rate including ra-
diation retinopathy, optic neuropathy, choroidal vasculopathy, and branch retinal vein oc-
clusion using either 20 Gy in 5 fractions via lateral beam (giving an effective dose of 30
Gy) or 16–20 Gy in 4–5 fractions delivered via lateral arc (67). This study did not include
a control group and follow-up ranged from 12 to 24 months (67).

In another report from Finger and his group, plaque radiotherapy was employed in
eyes with neovascular AMD with no adverse effects (68). This group concluded that plaque
radiotherapy was unilateral treatment as opposed to external beam allowing a higher radi-
ation dose to be delivered to the macula with less irradiation delivery to the surrounding tis-
sues. They found no sight-limiting complications in their phase I clinical trial in which they
treated 23 eyes with palladium-103 plaques (68). Berginks group from the Netherlands re-
ported good results with relatively high radiation doses of 24 Gy and concluded that there
was a dose-response effect with a more favorable effect at higher dosages (69,70).

In June 2000, Flaxel et al. published their report in EYE, discussing the use of pro-
ton beam irradiation for subfoveal CNV in AMD along with their data from the phase I/II
planned dose-escalation clinical trial (71). Proton beam is another method for the delivery
of radiation that allows a higher dose (at a high dose rate) to be delivered to a specific area.
Like most forms of EBR, proton beam therapy requires an entry site and irradiates within
its path; the dose volume is limited to a section of the eye, decreasing irradiation of normal
tissues outside the beam and the contralateral eye. Flaxel et al. used proton beam irradia-
tion in a single-dose, light-field patient orientation with temporal beam entry initially with
8 GE (Grey equivalent) beginning in March 1994, then increasing to 14 GE in March 1995
when no adverse effects relating to the radiation were noted. Twenty-one eyes were treated
with 8 GE. Flaxel et al. noted an initial stabilization of subretinal leakage on FA in 50% of
eyes at 12 months’ follow-up but with regrowth in all but three eyes at 15 months’ follow-
up. However, in the 14 GE-treated eyes, 83% showed no leakage at 12 months of follow-
up and 78% of eyes had unchanged or improved vision. Additionally, for those eyes with
more than 9 months of follow-up in the 14-GE-treated patients, 83% of eyes that had
20/100 or better vision prior to proton beam treatment showed improvement in vision.
Also, severe visual loss increased up to 37% at 2 years with 8-GE-treated eyes, while with
14 GE, the incidence of severe visual loss was essentially none through the follow-up pe-
riod. However, in regard to complications related to the radiation treatment, there were no
cases of cataract, dry eye, lash loss, or optic neuropathy in any of the study eyes and there
was no case of radiation retinopathy in the 8-GE-treated eyes, but these complications were
found in 50% of eyes treated with 14 GE. There was one case outside of the study of severe
proliferative radiation retinopathy and optic neuropathy within 1 year of treatment with se-
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vere visual loss (Fig. 6, A, B, and C). The authors concluded that their preliminary data sug-
gest that proton beam irradiation correlates with CNV regression, maintains visual func-
tion, is more effective at 14 GE, is less beneficial in larger lesions, and that radiation com-
plications are more common with longer follow-up but only in the 14-GE-treated group
(71). Because of the significant risk of complications, proton beam treatment is currently
not being recommended until further studies can be done regarding dose delivery with con-
sideration of fractionization of the dosage.

IV. CURRENT STUDIES

There are now several ongoing studies of the use of radiation in AMD. Two recent reports
are from Holz’s RAD Study Group in Germany (72) and Kobayashi and Kobayashi in
Japan (73). The RAD Study is a randomized, prospective, double-blind, placebo-controlled
trial, performed at nine centers throughout Germany (72). This study enrolled 205 patients
treated with either 8 fractions of 2 Gy, (101 eyes) or 8 fractions of 0 Gy (104 eyes). At 1-
year follow-up, no benefit was seen in either classic or occult subfoveal CNV due to AMD;
approximately one-half of treated eyes were occult-only CNV while the other half were
mixed classic plus occult CNV. No serious complications relating to the radiation treatment
have occured to date (72). The Japanese study is also a randomized, prospective, placebo-
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Figure 6 (A) Pre–proton beam
treatment FA, midphase, in 72-year-old
man with recurrent subfoveal CNV
following standard MPS laser (1999).
(B) Nine months post-proton treatment
showing a small scar, vision is 20/400
(February 2000). (C) Twelve months
post-proton treatment with vision
reduction to count fingers and radiation
optic neuropathy and early radiation
retinopathy.



controlled trial carried out at one center in Japan (73). This study enrolled 101 patients and
followed them for 2 years. They also reported no significant treatment-related side-effects
and they used a total dose of 20 Gy delivered in 10 divided doses over 14 days with irradi-
ation through a single lateral port. They concluded that radiotherapy showed a beneficial
effect compared with untreated eyes with favorable factors being smaller area of CNV,
higher degree of occult CNV, and better initial visual acuity (73). Both groups are contin-
uing follow-up on all patients.

Several studies are currently in progress including a set of prospective, double-
masked, randomized studies at the Medical College of Georgia evaluating the efficacy of
low-dose EBR using 14 Gy in 2-Gy fractions for new subfoveal CNV in AMD and in a trial
using EBR as an adjunct for laser treatment to prevent recurrence; thus far no results have
been reported. However, in their uncontrolled series of EBR for patients presenting with re-
current CNV after laser treatment, this group has reported a better response to treatment in
the patients treated with 3-Gy fractions than in those treated with 2-Gy fractions, at least by
clinical impression. In the United Kingdom, Chakravarthy and co-workers have been per-
forming a prospective, single-masked, multicenter clinical trial evaluating EBR using 12
Gy in 2-Gy fractions in the treatment of subfoveal CNV with a classic component since
1995 (62). The clinical impression is that there is no difference between the treated and con-
trol groups. Finger, Berson, and colleagues have verbally reported a small randomized pi-
lot study of EBR utilizing 18 Gy in 2-Gy fractions. With 8 months’ follow-up, best-cor-
rected visual acuities in treated patients were not significantly different from those of
observed controls (personal communication).

Conflicting data from multiple studies led the NEI to sponsor a prospective random-
ized pilot study in the United States (38). This nonfunded, multicenter, pilot study includes
two groups, with randomization to either treatment or observation, and is called the Age-
Related Macular Degeneration Radiation Trial (AMDRT) (74). Eligibility criteria for the
new subfoveal CNV Study include lesions not amenable to MPS laser treatment; classic,
mixed, or occult CNV by FA; blood obscures less than 50% of the lesion; VA � 20/320;
and no contraindication to EBR (i.e., prior chemotherapy, diabetes, history of periorbital or
ocular radiation). Randomization is to either EBR (5 daily sessions of 4 Gy for a total dose
of 20 Gy) or observation. The primary outcome measure is a 3-line or greater loss of visual
acuity over the 5-year follow-up period. There is also a recurrent CNV study arm with sim-
ilar criteria (74). Twelve centers are involved; many have completed initial enrollment of
10 eyes but there are no available data. No serious adverse effects of EBR have been re-
ported to date.

V. CONCLUSIONS

The only well-organized, multicenter, masked study that has shown no benefit of EBR is
Holz’s German RAD study with 18 Gy in 2-Gy fractions (72). It is possible that either a
higher total dose or larger fractions would be beneficial and other trials are currently eval-
uating this theory (including the AMDRT in the United States) (74). It is also possible that
radiation in conjunction with another treatment modality might be of benefit such as com-
bined with PDT or antiangiogenic agents: for example, allowing complete closure of the
neovascular complex with PDT, followed by radiation to extend the affect of treatment.
Other groups are looking at this possibility as well as the benefit of combining low-dose
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EBR with conventional laser treatment to decrease the recurrence rate. Similarly, other
groups are studying the use of low-dose proton beam combined with PDT in the hope that
this will limit CNV recurrence. This approach might avoid the complications seen with
higher doses of radiation using the proton beam.

The current AMDRT protocol should demonstrate whether there is any effect at a
higher dose and dose rate. Any higher levels of radiation would be expected to demonstrate
significant radiation-related side effects.

Although past studies have found that radiation halts the growth of choroidal neo-
vascularization, the studies reported to date do not provide enough evidence to support
widespread treatment of patients. Clearly, further prospective randomized studies are
needed to actually show whether higher radiation doses would stabilize or improve vision
in patients affected by exudative macular degeneration (38). Hopefully, studies such as the
AMDRT will help to sort out this very difficult question.

VI. SUMMARY

Neovascular AMD is responsible for rapid and severe visual loss in developed countries.
Discussed in this chapter are

Mechanism of visual loss in wet AMD
Classic versus occult CNV and laser photocoagulation
The MPS
Rationale for using laser in AMD and the results of the MPS
New approaches in AMD treatment including surgical removal macular

translocation surgery, photodynamic therapy, antiangiogenic drugs, steroid
injections, plasmapheresis, and transpupillary thermal therapy

Advantages of radiation therapy in AMD including inhibition of diskiform scar
formation

Toxicity of radiation including retinopathy and optic neuropathy
Studies in the past using radiation therapy for AMD including external-beam and

plaque radiotherapy
Current studies including AMDRT, proton beam, RAD Study group from

Germany, British EBR trial, and the Japanese study
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I. INTRODUCTION

Treatment of age-related macular degeneration (AMD)-associated choroidal neovascular-
ization (CNV) by photocoagulation of the vessel—or vessels—supplying blood to the CNV
has long been considered an attractive approach, particularly when the neovascularization
is very near or underlies the fovea. Although elegantly simple as a concept, successfully
implementing this treatment approach has proven to be a protracted process. The history of
its development spans a period of nearly 30 years, and the case can be made its develop-
ment has been coupled to the evolution of fundus angiography technology, especially
choroidal angiography.

A. Origins of the Concept

Perhaps the earliest description of feeder vessel treatment in ophthalmology was in 1972
by Behrendt, who discussed argon laser photocoagulation of intraretinal and vitreous
feeder vessels of neovascular membranes associated with diabetic retinopathy (1). The
then-recent availability of visible-light-wavelength lasers led to numerous such novel ap-
proaches aimed at controlling ocular neovascularization. Understandably, all of those were
related to retinal and anterior segment neovascularizations, since they could be directly vi-
sualized by means of readily available optical devices. The choroidal vasculature, on the
other hand, was not a popular target of interest, since direct visualization of it was obscured
by retinal and choroidal pigments, and in sodium fluorescein angiography images it ap-
peared mostly only as a diffuse “choriocapillaris flush.” The deeper-lying vascular layers
remained obscured so far as routine clinical observations were concerned.

At about that same time, in the early 1970s, the concept of routine clinical angiogra-
phy of the choroidal circulation using indocyanine green (ICG) dye was being developed.
ICG fluorescence angiography initially had been explored as an investigative tool for
studying choroidal blood flow in animal experiments. However, since ICG dye already had



a long-documented history of biocompatibility, exploring its use in human subjects as well
was compelling. Since up to that time relatively little attention had been paid to the
choroidal circulation compared to the retina, there was no well-defined clinical goal at first
in visualizing human choroidal blood flow beyond academic curiosity, so a rudimentary
survey of both normal and diseased eyes was undertaken (2). One of the first groups of pa-
tients considered in the survey were those with macular degeneration.

Figure 1 shows simultaneously acquired fluorescein and ICG angiogram images of
the first patient successfully studied by that methodology. The greatly improved ability to
visualize the angioarchitecture of AMD-associated CNV lesions afforded by ICG angiog-
raphy, coupled with the concept of feeder vessel photocoagulation, led to the first attempts
at ICG-guided photocoagulation of CNV feeder vessels. Unfortunately, the results of those
first attempts were not encouraging: Clear differentiation between CNV afferent and effer-
ent vessels was not easy—or in most cases not possible—since both spatial and temporal
resolution of the early ICG fluorescence angiogram images was limited, the spot size and
aiming precision of the first visible light laser photocoagulation delivery systems also was
limited, and, perhaps most important, the laser light wavelengths available were not ideally
suited to the task.

For some time thereafter the concept of feeder vessel photocoagulation was not seri-
ously pursued as a clinical tool. Instead, the dominant treatment approach for AMD-asso-
ciated CNV came to be based on Macular Photocoagulation Study (MPS) recommenda-
tions (3). These included destruction of the entire CNV membrane—as delineated by
fluorescein angiography—along with an additional margin around the CNV, even when
the procedure resulted in an immediate, nonrecoverable additional loss of visual acuity.
The results of the MPS suggested that despite an immediate vision loss, 3 years later
a patient so treated statistically would have better visual acuity than if untreated. Those re-
sults not withstanding, few ophthalmologists remained comfortable with the notion of hav-
ing to destroy the retina to save it, preferring for the most part to avoid photocoagulation
near the fovea.
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Figure 1 Simultaneously acquired fluorescein (left frame) and ICG (right frame) angiogram
images of the first patient with CNV studied by use of ICG fluorescence angiography.



B. Revisiting the Concept

The first notable clinical application of ICG fluorescence angiography was its use in guid-
ing laser photocoagulation of CNV. This method was applied to patients whose clinical and
fluorescein angiographic features did not meet the eligibility criteria for laser therapy de-
fined by the MPS recommendations; generally it was applied to cases of poorly defined, or
occult, CNV. In this application, use of ICG angiography resulted in improved localization
of abnormal choroidal vessels, thereby making treatment by photocoagulation possible
(4,5). Whereas this clinical use of ICG undoubtedly contributed to sustaining interest in
ICG angiography, arguably it was the commercial availability of the scanning laser oph-
thalmoscope (SLO) that contributed to increasing interest in ICG angiography. Compared
to the predominantly available commercial ICG angiography systems based on fundus
camera optics—capable of acquiring images at a rate of about one per second—the SLO af-
forded the ability to perform high-speed imaging. Ready access to high-speed ICG image
acquisition systems was an important component of renewed interest in feeder vessel pho-
tocoagulation treatment.

The concept of feeder vessel photocoagulaton currently is being revisited as a treat-
ment for AMD-associated CNV. In February 1998 Shiraga et al., reported the results of a
pilot trial to assess the feasibility of extrafoveal photocoagulation of subfoveal CNV sec-
ondary to AMD (6). Their results included finding feeder vessels in 37 of 170 consecutive
patients (22%), using SLO ICG angiography. In 70% of those 37 cases (26 cases) ex-
trafoveal photocoagulation of the feeder vessels, using 575- to 630-mn-wavelength light,
resulted in resolution of the exudative manifestations and improved or stabilized visual
acuity. The following December, Straurenghi et al. (7), also using SLO ICG angiography,
reported finding treatable feeder vessels in 15 of 22 patients having subfoveal CNV not
amenable to the treatment suggested by the MPS (3). They successfully obliterated the
feeder vessels in 40% of the cases, resulting in improved or stabilized visual acuity after
more than 2 years. In a second group of 16 patients they reported a much higher success
rate of 75%, attributed to the smaller feeder vessel diameters (�85 �m) found in this group.
In December 1997, yet another series of feeder vessel treatments was begun using a high-
speed, pulsed-laser (HSPL) fundus camera system for feeder vessel identification (Flower
RW, Glaser BM, Murphy RP, Macula Society. Presentation, 1999.) The HSPL used in this
study consisted of a Zeiss fundus camera modified to include a pulsed 805-nm-wavelength
diode laser for excitation of ICG dye fluorescence in the choroidal circulation; images were
acquired at a rate of 30/s (8). In this latter study, a higher incidence (about 66%) of feeder
vessel identification was achieved, apparently owing to use of the HSPL system and dif-
ferent angiogram analysis techniques. Nevertheless, treatment success of the latter study
appears to be equivalent to that of the other groups, even though the follow-up period was
shorter and it focused on occult CNV, whereas the other studies appear to have focused on
classic CNV.

The common experience of all these studies was that feeder vessel photocoagulation
appeared to be a viable treatment approach and worthy of continued pursuit, even though
the exact nature of the vessels being treated and the most efficacious application of laser
energy remain to be determined. Clearly, there is a “catch 22” associated with this method-
ology: There are no histological data on treated CNV feeder vessels, per se, and the only
proof currently available of the accuracy of angiographic CNV feeder vessel identification
is improvement or stabilization of the patient’s visual acuity following treatment. But this
standard of proof is biased toward failure, since conventional laser photocoagulation of
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CNV feeder vessels already has proven to be difficult or incomplete in some cases. There-
fore, if the full potential of feeder vessel treatment is to be accurately assessed and eventu-
ally realized, a more consistently successful approach to laser photocoagulation must be de-
vised. And at the same time, a much better understanding of the hemodynamic
consequences of feeder vessel photocoagulation must be developed to facilitate rational
analysis of treatment successes and failures.

II. WHAT IS A FEEDER VESSEL?

Properly characterizing CNV feeder vessels in terms of their locations within the choroid,
their vessel wall structure, and their blood flow is a necessary step in developing the most
efficacious photocoagulation method. In that regard, however, histological data about CNV
angioarchitecture appear to be at odds with the angiographic appearance of the so-called
feeder vessels being treated.

A. Histological Appearance of CNV Feeder Vessels

The vessels passing through breaks in Bruch’s membrane and connecting a CNV to the
choroidal blood supply can be capillaries, arteries, or veins, as determined by the vessel
wall structure. In general, CNV complexes up to 300 �m diameter have only one break
containing a capillary-like vessel (9,10). Complexes on the order of 500 �m have two to
four  breaks, and at least one or two contain a capillary-like vessel; the other transmit only
cells. CNV complexes of these dimensions consist of a single layer of capillary vessels on
the inner surface of Bruch’s membrane, and they arise from a layer of vessels that lies just
beneath, instead of between, the intercapillary pillars, so it is assumed these are new ves-
sels replacing the choroidal capillaries. Because many tissue sections must be cut to find
and track these vessels, there are only a few examples in which the vessels can actually be
tracked in the choroid, and even then it is not always clear whether they lead to an artery or
a vein (Sarks JP, Sarks SH, written communication, March 14, 1999).

Complexes on the order of 200 �m have more than four breaks, and the vessels pass-
ing through are of medium size. These complexes usually are two layers thick, but still be-
neath the retinal pigment exithelium (RPE), and they can be served by well formed arterial
and venous vessels. Complexes from patients with diskiform scars have breaks containing
larger arteries and veins; these disrupt the RPE and invaded the retina, (Sarks JP, Sarks SH,
written communication, March 14, 1999).

It has been suggested that on average, there are 2.3 vessels passing through Bruch’s
membrane and connecting each CNV to the underlying choroidal vasculature (11). The fre-
quency with which these vessels are capillaries, arteries, or veins has not yet been reported,
but it is clear that the majority of penetrating vessels encountered are relatively short cap-
illary-like vessels. It is clear also that such small vessels are not likely to be recognized in
ICG angiogram images.

B. Angiographic Appearance of CNV Feeder Vessels

The most frequently identified and treated feeder vessels reported in studies to date appear
to be on the order of one to several millimeters long, a dimension quite large with respect
to the penetrating vessels most frequently found in histological preparations. Figure 2
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shows examples of feeder vessels, identified using the HSPL fundus camera system, that
have been successfully photocoagulated, resulting in improved or stabilized vision. In us-
ing that system, identification of feeder vessels is made by first carefully examining the
area surrounding the location of a known or suspected CNV complex in high-speed ICG
angiogram images, since the most obvious characteristic of a feeder vessel is proximity to
CNV. Some feeder vessels are easily identified, as in Figure 2A and D, when they are
prominent and easily distinguishable from adjacent choroidal vessels. Often, however,
feeder vessels are less prominent, as in Figure 2B and C, and identification requires use of
an analytical technique such as phi-motion angiography,* which helps differentiate a
feeder vessel from its surroundings by enhancing visualization of blood flow through it, to-
ward the CNV. Determining direction of flow is essential to correctly identifying CNV
feeder vessels—as opposed to their draining vessels—even when their angioarchitecture
seems obvious.

C. Reconciling Histological and Angiographic Data

Clearly, the vessels identified in histological specimens as the conduits of blood from the
choriocapillaris (CC) to CNVs appear to be different from the so-called feeder vessels iden-
tified in angiograms. Typically “feeder vessel” refers to an afferent vessel supplying blood
to a particular vascular complex, one directly connected to the complex. To be precise, in
the case of CNV that definition should apply to the short capillary-like vessels that pene-
trate Bruch’s membrane and form a CNV/CC connection. The vessels in ICG angiograms
dubbed “feeder vessels”in the recently reported studies of CNV feeder vessel photocoagu-
lation— especially in the case of occult CNV— meet the criterion of being afferent, but
they appear to be much larger than the capillary-like vessels seen in the histological speci-
mens. Strictly speaking, therefore, the term “CNV feeder vessel,”as applied in angio-
graphic descriptions, appears to be a misnomer for some other choroidal vessels—most
likely Sattler’s layer arterioles.

The so-called feeder vessels (FVs) seen in angiograms very much resemble vessels
of the choroidal middle layer, or Sattler’s layer, which lies just beneath the CC. Compari-
son of the ICG angiogram images of the feeder vessels in Figure 2 to the scanning electron
micrographs of corrosion casts of the anterior aspect of the CC in Figure 3 demonstrates
this similarity. Therefore, it seems a reasonable assumption that the feeder vessels identi-
fied in ICG angiograms and reported to have been successfully treated by photocoagulation
are Sattler’s layer arteriolar vessels.
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* Phi-motion is a phenomenon first identified by Wertheimer in 1912 (12): it refers to
visual perception of motion where none exists. In a situation where there is a gap in visu-
al information, the brain fills in what is missing. An example of the case in point is the
appearance of two spatially separated points of light wherein first one is illuminated and,
a finite time later, the second one is illuminated. The perception is that of a single point
moving from the location of the first point to that of the second. By repeatedly viewing an
appropriate segment of a high-speed angiogram image sequence in continuous-loop fash-
ion and at an appropriate speed, the phi-motion phenomenon accentuates perception of the
movement of dye through vessels.



There is additional evidence to support the notion that the angiographically defined
CNV feeder vessels are Sattler’s layer vessels: A commonly observed characteristic of suc-
cessfully treated FVs is their ‘beaded” appearance in ICG angiograms (RP Murphy, sym-
posium presentation, Chicago, June 3, 2000); an example of that appearance is shown in
Figure 4A. The most likely explanation for the beaded appearance is that the dye-filled FV
is crossed throughout its length by smaller choroidal vessels. This same phenomenon is
more pronounced in high-speed ICG angiograms of rhesus monkey eyes following carotid
arterial dye injection, as demonstrated in Figure 4B, wherein carotid dye injection im-
proved dye wave front definition, enhancing observation of the temporal filling differences
between various layers of choroidal vessels. When crossed by small non-dye-filled vessels,
the crossings result in dark segments along the feeder vessel; when crossed by small dye-
filled vessels, the crossings result in hyperfluorescence, due to additivity of fluorescence
from the overlapping vessels. The presence of small vessels between the FV and the CC
fixes the FV location well below the CC, consistent with the notion that CNV-FVs are Sat-
tler’s layer vessels.
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Figure 2 Examples of CNV feeder vessels, identified using the HSPL (high-speed, pulsed-laser)
fundus camera system, that were successfully photocoagulated, resulting in improved or stabilized
vision. In each case, arrows inidcate the course of the feeder vessel. (Reprinted from Flower RW.
Experimental studies of indocynine green dye-enhanced photocoagulation of choroidal
neovascularization feeder vessels. Am J Ophthalmol 2000; 129: 506, Fig 3. Copyright 2000, with
permission from Elsevier Science.)
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Figure 3 A scanning electron micrograph of a corrosion cast of the posterior (Sattler’s) layer of
small-diameter choroidal arteries and veins that feed and drain the choriocapillaris, which can be
seen in the background. For the most part, the veins are oriented from the upper left-hand corner of
the image toward the lower right-hand corner; they overlie the arteries. (Courtesy of Dr. Andrzej W.
Fryczkowski.) (Reprinted from Flower RW. Experimental studies of indocyanine green dye-
enhanced photocoagulation of choroidal neovascularization feeder vessels. Am J Ophthalmol 2000;
129:507, Fig 4. Copyright 2000, with permission from Elsevier Science.)

Additionally, Arnold et al. (13) have shown the choroids of AMD eyes to be as little
as half the thickness of those in age-matched normal eyes (e.g., 90 �m compared to 180
�m), primarily owing to a significant decrease in the number of vessels that normally oc-
cupy the middle choroidal layers (Sattler’s layer). So it is possible that the relatively high
contrast of some FVs see (Fig. 2) is a result of there being fewer-than-normal adjacent ves-
sels in the same layer, and in the absence of the normal number of adjacent vessels, the FVs
may have become preferential channels for blood flow through a diminished Sattler’s layer.
Therefore, the assumption that many of the FV investigators have identified and photoco-
agulated are Sattler’s layer arteriolar vessels is at least consistent with the evidence at hand.

III. THE RELATIONSHIP BETWEEN SATTLER’S LAYER
VESSELS AND CNVs

The explanation for apparently successful photocoagulation treatment of so-called CNV
FVs (i.e., Sattler’s layer vessels) lies in the hemodynamic relationship between the Sattler’s
layer vessels and the capillary-like vessels that form the CC/CNV communication.



A. An Anthropomorphic Model of the CC/CNV
Connection

The relationship proposed to exist between these two types of vessels is modeled in Figure
5, wherein there is no anatomical continuity between them, although functionally they be-
have as if there were. The figure also demonstrates how blood could move in a function-
ally contiguous manner from a Sattler’s layer FV, into the CC, and then through a nearby
capillary vessel leading from the CNV during the systolic phase of the intraocular pressure
pulse.

By comparison to the sinusoid-like structure of the CC vascular plexus, it is likely
that resistance to blood flow would be higher through a parallel CNV complex, connected
to the CC by the capillary-like vessels that penetrate Bruch’s membrane. In this model,
blood flow through the CNV would occur, but it would not be as great as through the un-
derlying CC. In keeping with the pulsatile nature of CC blood flow shown to exist as the
result of the perpendicular interface of arterioles and the wide, flat choriocapillaries (8,14),
a high hydrostatic pressure-head must exist at the interface early during systole, relative to
the surrounding CC (as indicated by the collapsed state of the choriocapillaries and the
CNV vessels in Figure 5A and B). In addition to pushing blood into the choriocapillaries,
the pressure-head would be partially dissipated in forcing some blood into the adjacent pen-
etrating vessel. Thus, a small, pulsatile pressure gradient would be established through the
CNV, even though the majority of flow would be through the CC. In this model, closure of
the FVs, or even significant partial closure, would have the effect of reducing the pressure
head available at the penetrating vessel to a level so low that resistance to flow through the
CNV could not be overcome, thereby effectively closing the CNV as well.
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Figure 4 (A) ICG angiogram demonstrating the commonly observed “beaded” appearance of
CNV feeder vessels. (B) The same “beaded” appearance seen more prominently in the high-speed
ICG angiograms of rhesus monkey eye following carotid arterial dye injection. When crossed by
small non-dye-filled vessels, the intersections appear as dark segments along the feeder vessel
(vessel indicated by the lower arrow); when crossed by small dye-filled vessels, the intersections
appear hyperfluorescent owing to additivity of fluorescence from the overlapping vessels (vessel
indicated by the upper arrow). (Reprinted from Flower RW, von Kerczek C, Zhu L, Ernest A,
Eggleton C, Topoleski LDT. A theoretical investigation of the role of choriocapillaris blood flow in
treatment of sub-foveal choroidal neovascularization associated with age-related macular
degeneration. Am J Ophthalmol 2001;132:85–93.)
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Figure 5 Schematic representation of the presumed relationship between a vessel penetrating
Bruch’s membrane (penetrating vessel) and connecting a CNV membrane to the choriocapillaris.
The posterior margin of Bruch’s membrane is represented by the dark horizontal line. A Sattler’s
layer choroidal arteriole (presumably a feeder vessel) is shown entering the choriocapillaris (CC)
from beneath. The four frames of the figure indicate how blood would move in a functionally
contiguous manner from a Sattler’s layer feeder vessel, into the CC, and then through another nearby
penetrating vessel during the systolic phase of the intraocular pressure pulse even though the
penetrating and feeder vessels are not anatomically contiguous. (A) At the onset of the blood
pressure pulse, a high hydrostatic pressure-head of blood (represented by the black dots) would
develop at the perpendicular interface of arteriole and the wide, flat CC (as indicated by the
collapsed state of the choriocapillaries and the CNV membrane). (B) Slightly later during the pulse,
in addition to pushing blood into the choriocapillaries, part of the pressure-head would be dissipated
in forcing some blood into the adjacent penetrating vessel. Thus, a small pressure gradient would be
established through the CNV. (C) Still later, blood flow through the CNV would occur, but it would
not be as great as through the underlying CC, because by comparison to the sinusoid-like structure
of the CC vascular plexus, it is likely that resistance to blood flow through a parallel CNV complex,
connected to the CC by capillary-like penetrating vessels, would be higher. (D) Eventually, flow
through the CNV would be complete. (Reprinted from Flower RW. Experimental studies of
indocyanine green dye-enhanced photocoagulation of choroidal neovascularization feeder vessels.
Am J Ophthalmol 2000;129:507, Fig 5. Copyright 2000, with permission from Elsevier Science.)



Thus, there is considerable evidence to support the hypothesis that ultimately the
source of blood supplying a CNV is a Sattler’s layer arteriole whose entry into the CC is
situated near one of the capillary-like vessels that penetrate Bruch’s membrane, forming a
CC/CNV communication. That is, the FVs identified for focal photocoagulation treatment
of CNV appear to be Sattler’s layer arterioles that are functionally—but not directly phys-
ically—connected to the CNV. Throughout the rest of this discussion, the term “CNV
feeder vessel” is intended to imply a Sattler’s layer vessel that is functionally contiguous
with a CNV. This leads to the possibility that in some cases direct, anatomically contigu-
ous connection between a Sattler’s layer vessel and a CNV eventually could evolve, obvi-
ating any CC involvement at all; indeed, such an evolution might be the path leading from
occult to classic CNV.

B. A Model of the FV/CC/CNV Hemodynamic
Relationship

The simple anthropomorphic model of FV/CNV blood flow described above was con-
ceived to account for the clinically observed resolution of retinal edema following FV pho-
tocoagulation, even when only partial FV vessel closure is achieved (15). However, since
the submacular CC is a true vascular plexus—fed and drained by multiple interspersed ar-
teries and veins— a much more sophisticated model is needed to describe the changes in
CC blood flow beneath the CNV following FV photocoagulation. Therefore, a theoretical
model for the human CC, based on available histological and hemodynamic data, was de-
veloped to simulate the CC blood flow field before and after FV photocoagulation.*

Known angioarchitectural and hemodynamic parameters for the CC and CNV from
the literature were used to construct the theoretical model of a section of submacular CC
and a small overlying CNV membrane shown in Figure 6. The CC plexus consists of two
parallel sheets separated by 7.5 microns between which 10-micron-diameter columns are
placed at regular intervals, leaving 15-micron-wide channels in between to simulate the CC
plexus. Isolated, but well-separated, precapillary arterioles and venules communicate with
the CC plexus and perfuse it with blood. The cross-sectional dimensions of the arterioles
and venules are of the same order as the CC thickness, h. The center-to-center spacing be-
tween adjacent arterioles and venules is much larger than h. Therefore, the CC was mod-
eled as a planar porous medium containing a widely dispersed set of fluid inflows and fluid
outflows, simulating the feeding and draining vessels of Sattler’s layer. Feeding arteriolar
and draining venous vessels consist of, respectively 7.5 and 15-micron-diameter tubes en-
tering the CC from beneath.

An overlying CNV membrane was modeled as a parallel miniature version of the CC,
but with smaller dimensions that will result in a significantly higher resistance to fluid flow.
The communication between the CNV and the CC is by way of two capillary-dimensioned
vessels that penetrate Bruch’s membrane. In the model, the position of the CNV could be
changed to achieve various spatial relationships between the penetrating vessels and the
Sattler’s layer vessels that feed and drain the CC.
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* This model was developed in collaboration with C. von Kerczek, L. Zhu, A. Ernest, C.
Eggleton, and L. D. T. Topoleski from the Department of Mechanical Engineering
University of Maryland, Baltimore, MD.



This theoretical model became the basis for computer simulation of blood flow dis-
tribution in a segment of human subfoveal CC approximately 1300 � 1000 microns in area.
The actual placement of the multiple Sattler’s layer vessels to feed and drain blood from
the simulated CC plexus segment was made according to the histologically determined lo-
cations of those vessels in one normal human eye (16). Figure 7 shows the anterior aspect
of the computer-simulated segment of that human submacular CC, marked with the actual
locations of arteriolar and venous vessels Sattler’s layer vessels connected to its posterior
aspect; the figure also shows the simulated CNV in two different locations. Blood flow
rates in the feeding arterioles and venules were then estimated by matching the predicted
precapillary arteriole and venule pressure difference to experimentally measured data; the
experimentally measured maximum pressure difference between a feeding arteriole and
venule was found to be 4.5 mmHg (17). Experimentally measured pressures and pressure
differences were applied across the feeding and draining vessels to generate maps of blood
flow through the computer-simulated model CC segment. Figure 8 shows the normal
isobar and iso-blood-speed distributions in the computer simulated segment of CC from
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Figure 6 Schematic representation of the computer-simulated model of the choriocapillaris (CC)
and an overlying choroidal neovascular (CNV) membrane. The CC segment is represented by the
thin green rectangular box; the red disks within the volume of the box represent the interstitial spaces
surrounded by the network of choriocapillaries. One Sattler’s layer arteriolar (red cylinder) and one
venous (blue cylinder) vessel are shown connected to the posterior CC. A CNV membrane is.
represented by the very thin purple rectangular box. Two capillary-like vessels (green cylinders)
penetrate Bruch’s membrane (not depicted) and form the CC/CNV connection (penetrating vessels)
as shown; in the text, these are referred to as penetrating vessels. In the simulation, the position of
the penetrating vessels with respect the Sattler’s layer vessels was varied. (Reprinted from Flower
RW, von Kerczek C, Zhu L, Ernest A, Eggleton C, Topoleski LDT. A theoretical investigation of
the role of choriocapillaris blood flow in treatment of sub-foveal choroidal neovascularization
associated with age-related macular degeneration. Am J Ophthalmol 2001;132:85–93.)



Figure 7; it also shows how those distributions are altered when one of the Sattler’s layer
feeding arterioles is completely occluded.

A significant reduction in the local CC pressure probably results in significant
changes in the blood flow through an overlying CNV network, since the driving force for
CNV blood flow is the pressure difference between the capillary-like vessels that penetrate
Bruch’s membrane, forming the CC/CNV communication. Clinical observations indicate
that partial—as well as complete—photocoagulation of the (presumed Sattler’s layer) FV
adjacent to a CNV’s penetrating vessel(s) is an effective means of decreasing the blood
flow in the CNV (BM Glaser, RP Murphy, G Staurenghi, personal communications, 1999).
Therefore, the model also was used to simulate blood flow through a CNV before and af-
ter FV laser photocoagulation; the simulation was performed for the CNV membrane situ-
ated in two different locations, as indicated in Figure 7. The first location, CNV #1, was be-
tween arteriole #2 and venule #1, while the second, CNV #2, was between arteriole #3 and
a point in the venous pressure, equidistant from venules #1 and #2. Photocoagulation of ar-
teriole #2 and of venule #1 resulted in significant reduction of CNV #1 blood flow (71%
and 79%, respectively), with similar results in CNV #2 when arteriole #3 was photocoag-
ulated (84% reduction). On the other hand, even the complete closure of venules #1 or #2
produced less than 30% decrease in blood velocity through CNV #2.
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Figure 7 The anterior aspect of the computer-simulated segment of a human submacular CC,
marked with the actual locations of arteriolar and venous vessels. Sattler’s layer vessels connected
to its posterior aspect; the figure also shows the simulated CNV in two different locations.
(Reprinted from Flower RW, von Kerczek C, Zhu L, Ernest A, Eggleton C, Topoleski LDT. A
theoretical investigation of the role of choriocapillaris blood flow in treatment of sub-foveal
choroidal neovascularization associated with age-related macular degeneration. Am J Ophthalmol
2001;132:85–93.



C. Implications of the FV/CC/CNV Hemodynamic
Relationship

This model predicts that even 50% closure of a blood vessel entering the posterior aspect
of the CC in the vicinity of a capillary-like vessel leading to a CNV can be effective in re-
ducing or possibly stopping CNV blood flow, regardless of whether that vessel is a feeding
arteriole or a draining venule. In other words, the important hemodynamic event with re-
spect to reducing or stopping CNV blood flow is significant reduction of the blood pres-
sure—hence, blood flow as well—in the local underlying CC. Thus, the predictions of the
present computer-simulated model support the novel approach to CNV management made
previously, namely that (1) rather than total obliteration of a CNV (which frequently results
in recurrence), the endpoint of laser photocoagulation treatment can be reduction of CNV
blood flow to the extent that undesirable manifestations of the CNV—most notably retinal
edema—are halted or reversed, and (2) CNV blood flow reduction can be mediated by re-
duction of blood flow through the underlying CC (15).
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Figure 8 Isogramic maps of the blood pressure and blood speed fields of the choriocapillaris
segment shown in Figure 7 under normal and simulated vascular photocoagulation conditions. The
isogramic lines in the left-hand two frames identify locations of constant pressure (upper frame) and
flow (lower frame) throughout the CC segment under normal conditions. The pattern of these lines
change, as shown in the other pairs of frames, when either the underlying Sattler’s layer arteries
(middle frames) or veins (right-hand frames) are occluded. The particular vessels occluded in these
examples are aretriole A1 and venule V1, identified in Figure 7. (Reprinted from Flower RW, von
Kerczek C, Zhu L, Ernest A, Eggleton C, Topoleski LDT. A theoretical investigation of the role of
choriocapillaris blood flow in treatment of sub-foveal choroidal neovascularization associated with
age-related macular degeneration. Am J Ophthalmol 2001;132:85–93.)



There are two important implications to that novel approach, one related to F V treat-
ment and the other related to the mechanics of successful CNV treatments in general. Re-
garding FV photocoagulation treatment of CNV, the selection criterion for targeted FVs
might be extended to include venous as well as arteriolar vessels entering the posterior CC
in the vicinity of a CNV membrane. If indeed reduction of the underlying CC blood flow
is the important treatment goal, then depending upon the orientation of the CNV’s pene-
trating vessels with respect to the field of vessels feeding and draining the CC, targeting
veins or veins in conjunction with arteries may yield the best results. After all, the ramifi-
cations of occluding a venous drainage channel to a true vascular plexus, like the posterior-
pole CC, is not the same as occlusion of the drainage vein of a true end-arteriolar vascular
complex. In the former case, blood is diverted to adjacent venous channels, without exces-
sive increase in capillary transmural pressure, whereas in the latter case, venous occlusion
likely results in blood flow stasis and elevation of capillary transmural pressure to a level
near that across the feeding arterial vessel wall.

Since the predicted relationship between CC and CNV blood flows actually is inde-
pendent of the specific means by which CC blood flow is reduced, the second implication
of the results is that reduction of CC blood flow underlying a CNV membrane may be a
component mechanism common to all successful CNV treatments, including photocoagu-
lation, photodynamic therapy (PDT), transpupillary thermal therapy (TTT), and drusen
photocoagulation. It is well established that post-PDT angiograms routinely evidence re-
duced CC fluorescence (18), and that appears also to be the case following TTT (19). In the
case of TTT, reduced CC blood flow may be due to increased resistance to plexus blood
flow resulting from heat-induced interstitial tissue swelling and concomitant reduction of
CC luminal space. Angiographic data specifically related to submacular blood flow fol-
lowing photocoagulation destruction of macular drusen have not been presented anywhere;
however, it has been demonstrated that CC obliteration occurs with application of moder-
ate to heavy laser burns and that loss of choriocapillaries can add significant resistance to
blood flow through the CC plexus (8).

If reduced CC blood flow is a component mechanism of successful CNV treatment,
regardless of the modality used, then FV photocoagulation arguably might be viewed as the
most effective method. The difference between FV photocoagulation and the other meth-
ods is analogous to removing a weed from a lawn by pulling out its roots (FV) versus just
cutting off the weed’s leaves. It can be argued that FV photocoagulation is the most precise
of the various methods in terms of manipulating CC blood flow, and it minimizes the area
of tissue/laser interaction. Moreover, since blood flow through a particular CC area appar-
ently can be manipulated by modulation of adjacent venous or arteriolar vessels connected
to the plexus’s anterior side, it may be that the most precise manipulation of CC blood
flow—and, hence, treatment of CNV—will be by controlled, partial photocoagulation of
carefully selected combinations of arterioles and venules in Sattler’s layer vessels.

IV. DEVELOPMENT OF A MORE EFFICACIOUS
METHOD OF FV TREATMENT

The models of CNV FVs are consistent with the clinical observation that often, even in-
complete closure of a FV produces reduction of CNV dye filling, resolution of associated
edema, and improved visual acuity. Of course, partial closure of targeted FVs at present is
an unintended endpoint of argon and krypton laser photocoagulation application. In such
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cases, failure to completely close the relatively deep-lying targeted vessels may be at-
tributable to generation of an insufficiently high temperature gradient, emanating from the
RPE, where laser light-to-heat transduction occurs. The temperature gradient that is pro-
duced does extend into the sensory retina and can produce significant damage there, so the
location for FV photocoagulation must be chosen so as not to involve the fovea. It would
be desirable, therefore, to avoid the concomitant retinal damage and to make FV photoco-
agulation more efficient and predictable. This would have the additional potential benefit
of allowing such treatment to be applied much closer to the fovea than is presently possi-
ble, thereby increasing the number of patients who might benefit from CNV FV treatment.

A. The Concept of ICG-Dye–Enhanced
Photocoagulation

An example of a successfully treated FV is shown in Figure 9, and it also shows an unde-
sirable side effect as well: damage to the nerve fiber layer overlying the site of FV photo-
coagulation. Since CNV FVs apparently lie below the plane of the CC, a method of photo-
coagulation that moves the epicenter of the laser-generated heat closer to those vessels and
away from the sensory retina would be an improvement over the presently available
method. The concept of ICG-dye–enhanced photocoagulation has that potential and, there-
fore, should be revisited for this application, bearing in mind that its use must be optimized
to accommodate characteristics of the targeted choroidal vasculature. The main premise of
dye-enhanced photocoagulation is that application of laser light energy with a wavelength
matched to the primary wavelength absorbed by a bolus of dye passing through the target
blood vessel produces the most efficient photocoagulation burn in terms of vessel closure
with minimum damage to surrounding tissue. Figure 10 demonstrates the main aspects of
ICG-dye-enhanced photocoagulation and compares it to FV photocoagulation by conven-
tional laser light photocoagulation.

The concept of improving the efficiency of the photocoagulation process by ICG-dye
enhancement is not new to treatment of AMD-related CNV, as Reichel and co-workers uti-
lized it for treating poorly defined subfoveal CNV. Eventually they reported their initial
clinical investigation in 10 patients (20), but in terms of visual outcome, their results, were
equivocal, and the technique did not achieve widespread use. The particular dye-enhance-
ment technique they used, however, relied on absorption of infrared laser light energy by
dye-stained choroidal blood vessel walls minutes following dye injection. That apparently
is a very inefficient process, compared to one in which the same laser energy is absorbed
by dye molecules within the target vessels during transit of a high-concentration dye
bolus (15).

B. A Combined ICG Angiography/Dye-Enhanced
Photocoagulation System

Performance of ICG-dye-enhanced photocoagulation requires use of a laser delivery sys-
tem that permits visualization of intervenously injected ICG dye as it traverses the vascu-
lature. Such a system was constructed from a Zeiss fundus camera (Carl Zeiss,
Oberkochen, Germany) modified to include a pulsed diode laser light source and a syn-
chronized, gated CCD camera for performing high-speed ICG angiography, as previously
described (8,21). The fundus camera was further modified so that the output tip of the
fiberoptic of an 810-nm diode laser photocoagulator (Oculight SLX, Iris Medical Instru-
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ments, Mountain View, CA) can be positioned in the plane of the fundus illumination op-
tics pathway normally occupied by the internal fixation-pointer; that plane is conjugate to
the fundus of the subject’s eye. The He-Ne aiming beam emitted by the photocoagulator
appears as a sharply focused spot when viewed through the fundus camera’s video system,
and the position of the fiberoptic with respect to the subject’s fundus can be controlled by
the micromanipulator’s X and Y adjustments. With this configuration, it is possible to de-
liver 810-nm photocoagulation light pulses to precisely located areas of the fundus while
observing the fundus with visible light through the fundus camera eyepiece, making it pos-
sible to synchronize photocoagulation laser pulse delivery with arrival of a dye bolus at a
targeted vessel site. The fundus camera system is shown in Figure 11.
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Figure 9 ICG angiogram images of a successfully treated FV. (A) Pretreatment; the FV is
indicated by an arrow, and the site of the laser beam is indicated by *. (B) Post-treatment; note lack
of CNV dye-filling. (C) Image shows an undesirable side effect: damage to the nerve fiber layer
overlying the site of FV photocoagulation. (Reprinted from Flower RW. Experimental studies of
indocyanine green dye-enhanced photocoagulation of choroidal neovascularization feeder vessels.
Am J Ophthalmol 2000;129:502, Fig 1. Copyright 2000, with permission form Elsevier Science.)
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Figure 10 Schematic comparison of choroidal vessel photocoagulation by conventional laser
and ICG–dye-enhanced laser. (Reprinted from Flower RW. Experimental studies of indocyanine
green dye-enhanced photocoagulation of choroidal neovascularization feeder vessels. Am J
Ophthalmol 2000;129:503, Fig 2. Copyright 2000, with permission from Elsevier Science.)

C. Demonstration of ICG Dye–Enhanced
Photocoagulation

No animal model exists of CNV FVs, but the choroidal vasculature of pigmented rabbit
eyes can serve as a model system in which to demonstrate principles that may pertain to 
the human eye. For example, the rabbit CC is a reasonable equivalent of its human 
counterpart, and being a vascular plexus, it also can serve as a model of CNV, in that CNV
also is a vascular plexus—albeit one with high resistance to flow compared to the CC. 

Figure 11 The fundus camera/photocoagulation system.
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Likewise, the arterioles feeding the rabbit eye CC can serve as a model for FVs, so the pig-
mented eyes of Dutch belted rabbits were used to demonstrate ICG-dye-enhanced photo-
coagulation.

Use of the ICG dye–enhanced camera system is demonstrated in the three frames of
Figure 12, which show application of laser energy during transit of a high concentration dye
bolus (A), incarceration of ICG dye distal to the burn site (B), and validation of vessel clo-
sure by injection of another dye bolus (C). Incarceration of ICG dye immediately follow-
ing laser photocoagulation (B) not only provides immediate feedback as to the success of
the procedure, but the incarcerated dye constitutes a strongly absorbing target for further
laser application without the need to inject additional dye boluses. The reduction in retinal
tissue damage concomitant to FV laser photocoagulation using ICG dye–enhancement is
demonstrated in Figure 13, which compares the extent of RPE damage resulting from ap-
plication of identical laser burns to identical choroidal arteries, one with and one without
presence of a transiting high-concentration dye bolus.

V. THE FUTURE OF CNV FEEDER-VESSEL
TREATMENT

Aggressive CNV behavior—rapid membrane growth, edema formation, etc.—has been
viewed as a destructive event, and conventional treatment aims to remedy such behavior by
complete CNV obliteration. But the frequent recurrence of CNV following such treatment

Figure 12 Demonstration of use of the ICG dye–enhanced camera system. (A) Application of
laser energy during transit of a high-concentration dye bolus. (B) Incarceration of ICG dye distal to
the burn site. (C) Validation of vessel closure by injection of another dye bolus.



could be nature’s continuing effort to compensate for the original—and perhaps now exac-
erbated—defect. Instead, such aggressive CNV behavior could be viewed as an overcom-
pensation for some metabolic or other blood-flow-related defect. And if laser treatment
were to be applied in such a way as to just reduce the blood flow to aggressive CNV by an
appropriate amount—perhaps until the CNV vasculature matures—then further aggressive
behavior might be avoided; those cases of inadvertent incomplete FV closure resulting in
improved vision would be examples.

Photocoagulating the FVs supplying CNV associated with AMD can be a successful
treatment method (6,7)—especially for occult CNV. Indeed, there may be an important dif-
ference between the response of CNV evoked by direct application of laser energy, as in
conventional treatment, and that evoked by reducing blood flow through the otherwise
undisturbed membrane. If ultimately FV photocoagulation treatment were to be refined
along these lines, the laser would become more a precision instrument to modulate blood
flow than a weapon for destruction of the very retinal tissue whose function we are trying
to conserve. Additionally, because of the pre- and post-treatment high-speed ICG an-
giograms the method requires, information about choroidal hemodynamics is being ac-
crued that otherwise probably would not be available.
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Figure 13 Demonstration of the reduction in retinal tissue damage concomitant to FV laser
photocoagulation using ICG dye enhancement, using identical choroidal arteries arising from a
common origin in a pigmented rabbit eye as a model. (A) Arrows indicate locations of laser burns
of identical energy on the two identical choroidal arterioles. The left-hand burn was applied without
use of ICG dye enhancement, and the right-hand burn was placed during transit of a high-
concentration bolus of ICG dye. (B) Comparison of the extent of RPE damage resulting from
application of the identical laser burns inferior to the medullary rays. 
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I. INTRODUCTION

Age-related macular degeneration (AMD) is a leading cause of central vision loss in pa-
tients older than 65 years of age. Despite a lower prevalence of neovascular AMD com-
pared with nonneovascular AMD, an estimated 80% of severe vision loss occurs secondary
to the formation of choroidal neovascularization (CNV) (1,2). Left untreated, most patients
with subfoveal CNV have a poor visual outcome with only a small percentage maintaining
visual acuity greater than 20/100 (3–5). Qualifying lesions, high recurrence rates, and an
immediate decline in visual acuity have restricted treatment and prompted a search for al-
ternative treatments.

II. TREATMENT OF CLASSIC SUBFOVEAL CHOROIDAL
NEOVASCULARIZATION

Laser treatment of subfoveal CNV is one the only proven treatment modality, but it has
been limited by both lesion size and characteristics based on fluorescein angiography.
Laser photocoagulation of subfoveal CNV in the Macular Photocoagulation Study (MPS)
required a small, well-defined lesion of 3.5 MPS disk areas or less. Treatment was compli-
cated by an immediate loss of approximately three lines of visual acuity from thermal pho-
tocoagulation of the neurosensory retina. The MPS further failed to demonstrate a treat-
ment benefit in visual acuity until 2 years after randomization (3–5). The Treatment of
Age-Related Macular Degeneration with Photodynamic Therapy (TAP) Study Group (6)
reported that the use of verteporfin, an intravenously injected photosensitizing agent acti-
vated with a 690-nm light source, statistically reduced vision loss. While this nonthermal



laser induced less injury to the surrounding neurosensory retina, a treatment benefit oc-
curred only when the classic component of the CNV occupied greater than 50% of the en-
tire lesion. Other treatments of CNV including interferon alfa-2a (7), submacular surgery
(8), and irradiation (9) have proven unsuccessful.

III. NATURAL HISTORY OF OCCULT SUBFOVEAL
CHOROIDAL NEOVASCULARIZATION

While the MPS and TAP studies treated predominantly well-demarcated, classic CNV,
most patients present with occult CNV and are ineligible for treatment (10). Natural history
studies of occult CNV demonstrate that significant visual loss occurs with these lesions
(Fig. 1). Bressler et al. (11) retrospectively reviewed 84 eyes with occult CNV and reported
that 63% lost three or more lines of vision with an average of 28 months of follow-up. The
average visual acuity declined from an initial measurement of 20/80 to 20/250 during the
same time period. Stevens et al. (12) prospectively followed 21 eyes with occult CNV over
a 12-month period and reported that 29% lost six or more lines of vision. The Macular Pho-
tocoagulation Study (13) observed 26 eyes with occult CNV. Severe visual loss, consisting
of a decrease in visual acuity of six or more lines of acuity, occurred in 41% of eyes at 12
months and 64% at 36 months. The median visual acuity at the 36-month point declined to
20/200 in the untreated eyes with occult CNV from an initial acuity of 20/50. Fifty-nine pa-
tients with occult CNV were followed as a control group in the Radiation Therapy for Age-
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Figure 1 (A) Occult CNV was diagnosed when a
71-year-old woman presented with metamorphopsia
and decreased visual acuity of 20/63. Stippled
hyperfluorescence was evident on the angiogram at
baseline. (B) At 1 month the visual acuity declined
to 20/80 with enlargement of the occult lesion. (C)
Five months after presentation visual acuity was
20/250 with subretinal fibrosis and continued
growth of the CNV.
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related Macular Degeneration (RAD) Study Group. A mean of 3.4 lines of visual acuity
were lost at 1 year (8).

Treatment options for occult CNV have been limited. Recently, both radiation and
submacular surgery have been utilized as treatment options. In the RAD Study Group (8),
eligible patients had subfoveal classic or occult CNV with a lesion size of six disk areas or
less, visual acuity of 20/320 or better, visual symptoms of 6 months or less, and absence of
foveal hemorrhage. A total of 101 patients were randomized to receive eight fractions of 2
Gy external-beam irradiation, while 104 patients received eight fractions of a sham treat-
ment. Of the 88 patients receiving radiation treatment examined at 1 year, the mean de-
crease in visual acuity was 3.5 lines compared with a 3.7-line drop experienced by the 95
patients in the control group. No statistically significant difference existed whether classic
or occult CNV was present in either the treatment or control group. Three or more lines of
visual acuity were lost in 51.1% of the treated and 52.6% of the controls at 1 year. In gen-
eral, external-beam radiation administered at a dose of 16 Gy applied in eight fractions of
2 Gy provided no statistically significant benefit for the treatment of subfoveal classic or
occult CNV secondary to AMD.

The Submacular Surgery Trial (8) evaluated the surgical excision of a recurrent sub-
foveal CNV originating from the edge of a prior laser scar from previous photocoagulation
of extrafoveal or juxtafoveal CNV secondary to AMD. The total lesion size could not ex-
ceed nine MPS disk areas, which included the prior laser scar, recurrent CNV, and any le-
sion components that block fluorescence. While classic CNV was required, the subfoveal
portion of the lesion could be occult or classic. Seventy patients were enrolled in the Sub-
macular Surgery Trial with 36 randomized to laser and 34 to submacular surgery when the
study was closed in 1997. At the 24-month examination, 26% of the laser treated eyes and
14% of the surgically treated eyes improved by two or more lines of visual acuity. Of all
patients, the surgical group on average lost two lines of visual acuity, while the laser group
remained stable. The Submacular Surgery Trial concluded that surgical removal of recur-
rent subfoveal CNV provided no benefit over laser photocoagulation.

Macular translocation has gained popularity as an alternative treatment. The advan-
tage of this surgical treatment is that it can treat both classic and occult CNV with poorly
defined margins. Owing to the unpredictable nature of the procedure and potential surgical
complications, further refinement of the surgical technique has been recommended (20).

IV. TRANSPUPILLARY THERMOTHERAPY

Transpupillary thermotherapy (TTT) has emerged as a recent advancement for the treat-
ment of occult subfoveal choroidal neovascularization in patients with AMD (Fig. 2). TTT
was initially used in the treatment of choroidal melanomas (14,15), and a recent pilot study
of 16 eyes in 15 patients with occult subfoveal CNV treated with TTT demonstrated the ef-
fectiveness of this form of treatment in stabilizing visual acuity (16). With a mean follow-
up of 12 months, three of 16 eyes (19%) improved by two or more lines of Snellen visual
acuity. Nine eyes (56%) had no change in visual acuity, and four eyes (25%) declined by
two or more lines. Fifteen of the 16 eyes treated with TTT demonstrated improvement in
the amount of exudation. Diminished exudation was also present in three of four eyes that
experienced a decline in visual acuity.

Miller-Rivero and Kaplan treated 30 eyes with TTT of which 22 were predominantly
occult and eight were predominantly classic. Pretreatment visual acuity ranged from 20/40
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to count fingers. Eight eyes (26.7%) improved two lines or more, 13 eyes (43.3%) remained
within one line of pretreatment visual acuity, and nine eyes (30.0%) declined two or more
lines. Twenty-six eyes demonstrated a decrease in exudation after treatment, and seven
eyes were retreated (17).

Newsome and associates (18) further evaluated the efficacy of TTT for the treatment
of both classic and occult CNV. In a nonrandomized fashion 44 eyes of 42 patients with
symptomatic visual loss and angiographic evidence of CNV secondary to AMD were en-
rolled for treatment. Twelve of the lesions were predominantly classic and 32 predomi-
nantly occult. The study population also included 11 eyes with serous pigment epithelial
detachments. In the predominantly occult group, 78% of the lesions were closed with an
average of 0.66 Snellen lines lost over 7.2 months of follow-up. Predominantly classic le-
sions were closed in 75% of eyes with an average of 0.75 Snellen lines lost. Stabilization
or improvement in visual acuity occurred in 71% of eyes with occult lesions and 67% of
eyes with classic lesions.
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Figure 2 A 76-year-old woman presented with decreased visual acuity in the left eye measuring
20/50. (A) Stippled hyperfluorescence consistent with occult choroidal neovascularization was
present on fluorescein angiography. (B) OCT demonstrated subretinal fluid and TTT was performed.
One year following treatment the visual acuity remained 20/50. Examination demonstrated mild
retinal pigmentary changes. (C) Fluorescein angiography was unchanged, and (D) subretinal fluid
had resolved on OCT. See also color insert, Fig. 13.2B, D.
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Reported complications from TTT are rare. Severe loss of vision has been estimated
to occur in less than 1% of patients from several large series of cases. In the initial pilot
study of 16 eyes with occult CNV (13), there was no evidence of damage to the neurosen-
sory retina. Significant posttreatment hemorrhage was reported in two of 44 patients re-
ported in the series by  Newsome and associates (18). Shields et al. (15) treated 100 con-
secutive patients with choroidal melanoma using TTT. There were no reported lenticular
or corneal complications. Branch retinal vein occlusion occurred in 23 patients with an as-
sociated branch retinal artery occlusion in 12 patients. However, the treatment of choroidal
melanoma differs from the treatment of CNV in that it is considerably more intense with a
desired endpoint of whitening of the tumor and overlying retina.

Transpupillary thermotherapy is administered through a slit-lamp-mounted delivery
system attached to a modified infrared diode laser at 810 nm (Iris Medical Instruments,
Mountain View, CA). The beam has an adjustable width of 1.2 mm, 2.0 mm, and 3.0 mm,
and is transmitted to the retina via a diode-coated contact lens. The beam width may be fur-
ther enlarged through contact lens magnification. In the study by Newsome and associates,
several spot sizes were successfully used in a confluent, overlapping fashion to treat larger
lesions during one treatment session (18). Treatment is initiated when the entire spot en-
velops the visible retinal lesion. The typical power settings range between 360 and 1000
mW based on the diameter of the spot size, fundus pigmentation, choroidal blood flow, and
media clarity (19). The power to produce a given rise in temperature is dependent on the
diameter of the laser spot, not the area. A doubling of the spot size requires a doubling in
power, with the reverse being true if the spot size is halved. A typical setting with a 3-mm
spot size consists of an initial power level between 650 and 800 mW for 60s. A thin, white
slit beam is focused in the center of the red aiming beam on the lesion to view any retinal
changes that occur during treatment. If any retinal whitening is observed the treatment is
stopped, as the goal of treatment is to observe no retinal change in color. During treatment,
only gentle pressure form the lens should be placed on the globe. This avoids compression
of the choroidal vasculature, which may lead to thermal-induced damage of the retina and
choroid from retained heat generated by the laser.

TTT treats occult CNV in a subthreshold manner with long exposure and large reti-
nal spot sizes. At 810 nm, the energy transmitted to the eye penetrates to the choroid and
retinal pigment epithelium (RPE) while minimizing absorption in the neurosensory retina.
The choroidal vasculature further acts to dissipate generated heat. In contrast to threshold
treatment from conventional short-pulsed photocoagulation where an estimated rise in reti-
nal temperature of 42 C occurs, the estimated retinal temperature elevation with TTT at
standard settings (800 mW, 60 s, 3.0-mm spot size) is approximately 10 C (19). Through
this delivery of thermal energy to the choroid, the mechanism of treatment of CNV by TTT
may occur through vascular thrombosis, apoptosis, thermal inhibition of angiogenesis (19),
or the release of cytotoxic free radicals from irradiated tissue (18).

V. CONCLUSION

TTT offers patients with subfoveal occult CNV a treatment option for a disease that is in-
adequately treated by conventional laser (13), and whose natural history has a uniformly
poor outcome. By penetrating deep in the choroid with infrared light at 810 nm, TTT causes
heat-induced damage to the neovascular tissue while limiting injury to the neurosensory
retina. Through a small pilot study of 16 eyes, TTT has been shown to stabilize visual acu-
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ity in 75% of patients over a follow-up period from 6 to 24 months. Other authors have con-
firmed the findings of the initial pilot study by Reichel and associates, and have further
identified that TTT is useful in the stabilization of visual acuity in eyes with classic CNV
(17,18). The use of TTT to treat occult subfoveal CNV secondary to age-related macular
degeneration is further being evaluated in the ongoing Transpupillary Thermotherapy for
Occult Choroidal Neovascularization (TTT4CNV) trial. This randomized, 2-year, multi-
center study is currently recruiting patients with occult CNV and visual acuity ranging from
20/50 to 20/400. The TTT4CNV clinical trial will compare the effectiveness of TTT for oc-
cult CNV with the natural course of the disease. This study should help to define the role
of TTT for the treatment of occult choroidal neovascularization.

VI. SUMMARY

TTT is emerging as a treatment for occult choroidal neovascularization. By penetrating
deep in the choroid with infrared light at 810 mm, TTT causes heat-induced damage to the
neovascular tissue while limiting injury to the neurosensory retina.

Multiple pilot studies have confirmed that TTT is useful in stabilizing the visual acu-
ity in eyes with occult CNV. Recent pilot studies have identified that TTT stabilizes visual
acuity in eyes treated with classic CNV. The use of TTT to treat occult CNV is currently
under investigation in the TTT4CNV trial.

REFERENCES

1. Klein R, Klein BE, Linton KL. Prevalence of age-related maculopathy: the Beaver Dam Eye
Study. Ophthalmology 1992;99:933–943.

2. Leibowitz HM, Krueger DE, Maunder LR, et al. The Framingham Eye Study Monograph. VI.
Macular Degeneration. Surv Ophthalmol 1980;24(Suppl):428– 457.

3. Macular Photocoagulation Study Group. Laser photocoagulation of subfoveal neovascular le-
sions in age-related macular degeneration: results of a randomized clinical trial. Arch Ophthal-
mol 1991;109:1220–1231.

4. Macular Photocoagulation Study Group. Laser photocoagulation of subfoveal recurrent neo-
vascular lesions in age-related macular degeneration: results of a randomized clinical trial. Arch
Ophthalmol 1991;109:1232–1241.

5. Macular Photocoagulation Study Group. Subfoveal neovascular lesions in age-related macular
degeneration: guidelines for evaluation of and treatment in the Macular Photocoagulation
Study. Arch Ophthalmol 1991;109:1242–1257.

6. Treatment of Age-Related Macular Degeneration with Photodynamic Therapy (TAP) Study
Group. Photodynamic therapy of subfoveal choroidal neovascularization in age-related macu-
lar degeneration with verteporfin. Arch Ophthalmol 1999;117:1329–1345.

7. Pharmacologic Therapy for Macular Degeneration Study Group. Interferon alfa-2a is ineffec-
tive for patients with choroidal neovascularization secondary to age-related macular degenera-
tion. Arch Ophthalmol 1997;115:865–872.

8. Submacular Surgery Trials Pilot Study Investigators. Submacular surgery trials randomized pi-
lot trial of laser photocoagulation versus surgery for recurrent choroidal neovascularization sec-
ondary to age-related macular degeneration. I. Ophthalmic outcomes. Submacular Surgery Tri-
als Pilot Study report number 1. Am J Ophthalmol 2000;130:387–407.

264 Rogers et al.



9. The Radiation Therapy for Age-Related Macular Degeneration (RAD) Study Group. A
prospective, randomized, double-masked trial on radiation therapy for neovascular age-related
macular degeneration (RAD Study). Ophthalmology 1999;106:2239–2247.

10. Freund KB, Yannuzzi LA, Sorenson JA. Age-related macular degeneration and choroidal neo-
vascularization. Am J Ophthalmol 1993;115:786–791.

11. Bressler MM, Frost, LA, Bressler SB, et al. Natural course of poorly defined choroidal neovas-
cularization associated with macular degeneration. Arch Ophthalmol 1988;106:1537–1542.

12. Stevens TS, Bressler NM, Maguire MG, et al., Occult choroidal neovascularization in age-re-
lated macular degeneration; a natural history study. Arch Ophthalmol 1997;115:345–350.

13. Macular Photocoagulation Study Group. Occult choroidal neovascularization influence on vi-
sual outcome in patients with age-related macular degeneration. Arch Ophthalmol
1996;114:400–412.

14. Shields CL, Shields JA, DePotter P, Kheterpal S. Transpupillary thermotherapy in the  man-
agement of choroidal melanoma. Ophthalmology 1996;103:1642–1650.

15. Shields CL, Shields JA, Cater J, et al. Transpupillary thermotherapy for choroidal melanoma:
tumor control and visual results in 100 consecutive cases. Ophthalmology 1998;105:581–590.

16. Reichel E, Berrocal AM, Ip M, et al. Transpupillary thermotherapy of occult subfoveal
choroidal neovascularization in patients with age-related macular degeneration. Ophthalmol-
ogy 1999;106:1908–1914.

17. Miller-Rivero NE, Kaplan HJ. Transpupillary thermotherapy in the treatment of occult
choroidal neovascularization. Invest Ophthalmol Vis Sci 2000;41:S179.

18. Newsome RSB, McAlister JC, Saeed M, McHugh JDA. Transpupillary thermotherapy (TTT)
for the treatment of choroidal neovascularisation. Br J Ophthalmol 2001;85:173–178.

19. Mainster MA, Reichel E. Transpupillary thermotherapy for age-related macular degeneration:
long-pulse photocoagulation, apoptosis, and heat shock proteins. Ophthalmic Surg Lasers
2000;31:359–373.

20. Lewis H, Kaiser P, Lewis S, Estafanous M. Macular translocation for subfoveal choroidal neo-
vascularization in age-related macular degeneration: a prospective study. Am J Ophthalmol
1999;128:135–146.

Transpupillary Thermotherapy of Subfoveal CNV 265





267

14
Choroidal Neovascularization

Peter A. Campochiaro
Wilmer Eye Institute, Johns Hopkins University School of Medicine, Baltimore, Maryland

Frances E. Kane
Novartis Ophthalmics, Inc., Duluth, Georgia

I. INTRODUCTION

Choroidal neovascularization (CNV) is one of the most challenging problems faced by
retina specialists. It is a common cause of severe visual loss in patients with age-related
macular degeneration (AMD) and younger patients with one of many diseases that affect
the choroid–Bruch’s membrane–retinal pigmented epithelium (RPE) complex, including
but not limited to ocular histoplasmosis, myopic degeneration, angioid streaks, and multi-
focal choroiditis. Current treatments are aimed at destroying CNV. However, even when
ablative treatments are initially successful, they are plagued by high rates of recurrences,
because they do not address underlying angiogenic stimuli (1). Understanding of the
molecular signals involved in the occurrence of CNV could provide the basis for the
development of new effective treatments.

II. INFERENCES FROM NEOVASCULARIZATION
ELSEWHERE IN THE BODY

Angiogenesis is a critical process during embryonic development and wound repair and
occurs in almost all tissues of the body. It is well tolerated in most tissues, but not in the
eye where normal functioning depends upon maintenance of blood-ocular barriers. Angio-
genesis varies somewhat in different tissues because endothelial cells differ in different
parts of the body and surrounding cells participate in the neovascular response resulting in
tissue-specific aspects. However, some common themes are shared among tissues.

In most tissues, angiogenesis is controlled by a balance between proangiogenic and
antiangiogenic factors. Based upon in vitro assays and in vivo effects in some tissues, vas-
cular endothelial growth factors (VEGFs) (2), fibroblast growth factors (FGFs) (3), tumor
necrosis factor-� (TNF-�) (4), insulin-like growth factor-1 (IGF-1) (5,6), and hepatocyte
growth factor (HGF) (7) are generally considered proangiogenic factors. Transforming



growth factor-� (TGF-�) and related family members inhibit endothelial cell migration and
proliferation in vitro, but have been suggested to be proangiogenic or antiangiogenic in
vivo, depending on the context (8–10). Several purported endogenous inhibitors of angio-
genesis have been described including angiostatin (11), endostatin (12), antithrombin III
(13), platelet factor 4 (14), thrombospondin (15), and pigment epithelium-derived factor
(PEDF) (16).

Along with soluble proangiogenic and antiangiogenic factors, extracellular matrix
(ECM) molecules also participate in several ways in the regulation of neovascularization.
They may bind and sequester soluble factors, preventing them from activating receptors on
endothelial cells until they are released from the ECM by proteolysis (17–-19). Acting
through integrins on the surface of endothelial cells, ECM molecules may directly stimu-
late or inhibit endothelial cell processes involved in angiogenesis (20). Soluble angiogenic
factors exert some of their effects through ECM molecules by altering expression of inte-
grins on endothelial cells (21). Endothelial cells of dermal vessels have increased expres-
sion of �v�3 integrin when participating in angiogenesis and �v�3 antagonists block
angiogenesis (22).

Angiogenesis in all tissues is likely to involve certain processes in endothelial cells,
including proteolytic activity, migration, proliferation, and tube formation (23,24), but the
molecular signals that mediate or modulate these processes might vary from tissue to
tissue. For instance, two proteolytic systems have been implicated in the breakdown of
ECM during angiogenesis, one involving the urokinase type of plasminogen activator
(uPA) (25) and one involving matrix metalloproteinases (MMPs) (26,27) and the relative
importance of these systems could vary in different types of angiogenesis. Tissue inhibitor
of metalloproteinases-1 (TIMP-1) has been touted as an inhibitor of neovascularization
(28), but it stimulates VEGF-induced neovascularization in the retina (29). Interferon �2a
causes dramatic involution of hemangiomas (30) and inhibits iris neovascularization in a
model of ischemic retinopathy (31), which led to the prediction that it would inhibit CNV.
However, a multicenter, randomized, placebo-controlled trial demonstrated that patients
with CNV who received interferon �2a did not have any involution of CNV and ended up
with worse vision than those treated with placebo (32). Therefore, testing in relevant animal
models is necessary to predict the effect of proteins or drugs on ocular neovascularization.

III. INFERENCES FROM RETINAL NEOVASCULARIZATION

It would be nice if information regarding retinal neovascularization could be applied to
CNV, because more is known about the pathogenesis of retinal neovascularization. The
clinical observation that retinal neovascularization almost always occurs in association
with retinal capillary nonperfusion led to the hypothesis that retinal ischemia is the driving
force (33–35).  This hypothesis is supported by experimental models in which damage
to retinal vessels leads to retinal neovascularization (31,36–39). Advances in the under-
standing of hypoxia-mediated gene regulation have suggested potential molecular
signals such as hypoxia-inducible factor-1, involvement of which has been confirmed by
experimental studies (40). As a result, many of the molecular signals involved in retinal
neovascularization have been defined (for review, see Ref. 41).

Hypoxia has not been definitely implicated in the occurrence of CNV. While there is
evidence that choroidal blood flow is decreased in patients with AMD, it is not clear
whether the decrease is sufficient to cause hypoxia of photoreceptors and RPE (42, 43).
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Furthermore, hypoxia cannot be invoked in patients with ocular histoplasmosis, myopic
degeneration, angioid streaks, or many other diseases in which young people get CNV.
Another difference between CNV and retinal neovascularization is the contribution of
the RPE to CNV. Although the contribution of the RPE to CNV on a molecular level has
not yet been clearly defined, it is clear that the RPE is intimately involved. Therefore, it is
hazardous to use our knowledge of retinal neovascularization to draw inferences regarding
CNV, unless they are confirmed experimentally.

IV. THE PATHOGENESIS OF CNV

One thing that patients with CNV share is that they all have abnormalities of Bruch’s mem-
brane and the RPE. In patients with AMD, pathological studies have demonstrated that
diffuse thickening of Bruch’s membrane is highly associated with the occurrence of CNV
(44). Large soft drusen and pigmentary abnormalities are clinical risk factors for CNV (45);
soft drusen indicate the presence of diffuse sub-RPE deposits and pigmentary changes
suggest compromise of the RPE. Therefore, there is disordered metabolism of ECM in
patients with AMD that may compromise RPE cells leading to cell dropout and prolifera-
tion, and CNV. Breaks in Bruch’s membrane and/or other abnormalities of the ECM of
RPE cell occur in other diseases in which CNV occurs. Patients with Sorsby’s fundus
dystrophy have a mutation in the tissue inhibitor of metalloproteinase-3 (TIMP-3) gene that
results in abnormal processing of the protein so that it is deposited along Bruch’s mem-
brane (46). This collection of an ectopic protein along Bruch’s membrane is associated with
RPE and photoreceptor degeneration and a high incidence of CNV (47,48).

Why would abnormal ECM along the basal surface of RPE cells result in cell com-
promise and CNV? Like most epithelial cells, the phenotype and behavior of RPE cells is
regulated in part by interaction with its ECM. Cultured RPE cells display alterations in
morphology and gene expression when grown on different ECMs (49). Presentation of
some ECM molecules such as vitronectin or thrombospondin to the apical or basal surface
of RPE cells results in small increases in fibroblast growth factor-2 (FGF-2) and large
increases in VEGF in the media of the cells (50). Therefore, alterations in the ECM of RPE
cells can cause them to increase production of proteins with angiogenic activity.

Is increased production of angiogenic proteins in the retina sufficient to cause CNV?
To address this question, bovine rhodopsin promoter was coupled to a full-length cDNA
coding for VEGF165 and transgenic mice (rho/VEGF mice) were generated (51). Three
founder mice were obtained and crossed with C57BL/6 mice to generate transgenic lines.
One of the lines (V6) had sustained increased expression of VEGF in photoreceptors start-
ing on postnatal day (P) 7 and developed neovascularization that originated from the deep
capillary bed of the retina and grew into the subretinal space. In contrast, transgenic mice
with increased expression of FGF-2 in photoreceptors (rho/FGF2 mice) do not develop any
neovascularization (52).

There are several possible explanations for why mice from the V6 line of rho/VEGF
trangenics develop neovascularization that develops from deep retinal vessels, but not from
choroidal vessels. One possibility is that the outer blood-retinal barrier constituted by the
RPE prevents VEGF produced by photoreceptors access to choroidal vessels. Another pos-
sibility is that choroidal vessels cannot respond to VEGF. A third possibility is that Bruch’s
membrane provides a biochemical as well as a mechanical barrier to the growth
of CNV.
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The first possibility was addressed by Schwesinger et al. (53), who coupled the pro-
moter for RPE-65 to a cDNA for VEGF 165 and generated transgenic mice with expression
of VEGF in RPE cells. These mice failed to show any CNV, although they did show
increased numbers of choroidal blood vessels indicating that the choroidal vessels had some
response to the excess VEGF. In wild-type mice, laser-induced rupture of Bruch’s mem-
brane results in CNV (54). In rho/VEGF or rho/FGF2 transgenic mice, rupture of Bruch’s
membrane resulted in very large areas of CNV, much larger than those in wild-type mice
(55). Low-intensity laser, which ruptured photoreceptor cells but did not rupture Bruch’s
membrane, resulted in CNV in rho/FGF2 mice, but not rho/VEGF or wild-type mice. These
experiments demonstrate that choroidal vessels are capable of responding to excess VEGF
or extracellular FGF2 when there is a concomitant rupture of Bruch’s membrane. This
suggests that Bruch’s membrane constitutes a mechanical and biochemical barrier to CNV.
Increased expression of VEGF or FGF2 is unable to cause a breech in the barrier. In the
case of FGF2, sequestration is likely to be an important control mechanism, because low-
intensity laser that ruptures photoreceptor cells and releases FGF2, but does not rupture
Bruch’s membrane, results in CNV. This is not the case for VEGF, which stimulates CNV
only when the Bruch’s membrane barrier has been disrupted by another means.

The importance of the Bruch’s membrane barrier for prevention of CNV may help to
explain difficulties in modeling CNV. Laser-induced rupture of Bruch’s membrane, first
established in primates and later adapted to rodents, has been widely used (54,56,57). All
other models of CNV, whether they involve implantation of sustained-release polymers or
gene transfer, have a component of surgical damage to Bruch’s membrane (58,59). There-
fore, as noted in genetic experiments mentioned above, some sort of compromise of Bruch’s
membrane must accompany increased levels of angiogenic factors to generate CNV.

Laser-induced rupture of CNV in mice (54) has provided a particularly valuable tool,
because it can be used in genetically engineered mice to explore the role of individual
gene products. Using this strategy, Ozaki et al. (52) demonstrated that mice with targeted
deletion of FGF2 develop CNV similar to that in wild-type mice indicating that FGF2 is
not necessary for the development of CNV after rupture of Bruch’s membrane. This
approach was also used to demonstrate that nitric oxide (NO) is proangiogenic in both
the retina and the choroid, but different isoforms of nitric oxide synthetase play a role (60).
For retinal neovascularization, eNOS plays an important role, while for CNV, nNOS is
important. This suggests that NOS inhibitors may be useful in patients at risk for CNV.

V. PROSPECTS FOR PHARMACOLOGICAL
TREATMENTS FOR CNV

Since hypoxia has not been definitely implicated in the development of CNV, unlike the sit-
uation for retinal neovascularization, there is no strong rationale for suspecting that VEGF,
as opposed to the many other angiogenic factors that have been identified, plays a central
role in CNV. Therefore, we were somewhat surprised to find that oral administration
of drugs that inhibit VEGF receptor kinases dramatically inhibit CNV as well as retinal
neovascularization (61,62). Antagonizing VEGF by other means could also be beneficial.
Intravitreous injection of a fragment of an anti-VEGF antibody inhibits CNV after laser-
induced rupture of Bruch’s membrane in primates (63). Intravitreous injection of the same
anti-VEGF antibody fragment (64) or an aptamer that binds VEGF (65) have been tested in
phase 1 trials in patients with subfoveal CNV and are currently in phase 2 trials.
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Another approach for treatment is to use an endogenous inhibitor of angiogenesis.
Endostatin is a cleavage product of collagen XVIII that inhibits tumor angiogenesis re-
sulting in dramatic tumor regression (12). However, proteins can be difficult to work with
and some studies using the protein have suggested against a strong antiangiogenic effect.
Gene transfer provides a strategy to achieve sustained release of endostatin and can cir-
cumvent difficulties arising from handling the protein. We performed intravascular injec-
tions of adnenoviral vectors containing a transgene consisting of murine Ig �-chain leader
sequence coupled to sequence coding for murine endostatin (66). Mice injected with a
construct in which endostatin expression was driven by the Rous sarcoma virus promoter
had moderately high serum levels of endostatin and significantly smaller CNV lesions at
sites of laser-induced rupture of Bruch’s membrane than mice injected with null virus.
Mice injected with a construct in which endostatin expression was driven by the cy-
tomegalovirus promoter had roughly 10-fold higher endostatin serum levels and had sig-
nificantly less CNV with nearly complete inhibition. There was a strong inverse correla-
tion between endostatin serum level and area of CNV. This study provides proof of the
principle that gene therapy to increase levels of endostatin can inhibit the development of
CNV.

A potential advantage of gene therapy is that intraocular injection of a vector con-
taining an expression construct provides a potential means of sustained local delivery. We
investigated the effect of adenoviral-mediated intraocular transfer of the PEDF gene. In-
travitreous injection of an adenoviral vector encoding PEDF resulted in expression of
PEDF mRNA in the eye measured by RT-PCR and increased immunohistochemical stain-
ing for PEDF protein throughout the retina. In mice with laser-induced rupture of Bruch’s
membrane, choroidal neovascularization was significantly reduced after intravitreous in-
jection of PEDF vector compared to injection of null vector or no injection. Subretinal in-
jection of the PEDF vector resulted in prominent staining for PEDF in retinal pigmented
epithelial cells and strong inhibition of choroidal neovascularization. In two models of reti-
nal neovascularization [transgenic mice with increased expression of vascular endothelial
growth factor (VEGF) in photoreceptors and mice with oxygen-induced ischemic retinopa-
thy], intravitreous injection of null vector resulted in decreased neovascularization com-
pared to no injection, but intravitreous injection of PEDF vector resulted in further inhibi-
tion of neovascularization that was statistically significant. Several studies have suggested
that PEDF has neuroprotective activity (67–72) and it might contribute to the trophic sup-
port of photoreceptors provided by RPE cells, because in an in vitro model of photorecep-
tor degeneration in which the RPE is removed from Xenopus eyecups, PEDF protected
photoreceptors from degeneration and loss of opsin immunoreactivity (73). Therefore, in-
traocular PEDF gene transfer may provide a good approach in patients with AMD, because
it could possibly benefit both neovascular and nonneovascular AMD.

Recently, it has been demonstrated that intraocular injection of an adenoassociated
viral vector containing a cDNA for angiostatin inhibits laser-induced CNV. Therefore,
three different proteins have been found to inhibit CNV (74).

VI. CONCLUSIONS

Current treatments for neovascular AMD do not address the underlying stimuli for abnor-
mal blood vessel growth and are basically palliative treatments. As our understanding of
the molecular signals that lead to AMD improves, opportunities for more effective

Choroidal Neovascularization 271



pharmacological treatments will increase. Several agents, including VEGF receptor kinase
inhibitors, anti-VEGF antibodies, PEDF, and angiostatin, that effectively prevent CNV in
animal models have been identified. Over the next several years many clinical trials will be
performed and it is highly likely that one or more beneficial drugs and/or transgenes will
be identified.
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Submacular Surgery for Patients with
Age-Related Macular Degeneration

P. Kumar Rao and Matthew A. Thomas
Barnes Retina Institute, Washington University, St. Louis, Missouri

I. INTRODUCTION

A. Historical Overview

In the late 1980s initial attempts at surgical removal of choroidal neovasacular membranes
(CNVMs) were reported. De Juan and Machemer pioneered a technique that involved
performing a vitrectomy followed by a large retinotomy around the macula (1). A retinal
flap was reflected, the membrane was removed, the retina was repositioned, and endopho-
tocoagulation was used to create adhesions to hold the retina in place. Unfortunately,
poor visual results and the development of proliferative vitreoretinopathy with retinal
detachment occurred. In an attempt to limit this complication, Blinder et al. performed
scatter photocoagulation outside the vascular arcades prior to surgery (2). Vitrectomy
was followed by endodiathermy to the retina just inside the arcades. Again a large flap
retinotomy was created, the retina was folded back, the membrane was removed, the
retina was once again repositioned, endophotocoagulation was applied to the retinotomy,
and silicone oil was injected for prolonged tamponade. Oil removal was performed later,
without the development of retinal detachments. These eyes had extensive macular pathol-
ogy with poor preoperative vision, and visual results remained poor despite the lack of
retinal detachments. More recent techniques have enhanced the safety and simplified the
procedure.

B. Clinical Relevance/Importance

Vitrectomy techniques may be an appropriate management option for some patients with
choroidal neovascularization (CNV) . Current techniques allow safe extraction of most
subretinal membranes regardless of etiology but not all patients respond favorably to
such an approach. Certain clinical and angiographic characteristics as well as underlying
disease processes may allow favorable outcomes. However, no randomized prospective



data are yet available to prove the role of these procedures. The National Institutes of
Health–sponsored Submacular Surgery Trials will determine whether surgery or observa-
tion is better for eyes with subfoveal CNV in presumed ocular histoplasmosis syndrome or
age-related macular degeneration and in eyes with age-related macular degeneration
(AMD)-associated subretinal hemorrhage.

Laser photocoagulation and photodynamic therapy have both been shown to be
advantageous over observation in the management of some eyes with AMD-associated
subfoveal CNV (3–5). Although the Macular Photocoagulation Study (MPS) demonstrated
effective laser treatment for some choroidal neovascular membranes (CNVM) in AMD,
2–5 years after treatment the visual outcome was poor, ranging from 20/100 to 20/400.
The rate of persistent or recurrent CNV ranged from 50% to 70% (4,5). Additionally,
MPS guidelines exclude many patients from laser treatment (6,7). These limitations have
stimulated the search for other therapies.

Surgical excision of subretinal membranes is an alternative to laser treatment, and
techniques for surgical removal have become quite safe. Currently there are no randomized
prospective clinical trial data available to guide decisions regarding subretinal surgery for
CNV. Fortunately the Submacular Surgery Trials (SST) are currently underway and will
yield important data regarding this therapy. While recognizing the essential role of the SST,
it is of value to review the current state of knowledge of subretinal surgery. This review
represents information from retrospective studies, small series, case reports, and personal
experience.

C. Patients or Settings Appropriate for Surgery

The best surgical candidates are those patients with type 2 CNV [membranes between the
retinal pigment epithelium (RPE) and neurosensory retina] and with extrafoveal ingrowth
sites (8–10). Clinically, the appearance of well-defined borders, a thin layer of blood
between the membrane and the RPE, pigmented edges, patient age less than 50, and
absence of biomicroscopic and stereoscopic fluorescein evidence of elevation of the RPE
beyond a well-defined CNVM all suggest that the CNVM is between the RPE and retina
(9,11). An anterior location can be determined by finding a rim of blocked fluorescence and
absent late staining of surrounding tissues with fluorescein angiography (11). In addition,
ocular coherence tomography can help reveal the position of the CNVM and thus help
predict which eyes will do well with surgery (12).

Excision of CNVM may be accompanied by loss of underlying RPE. Angiography is
often useful in predicting the size of this postoperative defect. This defect is generally
greater for patients with AMD than those with multifocal choroidopathies or idiopathic
CNVM (13). In AMD the area of the CNVM and the hyperfluorescent halo seen in the late
phase of the angiogram before surgery is approximately 80% the size of the postoperative
defect.

In many non-AMD eyes, the initial site of presumed ingrowth by the choroidal
vessels can be detected preoperatively. The best surgical outcomes are seen with eccentric
ingrowth sites (10). Eyes with an unidentifiable ingrowth site probably have more diffuse
RPE involvement and may have worse outcomes following surgery. A light colored spot
noted during fundus examination may indicate the ingrowth site. Fluorescein angiography
may reveal a stalk in the earliest frames or a focal area of hyperfluorescence from which
the membrane arises. Such characteristics may allow a preoperative indication for better
postoperative outcomes.
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D. Goals of the Procedure

The goal of subretinal membrane removal is to remove the pathological tissue and leave as
much RPE and choroid as possible. Prevention of retinal detachment and hemorrhage is
also important. Careful selection of the retinotomy site, gentle dissection of the membrane
from overlying retina and underlying RPE, and control of intraocular pressure are essential
to achieving these goals.

II. DESCRIPTION OF CURRENT TECHNIQUE

In the early 1990s Thomas and Kaplan described the use of a small retinotomy to accomplish
CNVM removal (14). The current technique is as follows: complete vitrectomy is followed
by removal of the posterior hyaloid (Fig. 1), and a 36-gauge pick is used to pierce the
neurosensory retina (Fig. 2). A localized retinal detachment over the CNVM is created by
infusing balanced salt solution through the retinotomy using a 33-gauge angled cannula
(Fig. 3). The subretinal pick is then reinserted through the retinotomy to separate the neo-
vascular complex from overlying retina and surrounding tissues . Subretinal forceps are then
passed through the retinotomy, and the membrane is grasped and removed very slowly, to
minimize RPE loss and to allow the retinotomy to stretch around the CNVM (Figs. 4 and 5).
Great care is taken to achieve hemeostasis by elevating the intraocular pressure before the
membrane is disconnected from the choroid. A gradual return to normal pressure while
directly visualizing the excision site allows for immediate recognition of any subretinal
bleeding. If any bleeding is seen, the pressure is promptly raised until hemostasis is verified.
Once hemostasis is achieved and the intraocular pressure has been returned to normal, the
membrane can be removed from the eye.

The intraocular fluid is exchanged for air and residual fluid is removed from the
retinotomy site by aspirating just anterior to the retinotomy with a 33-gauge extrusion
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Figure 1 The 33-gauge pick (hyaloid lifter) is used to engage posterior cortical vitreous. (From
Ryan SJ, ed. Surgical Removal of Subretinal Choroidal Neovascular Membranes in Retina, 3rd ed.
St. Louis: Mosby, 2001:2562–2572, Fig. 153-1.)
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Figure 2 The 36-gauge pointed subretinal pick is used to perforate neurosensory retina. One may
encounter a slight amount of hemorrhage as the retina is transected. Diathermy is not used. (From
Ryan SJ, ed. Surgical Removal of Subretinal Choroidal Neovascular Membranes in Retina, 3rd ed.
St. Louis: Mosby, 2001:2562–2572, Fig. 153-2.)

Figure 3 The angled 33-gauge subretinal infusion needle is used to gently infuse balanced salt
solution beneath the neurosensory retina. Care is taken not to tear retina at previous laser scars or other
adhesions to the underlying membrane. (From Ryan SJ, ed. Surgical Removal of Subretinal Choroidal
Neovascular Membranes in Retina, 3rd ed. St. Louis: Mosby, 2001:2562–2572, Fig. 153-3.)



needle. If the retinotomy has not enlarged, fluid is infused until a 10–15% air bubble is
left. Face-down postoperative positioning facilitates air tamponade of the retinotomy and
prevents cataract formation. These techniques result in a low rate of complications (15,16).

III. CLINICAL OUTCOMES

A. Published Results

1. AMD
Many studies have examined the role of submacular surgery in patients suffering
from AMD-related CNVMs. The results are mixed and may reflect the aspect of visual
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Figure 4 Current subretinal instruments include (A) a 33-gauge angled infusion needle, (B) an
occasionally useful 33-gauge straight cannula, (C) sharpened subretinal picks (for engaging hyaloid,
perforating retina, and subretinal work), 33 and 36 gauge, and (D) horizontal subretinal forceps.
Additional instruments include subretinal vertical forceps, subretinal horizontal scissors, and
subretinal vertical scissors. These latter instruments are only occasionally required. (From Ryan SJ,
ed. Surgical Removal of Subretinal Choroidal Neovascular Membranes in Retina, 3rd ed. St. Louis:
Mosby, 2001:2562–2572, Fig. 153-4.)
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Figure 5 The pointed tip of the subretinal pick is used to engage and lift up the neovascular
complex, which is subsequently grasped with horizontal forceps. Hemorrhage is prevented by raising
the intraocular infusion pressure. (From Ryan SJ, ed. Surgical Removal of Subretinal Choroidal
Neovascular Membranes in Retina, 3rd ed. St. Louis: Mosby, 2001:2562–2572, Fig. 153-5.)



function that is measured. For example, after subretinal membrane removal, patients with
AMD may occasionally have residual retinal function in the surgical site when tested with
the scanning laser ophthalmoscope (17). Additionally, a recent retrospective case series of
surgical removal of subfoveal membranes from patients suffering from AMD demonstrated
vision improvement (gained three lines) in 30% or stabilized vision in 42% of surgically
treated eyes. Unfortunately, 28% of patients also lost three or more lines of vision. The
authors concluded that vision improved or stabilized in the majority of patients. While 72%
of patients improved or remained stable, one could also argue that 70% of these patients
remained stable or worsened (18).

Previous reports suggest that most patients with AMD do not improve in visual
function following surgery (16). Additionally one recent report demonstrates possible
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Figures 6 (A) Color photograph of a patient with geographic atrophy and a subretinal
neovascular membrane due to age-related macular degeneration. Visual acuity is 20/300. There was
no previous laser therapy. (B) Photograph taken 1 month following submacular surgery, revealing
some residual subretinal blood at the excision site. (C) Photograph taken 3 years following surgery,
revealing RPE and choriocapillary atrophy in the area of preexisting sub retinal neovascular
membrane. Visual acuity is 20/200. (D) Photograph taken 7 years following surgery, demonstrating
that the area of atrophy has increased in size. Visual acuity is 20/200. See also color insert, Fig. 15.6.
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worsening of visual acuity following surgery and the authors recommend not operating on
AMD-associated subfoveal CNVMs (19). Patients with AMD generally do not achieve
good vision after surgical excision of subretinal membranes because of the widespread
nature of the disease (8,20–24). Another cause for visual decline following surgical treat-
ment may be the loss of perfusion to the underlying choriocapillaris. Preserved perfusion
of the choriocapillaris is associated with better postoperative results (25). Unfortunately,
the choriocapillaris may continue to atrophy after surgery in patients with macular degen-
eration. This progressive atrophy may be due to the RPE loss that usually accompanies
surgery for subretinal membranes in AMD (26) (Fig. 6).

Many patients with CNVM present with subretinal hemorrhage. Subretinal blood
in patients with macular degeneration is often associated with decreased vision if left
untreated (27–29). Numerous studies have documented either stabilization or improvement
of vision after surgical removal of subretinal hemorrhage (30–34). In addition, evacuation
of this blood may result in a smaller scotoma for patients with AMD (35). However, the
best candidates for removal of subretinal blood are those who are young and have thick
hemorrhages due to causes other than AMD (27,30).

Most of the previously mentioned studies are small series or retrospective reviews.
The Submacular Surgery Trials (SST) are a prospective randomized series of studies that
are currently enrolling patients and seek to illuminate the potential role this surgical
approach may play in managing patients with CNV. The SST pilot study number 1 enrolled
70 patients who had previously received extrafoveal laser photocoagulation for an AMD-
associated CNV and then developed subfoveal recurrent neovascularization. This trial was
created to test methods and attain an estimate of the number of patients necessary for
the larger multicenter trial. The recently published results from this pilot study suggest
no reason to prefer surgery over photocoagulation for eyes with recurrent subfoveal CNV
associated with AMD. There were few perioperative complications and the size of the
surgically affected area was not significantly larger 2 years following surgery than the area
of the neovascualar lesion at baseline (36). The SST pilot study number 2 examined qual-
ity-of-life outcomes following surgery and laser treatment of recurrent subfoveal CNVM
associated with AMD. Of the 70 patients in SST pilot study number 1, 54 were interviewed
with the 36-item Short Form Health Survey prior to randomization. At the conclusion of
the study, there were no significant differences in quality-of-life outcome scores between
the two treatment arms (37).

2. Other Diseases
Surgical treatment of CNVM is most successful in patients with focal abnormalities of the
RPE. Patients with presumed ocular histoplasmosis syndrome (POHS), punctate inner
choroidopathy, and CNVM formation following focal laser treatment presumably have only
focal disturbances of the RPE. Those with myopia and angioid streaks have more diffuse
disease, while those with AMD are thought to have widespread RPE disease. Surgery
for CNVM in these disorders has variable reported success rates (19,38–42). CNV from
idiopathic juxtafoveolar retinal telangiectasis probably should not be approached with our
current surgical techniques. The membranes seen in this disease probably arise within the
neurosensory retina and only secondarily do they connect to the choroid. Attempted re-
moval has resulted in retinal defects and poor outcomes (43). Children may also develop
CNVM from various causes. Our data and a recent report by Sears et al. describe good
surgical outcomes for children who develop CNV (44,45). Declining vision, a protracted
neurosensory detachment with the development of cystoid macular edema, or subfoveal
bleeding may be indications for surgery (44).
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3. Juxtafoveal Membranes
Patients with juxtafoveal membranes may also benefit from surgery. In a study of 35
patients followed for more than 6 months after surgical excision of juxtafoveal membranes
of various etiologies, vision improved by three or more lines in 57% of cases. By definition
these membranes do not have ingrowth sites beneath the fovea and therefore are likely to
have better surgical outcomes (46).

4. Extrafoveal Membranes
Some extrafoveal membranes can be treated with laser according to MPS guidelines.
Preservation of overlying retina is probably not as critical with these lesions and laser
provides a presumed lower risk alternative to surgery in these cases.

5. Peripapillary Membranes
MPS guidelines do not recommend photocoagulation for membranes larger than 4.5 clock-
hours adjacent to the temporal half of the optic nerve. In a small series of eyes with
peripapillary membranes associated with POHS, 50% of those membranes with subfoveal
extension achieved 20/40 vision or better following surgery. Additionally, three peripapil-
lary membranes were strictly extrafoveal and ineligible for laser according to MPS criteria.
All three cases achieved 20/20 vision with surgical excision (47). These are encouraging
results for surgical treatment of large peripapillary membranes.

B. Complications

Complications can occur both during and after surgery. Intraoperative complications
include those potentially associated with any pars plana vitrectomy, such as retinal
tears or detachment, and bleeding. Intraoperative complications unique to this surgery
include enlarged retinotomy sites with persistent subretial fluid or detachment, extensive
subretinal hemorrhage, and large RPE defects. Delayed complications may include
cataract formation, retinal detachment, and recurrent membrane formation. Recurrence
of CNV after surgical removal of subretinal membranes has been reported to occur
in 23–52% of cases (15,48). Melberg et al. found that when CNV recurred following
surgery, the best visual outcomes were achieved for patients who underwent laser treatment
for an extrafoveal recurrence (49). Benson et al. have noted that repeat surgery was
not associated with worse visual outcome (48). Photodynamic therapy may also play
a role in controlling recurrences. Recurrent membranes should be treated with laser if
extrafoveal and with either laser photocoagulation or repeat surgery if juxtafoveal
and with either repeat surgery, photodynamic therapy, or observation if the regrowth is
central.

IV. FUTURE DEVELOPMENTS

The current surgical technique will undoubtedly evolve and improve, aided by further
refinements in instrumentation (50). Photodynamic therapy offers another treatment option
for some patients suffering from subretinal membranes. This therapy may prove especially
useful for those patients who have recurrent CNV after subretinal surgery. The ongoing
Submacular Surgery Trials will further define which patients, if any, will benefit from
subretinal surgery. Ultimately, pharmacological agents will help prevent and/or inhibit
CNV.
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V. SUMMARY

Choroidal neovascularization can cause severe visual disturbances. Current management
options include observation, laser photocoagulation, photodynamic therapy, and surgical
excision. Current guidelines for laser therapy have been well established but exclude many
patients. Photodynamic therapy may hold some promise but its value is limited by the need
for repeated treatments. An alternative therapy for patients with subretinal membranes may
be surgical removal.

The Submacular Surgery Trials seek to clarify the role of vitreous surgery in the
management of CNV and are currently enrolling patients in all three arms: SST-H (sub-
foveal CNV associated with POHS and/or idiopathic cause), SST-N (AMD-associated
CNV with at least some classic component and no prior laser therapy), and SST-B (large
hematomas). The trials will determine whether patients with AMD and large subfoveal
membranes that do not fit MPS guidelines or subfoveal hemorrhage have better outcomes
following surgical excision or observation. Additionally, they will compare surgical
outcomes to observation for patients with CNV from the presumed ocular histoplasmosis
syndrome and idiopathic causes.

Excision of choroidal neovascular membranes is technically possible and safe. The
best candidates are those with membranes between the RPE and retina (type 2 membranes).
A small retinotomy, gentle dissection, and pressure tamponade are critical to the technique.
The Submacular Surgery Trials will help determine which patients will benefit from
surgery.
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I. INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of blindness in  many
developed countries (1,2). Hemorrhage and fibrovascular scarring from choroidal neovas-
cularization (CNV) accounts for 80–90% of blindness from AMD, the remainder being
attributable to atrophic changes in the macula. No therapy is currently available for the
atrophic form, and few treatment options are available for the neovascular form.

The Macular Photocoagulation Study documented that laser photocoagulation of
subfoveal CNV confers a statistically significant benefit with regard to long-term visual
acuity when compared to the natural history of the condition (3–5). However, treatment of
subfoveal CNV was associated with an immediate average reduction of three Bailey-Lovie
lines and the benefits of treatment over no treatment only became apparent 6 months after
the treatment. In addition, retention or recovery of good vision rarely occurred in patients
treated with laser photocoagulation.

In a recent survey of all consultant ophthalmologists in the United Kingdom and the
Republic of Ireland by Beatty and associates, only 13.6% of 339 ophthalmologists whose
practice includes laser photocoagulation of CNV secondary to AMD stated that they ablate
subfoveal CNV with laser photocoagulation (6). The main reason (73.6%) the ophthalmol-
ogists gave for withholding treatment was that they were not prepared to accept the likeli-
hood of an immediate drop in visual acuity following laser ablation. This survey demon-
strates that although laser photocoagulation has been shown to be effective in the
management of subfoveal CNV secondary to AMD by a well-designed randomized clini-
cal trial, at least in the United Kingdom and Ireland, many practicing ophthalmologists do
not treat subfoveal CNV with laser photocoagulation.

Because of the limited therapy available for subfoveal CNV, many investigators have
pursued alternative therapy such as interferon alpha-2a (7–10), radiation (11,12), subreti-



nal endophotocoagulation (13), and submacular surgery (14–19) with no or limited success.
More recently, photodynamic therapy with verteporfin (Visudyne, CIBA Vision Corp.
Duluth, GA) showed some modest benefits but the therapy does not benefit all patients with
subfoveal CNV and multiple retreatments are necessary (20–22). Six percent of eyes with
subfoveal CNV treated with verteporfin therapy experienced three or more lines of im-
provement in visual acuity compared to 2.4% in eyes given placebo at 12 months follow-
ing initiation of treatment (22). In recent years, several investigators have approached the
management of subfoveal CNV with a totally new treatment paradigm. This new treatment
is known by several names including retinal relocation (23), retinal translocation (24,25),
macular relocation (26–28), macular translocation (29–34), macular rotation (35), and
foveal translocation (36–40). The term macular translocation surgery is currently the most
widely used in the United States.

Several different techniques are currently in use by investigators worldwide for
macular translocation surgery. These techniques produce different degrees of postoperative
foveal displacement. The various forms of macular translocation surgery may be broadly
classified into three categories depending on the size of the retinotomy/retinotomies used:
(1) macular translocation with 360-degree peripheral circumferential retinotomy,
(26,27,29,31,41); (2) macular translocation with large (but less than 360-degree) circum-
ferential retinotomy (34,36–40); and (3) macular translocation with either small (self-seal-
ing) or no retinotomy/retinotomies, with or without scleral imbrication (Table 1)
(24,25,28,33,42). Macular translocation with 360-degree peripheral circumferential retino-
tomy is also known as full macular translocation while another name for macular translo-
cation with either small or no retinotomy/retinotomies is limited macular translocation.
This chapter reviews the current state of knowledge and the technique of limited macular
translocation for the management of subfoveal CNV secondary to AMD.

II. RATIONALE

Although the exact pathogenesis of CNV secondary to AMD is not known, the natural his-
tory of this condition is progressive loss of central vision over time. The initial retinal dys-
function responsible for impaired vision in eyes with subfoveal CNV may be attributable
to factors such as subretinal fluid, subretinal hemorrhage, and impaired nutrition/waste
exchange across the retinal pigment epithelium (RPE) and  Bruch’s membrane, and
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Table 1 Classification of Macular Translocation Surgery

Type of surgery Other name Authors (year)

Macular translocation with 360-
degree peripheral
circumferential retinotomy

Macular translocation with large
(but less than 360-degree)
circumferential retinotomy

Macular translocation with small
(self-sealing) or no
retinotomy/retinotomies, with
or without scleral imbrication

Full macular translocation

Limited macular
translocation

Machemer and Steinhorst
(1993) (27)

Ninomiya and associates
(1996) (36)

de Juan and associates
(1998) (25)



visual function may recover, at least partially, if these factors are removed. When fibrous
proliferation and degeneration of the overlying photoreceptors occur during the later stages
of the disease, the visual loss becomes irreversible.

The rationale of macular translocation surgery is that moving the neurosensory retina
of the fovea in an eye with recent-onset subfoveal CNV to a new location before permanent
retinal damage occurs may allow it to recover or maintain its visual function over a health-
ier bed of RPE–Bruch’s membrane–choriocapillaris complex. In effect, macular transloca-
tion surgery attempts to achieve a more normal subretinal space beneath the fovea. The
concept is attractive, but how well extrafoveal or extramacular RPE and choriocapillaris
can support good foveal function is relatively unknown. The density and pigmentation of
RPE cells and the pattern of choroidal circulation are not uniform throughout the ocular
fundus. The macular area has the greatest density of RPE melanin pigmentation (43) and a
lobular choroidal angioarchitecture that allows for extremely fast circulation (44). An
18-year-old man who had his fovea rotated 43 degrees superiorly following an open-
globe injury retained good visual acuity despite foveal relocation to an area of
extramacular RPE and choroid (45). Assuming comparatively good extramacular RPE and
choroidal function in patients with subfoveal CNV secondary to AMD, macular transloca-
tion surgery may therefore be a viable treatment option. In addition to relocating the fovea
to a comparatively healthier RPE-Bruch’s membrane–choriocapillaris bed to support
foveal function, relocating the fovea to an area outside the border of the CNV allows abla-
tion of the CNV by laser photocoagulation without destroying the fovea, thereby arresting
the progression of the CNV and preserving central vision.

Macular translocation surgery has also been combined with submacular surgery by
some surgeons. Thomas and associates have shown that removal of subfoveal CNV sec-
ondary to AMD is frequently accompanied by removal of native RPE, accounting for the rel-
atively poorer visual outcome of submacular surgery for AMD when compared to that for
other etiologies such as ocular histoplasmosis syndromes (17). This is because the CNV in
AMD typically lies in the sub-RPE space between the RPE and Bruch’s membrane (type 1
CNV), as opposed to that found anterior to the native RPE in the subneurosensory retinal
space (type 2 CNV) in eyes with ocular histoplasmosis, multifocal choroiditis, and idiopathic
neovascular membranes (46). When combined with removal of CNV, macular translocation
surgery allows the fovea to be relocated to an area outside the RPE defect created.

III. HISTORICAL BACKGROUND

Lindsey and associates were the first to report their experiment with retinal relocation in
1983, but their aim was to study the anatomical dependency of the foveal retina on foveal
RPE and choroid (23). Their techniques included creation of a retinal detachment and
relaxing retinal incisions, shifting of the neurosensory retina, and retinal reattachment.
Their techniques were expanded in 1985 by Tiedeman and co-workers, who conceived the
idea of rotating the macula of eyes with subfoveal CNV secondary to AMD to a new area
of underlying RPE–Bruch’s membrane–choriocapillaris complex as a treatment for the
condition (47). They showed it was feasible to rotate the macula approximately 45 degrees
around the optic disk with reattachment of the fovea in animal eyes.

After developing their surgical techniques in rabbit eyes (26), Machemer and
Steinhorst in 1993 became the first surgeons to demonstrate in humans the feasibility
of macular translocation surgery (27). Their technique involves lensectomy, complete
vitrectomy, planned total retinal detachment by transscleral infusion of fluid under the
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retina, 360-degree peripheral circumferential retinotomy, rotation of the retina around the
optic disk, and reattachment of the retina with silicone oil tamponade. Besides allowing
retinal rotation to occur, the retinotomy also provided access to the subretinal space for
removal of blood and choroidal neovascular membranes. A number of investigators have
subsequently modified this technique, but many of them still require large or 360-degree
peripheral circumferential retinotomy to allow rotation of the retina (31,35,36,41).

The early reports of proliferative vitreoretinopathy (PVR) complicating macular
translocation with large retinotomy prompted Imai and de Juan to develop a new technique
of macular translocation without the need for any retinotomy in 1996 (28). Their technique
involves transscleral subretinal hydrodissection, anterior-posterior scleral shortening near
the equator, and retinal reattachment. Using this technique, they were able to achieve a
predictable macular relocation of greater than 500 microns in rabbit eyes. Because no reti-
nal break was created, the likelihood of developing PVR was thought to be lower than with
earlier techniques. As more experience is gained with the surgery, de Juan and associates
have made several modifications to their original technique (24,25,33,42). They currently
use a 41-gauge retinal hydrodissection cannula to make several tiny self-sealing retino-
tomies for subretinal hydrodissection to create a controlled, reproducible subtotal retinal
detachment, and have abandoned scleral resection during the scleral shortening
procedure. They have called their technique limited macular translocation since the opera-
tion achieve a smaller degree of postoperative foveal displacement and is less extensive
compared to other techniques requiring large retinotomies.

IV. INDICATIONS

The precise indications for limited macular translocation have not been fully ascertained.
Currently, limited macular translocation has found its application mainly in the manage-
ment of recent-onset subfoveal CNV from a variety of etiologies. AMD is the most com-
mon indication given the high prevalence of this condition and its poor visual prognosis
without treatment. Subfoveal CNV due to other causes such as pathological myopia,
ocular histoplasmosis syndrome, angioid streaks, and multifocal choroiditis, as well as
idiopathic neovascular membranes, has also been treated with this new procedure (25).

V. PREOPERATIVE CONSIDERATIONS

Proper case selection is crucial to good anatomical and functional outcome following lim-
ited macular translocation. A careful and detailed preoperative evaluation is therefore very
important, and attention should be paid to the characteristics of the lesion in the macula
as well as to concurrent pathology elsewhere in the retina. A recent good-quality
fluorescein angiogram, preferably obtained within 1 week of the surgery, is necessary to
evaluate the characteristics of the CNV and its precise relationship to the geometrical, cen-
ter of the foveal avascular zone. Special care should be paid to the retinal periphery during
indirect ophthalmoscopy with scleral depression to look for concurrent peripheral retinal
pathology that may lead to operative complications.

With increasing experience in limited macular translocation, it appears that several
preoperative pathophysiological and anatomical factors are important in determining the
postoperative functional and anatomical outcome of patients undergoing the procedure.
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A. Pathophysiological Considerations

Several pathophysiological mechanisms responsible for visual loss in eyes with subfoveal
CNV may have some bearing on the functional outcome following limited macular
translocation. These factors may be broadly divided into “reversible” and “irreversible”
components.

1. “Reversible” Components
“Reversible” components of visual loss from subfoveal CNV secondary to AMD include
(1) impaired photoreceptor function secondary to abnormal RPE function (retinol
metabolism) and impaired nutrient/waste exchange across the RPE and Bruch’s membrane,
(2) relative retinal ischemia/hypoxia secondary to abnormal RPE–Bruch’s
membrane–choriocapillaris complex, (3) retinal edema and subretinal fluid, and (4)
retinal and subretinal hemorrhages. These problems may be evident early in the course
of the disease, resulting in metamorphopsia and central blurring. Their effects are not
immediately devastating, and therefore affected eyes do not usually lose foveal fixation.
Theoretically, effective macular translocation may, by reestablishing a relatively more
normal subretinal space and underlying RPE–Bruch’s membrane–choriocapillaris com-
plex, cause one or more of these factors to be reduced or reversed, thereby allowing
visual recovery. The best candidates for surgery are therefore those with recent-onset
metamorphopsia or disturbance in central vision due to new or recurrent CNV, before
massive subretinal fibrosis and degeneration of the photoreceptors permanently destroy the
fovea.

2. “Irreversible” Components
Untreated long-standing subfoveal CNV often results in permanent photoreceptor cell loss,
an “irreversible” mechanism responsible for visual loss, usually in the late stages of the dis-
ease when fibrovascular scarring occurs. Histopathological studies have documented that
the size and thickness of the diskiform scar are directly related to the loss of photoreceptors
(48). The visual loss associated with photoreceptor cell loss is often severe, but metamor-
phopsia becomes less prominent. Loss of foveal fixation may result from the severe visual
impairment. Such a severely and irreversibly damaged foveal neurosensory retina is un-
likely to achieve good functional recovery even after successful relocation to a healthier
bed of RPE–Bruch’s membrane–-choriocapillaris complex, and therefore is a poor
candidate for limited macular translocation.

Proper case selection, by identifying patients with good photoreceptor function for
surgery and excluding others with irreversible photoreceptor damage from surgery, is of
critical importance to achieving good visual outcomes. The foveal function can be assessed
preoperatively by a number of means including measurement of visual acuity, scanning
laser ophthalmoscope (SLO) microperimetry, and focal electroretinography. An analysis
of a large series has shown that preoperative visual acuity is a significant predictor of post-
operative visual outcome, with good preoperative visual acuity being associated with bet-
ter postoperative visual results (49). However, eyes presenting with poorer vision have a
greater chance of visual improvement but less likelihood of achieving excellent vision of
20/40 or better.

SLO microperimetry appears to be an excellent way of identifying eyes that have
viable foveal photoreceptors (50). It is particularly helpful in identifying patient who have
maintained central fixation and may be a better indicator than visual acuity in predicting
good visual outcome following macular translocation surgery.
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B. Anatomical Considerations

Effective macular translocation may be defined as (1) successful postoperative relocation
of the fovea to an area outside the border of the CNV, i.e., a previously subfoveal CNV be-
comes either juxtafoveal (1–199 microns from the foveal center) or extrafoveal (≥200 mi-
crons from the foveal center) following the surgery, or (2) successful postoperative reloca-
tion of the fovea to an area outside the border of the RPE defect associated with CNV
removal during the surgery. Barring any complication, this anatomical success is dependent
on two major factors: (1) the minimum desired translocation and (2) the postoperative
foveal displacement achieved. The minimum desired translocation can be measured prior
to surgery and, when taken into consideration with the median postoperative foveal dis-
placement normally achieved by the surgeon, can give some idea of the likelihood of
achieving effective macular translocation following the surgery.

1. Minimum Desired Translocation
The minimum amount of foveal displacement required to achieve effective macular
translocation is the distance between the foveal center and a point on either the inferior or
superior border of the subfoveal lesion depending on whether the translocation is inferior
or superior, all of these points being equidistant from the temporal edge of the optic disk.
This distance is the minimum desired translocation (Fig. 1). The temporal edge of the op-
tic disk rather than the center of the disk is taken as the pivoting point of the fovea because
the papillomacular bundle enters the optic disk from temporally close to this point. This is
therefore the point in which the papillomacular bundle would pivot when the fovea is relo-
cated during macular translocation surgery.

Although the size of a subfoveal lesion is intuitively a factor in determining the min-
imum desired translocation, other factors such as eccentricity and shape of the lesion are
important too. For example, in inferior macular translocation, a lesion that is eccentrically
centered superiorly relative to the fovea has a smaller minimum desired translocation and
is more likely to become juxtafoveal or extrafoveal following surgery compared to another
lesion of the same size that is eccentrically centered downward relative to the fovea,
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Figure 1 Schematic diagram showing fundus of the left eye. F is the foveal center, D is a point
on the temporal edge of the optic disk, and I is a point on the inferior border of the subfoveal lesion
(circle) such that DF = DI. The distance FI is the minimum desired translocation for an inferior
translocation.



assuming that the net postoperative foveal displacement achieved is identical in both cases
(Fig. 2). Lesions of the same size but of different shapes may also have different minimum
desired translocations. On the other hand, lesions of different sizes and eccentricities may
have the same minimum desired translocation (Fig. 3).
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Figure 2 Schematic diagram showing the fundi of three eyes with subfoveal lesions (circles a, b,
and c) of equal size but different eccentricity relative to the foveal center (F). Lesion a (top) is centered
eccentrically upward relative to the foveal center (F), lesion b (middle) is centered on the foveal center
(F), and lesion c (bottom) is centered eccentrically downward relative to the foveal center (F). D is a
point on the temporal edge of the optic disk and I is a point on the inferior border of the subfoveal
lesions such that DF= DI. The minimum desired translocation (FI) for inferior translocation is smallest
for lesion a and greatest for lesion c. Lesion a is therefore more likely to achieve effective macular
translocation compared to lesions b and c following inferior macular translocation.



2. Median Postoperative Foveal Displacement
The median postoperative foveal displacement normally achieved by a surgeon can be de-
rived by analyzing data collected either retrospectively or prospectively in a series of con-
secutive cases operated by the surgeon. To estimate the amount of translocation achieved,
we first measure on the preoperative fluorescein angiogram the distance from a predeter-
mined retinal landmark (such as a retinal vascular bifurcation) located superior to the CNV
to a specific point along the inferior edge of the CNV. We then use the same points to ob-
tain a similar measurement on the postoperative angiogram. The absolute difference be-
tween these two measurements estimates the postoperative foveal displacement achieved
(Fig. 4). If the time difference between the preoperative and postoperative angiograms is
within 2 weeks, the size and characteristics of the CNV on the postoperative angiogram
tend not to change significantly. Although this method of determining the postoperative
foveal displacement is not very precise, especially for greater amounts of translocation, it
does give useful estimates without the need to resort to sophisticated imaging equipment.

Ideally, a surgeon should have some idea of the median postoperative foveal dis-
placement he or she has achieved in previous cases when evaluating potential patients
for macular translocation surgery. This information, when considered together with the
minimum desired translocation of a particular eye, gives some useful idea of the likelihood
of achieving effective macular translocation. If the minimum desired translocation in
an eye is equal to the median postoperative foveal displacement normally achieved by
the surgeon, the eye has an approximately 50:50 chance of achieving effective macular
translocation after the surgery, regardless of the other dimensions of the subfoveal lesion.
If the minimum desired translocation is less than the median postoperative foveal dis-
placement, the eye has a greater than 50% chance of achieving effective macular translo-
cation. The chance of effective macular translocation is less than 50% if the minimum
desired translocation is greater than the median postoperative foveal displacement for the
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Figure 3 Schematic diagram showing ocular fundus with three possible subfoveal lesions (circles
A, B, and C) of different sizes and eccentricities. F is the foveal center, D is a point on the temporal
edge of the optic disk, and I is a point on the inferior border of the subfoveal lesions such that
DF = DI. The minimum desired translocations (FI) for inferior translocation for lesions A, B, and C
are identical. Lesions A, B, and C therefore have the same likelihood of achieving effective macular
translocation following inferior macular translocation. Note, however, that the minimum desired
translocations for superior translocation for lesions A, B, and C are different.



surgeon. If a surgeon has a postoperative foveal displacement greater than the patient’s
minimum desired translocation in 75% of his previous cases, he could then tell his patient
that he has an approximately 75% chance of effective macular translocation following
surgery in his hands. If the macular translocation surgery is combined with CNV removal,
this rule may not apply if the area of the RPE defect accompanying the CNV removal dif-
fers greatly from the area of the original CNV. It is important to remember that the median
postoperative foveal displacement for a particular surgeon is not static and may change
with modifications or refinements in techniques.

VI. OPERATIVE TECHNIQUE

Since the initial publications of the procedure (24,25,28), a number of modifications have
been adopted to improve the amount of translocation, while reducing the incidence of com-
plications (33,42,49). Unlike other techniques of macular translocation surgery that require
the creation of large retinotomies to allow foveal displacement (27,36), limited macular
translocation relies on scleral imbrication to shorten the outer eyewall (sclera, choroid, and
RPE), creating redundancy of the neurosensory retina relative to the eyewall. Instead of
large retinotomies, small self-sealing posterior retinotomies are used, reducing the chance
of intraoperative and postoperative complications.

Limited macular translocation may be either inferior or superior. Inferior limited mac-
ular translocation causes inferior movement of the neurosensory macula relative to the un-
derlying tissues, and vice versa. Our experience with this surgery demonstrates that inferior
limited macular translocation achieves a greater median postoperative foveal displacement
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Figure 4 Schematic diagram showing the fundus of an eye before (left) and after (right) inferior
macular translocation. R is a point on a retinal vascular bifurcation (“retinal” landmark) situated
superior to the subfoveal lesion (circle). C is a point on the inferior border of the subfoveal lesion
(“choroidal” landmark) such that the line RC is close to and roughly parallel to the “path” of the
foveal displacement. F and F′ are the foveal centers before and after macular translocation,
respectively. R′ and C′ are the same “retinal” and “choroidal” landmarks, respectively, following
macular translocation. The absolute difference between the distances RC and R’C’ estimates the
postoperative foveal displacement achieved.



than superior translocation for the same amount of scleral imbrication used. When the pa-
tient’s head is upright postoperatively, the buoyancy of the intravitreal air bubble supports the
superior retina while the weight of the subretinal fluid stretches the retina inferiorly. These
forces probably contribute to the greater downward displacement of the fovea during inferior
macular translocation and reduce the upward displacement of the fovea during superior
translocation. For this reason, inferior limited macular translocation is currently our preferred
technique for the majority of eyes undergoing macular translocation surgery and we restrict
superior limited macular translocation to the occasional case in which the CNV is markedly
eccentrically centered inferiorly relative to the fovea. The subsequent discussion in this
chapter will be limited in scope to the procedure of inferior limited macular translocation.

A. Overview/Equipment

Inferior limited macular translocation by means of scleral imbrication is essentially a five-
step procedure (Table 2). The first step is placement of scleral imbricating sutures. The sec-
ond step is a three-port pars plana vitrectomy with separation of the posterior hyaloid face
from the retina. The third step is creation of a neurosensory retinal detachment, with
or without subretinal manipulation. The fourth step is tightening of the scleral imbricating
sutures. The final step in the procedure is a subtotal fluid-air exchange.

The equipment necessary to perform this procedure includes a standard three-port
pars plana vitrectomy equipment. Additional devices that are unique to this procedure in-
clude (1) a 41-gauge retinal hydrodissection cannula (MADLAB retinal hydrodissection
cannula, Bausch & Lomb Surgical, St. Louis, MO) for subretinal hydrodissection to
create a detachment of the neurosensory retina (Fig. 5), (2) a specially designed retinal
manipulator (Bausch & Lomb Surgical, St. Louis, MO) for gently grasping the detached
retina, aiding in the separation of the macular neurosensory retina from the RPI, and also
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Table 2 Key Surgical Steps in Inferior Limited Macular Translocation

Key surgical steps

Placement of imbricating sutures
Pars plana vitrectomy
Planned neurosensory retinal detachment
Tightening of imbricating sutures
Subtotal fluid-air exchange

Figure 5 Forty-one-gauge retinal hydrodissection cannula (MADLAB retinal hydrodissection
cannula, Bausch & Lomb Surgical, St. Louis, MO).[Courtesy of the Johns Hopkins Microsurgery
Advanced Design Laboratory (http://www.madlab.jhu.edu), the Wilmer Ophthalmological Institute,
the Johns Hopkins University School of Medicine, Baltimore, MD.]



permitting fluid-air exchange (Fig. 6), and (3) a subretinal pick for subretinal dissection to
break firm subretinal adhesions. In addition, we use an air humidifier (MoistAir humidify-
ing chamber, RetinaLabs.com, Atlanta, GA) that minimizes posterior capsular opacifica-
tion in phakic patients (51) and potentially reduces excessive nerve fiber layer dehydration
during the fluid-air exchanges (Fig. 7).
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Figure 6 Retinal manipulator (Bausch & Lomb Surgical, St. Louis, MO). The tip of the instrument
is enlarged to show the three small openings of the retinal manipulator. [Courtesy of the Johns
Hopkins Microsurgery Advanced Design Laboratory (http://www.madlab.jhu.edu), the Wilmer
Ophthalmological Institute, the Johns Hopkins University School of Medicine, Baltimore, MD.]

Figure 7 Air humidifier (MoistAir humidifying chamber, RetinaLabs.com, Atlanta, GA).
[Courtesy of the Johns Hopkins Microsurgery Advanced Design Laboratory
(http://www.madlab.jhu.edu), the Wilmer Ophthalmological Institute, the Johns Hopkins University
School of Medicine, Baltimore, MD.]



B. Steps of Inferior Limited Macular Translocation

1. Placement of Imbricating Sutures
For inferior limited macular translocation, we place three imbricating sutures in the super-
otemporal quadrant between the superior and lateral recti, one suture just nasal to the su-
perior rectus in the superonasal quadrant, and one suture just inferior to the lateral rectus in
the inferotemporal quadrant (Fig. 8). The number and actual location of the sutures have
been selected in part empirically and are not based on precise data. The purpose of the im-
bricating sutures is to cause anterior-posterior shortening of the eyewall (sclera, choroid,
and RPE) relative to the neurosensory retina. We used to remove a section of the sclera dur-
ing scleral imbrication (25) but we no longer feel that this is necessary. The sutures are
placed in a mattress fashion and we use the same nonabsorbable sutures that we normally
use for scleral buckling, i.e., either 4-0 silk or 5-0 dexon. The sutures are placed 6 mm apart
from the anterior to posterior extent with the sutures straddling the equator. These sutures
are not tightened until later in the procedure. We acknowledge that this technique imbri-
cates the eyewall structures inward into the vitreous cavity and that although this can result
in scleral shortening, a more effective scleral shortening would occur if these structures
could be evaginated away from the vitreous cavity.

2. Pars Plana Vitrectomy
Following preplacement of the imbricating sutures, vitrectomy is initiated. We prefer to fit
the sclerostomies with metal cannulas for limited macular translocation because a “leaky”
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Figure 8 Nonabsorbable imbricating sutures are placed straddling the equator of the globe prior
to pars plana vitrectomy. The anterior scleral bites are placed 3 mm posterior to the recti insertion
and the posterior scleral bites are placed 6 mm posterior to the anterior bites. Three imbricating
sutures are placed between the superior rectus (SR) and lateral rectus (LR). The fourth imbricating
suture is placed medial to the superior rectus and the final one is placed inferior to the lateral rectus
(not shown).



system is desirable during the creation of retinal detachment when balanced salt solution is
injected into the subretinal space and during tightening of the imbricating sutures when the
eye is deliberately kept soft. The metal cannula also facilitates the insertion of the delicate
41-gauge retinal hydrodissection cannula. A subtotal vitrectomy is then performed. It is
critical in these cases to be certain that the posterior hyaloid face is separated from the pos-
terior pole, preferably up to the retinal periphery but at least past the intended positions of
the posterior retinotomies. It appears that when the posterior hyaloid face has not been sep-
arated from the neurosensory retina, it tethers the neurosensory retina and reduces the
amount of macular translocation. It is not necessary to trim the vitreous gel down to the
vitreous base but the vitreous cavity needs to be debulked sufficiently to achieve a good air
or gas fill.

3. Planned Neurosensory Retinal Detachment
To detach the retina, anywhere from three to eight retinotomies are necessary. The pre-
ferred locations of initial retinotomy placement are just superior to the superotemporal vas-
cular arcade and just inferior to the inferotemporal vascular arcade (Fig. 9). A third retino-
tomy is often necessary and is placed temporal to the macula (Fig. 10). The retinal
detachments should be relatively large and need to extend in the superotemporal quadrant
past the zone of intended imbrication. The 41-gauge retinal hydrodissection cannula is con-
nected to an infusion pump to actively infuse balanced salt solution under the retina (Fig.
11). Prior to entering the vitreous cavity, the rate of infusion is set so that there is a steady
drip of approximately 2 or 3 drops of balanced salt solution per second from the cannula.
To initiate the subretinal blister, the 41-gauge retinal hydrodissection cannula is placed
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Figure 9 The first retinotomy for subretinal hydrodissection is placed near the superotemporal
vascular arcade to detach the superior retina.



through the retina with the infusion running. The neurosensory retinal detachment will ini-
tially progress rapidly and tends to expand toward the retinal periphery. As the blister be-
comes larger, the expansion of the blister is slower although the infusion rate remains con-
stant. If the cannula inadvertently becomes dislodged from the retinotomy during the
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Figure 10 The third retinotomy for subretinal hydrodissection is placed a few disk diameters
temporal to the fovea to detach the temporal retina. The inferior retina had earlier been detached with
a retinotomy placed near the inferotemporal vascular arcade. Note that the retinal detachment from
the first retinotomy extends anteriorly beyond the zone of intended scleral imbrication.

Figure 11 The retina is detached by injecting balanced salt solution (BSS) between the
neurosensory retina and the retinal pigment epithelium (RPE) with a 41-gauge retinal
hydrodissection cannula through a tiny retinotomy. CNV, choroidal neovascularization.



procedure, one can usually reenter the same retinotomy and continue with the detachment.
If this is not possible, a new retinotomy can be made in another site nearby. It is uncom-
mon for the macula to become completely detached during this maneuver since the de-
tachments have a tendency to progress anteriorly, presumably because the macula is rela-
tively more adherent to the RPE than the retinal periphery.

The key to successful macular translocation is to completely detach the macula up to
the temporal edge of the optic disk. At the same time, we try to limit detachment of the
superonasal aspect of the retina because detachment of this area is associated with a higher
risk of macular fold formation. The first step in completely detaching the macula is to
perform a complete fluid-air exchange. The subretinal fluid will gravitate posteriorly and
will usually dissect the macula off the underlying RPE (Fig. 12). When the macula is de-
tached, the retinal bullae should extend to the optic nerve. However, this does not assure
that all subretinal adhesions have been released. At this point, the air is exchanged for fluid
and inspection of the posterior retina with the aid of the retinal manipulator will confirm
whether or not the macula is completely detached. If adhesions are present, the retinal
manipulator can be activated with low suction to grasp a part of the detached retina. Gen-
tle traction is then exerted with the retinal manipulator to release any persistent subretinal
adhesion (Fig. 13). Care should be taken when using the retinal manipulator as it may
result in iatrogenic retinal breaks, hemorrhage, macular hole, and nerve fiber layer injury.
If despite these maneuvers the retina is still not completely detached, a repeat fluid-air
exchange can be performed. If repeated attempts fail to free a localized area of subretinal
adhesion such as a laser scar, a small retinotomy is created eccentrically in the macula
through which a retinal pick can be used to break the adhesions (Fig. 14).
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Figure 12 A complete fluid-air exchange allows the subretinal fluid to gravitate posteriorly
(white arrow) and dissect the macula off the underlying retinal pigment epithelium.



4. Tightening of the Imbricating Sutures
Following the neurosensory retinal detachment (Fig. 15), when there is still fluid in the vit-
reous cavity, the imbricating sutures are tightened (Fig. 16). We tighten the sutures while
the eye is filled with fluid rather than air to imbricate the eyewall under the bullous retina.
Tightening the sutures while the eye is filled with air may cause the retina lying on the eye-
wall to be “caught” in the crevices of the imbrication and thus reduce the amount of retinal
movement relative to the eyewall. To achieve adequate imbrication, the globe should be
softened by either clamping the fluid infusion or leaving a sclerotomy open or both. One
must consider, however, that this state of hypotony may increase the risk of intraocular
hemorrhage such as suprachoroidal hemorrhage. There is also possibly a higher risk of
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Figure 13 Gentle traction on the retina (white arrows) with a retinal manipulator helps to break
abnormal chorioretinal adhesions and fully detach the macula from the retinal pigment epithelium
(RPE).

Figure 14 Subretinal blunt dissection (white arrows) with a pick through a small eccentric
retinotomy may be necessary to break abnormal chorioretinal adhesions in the macula.
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Figure 15 A large retinal detachment temporal to an imaginary vertical line bisecting the optic
disk is obtained following coalescence of the multiple smaller localized retinal detachments. It is
important to ensure that the macula is completely detached and that the retinal detachment extends
anteriorly beyond the zone of intended scleral imbrication.

Figure 16 Tightening the imbricating sutures causes the sclera to be imbricated under the
Detached retina and creates redundancy of the retina relative to the eyewall (sclera, choroid, and
RPE). The imbricating suture inferior to the lateral rectus has been tightened (white arrow), and as
a result of the scleral shortening, the spacings between the anterior and posterior scleral bites of other
imbricating sutures adjacent to this suture appear decreased. LR, lateral rectus; SR, superior rectus.

LR SR



postoperative endophthalmitis should fluid from outside the eye be aspirated into the eye
by negative pressure within the eye.

Although we perform anterior-posterior shortening of the eye wall with scleral im-
brication in the majority of our cases of inferior limited macular translocation, it is inter-
esting to note that this is not always necessary, and effective macular translocation may still
be achieved without employing scleral imbrication for very small subfoveal lesions (33).

5. Subtotal Fluid-Air Exchange
The sclerostomy sites and peripheral retina are inspected for inadvertent retinal breaks prior
to the final fluid-air exchange. If present, they should be treated with laser retinopexy or
cryoretinopexy and a longer-acting gas such as sulfur hexafluoride is then used instead of
air for internal tamponade.

The final fluid-air exchange is performed following tightening of the imbricating su-
tures (Fig. 17). Generally an estimated 75–90% exchange is performed and air is left in the
eye unless inadvertent peripheral retinal breaks have been created. We do not reattach the
retina by draining the subretinal fluid because this tends to result in a smaller amount of mac-
ular translocation. After the sclerostomies and conjunctival incisions have been closed, a
combination corticosteroid-antibiotic subconjunctival injection is given. We routinely give
our patient intravenous corticosteroids during the procedure to reduce the incidence of PVR.

C. Patient Positioning

After the eye is patched, the patient is turned on the operative side for about 5 min. This
allows the subretinal fluid to gravitate temporally to detach the temporal peripheral retina.
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Figure 17 Following scleral imbrication, a final subtotal fluid-air exchange is performed without
draining the subretinal fluid.



From this position (without turning the patient on his or her back), the patient is sat upright
and instructed to keep his or her head upright overnight. Besides allowing the temporal pe-
ripheral retina to be completely detached, this maneuver also causes all the subretinal fluid
to accumulate in the inferior retina, reducing the incidence of a postoperative macular or
foveal fold (Fig. 18). If the superonasal retina has been inadvertently detached during the
surgery, sitting the patient upright from the supine position may cause some subretinal fluid
to become trapped under the superonasal retina, causing a retinal bulla or retinal fold to
overhang from the superonasal retina. This bulla or fold will often cause a retinal fold to
stretch from the superior margin of the optic disk into the macula. When such a macular or
foveal fold persists postoperatively, undesirable visual consequences occur and remedial
surgery is usually necessary to unfold the macula.

The buoyancy of the intravitreal air bubble when the patient’s head is upright, cou-
pled with the weight of the subretinal fluid inferiorly, stretches the retina in a downward
fashion (Fig. 19). The superior retina is the first to become reattached, and this is quickly
followed by the macula and the rest of the retina over the next several days.

D. Combined Removal of CNV and Limited Macular
Translocation

Some surgeons have advocated surgically removing the CNV at the time of limited macu-
lar translocation (32). We tend not to favor this approach, particularly in patients with
AMD, because of the uncertainty in the size of the RPE defect that will occur. Thus even
though the preoperative CNV may be of a size and location that effective macular translo-
cation would have a good chance of being achieved, the RPE defect created during
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Figure 18 The immediate postoperative head-positioning maneuver (see text) causes all the
subretinal fluid to accumulate under the inferior retina. The inferior retina is detached. Note the
scleral imbrication (white arrows) and the fluid–air interface in the vitreous cavity (black arrows).



submacular surgical excision may be significantly larger and therefore jeopardize the
chances of anatomical success. We feel that laser ablation is a much more precise method
of treating the CNV.

VII. POSTOPERATIVE MANAGEMENT

A. Postoperative Review, Fluorescein Angiography,
and Laser Photocoagulation

On the first postoperative day, the inferior retina is generally still detached but the macula
is now attached. Given the presence of the intravitreal air bubble, the view is often too poor
to perform fluorescein angiography. Until the retina is completely attached, we prefer that
the patient continues to position in such a way as to maintain the attachment of the macula
and to lessen the contact between the intravitreal air and the crystalline lens. Complete reti-
nal reattachment generally occurs within 2–3 days. Usually by 3–7 days following the pro-
cedure, the air bubble has become small enough that it no longer covers the macula when
the patient is upright. At this point, it is appropriate to consider fluorescein angiography so
as to identify the postoperative location of the CNV.

Interpretation of the postoperative fluorescein angiograms can be difficult in some
cases given the additional retinal pigment epithelial changes induced by the surgical pro-
cedure. It is particularly important to obtain good-quality stereoscopic angiograms and to
compare the preoperative and postoperative angiograms to determine the actual location
and extent of the CNV.
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Figure 19 With the head in an upright position following the surgery, the buoyancy of the air
bubble supports the superior retina (white arrows) while the weight of the subretinal fluid stretches
the retina downward (black arrow), causing the fovea to be displaced downward relative to the
underlying eyewall (sclera, choroid, and RPE).



Laser photocoagulation of the entire CNV lesion is considered following effective
macular translocation when the CNV no longer lies under the geometrical center of the
foveal avascular zone. We follow the guidelines for laser treatment outlined in the Macu-
lar Photocoagulation Study (52). Following laser photocoagulation, the patient will be
followed up in about 3–4 weeks with repeat fluorescein angiography to detect persistent or
recurrent CNV.

1. Clinical Example
A 63-year-old man with 5-month history of decreased vision in his left eye due to neovas-
cular age-related macular degeneration presented for consideration of macular transloca-
tion surgery. His best corrected visual acuity at presentation was 20/200-1. Clinical exam-
ination and fluorescein angiography confirmed a subfoveal CNV approximately one MPS
disk area in size (Fig. 20). After written informed consent was obtained, inferior limited
macular translocation was performed without complication. Clinical examination and flu-
orescein angiography on the third postoperative day disclosed effective inferior transloca-
tion of the fovea relative to the CNV (Fig. 21). The postoperative foveal displacement
achieved was approximately 700 microns. Laser photocoagulation was applied to the area
of the CNV. The best corrected visual acuity improved to 20/60 + 2 and 20/40 at 4 and 8
months, respectively, after the surgery. The patient had no postoperative complication or
recurrence of the CNV during the follow-up period (Fig. 22).

B. Management of Persistent Subfoveal CNV

When some of the CNV remains under the center of the fovea owing to insufficient macu-
lar translocation, the patient and physician must choose between a number of options in-
cluding observation, laser ablation of the fovea, surgical resection of CNV, or photody-
namic therapy. The potential role of photodynamic therapy in an eye that has undergone
translocation has not been determined but remains a reasonable consideration for the
postoperative treatment of lesions that remain subfoveal, are possibly subfoveal, or recur
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Figure 20 Fundus photograph (left) and fluorescein angiogram (right) at presentation
demonstrate a subfoveal choroidal neovascular membrane approximately one MPS disk area in size
under the geometrical center of the foveal avascular zone in the left eye. Visual acuity is 20/200-1.
See also color insert, Fig. 16.20.



subfoveally following laser treatment. We tend not to advocate partial laser treatment of the
CNV because it has been shown to be ineffective by the Macular Photocoagulation Study
Group (53). We also tend not to make repeat attempts at macular translocation because ini-
tial efforts resulted in retinal detachment with significant PVR in some patients. One must
consider that even though the CNV lesion has not completely moved out of the foveal cen-
ter, the partial movement my still benefit the patient as less of the perifoveal retina will need
laser ablation.
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Figure 21 Three days following inferior limited macular translocation, fluorescein angiogram
demonstrates effective macular translocation with displacement of the geometrical center of the
foveal avascular zone (arrow) to an area inferior to the choroidal neovascular membrane. The
postoperative foveal displacement is approximately 700 microns.

Figure 22 Postoperative fundus photograph (right) and fluorescein angiogram (left) show
successful laser ablation of the choroidal neovascular membrane with no evidence of recurrence. The
geometrical center of the foveal avascular zone (arrow) is preserved. Visual acuity is 20/40. See also
color insert, Fig. 16.22 (right).



C. Management of Recurrent CNV

A significant proportion of patients will develop recurrent neovascularization following
effective macular translocation and laser photocoagulation. If the recurrence is extrafoveal
or juxtafoveal, further laser photocoagulation is indicated. For recurrent lesions that have
just extended under the fovea, we sometimes recommend ablating the lesion in an effort to
contain the potential damage. Observation, submacular surgery, and photodynamic therapy
are other management options. Repeat macular translocation is not recommended.

D. Postoperative Sensory Adaptation

The displacement of the fovea following limited macular translocation causes some
patients to experience postoperative diplopia and/or cyclotropia. Our experience and that
of Lewis and associates show that because the degree of foveal displacement is small
following limited macular translocation, the incidence of postoperative diplopia and/or
cyclotropia is low and the symptoms tend to disappear spontaneously within a few months
in most of these patients (32). In those with more persistent symptoms, treatment with
prisms has been found to be satisfactory. In Lewis and associates’ series, only three out of
10 patients experienced either distortion or tilting of image postoperatively and these symp-
toms persisted at 6 months postoperatively in only one patient (32). This is unlike the con-
siderable disorientation caused by postoperative diplopia and cyclotropia after macular
translocation with 360-degree circumferential peripheral retinotomy when the macula may
be rotated 30–50 degrees (35). Eckardt and associates have developed torsional muscle
surgery for counterrotation of the globe, sometimes with additional muscle surgery on the
fellow eye, to reduce this complication (35). We have not found corrective muscle surgery
to be necessary for patients following limited macular translocation.

VIII. OUTCOME

The greatest advantage of macular translocation surgery over many other experimental or
established treatments is that it offers the potential for improvement in visual acuity. There
are very few reports on limited macular translocation for the treatment of subfoveal CNV
secondary to AMD in the published literature (25,32,33,42,49). While the results of limited
macular translocation have been encouraging in some cases (25,33,49), some surgeons
have found the surgery unpredictable (32).

Currently, the largest series on limited macular translocation is by Pieramici and as-
sociates, who analyzed the outcomes of 102 consecutive eyes of 101 patients aged 41–89
years (median, 76 years) who underwent inferior translocation by one surgeon for new or
recurrent AMD-related subfoveal CNV (49). The median postoperative foveal displace-
ment achieved in the series was 1200 microns (range, 200–2800 microns). Seventy-five
percent of the patients experienced at least 900 microns of postoperative foveal displace-
ment and 25% achieved 1500 microns or more of foveal displacement. Sixty-two percent
of the patients achieved effective macular translocation. At 3 and 6 months postoperatively,
31% and 49% of the eyes, respectively, achieved a visual acuity better than 20/100 while
37% and 48% of the eyes, respectively, experienced two or more Snellen lines of visual im-
provement. Sixteen percent of the eyes experienced six more Snellen lines of visual im-
provement.
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Pieramici and associates found that good preoperative visual acuity, achieving the
desired amount of postoperative foveal displacement, a greater amount of postoperative
foveal displacement, and recurrent CNV at baseline were associated with better visual acu-
ity at 3 and 6 months postoperatively (49). The reason patients with recurrent CNV
achieved better outcome was thought to be due to the fact that this select group of patients,
having undergone previous laser photocoagulation for a juxtafoveal or extrafoveal lesion,
were better educated about the necessity to see their ophthalmologist for any new visual
change and were already on close follow-up by the  ophthalmologist treating them. The
subfoveal disease in this group of patients may therefore be of a shorter duration and less
severe than that seen in patients who never had prior laser photocoagulation. Poor preop-
erative visual acuity and the development of a complication either during or after surgery
were associated with worse visual acuity at 3 and 6 months postoperatively.

A smaller series of 10 eyes of 10 patients with subfoveal CNV secondary to AMD
treated by one surgeon was reported by Lewis and associates (32). The median postopera-
tive foveal displacement in this series was 1286 microns (range, 114–1919 microns). The
best-corrected visual acuity, as measured with the Early Treatment Diabetic Retinopathy
Study chart, improved in four eyes (median, 10.5 letters) and decreased in six eyes (median,
14.5 letters). The median change in visual acuity for the entire series was a decrease of five
letters. The final visual acuity at 6 months postoperatively was 20/80 in two eyes, 20/126 in
one eye, 20/160 in four eyes, 20/200 in one eye, 20/250 in one eye, and 20/640 in one eye.

In our experience, the most important aspects of this procedure are patient selection,
achieving the desired amount of macular translocation, and avoiding complications. If this
procedure is performed on a patient without viable foveal photoreceptors, there is no
chance for visual improvement. If the minimum desired translocation is not achieved, we
are left with a persistent subfoveal CNV lesion that will likely result in continued photore-
ceptor cell damage and visual deterioration. Development of a complication is associated
with a poorer prognosis, particularly when retinal detachment occurs (49). To improve on
the outcome of this surgery, we must find ways to select the appropriate patients and reduce
the incidence of complications. In addition, improvements in the surgical technique that
will afford larger and more predictable macular translocation will improve the chances of
success and increase the number of patients for whom the procedure is a realistic option.

IX. COMPLICATIONS

The usual risks inherent to pars plana vitrectomy exist for all patients undergoing inferior
limited macular translocation surgery since posterior vitrectomy is an integral part of
the procedure. In addition, for the majority of patients who also have scleral imbrication,
additional risks similar to those associated with scleral buckling surgery are present
(Table 3). Table 4 shows the intraoperative and postoperative complications documented
in Pieramici and associates’ series (49).

A. Intraoperative

Placement of sutures on the sclera for scleral imbrication may cause inadvertent scleral per-
foration. This may be associated with suprachoroidal hemorrhage, vitreous hemorrhage,
and retinal break. Retinal break can also occur during the later stages of the operation. The
retina may be inadvertently cut or traumatized during vitrectomy. Vitreous traction near the
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sclerostomies, retinal incarceration at the sclerostomies, and retinal manipulation during
planned retinal detachment (32) may also tear the retina. Unintended retinal breaks oc-
curred in 10 of 102 consecutive eyes in Pieramici and associates’ series. Unintended
non-self-sealing break(s) should receive laser retinopexy or cryoretinopexy during
the surgery or in the early postoperative period. Longer-acting gas such as sulfur hexaflu-
oride may also be necessary for internal tamponade. Macular hole formation is another
complication that may also require longer-term internal tamponade.

During planned detachment of the retina, subretinal hemorrhage may occur if the reti-
nal hydrodissection cannula used for subretinal hydrodissection or the subretinal pick used
for blunt dissection traumatizes the vascular choroid. Unplanned translocation of the RPE

Limited Macular Translocation 313

Table 3 Complications Associated with Limited Macular Translocation

Timing of complication Complication

Intraoperative Scleral perforation
Unplanned retinal break
Suprachoroidal hemorrhage
Subretinal hemorrhage
Vitreous hemorrhage
Macular hole
Unplanned translocation of retinal pigment epithelium

Postoperative Rhegmatogenous retinal detachment
Proliferative vitreoretinopathy
Endophthalmitis
Cataract
Vitreous hemorrhage
Macular or foveal fold
New choroidal neovascularization at site of retinotomy
Acute angle-closure glaucoma
Transient formed visual hallucinations

Table 4 Intra- and Postoperative Complications Associated with Inferior Limited Macular
Translocation in Pieramici and Associates’ Series (n = 102) (49)

Type of complication Intraoperative Postoperative Total (no.
(no. of eyes) (no. of eyes) of eyes)

Macular hole 9 0 9
Scleral perforation 2 0 2
Choroidal hemorrhage 1 0 1
Subretinal hemorrhage 1 0 1
Unintended retinal break 6 4 10
Vitreous hemorrhage 2 2 4
Unplanned retinal detachment 0 9 9
Macular fold 0 3 3
New choroidal neovascularization at 0 2 2

site of retinotomy



can occur when a patch of RPE adherent to the underlying surface of the neurosensory
retina detaches with the retina (42).

While the eye is deliberately kept soft momentarily to allow the imbricating sutures
to be tightened, the eye is at risk of retinal incarceration at the sclerostomies and severe in-
traocular hemorrhage including suprachoroidal hemorrhage. It is possible that negative
pressure within the eye during this maneuver may aspirate fluids or air from outside the eye
into the eye and increase the risk of postoperative endophthalmitis.

B. Postoperative

Rhegmatogenous retinal detachment is the most common serious complication of limited
macular translocation. Nine of 102 eyes in Pieramici and associates’ series developed per-
sistent postoperative retinal detachment (49). Additional surgery is usually necessary
to reattach the retina should this complication occur. Pneumoretinopexy may be effective
in treating some cases with retinal breaks in the superior two-thirds of the retinal periphery.
The retinal detachment may be associated with PVR, especially if a repeat limited macular
translocation has been performed for persistent subfoveal CNV. Postoperative endoph-
thalmitis is another potentially devastating complication of limited macular translocation.

The incidence of cataract formation appears to be similar to that following other
vitrectomy procedures. However, long-term follow-up is necessary to determine its exact
incidence. Should cataract formation occur soon after limited macular translocation such
as following intraoperative lens touch, it can impair visualization of the fundus
postoperatively and interfere with clinical examination, fluorescein angiography, and laser
photocoagulation. Early cataract surgery is indicated in such cases. Postoperative vitreous
hemorrhage can also impair visualization and close follow-up with ultrasonography is war-
ranted to look for associated retinal detachment.

Folds running across the fovea are associated with poor vision, and reoperation to re-
move the fold may be necessary. A foveal fold formed postoperatively in three of 10 eyes
reported by Lewis and associates (32). Rarely, new CNV can occur at the site of the retino-
tomy used for retinal detachment, presumably as a result of iatrogenic focal defect in
Bruch’s membrane caused by the retinal hydrodissection cannula. Acute angle-closure
glaucoma may follow limited macular translocation, and this may be related to shortening
of the axial length from scleral imbrication. We have also seen two patients who developed
formed visual hallucinations within 24 h following the procedure. The visual hallucinations
ceased completely 3–7 days postoperatively following retinal reattachment.

X. CONCLUSION

Macular translocation surgery has generated excitement and hope for a community frus-
trated with the lack of a good treatment for subfoveal CNV. Already some surgeons such
as Machemer have expressed hope that it may one day also be applied as prophylaxis in dis-
eases such as relentlessly progressive dry AMD or other inherited subfoveal diseases such
as Best disease, Stargardt disease, and central areolar chorioretinal dystrophy (30). Al-
though it remains to be seen whether macular translocation surgery will finally find its
place as a routine operation for subfoveal diseases, its initial results are encouraging and it
remains the only treatment that offers potential for recovery of good visual acuity. Further
refinements in surgical techniques with reduction of intraoperative and postoperative com-
plications will make the procedure safer and more predictable. Hopefully, its precise
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role in ophthalmology will be established with further experience and more controlled
evaluation of this procedure.

Rationale: To displace the foveal neurosensory retina in an eye with recent-onset
subfoveal CNV to a presumably healthier bed of RPE–Bruch’s
membrane–choriocapillaris complex devoid of CNV before permanent retinal
damage occurs; the foveal displacement allows the destruction of the CNV by
laser photocoagulation without damaging the foveal center.

Indications: Subfoveal CNV secondary to a variety of etiologies.
Preoperative Considerations: Favorable factors: recent-onset CNV, small

minimum desired translocation; Unfavorable factors: diskiform scarring,
photoreceptor loss, large minimum desired translocation.

Operation: Inferior limited macular translocation achieves a greater postoperative
foveal displacement compared to superior limited macular translocation and is
the operation of choice in the majority of cases.

Postoperative Management: Fluorescein angiography and, if possible, laser
photocoagulation of “displaced” CNV.

Complications: Intraoperative: scleral perforation, unplanned retinal break,
intraocular hemorrhage, macular hole, unplanned translocation of RPE;
postoperative: rhegmatogenous retinal detachment, proliferative
vitreoretinopathy, endophthalmitis, cataract, intraocular hemorrhage, foveal
fold, new CNV at site of retinotomy, acute angle-closure glaucoma, transient
formed visual hallucinations.
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Use of Adjuncts in Surgery for Age-Related
Macular Degeneration

Lawrence P. Chong
Doheny Retina Institute of the Doheny Eye Institute, University of Southern California Keck
School of Medicine, Los Angeles, California

I. INTRODUCTION

Adjuncts that have been used surgery for age-related macular degeneration (AMD) include
tissue plasminogen activator, balance salt solution (BSS), and calcium-and-magnesium-
free retinal detachment-enhancing solutions. The surgeries in which these solution have
been used include submacular surgery to excise choroidal neovascular membranes, large-
scale macular translocation surgery, limited macular translocation surgery, evacuation, or
displacement of submacular hemorrhages.

II. TISSUE PLASMINOGEN ACTIVATOR

Tissue plasminogen activator (tPA) is a polypeptide of 527 amino acids that cleaves the
Arg560–Val561 bond of plasminogen. Because of its high affinity for fibrin, its enhance-
ment of binding of plasminogen to fibrin clot, and potentiation of its activity in the pres-
ence of fibrin, fibrinolysis occurs almost exclusively in fibrin clots.

Commercial tPA (Activase, Genentech, Inc.; Actilyse, Boehringer Ingelheim Inter-
national, GmbH) is a 70,000-MW, single-chain protein produced from a cloned human tPA
gene using Chinese hamster ovary cells (1). Endogenous tPA is secreted in its single-chain
form to be enzymatically converted by plasmin to its two chain form. Both forms of tPA
are equally active. The vehicle consists of L-arginine phosphate, phosphoric acid, and
polysorbate 80.

tPA has been used both intracamerally and subretinally. The utility of intracameral
tPA was demonstrated in animal models of fibrin (2–4), hyphema (5), vitreous hemorrhage
(6–8), and subretinal hemorrhage (9,10). The utility of subretinal injection of tPA was
demonstrated in animal models of subretinal hemorrhage (11–13).

In the anterior chamber 0.05 mL  containing up to 200 µg and 0.10 mL containing up
to 36 µg have been injected without unusual inflammation or toxicity to the cornea or lens.



In the vitreous cavity 0.10 mL containing up to 25 µg has been injected without
cornea or retinal toxicity. Repetitive injections (three times, separated by 7-day intervals)
of 3 µg tPA also did not show retinal toxicity (8). A single report suggested probable reti-
nal toxicity of 0.1 mL containing 25 µg (14). Dose-dependent retinal toxicity was seen with
0.10-mL injections of 50, 75, and 100 µg into the vitreous cavity (15). Traction retinal de-
tachments were seen following 100-mg (6) and 200-µg (16) tPA injections.

In the subretinal space no retina toxicity was seen after subretinal injection of 25 and
50 µg of tPA in 0.l mL of volume (11,12).

Lewis and colleagues demonstrated in rabbits that subretinal clots 30 min old cleared
faster after a 0.1-mL subretinal injection of 25 µg tPA as compared to an equivalent vol-
ume of BSS (11). However, the subretinal tPA could not completely prevent retinal dam-
age. Both BSS and tPA decreased the toxic effect of blood partly on the basis of dilution
of the subretinal blood. Johnson and colleagues showed a similar effect for lower doses of
tPA (2.5 µg in 0.05 mL) on clots that were 24 h old, but severe progressive retinal degen-
eration was still seen (12). An ultrasurgical approach using a microinfusion of 0.5–5 µg
of tPA facilitated lysis of 1- and 2-day-old clots and their removal through micropipettes
under stereotactic control. Good preservation of the retinal architecture was seen compared
to untreated controls (13).

The ability of intravitreal injections of tPA to lyse subretinal clots has been explored.
Coll and colleagues found that 0.l mL 50 µg of tPA facilitated the lysis and absorption of
1 day-old subretinal clots compared to equivalent volume injections of saline (9). Unfortu-
nately, retinal damage was not prevented. Boone and colleagues injected 25 µg of tPA into
the vitreous space and found only partial clot lysis that was not enough to allow removal
by aspiration alone (10). The inability of labeled tPA injected into the vitreous to penetrate
the intact neural retina or a subretinal clot in rabbits was demonstrated by Kamei and col-
leagues (17). Some labeled tPA was able to penetrate into eyes with vitreous hemorrhage
presumably from the microdefects through which blood escaped from the subretinal space
into the vitreous.

The previous studies spurred simultaneous interest in the clinical use of tPA to assist
in the removal of subretinal hemorrhage. These techniques involved the injection of
6.25–12.5 µg of tPA in a volume of 0.05–0.05 mL into the subretinal space and then wait-
ing 10–45 min before aspiration of the liquefied blood. Injections into the subretinal space
were accomplished with a glass pipette (18), 33-gauge cannula (19), or bent-tipped 30-
gauge needle (20,21). Aspiration was performed with double-barrel subretinal-injector as-
pirator (19), soft-tipped cannula (18,22), tapered 20-gauge Charles flute needle (21), or 30-
gauge subretinal cannula (23). Liquefied subretinal blood was also manipulated with a
small perfluorocarbon liquid bubble (20,24,25).

In addition to intravitreal injection of tPA during the pars plana vitrectomy proce-
dure, the injection of 0.1 mL of 25 µg of tPA into the subretinal clot by passing a 30-gauge
needle through the pars plana under indirect ophthalmoscopy the day before pars plana vit-
rectomy has also been described (26).

An intravitreal injection consisting of 6 µg of tPA in 0.1 mL was injected into the
midvitreous cavity to liquefy subretinal clots 12–36 h prior to vitrectomy and removal of
blood through a retinotomy using perfluorocarbon liquid manipulation (27). Intravitreal in-
jections of 0.1–0.2 mL containing  25–100 µg of tPA into the vitreous cavity have been
given either the day before (28) or immediately before (29,30) injection of intravitreal
gas to displace submacular hemorrhage. Exudative retinal detachments seen after 100-µg
injections were attributed to tPA toxicity (29).
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A number of investigators have injected 25–50 µg tPA into the subretinal space fol-
lowing pars plana vitrectomy (31–33). An air fluid exchange was performed and the patient
was kept erect to pneumatically displace the liquefied blood from the fovea.

Lewis injected tPA into the subretinal space before excision of the choroidal neovas-
cular membrane but found no improvement compared with injection of BSS into the
subretinal space in a randomized

III. CALCIUM- AND MAGNESIUM-FREE RETINAL
DETACHMENT–ENHANCING SOLUTIONS

Marmor had discovered that removing calcium and magnesium from a solution that
bathed eye wall sections in vitro weakened retinal adhesive force (35). Wiedemann
described a “detachment infusion” for macular translocation surgery that was calcium and
magnesium free (36). Substituted for conventional vitrectomy infusion fluid, this solution
enabled the immediate detachment of the retina from its peripheral, diathermy-induced
perforation site to the center of the macula or macular area. He described its use in retinal
organ culture and creation of experimental retinal detachment in rabbits and in human
surgery.

We hypothesized that BSS Part A might be an ideal retinal detachment-enhancing so-
lution and studied its safety and efficacy in rabbits before using it clinically in humans. BSS
was developed as an improvement over normal saline, lactated Ringer’s, and Plasma-lyte
148 as a physiologically compatible solution to be used in the eye during surgery (37,38).
To further improve the physiological compatibility of BSS, glutathione, glucose, and bi-
carbonate buffer system were added (39–41) resulting in BSS Plus. BSS Plus consists of
two parts, which are reconstituted just prior to use in surgery. These two parts consist of
Part B, a sterile 480-mL solution in a 500-mL single-dose bottle to which Part A, a sterile
concentrate in a 20-mL single-dose vial, is added. Compared to BSS, BSS Part A lacks
magnesium and calcium, and the citrate and acetate buffers of BSS have been replaced with
bicarbonate buffer. BSS Part B contains the calcium and magnesium as well as the dextrose
and the glutathione, which are unique to BSS Plus. We hypothesized that BSS Part A alone
could be used safely in the human eye since it contained almost all the ingredients of BSS
except for the calcium and magnesium with a different buffering system and a pH of 7.4.
A tremendous advantage to the vitreous surgeons is the commercial availability of BSS.
We felt that all these qualities plus the historical use of the solution in the operating room
(albeit reconstituted with Part B) could make it an ideal solution to enhance retinal detach-
ment during macular translocation surgery. We showed the safety and efficacy of a cal-
cium- and magnesium-free macular translocation solution by comparing the results of in-
jecting BSS Part A or BSS solution into the subretinal space of rabbit eyes using a 39-gauge
cannula (41). No difference was seen in fundus appearance, fluorescein angiography, ERG,
or light or electron microscopy in rabbit retinas that had been detached using retinal de-
tachment solution compared to commercially available solution. Using a manual infusion
system no more than 100 µg of BSS compared to a much larger volume of retinal detach-
ment solution could be infused into the subretinal space. The diameter of BSS retinal de-
tachments was always less than that of BSS Part A retinal detachments after injection of
100-µg of subretinal fluid.

Aaberg et al. have similarly shown the safety of subretinal BSS Part A in the sub-
retinal space of the rabbit using transscleral infusion (42).
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We have used a 39-gauge cannula to atraumatically infuse BSS Part A underneath the
retina in macular translocation surgery and to displace submacular hemorrhage.

Clinically, we have found that macular translocation surgery requires only one or two
penetrations through the retina with a 39-gauge cannula to detach the posterior retina suf-
ficiently. We have used BSS Part A to displace submacular hemorrhages by performing
pars plana vitrectomy, injecting the solution to detach the posterior pole of the retina, per-
forming partial gas-fluid exchange, and then positioning the patient in an erect position for
24 h to displace blood away from the fovea.

IV. SUMMARY

Adjuncts are used primarily in the subretinal space during surgery for AMD. Tissue plas-
minogen activator can be infused into the subretinal space to liquefy subretinal blood. Tis-
sue plasminogen activator may penetrate human retina after injection into the vitreous cav-
ity through microperforations to liquify subretinal blood. Calcium- and magnesium-free
solutions enhance retinal detachment. BSS Plus Part A is a safe and readily available reti-
nal detachment solution. Calcium- and magnesium-free solutions can aid macular translo-
cation surgery and the displacement of submacular hemorrhage.
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I. INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of visual loss in people older
than 65 years in the United States (1). Currently, approximately 200,000 Americans per
year lose central vision due to AMD and 50,000 will lose vision in both eyes. Today, there
are 38 million American seniors and this number will expand to 88 million by 2030 with a
proportional increase in the population at risk from vision loss due to AMD. Ninety percent
of the severe visual loss from AMD results from choroidal neovascularization (CNV) (2).
Drusen have been shown to be a risk factor for CNV. In 1973, Gass described the disap-
pearance of drusen after laser photocoagulation (3). Subsequently, laser photocoagulation
to promote drusen resorption has been examined in numerous studies as prophylaxis
against CNV. A preventive treatment of 33% efficacy in the population with bilateral soft
drusen would halve the rate of legal blindness from CNV (4).

II. ANATOMY AND PATHOPHYSIOLOGY

To rationalize the potential therapeutic role of prophylactic laser photocoagulation for
drusen resorption, it is necessary to define drusen and understand the anatomy and patho-
physiology of the outer retina, retinal pigment epithelium (RPE), Bruch’s membrane (BM),
and choriocapillaris. The RPE, a monolayer of hexagonal-shaped cells external to the neu-
rosensory retina and internal to Bruch’s membrane, is intrinsically involved in the outer
retina’s metabolism. Its functions include phagocytosis of photoreceptor outer segments,
maintenance of the blood-retinal barrier, and the transportation of nutrients and waste prod-
ucts (5–7). Bruch’s membrane is not a true membrane but a five-layered connective tissue
sheet (9). The basal lamina of the RPE is the most internal layer. The inner collagenous
layer, elastic lamina, and outer collagenous layer comprise the middle elements. The basal
lamina of the choriocapillaris (CC) is the final structure. The choriocapillaris is the inner-



most layer of the choroid and is composed of an anastomosing sheet of large, fenestrated
capillaries. The blood flow in the choroid is one of the highest in the body, largely to meet
the high metabolic needs of the outer retina/RPE. Nutrients and waste products pass
through the fenestrations of the choriocapillaris. Typically, the BM is not a barrier to these
molecules and the RPE transports them to and from the outer retina via active and passive
mechanisms (8).

Druse (plural drusen) is a German-derived word meaning nodule. Literally, drusen
are crystalline nodules found in stones. In the ophthalmic literature, there have been
numerous clinical and histopathological definitions of drusen (9). The lack of standard
terminology for drusen makes interpretation of the literature difficult. Recently, a clinical
classification and grading for AMD was developed. In this system, drusen are whitish-
yellow spots external to the retina or RPE (10). Hard drusen are less than 63 microns, well
defined, and yellow-white. Soft drusen are greater than 63 microns. They can have indis-
tinct and distinct borders, may coalesce to form larger, confluent drusen, and typically are
white-yellow in color. Pathologically, three types of soft drusen have been described: (1)
localized detachments of RPE and basal linear deposit in eyes with diffuse basal linear
deposit; (2) localized detachments of the RPE and basal laminar deposit in eyes with
diffuse basal laminar deposits; and (3) localized RPE detachments due to focal accumula-
tion of basal linear deposit in eyes without diffuse basal linear deposit (11,12). Ultrastruc-
turally, basal laminar deposits consist of membrane-bound vesicles, wide-spaced collagen,
and amorphous, granular material located between the plasma membrane and basal lamina
of the RPE. Basal linear deposits are located external to the RPE’s basal lamina in the in-
ner collagenous zone. They consist of vesicular and granular electron-dense material and
small foci of wide-spaced collagen (11–16). Histochemically, drusen have been shown to
consist of lipids, mucopolysaccharides, and glycoconjugates (17–19).

As stated above, the RPE is a metabolically active tissue layer and, most likely,
drusen are derived from RPE (20–22). Studies have demonstrated that RPE cells over time
accumulate intracellular lipofuscin and other by-products of the catabolism of photorecep-
tor outer segments (23). It has been shown that the RPE deposits cellular material into the
sub-RPE space via evagination of its plasma membrane. This probably is the deposition of
the intracellular accumulation of its phagocytic by-products. These plasma-membrane-
bound vesicles break down into drusenoid material (22). With normal aging, Bruch’s mem-
brane also undergoes ultrastructural and histochemical changes (24–27). BM increases in
thickness, accumulates lipids, and develops protein cross-linking. The hydraulic conduc-
tivity (flow per unit pressure) of BM in normal eyes decreases with age (26). Similar to
drusen, these alterations in BM may also represent the accumulation of waste products
from the RPE. The basal linear/laminar deposits and the alterations in BM may impair the
flow of fluid to and from the choriocapillaris. The reduced flow of nutrients and oxygen and
the impaired removal of waste products may impose a metabolic strain on the outer retina
from an enlarged, hydrophobic (lipid-laden) BM and drusen may induce the formation of
angiogenic factors and may promote the formation of CNV (28).

III. DRUSEN AS A RISK FACTOR FOR CNV

Laser to drusen has generated investigation because soft drusen are risk factors for CNV
and subsequent visual loss. In 1973, Gass noted that nine of 49 (18%) patients with bilat-
eral macular drusen developed visual loss in one eye secondary to “diskiform detachment
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or degeneration” over an average of 4.5 years (3). Smiddy and Fine followed 71 patients
with bilateral macular drusen for an average of 4.3 years. Eight eyes of seven patients
(9.9%) developed exudative maculopathy. Severe visual loss (�6 lines) occurred in seven
eyes and the 5-year cumulative risk of developing severe visual loss was 12.7% (29). Holz
et al. prospectively followed 126 patients with bilateral drusen and “good visual acuity.”
The 3-year cumulative incidence of developing CNV or pigment epithelial detachment was
13.3% (30). The risk for CNV is higher in patients with drusen in one eye and CNV in the
other eye. In Gass’ study, 31 of 91 patients lost central vision from CNV in their fellow eye
over an average of 4 years (3). The Macular Photocoagulation Study Group followed 127
patients who had an extrafoveal CNV in one eye. In the fellow eye, the risk of developing
a CNV was 58% over 5 years if large drusen and RPE hyperpigmentation were present. The
risk dropped to 10% if no drusen or hyperpigmentation was present (31). In another study,
the Macular Photocoagulation Study Group verified that large drusen are a significant in-
dependent risk factor for CNV. In this same study, the risk for CNV jumped to 87% in eyes
with five or more drusen, focal hyperpigmentation, one or more large drusen, and systemic
hypertension (32). In the study of Sandberg et al., 127 patients with unilateral CNV were
followed for an average of 4.5 years; 8.8% per year developed CNV in their fellow eye.
Macular appearance, which included large drusen, was significantly associated with CNV
(33). One prospective study followed 101 patients with unilateral CNV and drusen in the
fellow eye for up to 9 years. The yearly incidence of CNV varied between 5% and 11%.
Significant risk factors were the number, size, and confluence of drusen (34).

Numerous pathological studies have shown the correlation of drusen and AMD.
Spraul and Grossniklaus examined 51 eyes with AMD and 40 age-matched control eyes.
Soft, confluent, and large drusen and basal (linear) deposits correlated with AMD (15).
Curcio and Millican demonstrated that basal linear deposits and large drusen are 24 times
more likely to be found in eyes with AMD than age-matched control eyes (13).

IV. ARGON LASER PHOTOCOAGULATION

To understand how laser results in drusen resorption, it is necessary to examine the cellu-
lar effects of argon laser on the outer retina, RPE, BM, and choriocapillaris. The argon-
green laser emits a wavelength of 514 nm. This laser wavelength is largely absorbed by the
melanin of the RPE and choroid. Absorption of the laser light elevates the tissue tempera-
ture 10–20 C and causes denaturation of proteins. This thermal effect is called photocoag-
ulation (35,36). The histopathological characteristics of an argon laser burn depend on the
power, spot size, and duration of the laser burn. Smiddy et al. examined the light micro-
scopic changes to a human retina 24 h after argon laser application. The juxtafoveal region
was treated with laser spots 200 microns in size and 0.5 s in duration. The power ranged
between 200 and 400 milliwatts (mW). Histopathologically, there was a choroidal infiltrate
of mononuclear and polymorphonuclear cells. The choriocapillaris (CC) was acellular at
the center of the burn. The RPE was disrupted and the outer and inner retinal nuclear lay-
ers were pyknotic. The ganglion and nerve fiber layers were also affected (37). Thomas et
al. conducted a similar study. They examined a human eye 24 h after argon laser. One laser
spot of power 310 mW, 100 microns, and 0.5 s was applied in the superonasal quadrant.
There was variable RPE necrosis and advanced CC necrosis. A second argon laser burn of
210 mW, 500 microns, and 0.5 s in the peripapillary region demonstrated significant RPE
disruption, CC necrosis, and BM disruption (38).
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There have been a number of studies with argon laser on cynomologus monkeys,
whose fovea is similar to the human fovea. Smiddy et al. placed a 13-spot burn in the
juxtafoveal region of a cynomologus monkey with argon green laser and examined the
histopathological effects at 1 and 7 days. They used a 200-micron spot size, 0.2-s duration,
and power between 100 and 200 mW. The desired reaction was a laser burn that turned the
retina light gray. At day 1, the ganglion cell layer was partially preserved but all deeper lay-
ers were necrotic with RPE hyperplasia. At day 7, there was disruption of the retina up to
the ganglion cell layer (39). In a second study, Smiddy et al. demonstrated that the RPE un-
dergoes cellular proliferation after argon laser (40). Peyman et al. examined the histopatho-
logical effects of argon blue-green laser to the parafoveal area of cynomologus monkeys.
They used a 100-micron spot size, 0.1-s duration, and a power of 100 mW. At day 1, there
was coagulative necrosis of the RPE, outer nuclear layer, and outer plexiform layer. The
choroid was minimally affected. At days 12 and 21, glial tissue had replaced the outer
retina. There was an inflammatory infiltrate and the RPE was hyperplastic. If the power was
increased to 320 mW, the basement membrane was ruptured and choroidal hemorrhages
developed (41). Coscas and Soubrane treated the parafoveal region of adult baboons with
argon green laser and examined the light and electron microscopic changes at 1 h, 3 weeks,
and 6 weeks. As in the above studies, they showed disruption of the outer retina, necrosis
of the RPE, and a macrophage response. Depending on the laser settings, there was vari-
able involvement of the choriocapillaris (42). In a review of macular photocoagulation,
Swartz states, “The histologic characteristics of a moderate argon-green burn show a typi-
cal cone-shaped lesion sparing the inner retina” (43). The laser intensities of these studies
exceed those in most human laser-to-drusen trials.

There have been no histopathological studies on human eyes examining the effects
of laser on drusen. However, there have been a number of studies involving primates. Du-
vall and Tso applied argon-green laser directly to drusen in two eyes of a rhesus monkey
and noted the light microscopic and ultrastructural characteristics of drusen resorption. At
0–2 days, there was outer-segment retinal disruption, RPE necrosis, and fibrin deposition.
The drusen were still present. At 3–8 days, two types of macrophages were present. One
type was in the outer retina and subretinal space and their appearance was consistent with
blood-borne monocytes. The second type of macrophage contained cell processes that sur-
rounded the drusen material. These cell processes were traced by serial sectioning to the
pericytes of the choriocapillaris. At 9 days and beyond, there was resorption of the drusen.
Blood-borne monocytes were densely packed in the subretinal space. The cell processes of
the choroidal pericytes contained drusenoid material. The authors postulated that the fibrin
deposition from the laser photocoagulation initiated a phagocytic response, which resulted
in clearance of the drusen by choroidal pericytes. Perry et al. examined the choroidal mi-
crovascular response to argon laser in cats. They demonstrated activation of the endothe-
lial cells in the choriocapillaris after laser photocoagulation (44). Della et al. treated a rhe-
sus monkey with soft large drusen. They used an argon laser to apply a grid pattern in the
macula. Six weeks after laser, the directly treated drusen had disappeared (45).

V. THEORIES ON DRUSEN REDUCTION AND CNV
PREVENTION

Drusen disappearance after laser photocoagulation is clearly documented in the literature.
(46–59). However, the mechanism of drusen disappearance is not well understood. Several
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theories have been proposed: (1) phagocytosis of drusen; (2) decreased deposits by removal
of RPE; (3) release of soluble mediators; (4) thinning of Bruch’s membrane; and (5) me-
chanical alteration of the structure of Bruch’s membrane. It is clear from the above studies
that argon laser induces an inflammatory response and the intensity of the reaction depends
on the laser settings. The laser settings in the studies, as well as the laser subjects, are vari-
able, which makes interpretation difficult (6,37–40,42–44,48). Furthermore, in most of the
clinical studies of laser to drusen, the calibrated intensity is minimal whitening. This is dif-
ferent from the above studies where stronger intensities where evaluated. However, despite
these limitations, we can postulate that laser-induced phagocytosis of drusen occurs.
Blood-borne inflammatory cells may ingest the drusen material. Studies certainly indicate
their presence after laser. Duvall and Tso noted drusenoid material in cell processes after
laser photocoagulation and attributed the origin of these cell processes to choroidal peri-
cytes (48). Dysfunctional RPE, destroyed by laser, is replaced by proliferating RPE, (40).
The RPE has phagocytic ability and the proliferating RPE may be involved in drusen re-
sorption (52). Also, the removal of dysfunctional RPE cells may halt further drusen devel-
opment and allow removal of accumulated material. After laser-induced tissue damage, the
RPE and other cells may produce soluble mediators. For instance, Glaser et al. showed that
RPE cells release an inhibitor of neovascularization (60). These soluble mediators may en-
hance the natural processes that result in spontaneous drusen resorption (3,61). They might
also account for the observation that drusen distant from laser burns disappear after photo-
coagulation.

Bruch’s membrane in AMD eyes is diffusely thickened and hydrophobic. The struc-
tural effect on BM by argon laser is variable. Thomas et al. showed that BM’s integrity de-
pended on the energy density of the laser (38). Photocoagulation may thin the abnormally
thick BM and, in theory, improve its hydraulic conductivity. The increased metabolic trans-
port could improve drusen clearance and decrease drusen formation. The laser could also
exert a mechanical effect on BM, causing contraction of collagen and elastin (similar to
laser trabeculoplasty) and improving egress of material through a more permeable BM.
Peyman et al. showed that photocoagulation may improve perioxidase diffusion from the
vitreous to the choroid (62).

Similar to drusen reduction, it is unclear how laser to drusen might prevent CNV.
Some of the same theories on the mechanism of drusen reduction apply to CNV preven-
tion. Improved transport of nutrients across BM might reduce the metabolic strain on the
RPE/outer retina and stop the production of angiogenic factors from the RPE. Indeed, laser
might even induce the production of vasoinhibitory growth factors from the RPE. Gass pos-
tulated that laser “tacks” down the RPE to BM, eliminating a potential cleavage plane for
CNV (3). Proliferating RPE, induced by the laser, may envelop early CNV and prevent fur-
ther growth.

VI. UNCONTROLLED STUDIES AND CASE REPORTS

Since Gass described the disappearance of drusen after laser photocoagulation, a number
of case reports and uncontrolled clinical studies have examined the prophylactic treatment
of drusen. Cleasby et al. treated 29 eyes in patients with “exudative senile maculopathy
(ESM)” in the fellow eye. They treated one eye of 25 patients with “nonexudative senile
maculopathy (NSM)” in both eyes. They defined NSM as the presence of drusen, retinal
pigment atrophy, and clumping and/or cholesterol deposits in the macula in individuals
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older than 50. They used the argon laser to directly treat drusen “within a broad ring around
the fovea.” The desired intensity was a minimally visible reaction in the retina. The laser
parameters were a spot size of 50–100 microns, power between 100 and 150 mW, and du-
ration of 0.05–0.1 s. The number of applications was approximately 200–300 shots. In the
group of 29 patients with ESM in one eye, three developed ESM in the treated eye over an
average follow-up of 28.4 months. This represented a 4.4% yearly rate of ESM formation,
which is less than the natural history of AMD. In the NSM group, neither the control eyes
nor the treated eyes developed ESM over an average follow-up of 27.3 months. All 25
treated eyes and five control eyes showed a reduction in drusen. There were no reported
complications from the laser (47). Despite a small number of patients, no control group for
the ESM eyes, and no randomization for NSM eyes, this study suggested prophylactic laser
to drusen might be beneficial.

Wetzig treated 42 eyes of 27 patients with prophylactic laser in a retrospective, non-
randomized study. All patients had macular soft drusen and recent visual changes (visual
loss or metamorphopsia). The vision ranged from 20/20 to 20/400. Only 25% of eyes had
a best-corrected prelaser visual acuity of 20/40 or better. The mean age at treatment was 69
years. Eyes with CNV or hemorrhagic/exudative changes were excluded. Thirty-one eyes
were treated with krypton red laser, one eye with a combination of xenon and krypton, eight
eyes with argon laser, and two eyes with a combination of argon and krypton laser. Both
eyes were treated in some patients and several eyes were retreated. The desired intensity of
the laser reaction was a faint, white-gray spot. The spots, approximately 50–75, were ap-
plied in a scatter pattern around the fovea. The vision improved, remained stable, or wors-
ened by one line in 22 eyes (52%) over an average follow-up of 3.7 years. Twelve percent
developed choroidal neovascularization. The drusen disappeared in these treated eyes, usu-
ally beginning at 3 months (58). Wetzig published a follow-up of these patients 6 years af-
ter the original publication. The average follow-up time was 120 months. Thirty-three per-
cent of the treated eyes remained stable or lost one line of visual acuity, 21% lost two to
three lines, and 46% lost three or more lines. Twenty-one percent of treated eyes developed
CNV during the follow-up and several patients developed progressive enlargement of the
treatment scars. There was no control group but seven eyes with drusen were untreated. In
this untreated group, three eyes retained 20/40 or better visual acuity, two eyes lost two or
more lines, and two eyes worsened to 20/400 or less. This study was limited, as it was a ret-
rospective, nonrandomized study with a small number of eyes. Also, it included many pa-
tients with poor vision and selected patients with visual symptoms. These patients may
have harbored subtle occult CNV. Overall, this study did not show a clear beneficial effect
of prophylactic laser (59).

Figueroa et al. treated 20 patients with argon laser. Group 1 consisted of 14 patients
with bilateral drusen. One eye was randomly assigned to receive laser treatment. Group 2
consisted of six patients with CNV in one eye and drusen in the fellow eye. The ages ranged
from 55 to 80 years and the average follow-up was 18 months. Drusen temporal to the fovea
were directly treated with the argon green laser at a power of 100 mW, duration of 0.1 s,
and spot size of 100 microns. The desired laser intensity was calibrated to achieve a light
gray-white lesion. The mean number of laser spots was 30. Treated drusen disappeared at
approximately 2 months while surrounding, untreated drusen disappeared at a mean of 10
months. Visual acuity improved in 30% of eyes by one line or more. This was secondary
to the resorption of untreated subfoveal drusen. The visual acuity remained unchanged in
65% of eyes and decreased in 5% (one eye). The one eye that worsened developed a
choroidal neovascular membrane away from the laser scars (49). Figueroa et al. updated
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these results and presented new data in a second publication (50). The laser settings were
the same as described above. All treated drusen disappeared at an average of 3.5 months.
In all but three patients, the untreated drusen resolved at an average of 8.6 months. The
drusen disappearance progressed in a temporal-to-nasal direction. Superonasal drusen per-
sisted the longest time. Two of the 30 control eyes in Group 1 (bilateral drusen) demon-
strated spontaneous drusen resolution. After an average of 3 years, one control eye and no
treated eyes developed a choroidal neovascular membrane. Three fellow eyes (18%) in
Group 2 developed CNV. In one eye, the CNV developed adjacent to the laser scars.
Again, it was difficult to draw any conclusions from this study because of the small num-
bers. But, despite drusen resorption, the laser prophylaxis did not appear to prevent CNV
in Group 2.

Sarks et al. treated 18 eyes of 16 patients with bilateral drusen and one eye of 10 pa-
tients with exudative changes in the other eye. Patients were 55 years or older and followed
for a mean of 16.8 months. Inclusion criteria included visual acuity 20/40 or better and
no evidence of atrophy or CNV. A ring of 40–50 nonconfluent laser burns was applied
approximately 1500 microns from the foveal center. Drusen were not directly targeted.
The argon green laser settings were a spot size of 100 microns, duration from 0.05 to 0.1 s,
and a power calibrated to produce “a barely discernible whitening of the RPE.” In 14 of the
16 patients with bilateral drusen, only one eye was treated. In these treated eyes, the vision
remained stable in 10 eyes and improved in four eyes. The vision decreased in four eyes
and remained stable in 10 eyes in the untreated group. Overall, in the two treated groups,
visual acuity improved in 12 eyes (40%), remained unchanged in 16 eyes (53%) and wors-
ened in two eyes (7%). Visual improvement was secondary to foveal drusen resorption,
which occurred in all treated eyes and not at all in the untreated eyes. Two treated patients
developed choroidal neovascular membranes. They developed at 7 and 8 months in
retina adjacent to laser burns. Expansion of laser-induced atrophy was minimal in this
study (57).

Guymer et al. treated one eye of 12 patients at high risk for visual loss secondary to
AMD. All 12 treated eyes demonstrated macula drusen and visual acuity of 20/40 or bet-
ter. Ten patients had end-stage lesions in one eye and two patients had bilateral soft con-
fluent drusen. Twelve laser spots were placed in a ring 750–1000 microns from the fovea.
The argon green laser settings were a spot size of 200 microns, duration of 0.2 s, and power
calibrated to achieve faint blanching of the RPE (80–300 mW). The average follow-up was
16 months. Visual acuity remained the same or improved in 11 patients. Nine of the 11 pa-
tients had a reduction in drusen size, number, and confluence. One patient lost four lines
secondary to CNV membrane development. This membrane did not originate from a
laser site. Two patients developed profound atrophy at the laser site and four others devel-
oped RPE pigmentary changes at the laser sites. This study showed that a small number of
laser applications could promote drusen disappearance. It also showed no correlation be-
tween resolution of drusen and improvement or deterioration of dark-adapted retinal
thresholds (54).

Sigelman published a case report of a 58-year-old woman with a diskiform scar sec-
ondary to AMD in the right eye and confluent soft drusen in the left eye. The patient’s vi-
sion dropped to 20/40 with metamorphopsia in the left eye. There was no CNV but an in-
creased density and size of foveal drusen. Using a wavelength of 576 nm (yellow), power
of 180 mW, duration of 0.3 s, and spot size of 200 microns, he directly treated drusen and
also applied a parafoveal grid for a total of 56 spots. Treated and untreated drusen disap-
peared and the vision returned to 20/20 1 year after treatment (63).
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VII. CONTROLLED STUDIES

Information from the above studies confirmed that laser can promote drusen reduction.
However, the visual benefit of prophylactic laser was not proven. These reports do not pro-
vide enough evidence to support laser treatment in eyes with drusen outside the context of
a clinical trial. Frennesson and Little conducted small randomized trials. The Choroidal
Neovascularization Prevention Trial (CNVPT) is the largest clinical trial to date. These
studies are described below.

Frennesson and Nilsson conducted a randomized, prospective study of prophylactic
laser treatment (51). One eye of 13 patients with bilateral soft drusen was treated. In a sec-
ond group, the fellow eye of six patients with a diskiform lesion in the other eye was
treated. The control group consisted of 19 patients who had been randomized to observa-
tion. The groups were matched for age and visual acuity but there were more men in the
treatment group. The visual acuity in all treated eyes was 20/25 or better. Patients with mac-
ular pigment clumping, atrophy, pigment epithelial detachments, or exudative AMD were
excluded. A horseshoe-shaped grid pattern with direct drusen treatment as well as scatter
treatment was applied with argon green laser. Laser parameters were a spot size of 200 mi-
crons, duration of 0.05 s, and power of 100–200 mW. The number of laser spots varied
from 51 to 154. The intensity was calibrated to achieve a “grayish reaction.” Drusen area
on color fundus photographs and fluorescein angiograms was calculated at baseline and
follow-up for both groups. Follow-up results were published at 6 months, 12 months, and
3 years (51–53). The mean drusen area significantly decreased in the treated eyes and sig-
nificantly increased in the control eyes. Over 3 years, five eyes (33%) in the control group
developed CNV, while no eyes did in the treatment group. This study demonstrated that
laser treatment promotes drusen resorption, which had also been shown in the above stud-
ies. Importantly, it suggested that laser prophylaxis might prevent the exudative complica-
tions of AMD. However, as with the above studies, the sample size was small and the con-
fidence interval large, which made it difficult to draw valid conclusions (53).

Little et al. randomized one eye of 27 patients with bilateral confluent soft drusen to
prophylactic treatment. The mean age of patients was 69.7 years. The minimal visual acu-
ity was 20/60 and the mean follow-up time 3.2 years. Foveal atrophy, pigment epithelial
detachments, and exudative changes were exclusionary criteria. Drusen were directly
treated. Laser settings for the dye laser (577–620 nm) were a spot size of 100–200 microns,
power of 100–200 mW (calibrated to induce a slight lightening of the RPE/outer retina),
and duration of 0.05–0.1 s. No laser spots were applied within 300 microns of the foveal
center and rarely within 500 microns. Twenty-three to 526 laser spots were applied. Thirty-
seven percent of eyes were treated with more than one session. Six treated eyes and no con-
trol eyes improved (2) or more lines. Sixteen treated and 17 control eyes remained stable.
Five treated and 10 control eyes lost two or more lines. Drusen resorption within 1500 mi-
crons of the fovea occurred “more completely” in the treated eyes than control eyes in 22
eyes. In five eyes of both groups, there was equal drusen disappearance. Four control pa-
tients and two treated patients developed CNV. Laser scar enlargement occurred in three
eyes. It was again difficult to draw conclusions from this study because of a small sample
size but visual acuity and drusen resorption were significantly better in the treated eyes
(56).

The Choroidal Neovascularization Prevention Trial is the largest pilot study to date
to examine the potential treatment benefit of laser to drusen (46,55,64). A total of 156 pa-
tients without exudative AMD and with 10 or more large drusen (�63 microns) in each eye
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were enrolled in the Bilateral Drusen Study and 120 patients with exudative AMD in one
eye and with 10 or more large drusen in the other eye were enrolled in the Fellow Eye Study
through 16 clinical studies across the United States. Both eyes of patients enrolled in the
Bilateral Drusen Study and the eye without exudative AMD of patients enrolled in the Fel-
low Eye Study were study eyes. The primary criterion for study eyes was 10 or more large
(�63 microns) drusen within 3000 microns of the center of the foveal avascular zone.
Study eyes also had to have visual acuity of 20/40 or better and no evidence of current or
past CNV and progressive ocular disease. Patients had to be 50 years of age or older. In ad-
dition, the nonstudy eye of patients enrolled in the Fellow Eye Study had to have evidence
of current or past exudative AMD defined as CNV or pigment epithelial detachment. Each
patient underwent fluorescein angiography to exclude CNV in the study eye at baseline.
The Bilateral Drusen Study included 312 eye of 156 patients and the Fellow Eye Study in-
cluded 120 eyes of 120 patients. Fifty-nine of the eyes in the Fellow Eye Study were as-
signed to laser treatment and 61 were assigned to observation (65).

Patients enrolled in the Bilateral Drusen Study had one eye randomized to laser treat-
ment and the other eye served as a control eye. Patients enrolled in the Fellow Eye Study
had that eye randomly assigned to either the laser treatment group or the control group. The
primary laser protocol, Laser 20, comprised the vast majority of treatments (85%). Laser
20 specified that 20 laser burns, 100 microns in diameter, be placed in a pattern of three
rows between 12 o’clock and 6 o’clock beyond the temporal perimeter of the fovea. The
burns forming the innermost row were to be placed no closer than 750 microns from the
foveola. The duration of each burn was to be 0.1 s with the goal of creating a light gray-
white lesion. Direct application of laser burns over drusen was avoided whenever possible
without deviating substantially from the desired pattern of burns (Figs. 1–5). At 6 months
after the initial treatment, a second laser treatment of 20 burns would be placed on the nasal
side of the fovea in a mirror-image pattern to the first treatment if there had been less than
a 50% reduction in the amount of drusen present within 3000 microns of the foveola (65)
(Fig. 6A and B).

The primary outcome of the study was visual acuity. The incidence of late AMD
complications such as CNV, changes in contrast threshold, and change in critical print size
for reading were secondary outcomes. The development of CNV after baseline was con-
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Figure 1 Baseline color fundus photographs of a patient with (A) age-related macular
degeneration and (B) bilateral drusen. Visual acuity is 20/30 OU. Multiple, soft, confluent drusen
are noted. See also color insert, Fig. 18.1A, B.
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Figure 2 Baseline recirculation phase fluorescein angiography images of the right and left eye
show some drusen staining, but no evidence of choroidal neovascularization.

Figure 3 The left eye is randomized to low-intensity laser treatment. Twenty gray-white laser
spots are placed in temporal arc in the macula. The laser spots are subtle. See also color insert, Fig.
18.3.
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Figure 4 Six-month color fundus photographs show no significant change in drusen in either eye.
Visual acuity remains 20/30 OU. See also color insert, Fig. 18.4.

Figure 5 Twelve-month color fundus photographs show marked resolution of drusen in the
treated left eye. The right eye remains stable with no significant change in dursen. Visual acuity is
20/30 OD and 20/20 OS. See also color insert, Fig. 18.5.

Figure 6 (A) Baseline fundus photograph demonstrating multiple, large drusen. The eye was
treated with 20 laser spots in the temporal macula per the CNVPT protocol. (B) Six months later
there is significant drusen reduction and the vision has changed from 20/32 to 20/25. See also color
insert, Fig. 18.6A, B.
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sidered as having occurred only when there was evidence of dye leakage on fluorescein an-
giography. Changes in drusen characteristics also were assessed through a comparison of
photographs taken at baseline and the particular follow-up visit under consideration. These
comparisons were performed to determine whether the total area of drusen was the same
as, more, or less than at baseline and whether there were new areas of drusen or areas of
drusen that had disappeared. Each eye was also graded for reduction of 50% or more in the
area of drusen relative to baseline (65).

The CNVPT protocol specified that eyes assigned to treatment be retreated at 6
months if the area of drusen had not decreased by 50% from baseline. At 6 months, 28% of
78 eyes in the Bilateral Drusen Study and 41% of 37 eyes in the Fellow Eye Study had a
50% reduction in drusen and were exempt from retreatment. By 12 months, 54% of 35 eyes
in the Bilateral Drusen Study and 27% of 11 in the Fellow Eye Study had a 50% reduction.
One eye in the observed group had a 50% reduction in drusen area. Less than 10% of treated
eyes and more than 90% of observed eyes showed no reduction in the area of drusen at 12
months (46).

Recruitment was halted for both the Bilateral Drusen Study and the Fellow Eye Study
because of increased rates of CNV formation in the Fellow Eye Study. In the Fellow Eye
Study, there were 10 treated eyes and two observed eyes with CNV development (p �
0.02). In the Bilateral Drusen Study, there were four treated eyes and two observed eyes
that developed CNV (p � 0.69) (46). The estimated cumulative proportion of eyes with
CNV in each treatment group was calculated. For eyes in the Bilateral Drusen Study, the
estimated percentage of eyes with CNV at 1 year was 5% in the treated group and
2% in the observed group (p � 0.42). The relative risk estimate was 2.00 (95% confidence
interval: 0.37, 10.96). For eyes in the Fellow Eye Study, the estimated percentage of eyes
with CNV at 1 year was 24% in the treated group and 2% in the observed group (p � 0.02).
The relative risk estimate was 4.86 (95% confidence interval: 1.10, 21.57). Thus, although
a statistically significant imbalance of CNV between treatment and observed groups
was noted for the Fellow Eye Study, this was not the case for the Bilateral Drusen
Study (64).

The simultaneous influence of selected baseline covariates and treatment group on
the incidence of CNV was examined with the Cox proportional hazards model. The inten-
sity of the laser burns applied at baseline and 6 months had been graded for 74% of the eyes
assigned to laser treatment. Eleven of these eyes had developed CNV. Four of the 11 eyes
had burns graded as below the intensity standard. The other seven eyes had laser burns
graded as meeting the intensity standard. From this information, laser intensity as deter-
mined in the CNVPT did not seem to have a significant effect on the development of CNV.
Patient age, gender, hypertension status, aspirin use, vitamin and mineral supplement us-
age, cigarette smoking history, drusen number and size, and presence of focal hyperpig-
mentation were also examined. None of the factors other than treatment group had a sig-
nificant effect on the incidence of CNV (65).

Only one (7%) of the 14 eyes assigned to treatment that developed CNV had a lesion
with a purely classic pattern of fluorescein leakage on angiography; this eye had a lesion
� 1 disk area that appeared to emanate from a treatment burn. The majority of eyes, laser
treated or control, that developed CNV revealed at least some occult pattern of leakage
(Fig. 7A and B). At the time the CNV was first documented, three (21%) of the 14 eyes as-
signed to treatment had subfoveal involvement and nine (90%) of the 10 eyes for which lo-
cation could be determined accurately had CNV within the general area of laser treatment.
All but one of the eyes in the group assigned to treatment had been treated under the Laser
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20 protocol. Three of the four eyes that developed CNV in the group assigned to observa-
tion had subfoveal involvement (64).

Because follow-up of patients in the CNVPT remains limited beyond 1 year, only
preliminary information regarding visual acuity and change in visual acuity are available.
In the Bilateral Drusen Study, there was little change in the distribution of visual acuity
through 12 months. In the Fellow Eye Study, the proportion of observed eyes with 20/20
or better visual acuity decreased over follow-up time, while the proportion of such eyes in
the treated group remained relatively stable.

The distributions of the change in visual acuity at follow-up examinations through
18 months were examined. There were no substantial differences between treated and
untreated eyes in the Bilateral Drusen Study at any of the follow-up times. The eyes in the
Fellow Eye Study showed a different pattern. There was a higher percentage of eyes with
a decrease in visual acuity in the group assigned to observation at 12 and 18 months. The
difference achieved nominal statistical significance (p � 0.02) at 18 months. The reasons
for the loss of two or more lines of visual acuity at 18 months for the six observed eyes
were investigated. Two of the eyes had increased pigment, nongeographical atrophy, or
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Figure 7 (A) Color fundus photograph 6 months after CNVPT laser treatment showing
submacular fluid and the visual acuity has dropped from 20/20 to 20/60. (B) Fluorescein
angiography shows a fibrovascular pigment epithelial detachment. See also color insert, Fig. 18.7A.
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drusen; and one each developed CNV, was classified ineligible at baseline because of
geographical atrophy within 500 microns of the foveal center, or had a drusenoid pigment
epithelial detachment. No reason for the loss in visual acuity could be identified for one
eye. Four of the eyes in the Fellow Eye Study assigned to treatment that developed CNV
had not yet had additional follow-up after the CNV was noted and only two had 12 months
of follow-up.

Interestingly, a comparison of eyes with laser-induced drusen reduction to eyes with-
out drusen reduction showed that eyes with drusen reduction had modest improvements of
visual acuity at 1 year (55). These preliminary results do not justify laser treatment of
drusen, particularly since eyes that developed CNV were excluded from this analysis, but
they certainly are intriguing early observations. Longer follow-up is required.

With the efforts of 16 clinical centers from around the country, the CNVPT
Study Group has enrolled 276 patients. The increased incidence of CNV in laser-
treated eyes of the Fellow Eye Study prompted the halting of new recruitment in
December 1996. Follow-up will continue to determine whether the relative rates of CNV
in laser-treated and control eyes will change or remain consistent with the preliminary data
described above. Most importantly, these patients will be followed to determine long-term
visual results.

The initial increased incidence of CNV in laser-treated eyes in the Fellow Eye Study
is intriguing. Although fellow eyes are known to be at a higher risk for development of
CNV than eyes with bilateral drusen, the results thus far with laser treatment were unex-
pected. Interestingly, fellow eyes and bilateral drusen eyes were similar from the standpoint
of clinical fundus features as measured in the CNVPT. It may be that some of the fellow
eyes harbored undetected CNV, which was then stimulated by laser photocoagulation. We
did not perform indocyanine green (ICG) angiography in this study, although recent reports
have suggested that eyes with drusen may demonstrate plaque lesions that go on to frank
CNV (66). Fellow eyes may represent a group of patients with more advanced AMD who
are less amenable to prophylaxis, as suggested by Sarks et al. (20,57). Other groups have
specifically targeted macular drusen with laser treatment while the CNVPT treatment strat-
egy resulted in laser treatment between and sometimes directly on drusen. It is possible that
differences in laser intensity or laser treatment strategy could account for the increased rate
of CNV observed in the CNVPT Fellow Eye Study.

VIII. COMPLICATIONS

The above studies showed that prophylactic laser to drusen can be associated with CNV and
atrophy. Furthermore, Hyver et al. reported the development of a granular subfoveal mate-
rial after laser photocoagulation. The patient had CNV in one eye and large, confluent soft
drusen in the fellow eye. Twenty-four burns were placed in the temporal macula. There was
no direct drusen treatment. The burn intensity was calibrated to create barely visible
whitening. Using a 630-nm wavelength, the setting was a power of 200 mW, duration of
0.05 s and spot size of 200 microns. Ten months after treatment the visual acuity had
dropped from 20/25 to 20/60 and there was a granular subfoveal material. There was no
CNV on fluorescein angiography (67). The Drusen Laser Study reported seven eyes that
developed CNV after laser photocoagulation for drusen. No control eyes in this random-
ized, controlled trial developed CNV (68). Brancato et al. reported a case of CNV that de-
veloped 7 months after prophylactic laser to drusen. The patient had a baseline fluorescein
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(FA) and (ICG) angiography. The FA had no CNV but the ICG showed a suspicious
one-disk area of hyperfluorescence. The drusen temporal to the fovea were directly
treated with krypton red laser. At 7 months, the patient’s vision dropped secondary to an
occult CNV by fluorescein angiography. The ICG showed a two-disk-area plaque of
hyperfluorescence whose border corresponded to the lesion observed on the baseline ICG.
The laser was felt to have possibly exacerbated an underlying occult CNV (66). Indeed,
laser photocoagulation is used to induce experimental CNV (69). Seven days after krypton
photocoagulation to the posterior fundus of rats, Pollack et al. showed full-thickness de-
fects in BM. It was unclear whether laser photocoagulation or cellular processes caused the
defects (70). Regardless, full-thickness breaks are associated with CNV development.

IX. FUTURE DEVELOPMENTS

Because the randomized results from the CNVPT Bilateral Drusen Study and the results
from the other groups suggest no harm and possibly even visual benefit, the CNVPT Study
Group is planning a definitive trial of laser treatment in patients with bilateral drusen. At
this time, our inability to manage exudative AMD effectively and the potential public
health impact of a prophylactic therapy for AMD are very compelling reasons to continue
to investigate this potential therapy. It is estimated that a 33% reduction of the rate of de-
velopment of CNV in patients with bilateral drusen could halve the rate of bilateral blind-
ness in this population (4).

The Complications of Age-Related Macular Degeneration Prevention Trial (CAPT),
a National Eye Institute sponsored clinical trial, will enroll 1000 patients with bilateral
drusen and assign one eye of each patient to light laser photocoagulation and the other eye
to observation. Approximately 24 clinical centers around the United States will participate
to determine the value of this therapy. As in the CNVPT, visual acuity will be the primary
outcome of interest.

X. SUMMARY

A prophylactic treatment for AMD is highly desirable and would have significant public
health impact. Laser photocoagulation to eyes with large drusen can induce dissolution of
drusen. Although the optimal laser delivery characteristics are not known, lower intensity
laser is preferred. Laser-induced drusen reduction may effect modest improvements in vi-
sual function.

The overall value of laser to drusen still requires study within the context of well-de-
signed clinical trials. We need to evaluate results from definitive clinical trials before we
can routinely recommend laser to drusen for our patients.
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Macular Degeneration with Infrared
(810 nm) Diode Laser Photocoagulation
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I. INTRODUCTION

When the retina is stimulated by light, the photopigments located within the outer segments
of the retinal rod and cone cells release energy. These photopigments are maintained in a
high-energy state so that when they are triggered by incident photons, further energy re-
lease occurs, which ultimately results in neuronal transmission of the stimulus along the vi-
sual pathways. Intense metabolic activity is necessary to keep the outer segments and the
visual pigments functioning properly, and the by-products of this metabolism must be re-
cycled. As photoreceptor outer segments contain high concentrations of polyunsaturated
fats whose molecules are susceptible to photooxidative injury, the photoreceptors are sub-
ject to considerable damage over their lifetime.

With age, the recycling of spent photoreceptor debris becomes imperfect, partly be-
cause the enzymes within the retinal pigment epithelium (RPE) become less effective (1).
Lipofuscin and other membranous debris then build up within or at the base of the RPE
cells or are deposited as basal laminar material along Bruch’s membrane (2) (Fig. 1). When
these deposits are of sufficient size, they appear clinically as amorphous yellowish deposits
beneath the sensory retina, which we call drusen (Fig. 2, left). If these deposits coalesce,
their borders may appear fuzzy and indistinct, and they are then termed soft drusen (Fig. 2,
right). The presence of macular drusen in an eye of an older adult is pathognomonic for the
diagnosis of age-related macular degeneration (AMD). Drusen probably interfere with the
nutrient exchange between the sensory retina, RPE, and choriocapillaris, leading to alter-
ations in the photoreceptors and RPE, thereby promoting loss of vision. Clinical and epi-
demiological studies have clearly established that the presence of drusen in an eye is a sig-
nificant risk factor for future visual loss from AMD, particularly from choroidal
neovascularization (3).

Drusen range in size from a few microns to confluent patches hundreds or even thou-
sands of microns in diameter, and may appear clinically as a localized detachment of the
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Figure 1 In this anatomical schematic diagram, retinal, pigment epithelial cells (A) must recycle
debris produced by the photoreceptor outer segments (P) on which the visual pigments (V) reside.
With aging, lipofusion and other membranous debris is deposited along Bruch’s membrane (B) and
at the base of the RPB cells, forming drusen (D). The choriocapillaris (C) lies below Bruch’s
membrane.

Figure 2 (Left) Fundus of an eye with many macular drusen of a variety of sizes. (Right) Fundus
of another eye showing very large confluent drusen. See also color insert, Fig. 19.2.



RPE. Large subfoveal drusen often are associated with decreased visual acuity, diminished
contrast sensitivity, impairment of color vision, and metamorphopsia.

Approximately 90% of the severe loss of visual function from macular degeneration
occurs secondary to the subsequent development of choroidal neovascularization or ex-
udative lesions. For patients over 65 years of age with drusen present in both eyes, the risk
of developing severe visual loss is estimated to be about 18% over 3-years (3–5). Patients
who have already had an exudative event in one eye are at an especially high risk of losing
vision in the fellow eye; this risk approaches 60% over a 5-year period (6). Because of the
risks associated with drusen, investigators have sought to improve the visual prognosis of
eyes with dry age-related macular degeneration by using various potentially prophylactic
measures. Vitamins, minerals, and other micronutrients may reduce the risks of blindness,
but the positive impact of these does not appear striking (7,8). Plasmapheresis (9), or the
removal of certain unwanted components from the blood, requires complex, expensive
equipment, and has not been shown to be clinically efficacious in any large controlled study
despite its promotion by some advocates. Finally, pharmacological approaches that seek to
prevent choroidal neovascularization using antiangiogenic drugs are also under study.

Historically, laser photocoagulation has been observed to promote the resorption of
drusen even when the laser lesions are placed some distance away from the drusen them-
selves. However, the precise mechanism of such drusen resolution remains elusive. Duvall
and Tso (10) have postulated that laser photocoagulation induces pericytes from the un-
derlying choriocapillaris to form phagocytes, which in turn remove the amorphous drusen
debris. Other research suggests that local and circulating antibodies to certain drusen com-
ponents may also play a role (11).

Until recently, virtually all the clinical studies regarding the prophylactic photocoag-
ulation of eyes with drusen have dealt with small numbers of patients and were of a pilot
nature. All used laser light in the visible spectrum, usually the argon and krypton wave-
lengths. For example, Wetzig (12) used moderate intensity argon or krypton lesions in 42
eyes and noted that drusen resorbed in about half of the eyes over a 3-year period. Cleasby
et al. (13) suggested that such prophylactic laser treatment might prevent the development
of choroidal neovascularization. A favorable effect on visual acuity was suggested by Fren-
nesson and Nilsson (14), who showed a 50% reduction in drusen area at 12 months. Im-
proved visual acuity after laser photocoagulation was also described by Figueroa et al. (15)
and by Little et al. (16). Finally, Guymer et al. (17) demonstrated improved scotopic thresh-
olds after laser photocoagulation of eyes with high-risk clinical features of AMD.

The safety and efficacy of laser treatment placed directly over the drusen themselves
versus treatment of the RPE in their vicinity has been debated. Advocates of direct treatment
argue that the RPE and underlying Bruch’s membrane are thicker at the drusen site so that
treatment at the drusen is less likely to induce choroidal neovascularization. Advocates of
the 810-nm laser argue that very minimal lesions are clinically effective in inducing drusen
absorption, even when lesions are placed in a grid without regard to precise drusen location.

II. PILOT STUDIES

A. Argon Laser Photocoagulation

The Choroidal Neovascularization Prevention Trial (CNVPT) used argon laser photocoag-
ulation (18) to induce drusen disappearance. Patients were divided into two groups; bilat-
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erally eligible patients were defined as those with at least 10 large drusen (�63 microns in
diameter) in the macula of each eye and vision of 20/40 or better. In the unilateral (fellow
eye) group, one eye had to have had a previous exudative event prior to entry into the study,
so that only the remaining eye with multiple large drusen was eligible for randomization.
The eye to be treated was randomly selected for a bilaterally eligible patient, while in the
fellow eye group, the eligible eye was randomized to either observation or treatment. Treat-
ment was performed using argon green laser photocoagulation with 100-micron spots
placed in one of four separate patterns. The intensity of lesions varied from gray-white to
white depending upon the treatment protocol selected. In most cases, a C-pattern located
just temporal to the foveola was placed. If there was not an observable reduction of drusen
of at least 50% at 6 months’ time in the CNVPT, the eye typically was retreated with an-
other C-pattern located nasal to the fovea to, in essence, completely surround the foveola
with laser treatment.

After 1 year, the CNVPT study showed paradoxically that treated eyes in the fellow
eye group unfortunately had a significantly higher incidence of choroidal neovasculariza-
tion than observed eyes (16.9% vs 3.2%). Hence, the study was prematurely halted for
safety reasons and the protocol and goals were reassessed. Ultimately, the study was re-
launched as a larger randomized trial excluding patients who had, at entry, a diskiform pro-
cess in one of their eyes. Thus, the fellow eye group of patients was excluded from further
study.

B. Infrared (810 nm) Diode Laser Photocoagulation

Concurrently, a group of investigators was evaluating the use of 810-nm infrared laser to
prophylactically treat eyes with drusen (19). Very importantly, this group also sought to
study the effect of altering the intensity of the laser lesion at the time of treatment. Virtu-
ally no retinal photocoagulation studies had prospectively randomized laser lesion intensity
to evaluate the effect of minimal versus more typical intensities on clinical outcomes.

1. Study Method
In the infrared diode pilot study, 29 eyes of 152 patients aged 50 years or older met the fol-
lowing inclusion criteria and were randomized: at least five large drusen (�63 microns in
size) in the macula, no substantial geographic atrophy, or confounding ocular diseases, and
best corrected visual acuity of 20/63 or better as measured on ETDRS acuity charts. Uni-
lateral patients must have had a previous diskiform or exudative event in one of their eyes
while the fellow eye met eligibility criteria (Fig. 3, left), whereas in bilateral patients, both
eyes met all eligibility criteria (Fig. 3, right).

Randomization for the study was performed as follows: unilaterally eligible patients
had their eligible eye randomized to either treatment or observation and bilaterally eligible
patients had one of their eyes randomly selected for treatment with the other eye serving as
a control. In all cases, laser treatment consisted of placement of 48 125-micron diameter
spots in an annular pattern (Fig. 4) grouped to surround but to avoid the foveola. Retreat-
ments were not allowed. Laser lesion intensity was itself randomized to either threshold or
subthreshold levels. The threshold laser lesion protocol required the placement of 48 spots
that were barely visible directly after placement whereas the subthreshold treatment proto-
col called for the use of clinically invisible lesions, which remained invisible even hours af-
ter placement. This was accomplished by creating a test laser lesion of 0.2 s duration out-
side of the macula and increasing the laser power from a minimal amount until the retinal
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lesion could be just barely detected. Keeping the laser power settings constant, the duration
of the laser pulse was decreased to 0.1 s, which halved the energy applied to produce
the lesion. A subthreshold lesion resulted. These lesions could not be seen directly
after treatment. However, they could be placed with reasonable accuracy by dividing the
target area into four quadrants and then placing 12 lesions in each section of the treatment
annulus. Clinical conformation of lesion placement could be confirmed by fluorescein
angiography.
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Figure 3 (Left) An eligible patient in the unilateral group has one eye affected by end-stage
exudative AMD while the eligible eye has at least 5 drusen 63 microns in size or larger and visual
acuity of 20/63 or better. (Right) A bilaterally eligible patient has 5 or more drusen �63 microns and
20/63 visual acuity or better in each eye.

Figure 4 The placement of 48 125-micron laser lesions was done in a grid that surrounded the
foveola whereby the lesions were placed in an annulus whose inside radius was one-half an optic
disk diameter and whose outside radius was 11/2 disk diameters.



2. Results
Choroidal Neovascularization. At 24 months, the infrared diode pilot study,

showed no statistically significant difference in choroidal neovascular event rates in treated
versus observed eyes in either the unilaterally eligible or bilaterally eligible patient groups
(see Table 1). These results are in contrast to the increased risk of choroidal neovascular-
ization found by the CNVPT study at 12 months in treated eyes of unilaterally eligible pa-
tients. The event rates for observed eyes in the unilaterally and bilaterally eligible patients
were 27% and 4.6%, respectively, at 24 months. Hence, the risk of choroidal neovascular-
ization was about six times greater in those patients who had already had a previous event
in one of their eyes (unilateral group) compared to patients who had both eyes eligible at
entry. Prophylactic diode laser treatment did not increase or decrease a patient’s chances of
developing an exudative event within the follow-up period of 24 months.

Drusen Disappearance. A total of 43.6% of eyes treated with subthreshold lesions ex-
hibited a 50% reduction in macular drusen area over 24 months compared to 62.3% of eyes
treated with more intense (visible) threshold lesions. Overall, at 24 months, diode laser treat-
ment resulted in a 50% reduction in drusen level in 68.3% of eyes compared to
virtually no reduction (3.3%) in observed eyes over the same time period. As shown in Fig-
ure 5, it was apparent that more intense lesions led to more rapid resolution of drusen, whereas
use of more gentle subthreshold spots also resulted in drusen resorption, but at a slower rate.
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Table 1 PTAMD Pilot Results

12-month follow-up:
CNVM event rates combined

Subthreshold or visible
Observed treatment

Unilateral 17% 12%
Bilateral 2.7% 4.0%

24-month follow-up:
CNVM event rates combined

Subthreshold or visible
Observed treatment

Unilateral 27% 20%
Bilateral 4.6% 4.0%

Percentage of diode-treated eyes
developing choroidal neovascularization

Observation Visible treatment Subthreshold treatment

Group at 12 months
Bilateral 2.7% 8.3% 0%
Unilateral 17% 12% 13%

Group at 24 months
Bilateral 4.6% 9.7% 0%
Unilateral 27% 16% 27%



Visual Improvement. Although changes in the clinical appearance of drusen can be
striking after photocoagulation (Fig. 6), such changes have little relevance to the patient un-
less they are accompanied by improved visual acuity or reduction of risk of long-term vi-
sual loss. A subset of patients in the PTAMD pilot in whom two lines of improvement was
possible (20/32–20/63 vision at entry) was analyzed at 24 months. A total of 15.4% of all
treated eyes (18.2% of visual treated and 12.5% of subthreshold treated) enjoyed two lines
of improvement after 2 years compared to 0% of observation eyes. In the bilateral study
arm, 41 patients had initial acuity of 20/32–20/63 and 24.4% of these eyes showed two lines
of improvement after treatment compared to 0% of fellow eyes. This visual improvement
was statistically significant to the p �0.002 level. These visual results are in harmony with
results from several smaller studies that suggest a visual benefit to prophylactic laser treat-
ment to eyes with drusen (15,16,20).

Theoretical Considerations. The 810-nm-diode wavelength has certain properties
that may make it a preferable choice over visible argon or krypton wavelengths for the
treatment of drusen. The infrared laser may produce less blood–retinal barrier breakdown
because of greater tissue penetration and less thermal disruption, particularly at lower en-
ergy levels (21). Pollack et al. (22) concluded that subclinical diode laser photocoagulation
of the retina limits damage to the photoreceptors compared to more intense threshold le-
sions. However, some authors (22) have suggested that the placement of minimal intensity
laser lesions is difficult to accomplish in a reproducible manner because of heterogeneity
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Figure 5 Graph showing the influence of the intensity of the laser lesions used and the time to
50% resolution of drusen area. Subthreshold 811-nm diode laser-treated patients require a longer
time, on average, to achieve drusen resorption but at 24 months following treatment, the percentage
of eyes showing substantial drusen resorption is similar, regardless of laser treatment intensity.



in the RPE cells themselves. Funatsu et al. (23) suggested that diode laser photocoagula-
tion produces a greater increase in preretinal oxygen partial pressure than argon laser pho-
tocoagulation, giving the former a theoretical advantage in preventing choroidal neovascu-
larization. Whether or not these potential advantages have clinical relevance remain to be
established.

III. PTAMD STUDY

Based on the pilot data, a large multicentered, randomized, controlled trial was initiated us-
ing only subthreshold 810-nm-diode laser lesions placed in a single treatment session. To
date, approximately 600 patients have enrolled in this study, which is called Prophylactic
Treatment of Age-Related Macular Degeneration (PTAMD) Trial. Endpoints being evalu-
ated include choroidal neovascular event rates in both the bilateral and unilateral patient
groups, alterations of drusen area and drusen distribution, and changes in best corrected vi-
sual acuity.

In designing a prophylactic study, the number of patients required to show potential
efficacy is an important figure unlike a therapeutic trial when an intervention or placebo is
randomly given to patients identified with a given disease. A prophylactic trial requires a
larger patient population. That is, only a minority of patients with AMD would be expected
to develop CNVM over a few years’ time. Historical estimates can be used, but the data
from an available pilot study are partially useful, if the pilot used essentially the same en-
try criteria and methodology. The choroidal neovascular membrane event rates at 24
months for the PTAMD pilot study are shown in Table 1. If we look only at observed eyes,
the unilateral observed eyes had an event rate of 27% over 2 years, or approximately 15%
per year; in the bilateral group, the rate was 4.6% over 2 years, or roughly 3% per year. If
we then require a 95% confidence interval for detecting significant differences (� � 0.05)
and a power of 90% (90% confident that if we detect no difference that indeed no differ-
ence is present or B � 0.10), we can calculate the estimated number of patients needed in
the PTAMD trial. Assume that a patient will be followed for 5 years and that prophylactic
treatment reduces the CNVM by a modest 20%. We then would need approximately 200
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Figure 6 (Left) The right fundus of a patient with multiple, large macular drusen. (Center)
Twelve months after treatment with subthreshold laser lesions, drusen resorption has been dramatic.
(Right) Fluorescein angiogram of same eye 2 years after treatment. The subthreshold laser scars are
virtually undetectable. See also color insert, Fig. 19.6 left and center.



patients in the unilaterally eligible group and 2700 patients in the bilaterally eligible group
to show such differences. Note that because the CNVM event rate for eyes having already
had an exudative event is about six times higher than for an eye of a patient with drusen in
both eyes, substantially fewer patients are needed to show treatment efficacy in unilaterally
eligible patients. Hence, the continued inclusion of such patients in the PTAMD should fa-
cilitate obtaining results over a shorter period of time, in contrast to the CAPT study, which
excludes such patients.

IV. FUTURE CONSIDERATIONS

Studies evaluating the effect of laser photocoagulation on drusen disappearance are some-
what hampered by imprecise methods of measuring the drusen themselves. Typically, the
total area of drusen in the macula is not a criterion for entry into a study, because method-
ology to measure drusen area is either rudimentary or depends on the time-consuming
placement of templates on images to calculate or measure drusen diameter. Difficulties are
compounded by the presence of large geographic patches of confluent drusen. Hence, data
relating to drusen disappearance should be considered to be gross estimates rather than ob-
jective and precise. Furthermore, the published risk of visual loss in eyes with drusen are
projections based on rather gross categorizations of drusen size and extent. Eyes exhibiting
even a single large drusen in the macula but far from the fovea have been grouped, in some
studies, with eyes that harbor scores of large drusen in the posterior pole. The failure to
quantitate drusen size, drusen area, and drusen location is potentially a serious flaw in vir-
tually all clinical studies on the subject, whether the study evaluated the effects of photo-
coagulation on eyes with drusen or whether it calculated visual loss risk data as a function
of the presence of drusen. Automated methods of drusen categorization may make such
studies more quantitative and less subjective (Fig. 7).

V. SUMMARY

The presence of drusen in an eye is a significant risk factor for future visual loss from
AMD, and in particular from choroidal neovascularization. Prophylactic infrared laser
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Figure 7 Using a drusen analysis software program, drusen located within the large circle (left)
(alzer 1 ring) are selected for analysis and the area of regard is displayed (center). A drusen detection
algorithm identifies and displays the drusen it found in false color (right). See also color insert, Fig.
19.7.



using an 810-nm-diode laser was placed in a grid pattern of 48 spots at a single session to
promote drusen disappearance in a prospective randomized pilot study. In the pilot diode
laser study, the intensity of laser lesions to be used in a patient’s eye was randomized to
either threshold (barely visible after placement) or subthreshold (not clinically visible)
treatment. At 24 months, there was no significant difference in choroidal neovascular event
rates between treated and observed eyes, whether the patient was treated with threshold or
subthreshold laser intensity.

In contrast to a similar large pilot study that used argon laser treatment to promote
drusen disappearance, diode laser treatment did not lead to significantly higher choroidal
neovascular membrane event rates in any patient group. Threshold laser lesions led to a
more rapid disappearance of drusen than lighter, subthreshold lesions but both were effec-
tive. Overall, diode laser treatment resulted in a 50% reduction of drusen levels in 68% of
treated eyes at 24 months.

A total of 15% of patients in the pilot study who had initial visual acuity between
20/32 and 20/63 showed at least two lines of visual acuity improvement after diode
laser treatment. A large multicenter randomized study, the Prophylactic Treatment of Age-
Related Macular Degeneration (PTAMD), is underway to determine the potential long-
term benefits of 810-nm subthreshold laser treatment for patients who have dry AMD and
multiple drusen.
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I. INTRODUCTION

Age-related macular degeneration (AMD), the most frequent cause of blindness among in-
dividuals aged 55 years and older in developed countries, is a major public health problem
(1–4). The National Eye Institute estimates that there may be more than 16,000 new cases
of legal blindness annually from AMD in the United States. In addition, the prevalence of
AMD in the United States is expected to rise as a result of a progressive increase in the life
expectancy and the proportion of elderly persons in the population. The increasing impact
of AMD, coupled with the limited therapy available for its treatment, has led many inves-
tigators to search for factors that could be modified to prevent the onset or alter the natural
course and prognosis of AMD. The identification and modification of risk factors has
the potential for greater public health impact on the morbidity from AMD than the few
treatment modalities at hand.

II. EPIDEMIOLOGICAL STUDIES ON RISK FACTORS
FOR AGE-RELATED MACULAR DEGENERATION

Despite the high prevalence and public health importance of AMD, its pathogenesis re-
mains unknown. The types of epidemiological studies that have explored AMD risk factors
are case-control, cross-sectional, and prospective cohort studies. Case-control studies
[e.g., the Eye Disease Case-Control Study (5,6)] have compared the frequency of possible
risk factors among individuals with AMD to a cohort of control patients without the dis-
ease. Cross-sectional studies [e.g., the Framingham Eye Study (2) and the National Health
and Nutrition Examination Survey I (NHANES-I) (7) have correlated eye examination data
with sociodemographic, medical, and other variables collected as part of larger studies.
Prospective cohort studies [e.g., the Physicians’ Health Study (8)] collect data in a group
of subjects over time. Tables 1, 2, and 3 show some case-control, cross-sectional, and
prospective cohort studies that have explored risk factors for AMD.
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III. PROBLEMS AND LIMITATIONS OF EPIDEMIOLOGICAL
STUDIES ON RISK FACTORS FOR AGE-RELATED
MACULAR DEGENERATION

There may be different causative factors that damage the macula and result in common clin-
ical manifestations that we recognize as AMD. The analysis of risk factors for AMD is in-
herently difficult because many of them are closely interrelated, e.g., race, ocular pigmen-
tation, and sunlight exposure, or socioeconomic status, smoking, and nutrition. Studying
risk factors such as sunlight exposure includes challenges in measurement of acute and
chronic lifetime exposure and the effect of potential confounding factors such as sun sen-
sitivity and sun-avoidance behavior. In addition, the difficulties in establishing a causal link
between a chronic disease and a potential risk factor are magnified for a condition such as
AMD because it manifests itself late in life. Additional problems in this circumstance in-
clude a long lead time, a possible recall bias, and survivor cohort effects.

Despite the extensive past and ongoing research on AMD worldwide, there is cur-
rently no universally accepted definition of AMD. Different definitions of early and late
signs of AMD have been used in various studies, making direct comparison of the results
difficult or impossible (Table 4) (9). The problem is further compounded by differences in
methodology used in the various studies. A wide range of different diagnostic tools has
been used in different clinical and epidemiological studies (9). For example, NHANES-I,
a population-based study of a sample of the noninstitutionalized U.S. population, relied
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Table 4 Definitions of and Age Limits in Age-Related Macular Degeneration (Age-Related
Maculopathy) Used in Population-Based Studies

1. Framingham Eye Study (2): An eye was diagnosed as having senile macular degeneration if
its visual acuity was 20/30 or worse and the ophthalmologist designated the etiology of
changes in the macula or posterior pole as senile.
Age limits: 52–85 years.

2. National Health and Nutrition Eye Study I (7): Age-related diskiform macular degeneration:
loss of macular reflex, pigment dispersion and clumping, and drusen associated with visual
acuity of 20/25 or worse believed to be due to this disease. Age-related diskiform macular
degeneration: choroidal hemorrhage and connective-tissue proliferation beneath retina (this
condition should be differentiated from diskiform degenerations of other causes, e.g.,
histoplasmosis, toxoplasmosis, angioid streaks, and high myopia). Age-related circinate
macular degenation: perimacular accumulation of lipoid material within the retina. Age limits:
1–74 years.

3. Gisborne Study (27): Senile macular degeneration: when the visual acuity in the affected eye
was 6/9 (20/30) or worse and senile macular degeneration was identified as the probable cause
of this visual loss. Age limits: �65 years.

4. Copenhagen Study (28): Age-related macular degeneration (AMD): best corrected visual
(Snellen) acuity (including pinhole improvement) of 6/9 or less, explained by age-related
morphological changes of the macula. Atrophic (dry) changes: disarrangement of the pigment
epithelium (atrophy/clustering) and/or a small cluster of small drusen and/or medium drusen
and/or large drusen and/or pronounced senile macular choroidal atrophy/sclerosis without
general fundus involvement. Exudative (wet) changes: elevation of the neurosensory retina
and/or the pigment epithelium and/or hemorrhages, and/or hard exudates and/or fibrovascular
tissue. Age-related macular changes without visual impairment (AMCW) is defined as similar
morphological lesions but without visual deterioration. Age limits: 60–80 years.



solely on clinical examinations by multiple independent examiners with varying levels of
experience, and standardization of the diagnosis of AMD was uncertain (7,10). Fundus
photographs of a subset of the study population were reviewed and discrepancies in the
macular gradings were disclosed (11). The Framingham Eye Study, which has provided the
most frequently cited prevalence data on AMD to date, was based mainly on clinical ex-
amination and fundus photography was performed only on a small subset of the study pop-
ulation (12). More recent studies have used fundus photography to detect and grade AMD
but the details were not always standardized among the studies (13–17).

In an effort to standardize disease definition and study methodology, the Interna-
tional Age-Related Maculopathy Epidemiological Study Group published in 1995 an in-
ternational classification and grading system for AMD in the hope of producing a common
detection and classification system for epidemiological studies (9). It defined age-related
maculopathy (ARM) to include two alternate late lesions (neovascular maculopathy and
geographic atrophy), termed age-related macular degeneration (AMD), or late ARM, and
early lesions (soft or large drusen and retinal pigmentary abnormalities), termed early ARM
(Table 5). In this definition, visual acuity is not a criterion for the presence or absence of
ARM. This new terminology, however, has not been universally accepted. In this chapter,
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5. Chesapeake Bay Study (13): No specific overall definition. Geographic atrophy: an area of
well-demarcated atrophy of the RPE in which the overlying retina appeared thin. Exudative
changes: choroidal neovascularization, detachments of the RPE, and diskiform scarring.
Grading of AMD in 4 grades:

Grade 4: geographic atrophy of the RPE or exudative changes.
Grade 3: eyes with large or confluent drusen or eyes with focal hyperpigmentation of the
RPE
Grade 2: eyes with many small drusen (�20) within 1500 microns of the foveal center.
Grade 1: eyes with at least five small drusen within 1500 microns of the foveal center or at
least 10 small drusen between 1500 and 3000 microns from the foveal center. No visual
acuity included. Age limits: �30 years.

6. Beaver Dam Eye Study (14): Early age-related maculopathy was defined as the absence of
signs of the late age-related maculopathy as defined in table 5 and as the presence of soft
indistinct or reticular drusen or by the presence of any drusen type except hard indistinct, with
RPE degeneration or increased retinal pigment in the macular area. Late age-related
maculopathy was defined as the presence of signs of exudative age-related macular
degeneration or geographic atrophy. The grade assigned for the participant was that of the
more severely involved eye. No visual acuity included. Age limits: 43–86 years.

7. Rotterdam Study (29): All ARM changes had to be within a radius of 3000 microns of the
foveola. No definition of early ARM, but separate prevalence figures for drusen and retinal
pigment epithelial hyperpigmentations or hypopigmentations attributable to age-related causes.
Late ARM (similar to AMD): the presence of atrophic AMD (well-demarcated area of RPE
atrophy with visible choroidal vessels) and/or neovascular AMD (serous and/or hemorrhagic
RPE detachment, and/or subretinal neovascular membrane and/or hemorrhage, and/or
periretinal fibrous scar) attributable to age-related causes. In a participant the most severely
involved eye was taken for the analysis. No visual acuity included. Age limits: �55 years.

Source: Reprinted from The International ARM Epidemiological Study Group. An international classification
and grading system for age-related maculopathy and age-related macular degeneration. Surv Ophthalmol
1995;39(5); 367–374. Copyright 1995, with permission from Elsevier Science.



we will use the more conventional definition of AMD to include the entire spectrum of the
disease (i.e., equivalent to ARM in the new terminology). Neovascular AMD and geo-
graphic atrophy will be collectively termed late AMD (equivalent to late ARM) and the
early lesions of AMD will be termed early AMD (equivalent to early ARM).

It is possible that the factors associated with early AMD may be different from
those associated with progression to geographic atrophy or neovascular AMD. In
addition, although geographic atrophy and neovascular AMD are termed collectively
as late AMD (or late ARM), they may have different causes (9). For these reasons, it
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Table 5 Definitions of Age-Related Maculopathy

Age-related maculopathy (ARM) is a disorder of the macular area of the retina, most often
clinically apparent after 50 years of age, characterized by any of the following primary items,
without indication that they are secondary to another disorder (e.g., ocular trauma, retinal
detachment, high myopia, chorioretinal infective or inflammatory process, choroidal dystrophy,
etc.):

Drusen, which are discrete whitish-yellow spots external to the neuroretina or the retinal pigment
epithelium. They may be soft and confluent, often with indistinct borders.
Soft distinct drusen have uniform density with sharp edges.
Soft indistinct drusen have decreasing density from center outward with fuzzy edges.
Hard drusen, usually present in eyes with as well as those without ARM, do not of themselves
characterize the disorder.

Areas of increased pigment or hyperpigmentation (in the outer retina or choroid) associated with
drusen.

Areas of depigmentation or hypopigmentation of the retinal pigment epithelium (RPE), most often
more sharply demarcated than drusen, without any visibility of choroidal vessels associated with
drusen.

Late stages of ARM, also called age-related macular degeneration.
Age-related macular degeneration (AMD) is a later stage of ARM and includes both “dry” and

“wet” AMD.
Dry AMD is also called geographic atrophy and is characterized by:
Any sharply delineated roughly round or oval area of hypopigmentation or depigmentation or

apparent absence of the RPE in which choroidal vessels are more visible than in surrounding
areas that must be at least 175 microns in diameter on the color slide (using a 30 or 35
camera).

Wet AMD is also called “neovascular” AMD, “diskiform” AMD, or “exudative” AMD and is
characterized by any of the following:

RPE detachment(s), which may be associated with neurosensory retinal detachment, associated
with other forms of ARM.

Neovascular membrance(s), which may be subretinal or sub-RPE.
Scar/glial tissue or fibrin-like deposits, which may be epiretinal (with exclusion of idiopathic

macular puckers), intraretinal, subretinal, or subpigment epithelial.
Subretinal hemorrhages, which may be nearly black, bright red, or whitish-yellow and are not

related to other retinal vascular disease. Hemorrhages in the retina (retinal hemorrhages) or
breaking through it into the vitreous (vitreous hemorrhages) may also be present.

Hard exudates (lipids) within the macular area related to any of the above, and not to other retinal
vascular disease.

Source: The International ARM Epidemiological Study Group. An International Classification and
Grading System for Age-Related Maculopathy and Age-Related Macular Degeneration. Surv
Ophthalmol 1995; 39(5): 367–374. Copyright 1995, with permission from Elsevier Science.



may be important to pay attention to the different stages of AMD and to separate the two
manifestations of late AMD in epidemiological studies, as has been done in several recent
studies (18,19).

Some studies have evaluated huge numbers of variables for possible associations
with ocular findings. For example, the Framingham Eye Study correlated its ophthalmic di-
agnoses with almost all of 667 variables from the Framingham Heart Study (12). Because
of the very large number of variables evaluated, it is possible that some of the associations
found may be due to chance alone (20). Similarly, while it is plausible that risk factors may
be different for the various manifestations of AMD [e.g., drusen, increased retinal pigment,
retinal pigment epithelial (RPE) depigmentation, geographic atrophy, and neovascular
AMD], simultaneously conducting multiple comparisons within individual studies in-
creases the likelihood of chance findings (21). In fact, one in 20 variables should have a
positive association (for p � 0.05) by chance alone (22), and this probably contributes
partly to the inconsistent results between studies. To provide compelling evidence of a
real association between AMD and potential risk factors, repeated findings of the same risk
factors in well-designed studies conducted in different populations are necessary.

While results from epidemiological studies may identify risk factors for AMD, proof
that modifying a particular established risk factor can influence the course of the disease
can emerge only from randomized prospective clinical trials.
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Table 6 Risk Factors for Age-Related Macular Degeneration

Established risk factors
Age
Race/ethnicity
Heredity
Smoking

Possible risk factors
Gender
Socioeconomic status
Iris color
Macular pigment density
Cataract and its surgery
Refractive error
Cup/disk ratio
Cardiovascular disease
Hypertension and blood pressure
Serum lipid levels and dietary fat intake
Body mass index
Hematological factors
Reproductive and related factors
Dermal elastotic degeneration
Antioxidant enzymes
Sunlight exposure
Micronutrients
Dietary fish intake
Alcohol consumption

Factors probably not associated with AMD
Diabetes and hyperglycemia



IV. RISK FACTORS FOR AGE-RELATED MACULAR
DEGENERATION

A number of risk factors for AMD have been incriminated from various epidemiological
studies, suggesting that the condition is multifactorial in etiology (Table 6). These risk fac-
tors may be broadly classified into personal or environmental factors, and the personal fac-
tors may be further subdivided into sociodemographic, ocular, and systemic factors.

V. SOCIODEMOGRAPHIC FACTORS

A. Age

Age is the strongest risk factor associated with AMD. The prevalence, incidence, and pro-
gression of all forms of AMD rise steeply with advancing age (14,23). There is a consistent
finding across multiple population-based studies of an increase in prevalence of late AMD
with age, from near absence at age 50 years to about 2% prevalence at age 70, and about
6% at age 80 (14,24,25). In the Framingham Eye Study, the prevalence of any AMD (de-
fined as degenerative changes of the macula with visual acuity of 20/30 or worse) was 1.6%
for persons aged 52–64 years, 11.0% for persons aged 65–74 years, and 27.9% for persons
aged 75–85 years (26). Although closely linked to the aging process, AMD is not univer-
sal and is not inevitable with increasing age.

B. Gender

Gender has not been consistently found to be a risk factor for AMD. Gender was not asso-
ciated with AMD in a study in Gisborne, New Zealand (27), the NHANES-I (7), the Copen-
hagen Study (28), the Rotterdam Study (29), and a Finnish population-based study (30).
Frequency estimates for drusen and the high-risk features of AMD among the black par-
ticipants in the Barbados Eye Study were similar for men and women (15).

In the Blue Mountains Eye Study, there were consistent, although not statistically
significant, gender differences in prevalence for most lesions of AMD, with women
having higher rates for late AMD and soft indistinct drusen than men, but not retinal
pigmentary abnormalities, which were slightly more frequent in men (16). In addition,
a significantly higher rate of bilateral involvement in women than men was found for
neovascular AMD [odds ratio (OR), 7.7; 95% confidence interval (CI), 1.3–46.7] in the
Blue Mountains Eye Study (31). For all other lesions of AMD, nonsignificant increased
odds ratios were found for bilateral involvement in women (OR, 2.4; 95% CI, 0.6–10.0 for
geographic atrophy and OR, 1.6; 95% CI, 0.7–3.5 for early AMD). In the Beaver Dam Eye
Study, exudative AMD was more frequent in women � 75 years compared with men in
the same age group (6.7% vs. 2.6%, p � 0.02) (14). In addition, in an incidence study,
after adjusting for age, the incidence of early AMD was 2.2 times (95% CI, 1.6–3.2) as
likely in women � 75 years of age compared to men this age (23).

Smith and associates pooled data from the Rotterdam Study (29), the Beaver Dam
Eye Study (14), and the Blue Mountains Eye Study (16) to determine whether women have
a higher age-specific AMD prevalence than men (32). These three recent large-scale, pop-
ulation-based studies used almost identical diagnostic techniques and criteria for AMD,
and the published data are presented in identical form for age groups 55–85 years. The

366 Au Eong and Haller



overall pooled data show a significant but modest increase in AMD prevalence among
women compared to men, with odds ratio of 1.15 (95% CI, 1.10–1.21) adjusting for 10-year
age categories. Age stratum-specific pooled odds ratios (95% CI) show an increase in risk,
rising from 0.62 (0.35–1.10) for ages 55–64 years to 1.04 (0.87–1.26) for ages 65–74 years
and 1.29 (1.20–1.38) for ages 75–84 years.

The Melton Mowbray Eye Study (33) and the Framingham Eye Study (2,34) also
found a higher prevalence of AMD among women. In NHANES-III, after controlling for
age, white women (OR, 1.32; 95% CI, 1.10–1.61) and black women (OR, 1.39; 95% CI,
1.00–1.92) had statistically significant higher odds of having soft drusen (defined as drusen
� 63 microns) than did men of the same race/ethnicity group, respectively (25). White
women (OR, 1.24; 95% CI, 1.02–1.51) and black women (OR, 1.47; 95% CI, 1.06–2.03)
2.03) were also more likely to have early AMD present than white and black men, respec-
tively (25).

Further research is necessary to confirm whether true gender differences exist in
AMD.

C. Race/Ethnicity

Differences in genetic susceptibility probably explain part of the disparities in the preva-
lence of AMD in different races. The low numbers of black participants in the Macular Pho-
tocoagulation Study (MPS) trials for AMD suggested that the condition is less prevalent in
black than in white populations (35). As of July 1, 1991, only one (0.08%) of 1319 patients
enrolled in the MPS trials for AMD was black, while 1314 were white and four were listed
as “other” (35).

Several studies have suggested that AMD is more prevalent among whites than
blacks (15,36–38). Gregor and Joffe, comparing 377 white patients from London, England,
with 864 age- and sex-matched black South Africans, found that drusen and pigment ep-
ithelial changes were twice as common in whites as in black Africans (18.3% vs. 9.3%, p
� 0.001 and 11.4% vs. 4.6%, p � 0.001, respectively) (36). They also observed that diski-
form degeneration was present in 3.5% of white patients compared to 0.1% of South
African patients (p � 0.001).

In the Baltimore Eye Survey, a cross-sectional, population-based study of black and
white residents of East Baltimore, all AMD-related blindness was found in whites (37,38).
Drusen � 63 microns were identified in about 20% of individuals in both blacks and whites,
but large drusen (�125 microns) were more common among older whites (15% for whites
vs. 9% for blacks over 70 years old) (38). Retinal pigmentary abnormalities were also more
common among older whites (7.9% for whites vs. 0.4% for blacks over 70 years old) (38).
The prevalence ratio (white:black) was 10.7 for geographic atrophy, 8.8 for neovascular
AMD, and 10.1 for all late AMD (geographic atrophy plus neovascular AMD) (38).

In the Barbados Eye Study, (15), a population-based study in a large population of
persons primarily of African descent, age-related macular changes occurred at a lower fre-
quency than in the predominantly white populations of the Maryland Watermen Study (13)
and the Beaver Dam Eye Study (14). At least one small (�63 microns) drusen was present
in 66.2% of the Barbados Eye Study participants, which is lower than that of 86% of Mary-
land Watermen Study participants and 94% of the Beaver Dam Eye Study participants. The
frequency of at least one large drusen of 1.1% in the Barbados Eye Study was also lower
compared with these other studies, which had rates of 9% and 20% for the Maryland Wa-
termen Study and Beaver Dam Eye Study, respectively. Neovascular AMD was found in
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0.6% in the Barbados Eye Study. This was similar to the Maryland Watermen Study but
lower than the 1.2% found in the Beaver Dam Eye Study. One caveat in the interpretation
of the Barbados Eye Study, which is based on 30 stereoscopic fundus photographic grad-
ing, is that because the gradability of the fundus photographs decreased significantly with
increasing age, predominantly as a result of an increasing incidence and severity of media
opacities, and the participants excluded from the data analyses tended to be older, the fre-
quencies presented in the Barbados Eye Study may underestimate the true frequency of
AMD in this population (15).

In NHANES-III, after adjusting for age, the frequency of early AMD was similar in
non-Hispanic whites compared with that of non-Hispanic blacks and Mexican-Americans
(25). Although the frequencies of soft drusen appear similar among the racial/ethnic
groups, retinal pigmentary abnormalities and signs of late AMD are more frequent in non-
Hispanic whites than in non-Hispanic blacks and Mexican-Americans. For increased reti-
nal pigment and RPE depigmentation, the odds ratios (95% CI) comparing non-Hispanic
blacks to non-Hispanic whites were 0.47 (0.31–0.72) and 0.59 (0.33–1.04), respectively,
and for comparing Mexican-Americans to non-Hispanic whites, they were 0.41
(0.21–0.81) and 0.72 (0.44–1.19), respectively. For late AMD, the odds ratio (95% CI) for
non-Hispanic blacks compared to non-Hispanic whites was 0.34 (0.10–1.18) and for Mex-
ican-Americans compared to non-Hispanic whites, it was 0.25 (0.07–0.90). Interestingly,
before 60 years of age, Mexican-Americans (OR, 1.53; 95% CI, 1.00–2.35) and non-His-
panic blacks (OR, 1.59; 95% CI, 0.86–2.95) had a greater chance of having any AMD than
non-Hispanic whites; thereafter, Mexican-Americans (OR, 0.63; 95% CI, 0.44–0.90) and
non-Hispanic blacks (OR, 0.50; 95% CI, 0.37–0.68) had a lesser chance than non-Hispanic
whites (39). Other Hispanics, Asians, and native Americans were included in NHANES-III
but were not reported owing to inadequate sample sizes.

Klein and associates studied the prevalence of a large cohort of black and white par-
ticipants in the Atherosclerosis Risk in Communities Study and found that the overall
prevalence of any AMD was lower in blacks (3.7%) than whites (5.6%) (40). After con-
trolling for age and sex, the odds ratio for any AMD in blacks compared with whites was
0.73 (95% CI, 0.58–0.91). The prevalence of most of the component lesions that define
early AMD was also lower in blacks than whites � 60 years of age.

Klein and Klein, using data from NHANES-I, found no difference between whites
and blacks in the percentage of patients with AMD (10). Another analysis of the same data
came to the same conclusion (7).

It is unclear whether the degree of fundus pigmentation affects the ability to detect
lesions such as hyper- and hypopigmentation of the RPE, and soft drusen that characterize
AMD. It is plausible that variations in normal fundus pigmentation may lead to errors in
detecting subtle early AMD lesions, resulting in apparent differences among the ethnic
groups.

Overall, current evidence suggests that early AMD is common among blacks and
Hispanics, but less common than among non-Hispanic whites. However, late AMD is less
frequent in these groups compared to non-Hispanic whites. Racial differences in AMD sup-
port a potential genetic component to this condition.

D. Heredity

Analysis of heredity in the disease process of AMD is limited by the fact that the disorder
is associated with aging, frequently causing its most significant phenotypic manifestations
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in the later years of life. As a result, usually only one generation in the appropriate age
range is available for study. The parents of the proband are often deceased, and the children
are often too young to manifest the disease. Because information from several generations
of families of multiple affected individuals is often lacking, genetic analysis is limited.

Clinical experience indicates that AMD demonstrates familial clustering, suggesting
that heredity may be an important factor in the etiology of this condition although the ex-
act role and relative contribution of genetics in the pathogenesis are unknown (41–44). It is
believed that this genetic predisposition, in the presence of appropriate environmental in-
fluences, causes the aging macula to manifest AMD.

Although Hutchinson and Tay observed a familial occurrence of AMD as early as
1875 (45), the association between heredity and AMD has not been well studied until re-
cently. Bradley in 1966 commented on his patients with AMD that “nearly every patient I
have seen has had other members of the family similarly afflicted” (46). In 1973, Gass re-
ported a positive family history of loss of central vision in 10–20% of his patients with
AMD (47).

Hyman and associates reported a statistically significant association between AMD
and a family history of the disease in either the parents or siblings (OR, 2.9; 95% CI,
1.5–5.5) (48). A significantly higher correlation of number of drusen between siblings than
between spouses was found by Piguet and associates (41). The lack of concordance be-
tween spouses who have shared a common environment for at least 20 years suggests that
environmental factors may not play a key role in the etiology of AMD (41). Seddon and as-
sociates found the overall prevalence of AMD was higher among first-degree relatives of
cases than among relatives of controls (OR, 2.4; 95% CI, 1.2–4.7) (49). They also found
that familial aggregation of AMD was associated with the type of AMD in the proband, i.e.,
dry AMD (large or extensive macular drusen, RPE abnormalities, and geographic atrophy)
versus exudative AMD [RPE detachment or choroidal neovascularization (CNV)]. Rela-
tives of probands with exudative disease were significantly more likely to have AMD than
were relatives of control probands after adjusting for age and sex (OR � 3.1, 95% CI �
1.5–6.7). On the other hand, relatives of probands with dry AMD were slightly more likely
to have AMD than were relatives of control probands (OR � 1.5, 95% CI � 0.6–3.7), but
this difference was not statistically significant. In another study, the odds ratio of siblings
for AMD of patients compared to siblings of controls was 25.2 (95% CI � 3.4–519.0) (50).

In the Blue Mountains Eye Study, subjects with signs of AMD (4.5%) were more
likely to report a first-degree family history of AMD than subjects without AMD (2.3%)
(51). The highest rate was reported by subjects with late AMD (6.9%), particularly those
with neovascular AMD (8.2%). After adjusting for age, sex, and current smoking, a clear
increase in risk associated with family history, from no AMD [OR, 1.0 (index)] to early
AMD (OR, 2.17; 95% CI, 1.04–4.55), late AMD (geographic atrophy or neovascular
AMD) (OR, 3.92; 95% CI, 1.344–11.46), and neovascular AMD (OR, 4.30; 95% CI,
1.37–13.45) was observed (51).

Klaver and associates examined the siblings and children of probands derived from
the population-based Rotterdam Study (52). First-degree relatives of 87 patients with late
AMD (geographic atrophy or neovascular AMD) were compared with those of 135 con-
trols without AMD. For siblings, the prevalence of early AMD was 9.5% for siblings of pa-
tients versus 2.9% for siblings of controls (p � 0.04, age- and sex-adjusted), and the preva-
lence of late AMD was 13.4% versus 2.2% (p � 0.001, age- and sex-adjusted). For
offspring, the prevalence of early AMD was 6.3% for offspring of patients versus 1.9% for
offspring of controls (p � 0.05, age- and sex-adjusted), and late AMD was present in only
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1.4% of offspring of patients (p � 0.20, age- and sex-adjusted). The prevalence of early
(OR, 4.8; 95% CI, 1.8–12.2) and late (OR, 19.8; 95% CI, 3.1–126.0) AMD was signifi-
cantly higher in first-degree relatives of patients with late AMD than in relatives of con-
trols. The lifetime absolute risk estimate of developing early AMD was 48% (95% CI,
31–65%) for relatives of patients versus 23% (95% CI, 10–37%) for relatives of controls
(p � 0.001), yielding a risk ratio of 2.1 (95% CI, 1.4–3.1). The lifetime risk estimate
of late AMD was 50% (95% CI, 26–73%) for relatives of patients versus 12% (95% CI,
2–16%) for relatives of controls (p � 0.001), yielding a risk ratio of 4.2 (95% CI, 2.6–6.8).
The authors calculated that the population-attributable risk related to genetic factors was
23% (52).

No association, however, was found between family history and AMD in the small
population-based Melton Mowbray Eye Study (33). It should be pointed out that in studies
in which the family history data were ascertained by interview alone, the data should be in-
terpreted with caution since reported histories of ocular disease are unreliable (53).

Three reports of single pairs of monozygotic twins (54–56) and two larger series,
with nine (44) and 50 pairs of identical twins (57), described a high concordance of early
and late AMD in the twins. Gottfredsdottir and associates examined the concordance of
AMD in 100 monozygotic twins (50 pairs) and 47 spouses (57). The average duration of
marriage for the twin/spouse pair was 30 years (range, 26–50 years). The concordance of
AMD was 90% in monozygotic twin pairs, which significantly exceeded that of 70% for
twin/spouse pairs (p � 0.0279). In the nine twin pairs that were concordant, fundus ap-
pearance and visual impairment were similar. Although the environmental influences are
probably more similar for identical twins than for dizygotic twins, other siblings, or unre-
lated individuals, the strikingly similar incidence of age-related macular changes in these
identical twins suggests that a substantial genetic component may exist in some patients
with AMD.

Although AMD runs in families, the phenotypic appearance of the macula within
families with the disorder tends to be quite variable and representative of the wide range of
findings typically associated with AMD; i.e., both neovascular AMD and geographic atro-
phy and early signs of AMD may be present in different individuals within the families
(58). Indeed, neovascular and nonneovascular AMD was observed among different indi-
viduals in four of eight families in the study, suggesting that geographic atrophy may be
part of the same disease process as neovascular AMD. On the other hand, the distinctly dif-
ferent phenotypes of the two forms of late AMD may also indicate different origins. It is
currently unknown why geographic atrophy develops in some instances and neovascular
AMD in others, even within the same family.

E. Socioeconomic Status

In NHANES-I, a significant negative trend (p � 0.03) of decreased prevalence of AMD
was found with increasing levels of education (7). Compared with the least educated group,
persons who attended high school have a reduced prevalence of AMD (OR, 0.64; 95% CI,
0.44–0.92) as do persons who have some education beyond high school (OR, 0.71; 95% CI,
0.44–1.15). The Eye Disease Case-Control Study found that persons with higher levels of
education had a slightly reduced risk of neovascular AMD, but the association did not re-
main statistically significant after multiple regression modeling (6).

The Beaver Dam Eye Study found no relation of income, educational level, or mari-
tal status to AMD (59). No association between social class and AMD was found in the
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Melton Mowbray Eye Study (33). Two case-control studies found no association between
AMD and occupation (48,60).

VI. OCULAR FACTORS

A. Iris Color

Iris color is a hereditary factor that may be associated with AMD (61). However, this as-
sociation has not been consistently found in studies. A number of studies have reported an
increased risk of AMD in people with blue or light iris color compared with those with
darker iris pigmentation (48,61–64) and one study documented worse AMD in subjects
with light iris color (65). Others, however, have found no association between iris color and
AMD (6,33,66–70). The Beaver Dam Eye Study did not find any relationship between iris
color and the incidence and progression of AMD (70). One histological study found no sig-
nificant correlation between iris color and macular aging (71). Data from NHANES-III
showed that blue iris color was negatively associated with soft drusen in non-Hispanic
whites (OR, 0.69; 95% CI, 0.55–0.88) but not in Mexican-Americans (OR, 0.35; 95% CI,
0.05–2.72) (25). The reasons for these disparities are not clear.

Case-control studies by Hyman and associates (48) and Weiter and associates (61)
demonstrated a positive association between light iris color and AMD. In Hyman and as-
sociates’ series, only 9.2% of 162 cases had brown irides compared to 26.4% of 174 con-
trols (p � 0.0002) (48). Blue or lightly pigmented irides were associated with a higher risk
of AMD, the degree of association being greater for men (OR, 8.3; 95% CI, 2.3–29.7) than
for women (OR, 2.4; 95% CI, 1.1–5.0) (48). Weiter and associates found that 76% of 650
patients had light irides compared with 40% of 363 controls (p � 0.0001) (61). In addition,
patients with AMD and light iris color were found to be significantly younger (mean age,
73.6 � 7.3 years) than those with dark iris color (mean age, 78.3 � 5.8 years) (p � 0.0008)
(61). The FRANCE-DMLA Study Group, comparing 1844 cases of AMD with a similar
number of age- and sex-matched controls, found that persons with light iris color (blue,
green, and gray) had increased risk of AMD compared to those with dark iris color (OR,
1.22; 95% CI, 1.05–1.42) (64). This concurs with the Blue Mountains Eye Study, which
found that blue iris color was significantly associated with an increased risk for both early
AMD (OR, 1.5; 95% CI, 1.1–1.9) and late AMD (OR, 1.7; 95% CI, 1.0–2.9) (63).

Holz and associates found that lighter present iris color, but not initial iris color dur-
ing youth, was associated with an increased risk of AMD (62). They calculated that a his-
tory of decreasing iris color was associated with a 5.55-fold (95% CI, 2.03–15.91) increase
in risk of AMD (p � 0.0001). Some studies have shown that declines in the melanin con-
tent of the iris and RPE occur with age (72,73). The Beaver Dam Eye Study showed higher
prevalences of blue or gray iris color with increased age, but no relationship was found be-
tween iris color and the incidence or progression of AMD in the study (70).

The mechanism by which iris pigmentation might influence AMD is uncertain, but a
plausible explanation is that the lower risk for AMD among subjects with darker iris color
may be due to the fact that these individuals have more tissue melanin, including the
choroid. Indeed, fundus pigmentation was found to correspond closely to iris pigmentation
both clinically and by objective histological microdensitometric techniques (61). This in-
creased pigmentation may provide some protection to the retina from exposure to sunlight,
reducing direct photooxidative damage and thus reducing the risk of AMD (see below).
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This is consistent with the observation in some studies that AMD is more prevalent among
whites than among the more pigmented races (15,37,38).

B. Macular Pigment Density

Recently, there is heightened interest in the potential role of macular pigment in protecting
against AMD (74). The yellow macular pigment, which characterizes the retinas of pri-
mates including man, was shown in 1985 to be composed of two chromatographically sep-
arable components, namely lutein and zeaxanthin (75). Although the exact role of the mac-
ular pigment remains uncertain, several functions have been hypothesized. These include
limiting the effects of light scatter and chromatic aberration on visual performance (76,77),
reducing the damaging photooxidative effects of blue light through its absorption (78,79),
and protecting against the effects of photochemical reactions by its antioxidant properties
(80). There is evidence that oxidative damage plays a role in the pathogenesis of AMD
(81–84). Consequently, some have suggested that the absorption characteristics and an-
tioxidant properties of macular pigment may confer protection against AMD (80,85).

The density of macular pigment has been found to be significantly different between
men and women. In one study, macular pigment density for men was 38% higher than for
women (86). Given the putative protective role of macular pigments (80), this finding may
explain the higher prevalence of AMD in women found in some studies (see above). Like-
wise, a strong inverse relationship between smoking and macular pigment density has been
shown by Hammond and associates, and this may explain how smoking increases the risk
of AMD (see below) (87).

The density of the macular pigment can be altered by diet. Hammond and associates
reported that an average increase of approximately 20% in human macular pigment density
was obtained after 4 weeks of a diet enriched in corn and spinach (88). The Eye Disease
Case-Control Study reported that a high dietary intake of macular pigments from leafy
green vegetables was associated with a reduced risk of neovascular AMD (see below) (89).
Sommerburg and associates reported that fruits and vegetables of different colors could be
consumed to increase the dietary intake of lutein and zeaxanthin (90). Because human
macular pigment can be augmented with dietary modification, the protective effect of
macular pigment, if proven, has potential therapeutic implications.

C. Cataract and Its Surgery

Since cataract and AMD are the most frequent causes of visual impairment in older indi-
viduals and their prevalence is strongly age-related (91), a possible association between the
two conditions has long been debated. There may be potential risk factors that are common
to both conditions, such as antioxidant intake (92), cigarette smoking (93), and sunlight
exposure (94–98).

The association between cataract and AMD has not been consistently found. In the
small population-based study in Melton Mowbray (33) and a case-control study by Tsang
and associates (69), no statistically significant association was found between cataract and
AMD. Sperduto and Siegel found no association between cataract and AMD when the var-
ious age-related lens changes were pooled in the Framingham Eye Study and they con-
cluded that cataract and AMD are unrelated and develop entirely independently (99). How-
ever, when they reexamined the same data to study specific types of cataracts, they found
a positive association between AMD and cortical changes and a negative association be-
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tween AMD and nuclear sclerosis (100). In contrast, Klein and associates found a positive
association between early or any AMD and nuclear sclerosis but no relationship of cortical
cataract or of posterior subcapsular cataract to early or late AMD in the Beaver Dam Eye
Study (101). In addition, there was no relationship of nuclear or cortical cataract to the in-
cidence and progression of AMD (70).

An analysis of the data from NHANES-I by Liu and associates found that the odds
ratios of having AMD in eyes with lens opacity without visual impairment and cataract
when compared to eyes with no lens opacity were 1.80 (95% CI, 1.400–2.30) and 1.14
(95% CI, 0.84-1.55), respectively (102). The authors postulated that the weak association
between cataract and AMD may reflect the difficulty of visualizing the ocular fundus in
eyes with dense cataract. Other possible theories include retardation of transmission of light
to the retina by cataracts, thus decreasing the extent of light damage, and different kinds of
cataracts may have differing pathogenesis and for some types, no common factors may be
shared with AMD (102). In the FRANCE-DMLA Study Group’s case-control study, per-
sons with lens opacities had increased risk of AMD (OR, 1.69; 95% CI, 1.45–1.97) (64).

Several authors have noted deterioration of AMD following cataract surgery
(103–107). In one study, Pollack and associates evaluated 47 patients with bilateral, sym-
metrical, early AMD who underwent extracapsular cataract extraction with intraocular lens
implantation in one eye (105). They found that progression to neovascular AMD occurred
more often in the operated eyes (19.1%) compared with the fellow eyes (4.3%). This con-
curs with a histological study that suggested a higher prevalence of diskiform macular de-
generation in pseudophakic eyes than in age-matched phakic eyes (71). Interestingly, Pol-
lack and associates found that progression to neovascular AMD occurred significantly
more often in men than in women (p � 0.05) (105).

In the Beaver Dam Eye Study, eyes that had undergone cataract surgery before base-
line, compared with eyes that were phakic at baseline, were more likely to have progres-
sion of AMD (OR, 2.71; 95% CI, 1.69–4.35) and to develop signs of late AMD (OR, 2.80;
95% CI, 1.03–7.63) after controlling for age (70). These relationships remained after con-
trolling for other risk factors in multivariate analyses. The FRANCE-DMLA Study Group
found an increased risk of AMD in persons with a history of previous cataract surgery com-
pared to those with no lens opacities or cataract surgery (OR, 1.68; 95% CI, 1.45–1.95)
(64). Similarly, Liu and associates found that data from NHANES-I suggest the odds ratio
of having AMD in eyes with aphakia compared with eyes with no lens opacity was 2.00
(CI, 1.44–2.78) (102). They suggested that an increase in light transmittance following
cataract surgery may reinitiate and dramatically accelerate progression to frank AMD. It is
also possible that the association is a result of easier visualization and detection of AMD
lesions after cataract surgery (70). It has also been hypothesized that inflammatory changes
that may occur in eyes following cataract surgery may be related to the development of late
AMD (71).

In the Blue Mountains Eye Study, a higher prevalence of late AMD in eyes with past
cataract surgery (6.3%) than in phakic eyes (1.3%) was observed. However, the association
was primarily an effect of age because the odds ratio for late AMD reduced to 1.3 (CI,
0.6–2.6) and became nonsignificant after adjusting for age and sex, and to 1.2 (CI, 0.5–2.9),
after multivariate adjustment (108). Similarly, a higher prevalence of early AMD was
found in eyes with a history of cataract surgery (7.1%) than in phakic eyes (4.4%), with a
multivariate-adjusted odds ratio of 0.7 (CI, 0.4–0.9), which suggests a protective effect for
cataract surgery (108). The Rotterdam Study also did not find any association between
cataract surgery and AMD prevalence (109).
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It is unclear why the results vary among the studies. It is possible that these variations
in findings may have resulted from differences in the study population and/or from
differences in methodology and case definitions.

D. Refractive Error

Several case-control studies have found an association between AMD and refractive error,
with hyperopic eyes at greater risk of AMD (48,60,64,100). Hyman and associates found
that statistically significant differences in mean refractive error were present between fe-
male cases and controls (p � 0.009), but not between male cases and controls (p � 0.16)
(48). Female cases had a more positive refractive error (mean � 1.8 diopters) than female
controls (mean � 1.1 diopters). The FRANCE-DMLA Study Group found the odds ratios
for AMD in hyperopes and myopes, compared to emmetropes, were 1.33 (95% CI,
1.11–1.59) and 0.99 (95% CI, 0.78–1.25) (64). The Eye Disease Case-Control Study found
that persons with hyperopia had a slightly higher risk of neovascular AMD, but the associ-
ation did not remain statistically significant after multivariate modeling (6). One caveat in
the interpretation of findings in these case-control studies is that because the controls were
recruited from ophthalmological clinics, the control groups may be enriched in the propor-
tion of myopes compared with the general population. In fact, in the case-control study by
the FRANCE-DMLA Study Group, the authors stated that “the majority of the control
group was seen for refractive problems” (64).

Data from NHANES-I showed that the odd ratios (95% CI) of AMD in hyperopes
and myopes, compared to emmetropes, were 1.61 (1.15–2.25) and 1.33 (0.69–2.57), re-
spectively (7). This differs from the Beaver Dam Eye Study, which showed a protective ef-
fect of borderline significance of hyperopia at baseline on the incidence of early AMD, but
no relationship to the incidence of late AMD or to the progression of AMD (70).

E. Cup/Disk Ratio

The Eye Disease Case-Control Study found that eyes with large horizontal and vertical
cup/disk ratios were at reduced risk for neovascular AMD (6). The horizontal cup/disk ra-
tio persisted as statistically significant after multivariate modeling, adjusting for known and
potential confounding factors. This finding is consistent with the association between
AMD and hyperopia.

VII. SYSTEMIC FACTORS

A. Cardiovascular Disease and Its Risk Factors

A number of documented risk factors for cardiovascular disease, such as age, hypertension,
hypercholesterolemia, diabetes, smoking, and dietary intake of fats, alcohol, and antioxi-
dants, have been associated with AMD in some studies (111). This raises the possibility
that the causal pathways for cardiovascular disease and AMD may share similar risk fac-
tors. Results from studies, however, have not been consistent.

1. Cardiovascular Disease
A number of studies have suggested an association between AMD and various clinical
manifestations of cardiovascular disease in a case-control study, Hyman and associates
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found AMD to be positively associated with a history of three cardiovascular conditions
(48). These conditions are arteriosclerosis, circulatory problems, and stroke and/or tran-
sient ischemic attacks, with odds ratios (95% CI) of 2.3 (1.9–2.7), 2.0 (1.1–3.5), and 2.9
(1.3–6.9), respectively (48). The FRANCE-DMLA Study Group found an increased risk of
AMD in persons with a history of coronary artery disease (OR, 1.31; 95% CI, 1.02–1.68)
(64). In NHANES-I, a positive association between AMD and cerebrovascular disease was
found, but positive associations with other vascular diseases did not reach statistical sig-
nificance (7).

The Rotterdam Study found that atherosclerotic plaques in the carotid bifurcation, as
assessed ultrasonographically, were associated with a 4.5 times increased prevalence odds
(95% CI, 1.9–10.7) of either geographic atrophy or neovascular AMD (112). Those with
plaques in the common carotid artery or with lower extremity arterial disease (as measured
by the ratio of the systolic blood pressure level of the ankle to systolic blood pressure of the
arm) had the same increased prevalence odds of 2.5 (95% CI, 1.4–4.5). From these obser-
vations, the authors suggested that atherosclerosis may be involved in the etiology of AMD.
However, other cardiovascular disease risk factors, such as hypertension, systolic blood
pressure, total cholesterol, and HDL cholesterol, were not associated with AMD in the
same study (112). Diastolic blood pressure was marginally higher in AMD cases than in
those without AMD, but this did not reach statistical significance (112). In subjects partic-
ipating in the Atherosclerosis Risk In Communities Study, presence of carotid artery plaque
was significantly associated with RPE depigmentation (OR, 1.77; 95% CI, 1.18–2.65) (40).
Focal retinal arteriolar narrowing was also associated with RPE depigmentation (OR, 1.79;
95% CI, 1.07–2.98) in the same study. In a Finnish population-based study, a significant
correlation between the severity of retinal arteriolar sclerosis and AMD (p � 0.0034) was
found (30).

Several case-control studies, including the Eye Disease Case-Control Study, found
that persons who report a history of cardiovascular disease did not have a significantly in-
creased risk of AMD (6,60,69). The Beaver Dam Study (113), the Atherosclerosis Risk
in Communities Study (40), and the Blue Mountains Eye Study also found no statistically
significant relationship between a history of stroke or cardiovascular disease and early or
late AMD.

2. Hypertension and Blood Pressure
Two large population-based studies showed a small and consistent significant association
between AMD and systemic hypertension (7,12,114). Kahn and associates, using the Fram-
ingham Heart and Eye Studies data, found a positive association between the presence of
AMD and higher levels of diastolic blood pressure measured many years before the eye ex-
amination (12). Diastolic blood pressure was also associated with AMD in a small Israeli
study (115). Also using data from the Framingham Heart and Eye Studies, Sperduto and
Hiller found the age- and sex-adjusted relative risk for any AMD was 1.18 (95% CI,
1.01–1.37) for persons diagnosed with hypertension 25 years before the eye examination
and 1.04 (95% CI, 0.96–1.23) for persons with hypertension at the time of the eye exami-
nation, when compared to those without hypertension (114). In addition, an increase in the
odds ratio of AMD with longer duration of systemic hypertension was documented. The
NHANES-I showed that systolic blood pressure and hypertension were associated with
AMD (7). Persons with a history of hypertension were 1.36 times (95% CI, 1.00–1.85)
more likely to have AMD compared to persons without such a history. In addition, the
prevalence of AMD increased with increasing levels of systolic blood pressure although the
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test for trend was only marginally significant (p � 0.08). However, elevated diastolic blood
pressure was not associated with AMD.

The Beaver Dam Eye Study found elevated systolic blood pressure to be significantly
related to the presence of RPE depigmentation in women (OR, 1.07; 95% CI, 1.00–1.14),
but not in men (113). Pulse pressure was also related to the presence of RPE depigmenta-
tion (OR, 1.10; 95% CI, 1.01–1.19), increased retinal pigment (OR, 1.07; 95%
CI, 1.00–1.15), and pigmentary abnormalities (OR, 1.08; 95% CI, 1.01– 1.15) in women,
but not in men (113). However, hypertension or diastolic blood pressure was not related to
any sign of early or late AMD in either sex. In an incidence study, after controlling
for age and sex, both higher systolic blood pressure (OR per 10 mmHg, 1.16; 95%
CI, 1.05—1.27) and uncontrolled “treated” hypertension (OR, 1.98; 95% CI, 1.00–3.94)
were related to the incidence of RPE depigmentation, but not development of neovas-
cular AMD (116). Higher pulse pressure was significantly associated with increased
incidence of RPE depigmentation (OR per 10 mmHg, 1.27; 95% CI, 1.14–1.42) and neo-
vascular AMD (OR per 10 mmHg, 1.29; 95% CI, 1.02– 1.65) after controlling for age
and sex.

Systemic hypertension was found to be a significant risk factor for AMD by the
FRANCE-DMLA Study Group (64). Another recent case-control study by the Age-Related
Macular Degeneration Risk Factors Study Group analyzed risk factors separately for neo-
vascular and nonneovascular AMD to address the possibility that the two forms of AMD
have different risk factors (19). The group showed that neovascular AMD, but not non-
neovascular AMD, is associated with moderate to severe hypertension (19). Neovascular
AMD was found to be positively associated with diastolic blood pressure greater than 95
mmHg (OR, 4.4; 95% CI, 1.4–14.2), self-reported use of antihypertensive medications
more potent than diuretics (OR, 2.1; 95% CI, 1.2–3.0), physician-reported history of hy-
pertension (OR, 1.8; 95% CI, 1.2–3.0), and physician-reported use of any antihypertensive
medications (OR, 2.5; 95% CI, 1.5–4.2). The findings in this study suggest that neovascu-
lar AMD and hypertension may have a similar systemic process. In addition, they support
the hypothesis that neovascular and nonneovascular AMD may arise through different
pathogenetic mechanisms.

No association between hypertension and AMD was found in several population-
based cross-sectional studies such as the Rotterdam Study (112), the Blue Mountains Eye
Study (18), and the Atherosclerosis Risk in Communities Study (40), or in several case-
control studies (6;48;60;69). In the Eye Disease Case-Control Study, no significant associ-
ation was found with hypertension and AMD, but a trend for an increased risk associated
with higher systolic blood pressure was seen (6).

3. Serum Lipid Levels and Dietary Fat Intake
Some evidence suggests that dietary fat intake, particularly intake of saturated fat and
cholesterol, is associated with an increased risk for atherosclerosis (117). It is biologically
plausible that higher dietary saturated fat intake increases the risk of AMD by promoting
atherosclerosis.

The Eye Disease Case-Control Study found that persons with midrange (4.889–6.748
mmol/L) and high (�6.749 mmol/L) total cholesterol levels compared with those with low
levels (�4.888 mmol/L) had odd ratios for neovascular AMD of 2.2 (95% CI � 1.3–3.4)
and 4.1 (95% CI � 2.3–7.3), respectively, after controlling for other factors (6). A slight
but not statistically significant increased risk of neovascular AMD was seen with increas-
ing levels of serum triglycerides in the same study (6).
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In the Beaver Dam Eye Study, after controlling for age, total serum cholesterol was
inversely related to early AMD in women (OR, 0.89; 95% CI, 0.80–0.98), whereas the to-
tal cholesterol/HDL cholesterol ratio was inversely related (OR, 0.89; 95% CI, 0.84–0.96)
and HDL cholesterol was positively related to early AMD in men (113). The reasons for
these associations are not clear although a possible explanation is selective survival. Be-
cause persons with higher cholesterol levels or lower HDL cholesterol levels are at higher
risk of cardiovascular death than persons with normal levels of cholesterol, a positive rela-
tionship may have been obscured. Serum cholesterol or HDL cholesterol was not related to
neovascular AMD or geographic atrophy in the same study (113).

The Age-Related Macular Degeneration Risk Factors Study Group found neovascu-
lar AMD, but not nonneovascular AMD, to be positively associated with high-density
lipoprotein level (OR, 2.3; 95% CI, 1.1–4.7), and dietary cholesterol level (OR, 2.2; 95%
CI, 1.0–4.8) (19).

In the Beaver Dam Eye Study, persons with intake of saturated fat and cholesterol in
the highest compared with the lowest quintile had odds ratio of 1.8 (95% CI, 1.2–2.7) and
1.6 (95% CI, 1.1–2.4) for early AMD, respectively, after adjusting for age and beer intake
(118). However, no significant association between these intakes was found with late AMD
(118). The findings in this study concur with the Blue Mountains Eye Study, which found
that total and saturated fat intake were associated with a borderline significant increase in
risk for early AMD [ORs (95% CI) for highest compared to lowest quintiles of intake, 1.60
(0.94–2.73) and 1.50 (0.91–2.48), respectively], but not for late AMD (119). A significant
association (p for trend � 0.05) for increasing prevalence of early AMD with increasing
monounsaturated fat intake was observed. Cholesterol intake was associated with a bor-
derline significant increase in risk for late AMD [OR (95% CI) for highest compared to
lowest quintiles of intake, 2.71 (0.93–7.96); p for trend � 0.04].

The Rotterdam Study (112), the Blue Mountains Eye Study (18), and the Atheroscle-
rosis Risk in Communities Study (40) did not find any association between serum choles-
terol or HDL cholesterol with AMD. No significant association between AMD and serum
cholesterol was also found in the Framingham Eye Study (12), NHANES-I (7), and several
small studies (69, 120, 421). No difference in the levels of plasma cholesterol and fatty
acids was found between 65 cases of neovascular AMD and control pairs in a study by
Sanders and associates (122).

4. Diabetes and Hyperglycemia
The majority of studies that have investigated the relationship between diabetes and/or hy-
perglycemia and AMD have found no significant association (6,12,30,40,48,60,69,123).

One small study by Vidaurri and associates observed an association between drusen
and serum glucose in women but not in men (115). In the Beaver Dam Eye Study, diabetes
was not associated with early AMD (124). In persons � 75 years, those with diabetes had
a higher frequency of neovascular AMD (9.4%) than those without (4.7%) but both groups
had similar frequencies of geographic atrophy. The relative risk of neovascular AMD in di-
abetic men compared to nondiabetic men � 75 years was 10.2 (95% CI, 2.4–43.7); for
women it was 1.1 (95% CI, 0.4–3.0). The authors suggested that the relationship of neo-
vascular AMD in older men, but not women, might be the result of chance, in the same
study, no relationship was found between glycosylated hemoglobin and any signs of AMD
in nondiabetic persons (124). The Blue Mountains Eye Study found geographic atrophy to
be significantly associated with diabetes (OR, 4.0; 95 CI, 1.6–10.3), but no association was
found with either neovascular AMD (OR, 1.2; 95% CI, 0.4–3.5) or early AMD (OR, 1.0;
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95% CI, 0.5–1.8 (125). There was also no association found between impaired fasting glu-
cose and AMD (125). The Atherosclerosis Risk in Communities Study (40) did not find any
association between AMD and diabetes.

Overall, there is scant evidence in the literature to suggest a real relationship between
diabetes and/or hyperglycemia and AMD.

5. Body Mass Index
In the Blue Mountains Eye Study, having a body mass index (BMI) [defined as body weight
in kilograms divided by height in meters squared (kg/m2)] either lower or higher than the
accepted normal range (20–25) was associated with a significantly increased risk of early
AMD (18). Low BMI (OR, 1.92; 95% CI, 1.16–3.18) conferred an increased risk for early
AMD almost equal to that of obesity (OR, 1.78; 95% CI, 1.19–2.68). This association is
thus difficult to explain in terms of cardiovascular risk. Although the odds ratios were sim-
ilar for association with late AMD, they did not reach statistical significance. A Finnish
population-based study found that a high BMI was associated with an increased risk of
AMD in men but not in women (30). On the other hand, the Beaver Dam Eye Study found
that BMI was associated with increased frequency of RPE degeneration, increased retinal
pigment, and increased presence of pigmentary abnormalities in women but not in men
(113). No association between BMI and AMD was found in the Atherosclerosis Risk in
Communities Study (40).

6. Hematological Factors
The Beaver Dam Eye Study found that, after controlling for age, sex, diabetes, and smok-
ing history, neovascular AMD was associated with higher hematocrit values (OR, 1.09;
95% CI, 1.00–1.19) and higher leukocyte count (OR, 1.10; 95% CI, 1.00–1.19) in people
65 years of age or older (113). Blumenkranz and associates also found a higher leukocyte
count in patients with neovascular AMD compared to controls (66). No association be-
tween hematocrit and AMD was found in NHANES-l (7).

The Blue Mountains Eye Study found that plasma fibrinogen level was associated
with late but not early AMD (18). The Eye Disease Case-Control Study found a nonsignif-
icant increased risk of neovascular AMD with increasing plasma fibrinogen levels (6).

7. Cigarette Smoking
This will be discussed under environmental factors (see below).

B. Reproductive and Related Factors

The relationship of cardiovascular disease to AMD has generated some interest in the
effect of estrogen-related variables on the risk of AMD in women. The Eye Disease Case-
Control Study found that use of postmenopausal exogenous estrogen was negatively asso-
ciated with neovascular AMD (6). Current and former users of estrogen had odd ratios of
0.3 (95% CI, 0.1–0.8) and 0.6 (95% CI, 0.3–0.98) for neovascular AMD, respectively,
when compared to women who never used estrogen. This is compatible with findings from
a nested case-control study within the Rotterdam Study, which suggest that early artificial
menopause increases the risk of late AMD (atrophic or neovascular AMD) (126). Women
with early menopause after unilateral or bilateral oophorectomies had an increased risk of
late AMD compared with women who had their menopause at 45 years or later. No signif-
icant excess risk was found for early spontaneous menopause and early hysterectomy. In
the Blue Mountains Eye Study, a significant protective association for early AMD was
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found with increased years from menarche to menopause (OR, 0.97; 95% CI, 0.95–0.99)
(32). Other female-specific factors including late menarche, history of hormone replace-
ment therapy, and early menopause were not significantly associated with early or late
AMD (32).

No significant relationship, however, was found in the Beaver Dam Eye Study be-
tween years of estrogen therapy and neovascular AMD, geographic atrophy, or early AMD
(127). It should be noted that because the number of cases of late AMD in the Beaver Dam
Eye Study was small, the power to detect a real association is limited.

Women who have ever been pregnant (parity � 1) had increased odds of 2.2 (95%
CI � 1.3–3.9) compared to women who have never been pregnant (parity � 0) in the Eye
Disease Case-Control Study (6). On the other hand, the Beaver Dam Eye Study docu-
mented that the number of past pregnancies was significantly inversely related to soft
drusen, with odds ratio of 0.94 per pregnancy (95% CI, 0.90–0.98) (127). The relationship
with the number of pregnancies to any AMD was of borderline significance, the odds ratio
being 0.96 per pregnancy (95% CI, 0.92–1.01). The number of pregnancies was not signif-
icantly related to neovascular AMD or geographic atrophy. Past use of birth control pills,
age of menarche, or the number of years of menstruation had no significant effect on AMD
in the Beaver Dam Eye Study (127).

C. Dermal Elastotic Degeneration

In a small case-control study, Blumenkranz and associates found a correlation between the
degree of dermal elastic degeneration in sun-protected skin with the development of neo-
vascular AMD (66). However, there was no significant difference in outdoor sun exposure
as estimated by patients. In fact, cases admitted to fewer average hours outdoors weekly
than controls. The authors suggested that patients with neovascular AMD may have a gen-
eralized systemic disorder characterized by abnormal susceptibility of elastic fibers to
photic or other as-yet unrecognized degenerative stimuli.

D. Antioxidant Enzymes

Recently, the POLA (Pathologies Oculaires Liees a l’Age) Study, a large-scale, population-
based, cross-sectional study in southern France, found that higher levels of plasma glu-
tathione peroxidase were significantly associated with a ninefold increase in late AMD
prevalence, but not with prevalence of early AMD (128). Plasma glutathione peroxidase
therefore appears to be one of the strongest indicators of late AMD ever found, but the bio-
logical meaning of this finding remains to be elucidated. The authors suggest that oxidative
stress may lead to the induction of antioxidant enzymes, and therefore high concentrations
of antioxidant enzymes may be indicators of oxidative stress. In the same study, levels of
erythrocyte superoxide dismutase activity were not associated with either early or late AMD.

VIII. ENVIRONMENTAL FACTORS

A. Smoking

Of the environmental influences, smoking has most consistently been associated with in-
creased risks of AMD in recent studies (6,48,129–137). However, a number of studies
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(30,60,64,66,69), including the Framingham Eye Study (12) and NHANES-III (25), did not
find an association between smoking and AMD. In fact, one study by West and associates
even showed smoking to be protective (67). However, when this decreased risk of AMD
associated with smoking was further investigated, no clear dose-response relationship was
demonstrated. In the large case-control study by the FRANCE-DMLA Study Group, a past
history of smoking, but not current smoking status, was associated with an increased risk
of AMD after univariate analysis (64). After multivariate adjustment, both factors were not
significantly associated with AMD.

Paetkau and associates noted in their case series of 114 patients with at least one eye
blind from AMD that the mean age at the onset of blindness in the first eye was 64 years in
current smokers compared with 71 years in the group that had never smoked (129). How-
ever, because there was no control group, confounding factors such as increased mortality
in the smoking group cannot be excluded. In a Japanese case-control study, compared to
male nonsmokers, the age-adjusted odds ratio of developing neovascular AMD was 2.97
(95% CI, 1.00–8.84) for male current smokers and 2.09 (95% CI, 0.71–6.13) for male for-
mer smokers (136). In addition, smoking-habit-related variables, such as use of extra filter,
smoke inhalation level, age at starting smoking, duration of smoking, and the Brinkman in-
dex, defined as the numbers of cigarette smoked per day times smoking years, were found
to be significantly related to an increased risk of neovascular AMD (136).

The Beaver Dam Eye Study found that the relative odds for neovascular AMD in men
and women who were current smokers compared with those who were former smokers or
who never smoked were 3.29 (95% CI, 1.03–10.50) and 2.50 (95% CI, 1.01–6.20), respec-
tively (131). However, there was no significant relation between smoking status and geo-
graphic atrophy. In addition, smoking status, pack-years smoked, and current exposure to
passive smoking were not associated with signs of early AMD, except for a higher fre-
quency of increased retinal pigment in men who were former smokers compared with those
who had never smoked (131).

The Blue Mountains Eye Study found current cigarette smoking to be significantly
associated with both early and late AMD, after adjusting for the effects of age and sex
(134). The odds ratio of early and late AMD when comparing current smokers to those who
never smoked was 1.89 (95% CI, 1.25–2.84) and 4.46 (95% CI, 2.20–9.03), respectively.
A history of having ever smoked was significant for late AMD (OR, 1.83; 95% CI,
1.07–3.13) but not early AMD (134). In addition, passive smoking among subjects who
never themselves smoked, but lived with a smoking spouse, incurred a moderate but not
statistically significant increase in the risk of late AMD (OR, 1.42; 95% CI, 0.62–3.26).

In the POLA Study, after adjustment for age and sex, current (OR, 3.6; 95% CI,
1.1–12.4) and former smokers (OR, 3.2; 95% CI, 1.3–7.7) had an increased prevalence of
late AMD when compared to nonsmokers (137). The risk of late AMD increased with in-
creasing number of pack-years, with up to a 5.2-fold increase in risk among participants
(current and former smokers combined) who smoked 40 pack-years or more (OR, 1.9; 95%
CI, 0.6–6.4 for 1–19 pack-years, OR, 3.0; 95% CI, 0.9–9.5 for 20–39 pack-years, and OR,
5.2; 95% CI, 2.0–13.6 for 40 pack-years and more). In addition, the risk of late AMD re-
mained increased until 20 years after cessation of smoking. However, the study found no
significant associations of smoking with early AMD (soft distinct and indistinct drusen and
pigmentary abnormalities) (137).

Two large prospective cohort studies evaluated the relationship between smoking
and AMD (133,135). In the Nurses’ Health Study with 12 years of follow-up, women who
currently smoked � 25 cigarettes per day had a relative risk of AMD of 2.4 (95% CI,
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1.4–4.0) compared with women who never smoked (135). Risk of AMD also increased
with an increasing number of pack-years smoked (p for trend � 0.001). Past smokers of
this amount also had a relative risk of 2.0 (95% CI, 1.2–3.4) compared to women who never
smoked. Compared with current smokers, little reduction in risk was found even after quit-
ting smoking for 15 or more years. In the Physicians’ Health Study, men who were current
smokers of � 20 cigarettes per day had a relative risk of AMD of 2.5 (95% CI, 1.6–3.8)
compared with men who never smoked (133). Men who were past smokers had a modest
elevation in relative risk of AMD of 1.3 (95% CI, 1.0–1.7).

Some have suggested that the effect of cigarette smoking on the development of
AMD may be related to its effect on antioxidants in the body (136). Studies have shown
that smokers have much lower plasma levels of �-carotene than do nonsmokers (122,138).
Stryker and associates found that men and women who smoked one pack per day had 72%
(95% CI, 58–89) and 79% (95% CI, 64–99) of the plasma �-carotene levels of nonsmok-
ers, respectively, after accounting for dietary carotene and other variables (138). Another
study also disclosed that smokers had lower plasma concentrations of total carotenoids, �-
carotene, and �-carotene than nonsmokers (122). In addition, a recent study found that
smokers have significantly lower macular pigment density compared to nonsmoking
matched controls (87).

In summary, data from several large population-based studies (131,132,134,137),
case-control studies (6,48,36), and two large prospective cohort studies (133,135) provide
convincing evidence that cigarette smoking is a risk factor for AMD. The strongest risk is
for current smokers, suggesting that there may be potential benefits of targeting antismok-
ing patient education, especially for those who are current smokers and have signs of early
AMD (134).

B. Sunlight Exposure

Exposure to sunlight has long been suggested as a risk factor for AMD. Short-term expo-
sures to longer-wavelength ultraviolet and blue light can cause retinal damage in animals
(139). There are some similarities between long-term changes seen in laboratory animals
exposed to shorter-wavelength visible light and changes seen in patients with AMD
(81,140–145). It is theorized that light may lead to the generation of reactive oxygen
species in the outer retina and/or choroid (81), perhaps by photoactivation of protoporhyrin
(146). The activated forms of oxygen may, in turn, cause lipid peroxidation of the pho-
toreceptor outer segment membranes, leading to the development of AMD.

Tso and Woodford have shown that short exposure of intense visible light can pro-
duce atrophy at the photoreceptor level in nonhuman primates (147), but these animals did
not develop histopathological changes of drusen, diffuse thickening of Bruch’s membrane,
or choroidal neovascularization seen in clinicopathological studies of AMD (148). In addi-
tion, the short, intense light exposure used in animal studies is different from the typical
chronic exposure to light that occurs in people in their lifetime. The only animal model for
light-induced deposits in Bruch’s membrane is that of Gottsch and co-workers, who have
proposed that photosensitization of choriocapillary endothelium with blood-borne photo-
sensitizers such as protoporphyrin IX is a mechanism for the histopathological features
seen in AMD (146,149).

The epidemiological evidence of an association between light exposure and AMD is
lacking, with only a few clinical studies showing a positive association between sun expo-
sure and late AMD. A small Spanish case-control study found a higher sun exposure index
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in AMD cases compared to controls (150). In the Chesapeake Bay Watermen Study, an as-
sociation between late AMD (geographic atrophy or diskiform scarring) and ocular expo-
sure in the previous 20 years to blue or visible light (OR, 1.36; 95% CI, 1.00–1.85) was
found in phakic men (96). However, no positive association was seen for early AMD (large
drusen or RPE abnormalities) (96). In addition, there was no association between ultravio-
let-A or ultraviolet-B exposure and any degree of AMD in the same population (67,96).

The Beaver Dam Eye Study found that leisure time outdoors in summer was signifi-
cantly associated with the presence of neovascular AMD when both men and women were
analyzed together (OR � 2.26, 95% CI � 1.06–4.81) (151). Time spent outdoors in sum-
mer was significantly associated with the prevalence of increased retinal pigment in men
(OR � 1.44, 95% CI � 1.01–2.04) but not in women (OR � 0.93, 95% CI � 0.63–1.38).
Use of sunglasses and hats with brims was inversely associated with the prevalence of soft
indistinct drusen in men (OR � 0.61, 95% CI � 0.38–0.98) but not in women (OR � 0.99,
95% CI � 0.69–1.45). The association between light exposure and AMD is not consistent
across the study since an association was found in men only, and involved only a specific
subset of light exposure (time spent outdoors in summer but not in winter) and a specific
subset of early AMD (151).

A number of case-control studies, including the Eye Disease Case-Control Study (6),
failed to show an association between sunlight exposure and AMD (48,152). An Australian
case-control study in fact showed that control subjects had greater median annual ocular
sun exposure (865 h) than cases (723 h) (p � 0.0001) (152). Despite analysis stratified by
sun sensitivity, sun exposure was greater in control subjects than in cases with AMD (152).

In summary, there is currently no convincing research data to support strategies to re-
duce light exposure to the eye for the prevention of AMD. However, since there is little, if
any, risk to a person wearing sunglasses, and ultraviolet-light exposure has been associated
with the presence of cataract (95), it is reasonable to suggest that individuals wear sun-
glasses for comfort and to reduce exposure of ultraviolet light to ocular structures. It must
be emphasized, however, that there is no published data to indicate whether the wearing of
sunglasses is of any benefit in preventing any eye disease, including AMD.

C. Nutritional Factors

1. Micronutrients
The potential role of nutritional supplements to reduce the incidence or severity of AMD
has received a great deal of attention (80,92). The lack of an effective treatment for the
majority of cases of AMD, coupled with the public’s perception that over-the-counter
nutritional supplements are relatively harmless, creates the potential for widespread use of
these supplements in the absence of demonstrated effectiveness (153). Because of possible,
but as yet unproven, benefits of antioxidant vitamins in cancer, cardiovascular, and other
chronic diseases, vitamin supplement usage in the United States has increased steadily in
recent years. It is estimated that more than half of the adult population in the United States
uses dietary supplements, including supplements of antioxidant vitamins, at a cost of ap-
proximately $12 billion annually (21).

Although epidemiological studies provide support for a protective role of nutritional
antioxidants in the prevention of AMD, results of prospective randomized clinical trials are
necessary before firm conclusions can be drawn about the balance of benefits and risks of
nutritional supplements for the prevention of AMD. In fact, use of nutritional supplement
has been shown to have deleterious effects in some nonophthalmic medical trials. The Al-
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pha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study found a higher inci-
dence of lung cancer among men who received �-carotene than among those who did not
(change in incidence, 18%; 95% CI, 3–36%) (154). There were also more deaths due to
lung cancer, ischemic heart disease, and ischemic and hemorrhagic stroke among recipients
of �-carotene, with an increased overall mortality of 8% (95% CI, 1–16%). Those ran-
domized to vitamin E supplementation had higher rates of hemorrhagic stroke, but there
was no overall difference in mortality rates or cancer incidence (154). In the Carotene and
Retinol Efficacy Trial (CARET), participants who were given �-carotene and vitamin A
supplements had a 28% (95% CI, 4–57%) increased incidence of lung cancer and a 17%
(95% CI, 3–33%) higher mortality compared to those who were not (155).

a. Antioxidants. Some have suggested that antioxidants and a variety of trace min-
erals necessary for the proper functioning of some key enzyme systems may reduce the risk
of AMD (81, 156, 157). Photochemical damage from light can induce the production of ac-
tivated forms of oxygen, which in turn can cause lipid peroxidation of the photoreceptor
outer segment membranes. Antioxidants, such as vitamin C, vitamin E, �-carotene, and
glutathione, and antioxidant enzymes, such as selenium-dependent glutathione peroxidase,
in theory could act as singlet oxygen and free-radical scavengers and thereby prevent cel-
lular damage (158). There is considerable interest in determining whether free radicals con-
tribute to the pathogenesis of AMD and whether high levels of these antioxidants may pro-
tect against AMD. This hypothesis is supported by findings of disruption of retinal
photoreceptors in nonhuman primates with deficiencies of vitamins A and E (159) and a
protective effect of vitamin C in reducing the loss of rhodopsin and photoreceptor cell nu-
clei in rats exposed to photic injury (160).

Many studies have used serum levels of micronutrients to investigate the relationship
of these micronutrients and AMD. Unfortunately, high and low levels are defined differ-
ently for most studies. Most have defined the high and low categories on the basis of per-
centile categories, i.e., those individuals with serum concentrations above a given percentile
were categorized as high and those below a given percentile were categorized as low.

Blumenkranz and associates reported in their small case-control study that the serum
levels of vitamins A, C, and E were not different in cases of neovascular AMD and in con-
trols (66). In another case-control study, serum levels of vitamin E in cases and controls
were similar but serum selenium was significantly lower in cases compared to controls (p
� 0.02) (69). The Eye Disease Case-Control Study found that persons with carotenoid
scores in the medium and high percentile groups, compared with those in the low group,
had markedly reduced levels of risk of neovascular AMD, with levels of risk reduced to
one-half (OR, 0.5; 95% CI, 0.4–0.8) and one-third (OR, 0.3; 95% CI, 0.2–0.6), respectively
(5). Similarly, except for lycopene, higher levels of individual carotenoids (lutein/zeaxan-
thin, �-carotene, �-carotene, or cryptoxanthin) were associated with statistically significant
reductions in risk of neovascular AMD. In addition, there was a progressive decrease in risk
of neovascular AMD with increasing levels of carotenoids and increasing levels of the an-
tioxidant index. However, no statistically significant overall association was seen with neo-
vascular AMD and serum levels of vitamin C, vitamin E, and selenium in the study (5).

West and associates examined the relationship between plasma levels of retinol,
ascorbic acid, �-tocopherol, and �-carotene in 630 participants of the Baltimore Longitu-
dinal Study on Aging (161). They found a favorable association between plasma antioxi-
dants and AMD. Their data suggest that only �-tocopherol was significantly associated
with a protective effect (OR for middle vs. lowest quartiles, 0.50; 95% CI, 0.32-0.79; OR
for highest vs. lowest quartile, 0.43; 95% CI, 0.25-0.73). This is consistent with findings
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from a small Spanish case-control study (150). There was a suggestion of a protective ef-
fect with ascorbic acid and �-carotene in the Baltimore Longitudinal Study on Aging, but
their effects were not statistically significant (161). No protective effect was noted for
retinol. For late AMD (neovascular AMD or geographic atrophy), no significant protective
effect was observed for any plasma micronutrient. An antioxidant index constructed of
ascorbic acid, �-tocopherol, and �-carotene, controlled for age and sex, suggested that high
values were protective for AMD compared with low values.

It is now generally recognized that plasma �-tocopherol level should be expressed in
terms of its concentration within lipids or lipoproteins (162–164). For this reason, the
POLA Study correlated ocular findings with both plasma �-tocopherol and lipid-standard-
ized �-tocopherol levels (17). The study found a weak negative association between late
AMD and plasma �-tocopherol level, which was not statistically significant (p � 0.07), but
this relationship was strengthened when �-tocopherol-lipid ratio instead of plasma level
was used (p � 0.003). After adjusting for confounding factors, the odds ratios (95% CI) for
late AMD in persons with �-tocopherol-lipid ratio in the highest and middle quintiles,
compared with those with ratio in the lowest quintile, were 0.18 (0.05–0.67) and 0.46
(0.22–0.95), respectively. The odds ratios (95% CI) for any sign of early AMD in persons
with �-tocopherol-lipid ratio in the highest and middle quintiles, compared with those with
ratio in the lowest quintile, were 0.72 (0.53–0.98) and 0.78 (0.61–1.00), respectively. No
association was found with plasma retinol and ascorbic acid levels or with red blood cell
glutathione values (17).

Data from NHANES-I, collected between 1971 and 1972, suggest that the frequency
of consumption of fruits and vegetables characterized as rich in vitamin A is inversely re-
lated to the prevalence of AMD, after adjustment for medical and demographic factors (7).
The Eye Disease Case-Control Study evaluated the relationship of dietary intake of
carotenoids, and vitamins A, C, and E, with neovascular AMD (89). Those in the highest
quintile of carotenoid intake, after adjusting for other risk factors of AMD, had an odds ra-
tio of 0.57 (95% CI � 0.35–0.92) for neovascular AMD compared with those in the low-
est quintile. Among the specific carotenoids, the strongest association with a reduced risk
for neovascular AMD was found with lutein and zeaxanthin, which are primarily obtained
from dark-green, leafy vegetables. Intake of vitamin C was associated with a small but non-
significant reduction in risk of neovascular AMD. No reduction in risk was found with in-
take of vitamin A or E.

The Blue Mountains Eye Study, using a validated 145-item semiquantitative food
frequency questionnaire, found no significant associations between early or late AMD and
dietary intakes of carotene, vitamin A, or vitamin C, from combined diet and supplement,
after adjusting for age, sex, current smoking, and AMD family history (165). There were
no statistically significant trends for decreasing AMD prevalence with increasing intake of
any antioxidant. Consumption of supplements was also not significantly associated with ei-
ther early (OR, 1.0; 95% CI, 0.7–1.4) or late (OR, 1.2; 95% CI, 0.6–2.3) AMD. In addition,
a nested case-control study within the Blue Mountains Eye Study did not find any associa-
tion between AMD or serum �-tocopherol or �-carotene (166). Similarly, no significant as-
sociations between the intake of vitamin C or E or carotenoids from the diet or supplements
and the prevalence of early or late AMD were observed in the Beaver Dam Eye Study
(167). However, in a nested case-control study within the Beaver Dam Eye Study popula-
tion-based cohort, low levels of serum lycopene, but not other carotenoids (�-carotene, �-
carotene, �-cryptoxanthin, or lutein and zeaxanthin), was related to an increased likelihood
of AMD (OR, 2.2; 95% CI, 1.1–4.5) (168).
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The association between self-selection for antioxidant vitamin supplement use and
incidence of AMD was examined among 21,120 participants in the Physicians’ Health
Study I who did not have a diagnosis of AMD at baseline (8). A total of 279 incident cases
of AMD with vision loss to 20/30 or worse were confirmed during an average follow-up of
12.5 years. Compared to nonusers of vitamin supplements, persons who reported taking vi-
tamin E supplements at baseline had a nonsignificant 13% reduced risk of AMD (RR, 0.87;
95% CI, 0.53–1.43), after adjusting for other risk factors. Users of multivitamins had a non-
significant 10% reduced risk of AMD (RR, 0.90; 95% CI, 0.68–1.19). No reduced risk of
AMD was observed for users of vitamin C supplements (RR, 1.03; 95% CI, 0.71–1.50).

b. Zinc. Zinc has received attention because of its high concentration in ocular tis-
sues, particularly the sensory retina, RPE, and choroid (169), and its role as a cofactor for
numerous metalloenzymes, including retinol dehydrogenase and catalase (170). In addi-
tion, there are some reports of zinc deficiency in the elderly, the population subgroup at
greatest risk of AMD (171). Data from NHANES-III suggest that persons aged �71 years,
together with young children aged 1–3 years and adolescent females aged 12—19 years,
were at the greatest risk of inadequate zinc intakes (172). It has been hypothesized that zinc
deficiency in elderly persons may cause the loss of zinc-dependent coenzymes in the RPE,
resulting in the development or worsening of AMD (173).

Newsome and associates conducted a prospective, randomized, double-blind,
placebo-controlled trial that investigated the effects of oral zinc administration on the vi-
sual acuity outcome in 151 subjects with early to late AMD (174). They showed that eyes
in zinc-treated group had significantly less visual loss than the placebo group after a fol-
low-up of 12–24 months. In addition, there was less accumulation of drusen in the zinc-
treated group compared with the placebo group. However, in another double-masked, ran-
domized, placebo-controlled trial, oral zinc supplementation did not have any short-term
effect on the course of AMD in patients who have neovascular AMD in one eye (175).

The Beaver Dam Eye Study found that people in the highest quintile, compared to
those in the lowest quintile, for intake of zinc from foods had lower risk of early AMD (OR
� 0.6, 95% CI � 0.4–1.0) (167). A lower serum level of zinc was found in AMD cases com-
pared to controls in a small Spanish case-control study (150). However, zinc intake was un-
related to late AMD in the same study. The Eye Disease Case-Control Study did not find any
significant relationships between serum zinc levels or zinc supplementation and risk of neo-
vascular AMD (6). This concurs with findings from the Blue Mountains Eye Study (165).

c. Randomized Trials of Antioxidant Vitamins and Age-Related Macular Degenera-
tion. The most reliable, and only direct, method of testing the potential protective effects
of nutritional supplements is to conduct randomized clinical trials. A small prospective ran-
domized clinical trial showed that a specific 14-component antioxidant-mineral capsule
(Ocuguard, Twin Lab, Inc., Ronkonkoma, NY) taken twice daily stabilized but did not im-
prove dry AMD over one and a half years (176,177). Several large-scale randomized clin-
ical trials including the Age-Related Eye Disease Study (AREDS) (153,173), the Physi-
cians’ Health Study II (PHS II) (178), the Vitamin E, Cataract, and Age-related macular
degeneration Trial (VECAT) (179), the Women’s Health Study (WHS) (180), and
the Women’s Antioxidant Cardiovascular Study (WACS) (181), have been designed to
address the issue of antioxidant vitamins and AMD (Table 7). Results of these major trials
should provide the strongest evidence to support or to refute an association of antioxidant
intake with AMD. Of these trials, AREDS, sponsored by the National Eye Institute
(National Institutes of Health, Bethesda, MD), is the first to be completed (173).
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The AREDS is an 11-center double-masked clinical trial that randomly assigned par-
ticipants to receive oral total daily supplementation of: (1) antioxidants (vitamin C, 500 mg;
vitamin E, 400 IU; and �-carotene, 15 mg); (2) zinc (zinc, 80 mg as zinc oxide, and cop-
per, 2 mg as cupric oxide to prevent potential anemia); (3) antioxidants plus zinc; or (4)
placebo (173). Participants from aged 55–80 years were enrolled from November 13, 1992
through January 15, 1998, and followed up until April 16, 2001. Enrolled participants in
the AREDS AMD trial had extensive [drusen area � 125 �m diameter circle (about 1/150
disk area)] small (�63 �m) drusen, intermediate (63-124 �m) drusen, large (�125 �m)
drusen, noncentral geographic atrophy, or pigment abnormalities in one or both eyes, or ad-
vanced AMD or vision loss due to AMD in one eye. At least one eye had a best-corrected
visual acuity of 20/32 or better (the study eye[s]).

The average follow-up of the 3640 enrolled study participants in the AREDS AMD
trial was 6.3 years, with 2.4% lost to follow up. Compared with patients receiving placebo,
patients randomized to supplementation with antioxidants plus zinc had a statistically sig-
nificant odds reduction for the development of advanced AMD (OR, 0.72; 99% CI,
0.52–0.98). Advanced AMD was defined as photocoagulation or other treatment for CNV,
or photographic documentation of any of the following: geographic atrophy involving the
center of the macula, nondrusenoid RPE detachment, serous or hemorrhagic retinal de-
tachment, hemorrhage under the retina or RPE, and/or subretinal fibrosis. The ORs for zinc
alone and antioxidants alone are 0.75 (99% CI, 0.55–1.03) and 0.80 (99% CI, 0.59–1.09),
respectively. The study found that participants with extensive small drusen, nonextensive
intermediate size drusen, or pigment abnormalities had only a 1.3% 5-year probability of
progression to advanced AMD. There was no evidence of any treatment benefit in delay-
ing the progression of these patients to more severe drusen pathology. When these 1063
participants were excluded and analysis performed for the rest of the participants who had
more severe age-related macular features (extensive [drusen area �360 �m diameter cir-
cle {about 1/16 disk area} if soft indistinct drusen are present or drusen area �656 �m di-
ameter circle {about 1/5 disk area} if soft indistinct drusen are absent] intermediate drusen,
large drusen, or noncentral geographic atrophy in one or both eyes, or advanced AMD or
vision loss [best-corrected visual acuity �20/32] due to AMD in one eye) and who are at
the highest risk for progression to advanced AMD, the odds reduction estimates increased
(antioxidants plus zinc: OR, 0.66; 99% CI, 0.47–0.91; zinc: OR, 0.71; 99% CI, 0.52–0.99;
antioxidants: OR, 0.76; 99% CI, 0.55–1.05). Estimates of relative risks derived from the
ORs suggested risk reductions for those taking antioxidants plus zinc, zinc alone, and an-
tioxidants alone of 25%, 21%, and 17%, respectively. Both antioxidants plus zinc and zinc
significantly reduced the odds of developing advanced AMD in this higher risk group.
However, the only statistically significant reduction in rates of at least moderate vision loss
(defined as decrease in best-corrected visual acuity score from baseline of 15 or more let-
ters in a study eye [equivalent to a doubling or more of the initial visual angle, e.g., 20/20
to 20/40 or worse, or 20/50 to 20/100 or worse]) occurred in persons randomized to receive
antioxidants plus zinc (OR, 0.73; 99% CI, 0.54–0.99) in this same group. The estimated
27% odds reduction of at least moderate vision loss for the combination arm (antioxidants
plus zinc) may be the combined benefit of the zinc component (odds reduction of 17%) and
the antioxidant component (odds reduction of 15%). There was no statistically significant
serious adverse effect associated with any of the formulations.

The study recommended that persons older than 55 years should have dilated eye ex-
aminations to determine their risk of developing advanced AMD. Those with extensive in-
termediate size drusen, at least one large druse, noncentral geographic atrophy in one or
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both eyes, or advanced AMD or vision loss due to AMD in one eye, and without con-
traindications such as smoking, should consider taking a supplement of antioxidants plus
zinc to reduce their risk of progression to advanced AMD and vision loss. Because results
from two other randomized clinical trials suggested increased risk of mortality among
smokers supplementing with �-carotene (154,155), persons who smoke cigarettes should
probably avoid taking �-carotene, and they might choose to supplement with only some of
the study ingredients.

2. Dietary Fish Intake
A high proportion of polyunsaturated ω-3 fatty acids, particularly docosahexaenoic acid, is
present in the human retina and macula (156,182). Docosahexaenoic acid appears to play an
important role in the normal functioning of the retina, and is found predominantly in oily fish
and offal (122). Increased consumption of fish and fish oils containing ω-3 fatty acids has
been associated with a protective effect against atherosclerosis in several studies (183–185).

The Blue Mountains Eye Study found that more frequent consumption of fish ap-
peared to protect against late AMD but not early AMD, after adjusting for age, sex, and
smoking (119). The protective effect of fish intake for late AMD commenced at a relatively
low frequency of consumption (OR for intake 1–3 times/month vs. intake �1 time/month,
0.23 [95% CI, 0.08–0.63]) and overall had an OR of 0.5. A borderline protective effect for
consumption of polyunsaturated fat was also observed (OR for intake in highest vs. lowest
quintile, 0.40 [95% CI, 0.14–1.18]). This concurs with the finding in the Beaver Dam Eye
Study that increased consumption of margarine, which contains higher ratios of polyunsat-
urated to saturated fatty acids, was associated with a reduction in risk for early AMD (OR
for intakes in highest vs. lowest quintile, 0.5 [95% CI, 0.4–0.8]) (118). However, intake of
seafood, a marker of intake of �-3 fatty acids, was unrelated to early or late AMD (118).
Sanders and associates also found no association between AMD and the proportion of
polyunsaturated fatty acids in the plasma and erythrocyte phospholipids in a case-control
study (122).

The relation of other dietary fat intake and AMD has been dealt with under cardio-
vascular disease risk factors (see above).

D. Alcohol Consumption

A recent report by Obisesan and associates, using data from NHANES-I, investigated the
relationship of alcohol consumption and AMD (186). Although the data are not statistically
significant, persons who consumed 12 or fewer drinks of alcohol per year appear to be less
likely to develop AMD when compared to nondrinkers (4% vs. 7%, respectively). Beer
consumption alone did not have a significant effect on the development of AMD (OR, 0.72;
95% CI, 0.45–1.12). After adjusting for the effect of age, gender, income, history of con-
gestive heart failure, and hypertension, wine consumption showed a statistically significant
negative association with AMD (OR, 0.81; 95% CI, 0.67–0.99). In a preliminary report of
the Eye Disease Case-Control Study, higher alcohol intake was also related to a reduced
risk of neovascular AMD (187). Considering that AMD may share similar pathological
processes with cardiovascular diseases (30), the finding that moderate wine consumption
is associated with decreased odds of developing AMD is consistent with reports of a pro-
tective effect of moderate alcohol intake for coronary artery disease and stroke (188).

In the Beaver Dam Eye Study, beer consumption was found to be associated with in-
creased prevalence of retinal pigment and neovascular AMD (189). In an incidence study,
beer consumption was found to be positively associated with the incidence of soft indistinct
drusen, increased drusen area, and confluence of soft drusen (190). The Blue Mountains
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Eye Study found no association between alcohol consumption and the prevalence of early
or late AMD or large drusen, although there was a significant positive association between
consumption of distilled spirits and early AMD (191).

Prospective data from 111,238 women and men in the Nurses’ Health Study and the
Health Professionals Follow-up Study do not support a protective effect of moderate alco-
hol consumption on the risk of AMD (192). No substantial association between total alco-
hol intake and incidence of AMD was found from the 697,498 person-years of follow-up in
women and 229,180 person-years of follow-up in men. After controlling for age, smoking,
and other risk factors, the pooled relative risks (RR) (95% CI) for AMD compared with non-
drinkers were 1.0 (0.7–1.2) for drinkers who consumed 0.1–4.9 g/day of alcohol; 0.9
(0.6–1.4) for 5–14.9 g/day; 1.1 (0.7–1.7) for 15–29.9 g/day; and 1.3 (0.9–1.8) for 30 g/day
or more. However, there was a modest increased risk of early AMD and geographic atro-
phy in women who consumed 30 g/day or more of alcohol (RR, 2.04; 95% CI, 1.22–3.42).
There was no association between alcohol intake and neovascular AMD in either sex, but it
should be pointed out that the number of cases of neovascular AMD was small in the study.

Prospective data of 21,041 male physicians with an average follow-up of 12.5 years
in the Physicians’ Health Study also indicate that alcohol intake is not appreciably associ-
ated with the risk of AMD (193). The overall relative risk of any AMD among men who
reported baseline alcohol consumption of � 1 drink/week compared to those drinking �1
drink/week was 0.97 (95% CI, 0.78–1.21) after multivariate adjustment. Similarly, the rel-
ative risk of AMD with visual loss and neovascular AMD was 0.99 (95% CI, 0.75–1.31)
and 0.87 (95% CI, 0.51–1.51), respectively, after multivariate adjustment. For AMD with
vision loss, the relative risks (95% CI) for those reporting �1 drink/week, 1 drink/week,
2–4 drinks/week, 5–6 drinks/week, and �1 drink/day at baseline were 1.0 (referent), 0.75
(0.47–1.21), 1.0 (0.69–1.45), 1.20 (0.81–1.78), and 1.19 (0.87–1.61), respectively. Several
other smaller studies also found no association between the history of alcohol consumption
and AMD (60,69,130).

IX. DEVELOPMENT OF CHOROIDAL
NEOVASCULARIZATION IN AGE-RELATED
MACULAR DEGENERATION

AMD is a bilateral condition that tends to be fairly symmetrical in its presentation and clin-
ical course (194,195). A study of the symmetry of diskiform scars found a significant cor-
relation between eyes in terms of the final scar size, and large macular scars were more fre-
quent in the second eye if the first eye had a large scar (194). In the Blue Mountains Eye
Study, 40% of the neovascular AMD cases were bilateral (31). Once one eye is affected,
there is a significant risk for involvement in the fellow eye. Although peripheral vision is
almost always retained in late AMD, bilateral central scotomata result in decreased mobil-
ity and impaired reading ability, and dramatically impact on occupational and recreational
activities.

It has been demonstrated that choroidal neovascular lesions of AMD account for the
vast majority of severe visual loss from this condition (196). Seventy-nine percent and 90%
of eyes legally blind due to AMD in the Framingham Eye Study (2) and a large case-con-
trol study (48), respectively, had choroidal neovascularization (CNV). Thus, patients at risk
of bilateral CNV are at the greatest risk of severe visual loss. Because select cases of CNV
may be potentially treatable, it is important to identify high-risk patients and educate them
about the importance of daily self-monitoring of the central visual field for each eye.
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A. Risk of Choroidal Neovascularization in Age-Related
Macular Degeneration

A number of studies have reported the natural course of patients with bilateral drusen with
good visual acuity (47,197–199) (Table 8) while others have assessed the risk of develop-
ing CNV in the fellow eye in patients with age-related CNV in one eye (Table 9)
(47,200–209). Variation in the reported risk among the studies is probably due partly to
variation in the clinical features of the macula (e.g., drusen size and confluence, presence
of focal hyperpigmentation, and/or RPE depigmentation) (210).

Lanchoney and associates (211), using the follow-up studies of Smiddy and Fine
(197) and Holz and associates (198), predicted that the proportion of patients with bilateral
soft drusen developing CNV in either one or both eyes would be 12.4% within 10 years,
but this risk varied from 8.6 to 15.9%, depending on sex and age of the patient. In their
model, the rate of development of CNV in the first eye was reduced after 5 years to 75% of
the initial rate observed in follow-up studies and to 50% of the initial rate after 10 years
(211).

Gass reported that of 91 patients who were seen initially with loss of vision due to
diskiform macular detachment or degeneration in one eye, neovascular lesions developed
in the second eye in 31 patients (34%) over an average follow-up of 4 years (47). Chandra
and associates reported that among 36 patients with unilateral diskiform lesions, bilateral
involvement occurred in 13 (36%) after an average follow-up of 22 months (201). Gregor
and associates followed 104 patients aged 60–69 years who initially had a diskiform mac-
ular degeneration in one eye for between 1 and 5 years (203). From their data, they esti-
mated the annual incidence of developing a diskiform lesion in the fellow eye to be 12%
per year in the first 5 years. Strahlman and associates reported that among 84 patients with
unilateral exudative AMD, nine (11%) developed bilateral involvement after a mean fol-
low-up of 27 months (204). Baun and associates studied 45 patients with unilateral neo-
vascular AMD for 4 years and documented CNV in the fellow eye in 14 (31%) patients
(205). Sandberg and associates found an average of 8.8% of patients with unilateral neo-
vascular AMD develop CNV in the fellow eye each year in their prospective series of 127
patients with 4.5 years of follow-up (206).

The Macular Photocoagulation Study (MPS) Group examined the data of fellow eyes
of study participants in the MPS randomized trial for argon laser photocoagulation for ex-
trafoveal CNV secondary to AMD (208) and the randomized trials of laser photocoagula-
tion for new juxtafoveal CNV, new subfoveal CNV, or recurrent subfoveal CNV secondary
to AMD (209). In the extrafoveal CNV trial, 128 participants had a fellow eye that was ini-
tially free of CNV at baseline (208). During 5 years of follow-up, CNV lesions associated
with AMD were observed in 33 (26%) of the 128 fellow eyes. In the other three MPS tri-
als, among 670 patients with no classic or occult CNV in the fellow eye at the time of en-
rollment, CNV developed in 236 (35%) within 5 years (209). The cumulative incidence
rates of CNV in the fellow eye for this group of patients were estimated to be 10%, 28%,
and 42% at 1, 3, and 5 years, respectively (Fig. 1).

B. Risk Factors for Progression to Choroidal
Neovascularization

The MPS Group evaluated selected risk factors for development of CNV in the fellow eye
of patients in the randomized trials of laser photocoagulation for new juxtafoveal CNV,
new subfoveal CNV, or recurrent subfoveal CNV secondary to AMD (209). A trend for in-
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creased incidence with age (p � 0.06) was observed. No strong association was found be-
tween female sex, higher frequency of aspirin usage, cigarette smoking, or hyperopia with
an increased risk of CNV.

Certain drusen and RPE abnormalities within 1500 microns of the foveal center pre-
sent in the fellow eye and patient characteristics at baseline were identified as risk factors
for the development of CNV in these eyes (209,212). Specific risk factors include the pres-
ence of five or more drusen (RR, 2.1; 95% CI, 1.3–3.5), focal hyperpigmentation (RR, 2.0;
95% CI, 1.4–2.9), definite systemic hypertension (systolic pressure � 140 mmHg, diastolic
pressure � 90 mmHg, or use of antihypertensive medications) (RR, 1.7; 95% CI, 1.2–2.4),
and one or more large drusen (� 63 �m in greatest linear dimension) (RR, 1.5, 95% CI,
1.0–2.2). The risk of CNV developing within 5 years after presenting with CNV in the first
eye ranged from 7% if none of these risk factors was present to 87% if all four risk factors
were present (Fig. 1).

X. SUMMARY

In summary, several risk factors for AMD have been identified from case-control, cross-
sectional, and prospective cohort studies. Risk factors such as increasing age and a family
history of the disease cannot be modified. One modifiable well-established risk of AMD to
date is cigarette smoking (135). Dietary habits are also modifiable, and findings from
AREDS suggest that persons with extensive intermediate size drusen, at least one large
druse, noncentral geographic atrophy in one or both eyes, or advanced AMD or vision loss
due to AMD in one eye, and without contraindications such as cigarette smoking, should
consider taking a supplement of antioxidants plus zinc to reduce their risk of progression
to advanced AMD and vision loss. Since sunglasses may protect against cataract formation,
are inexpensive, and are not associated with any major side effects, it may be reasonable to
wear sunglasses to reduce ultraviolet and other light exposure to ocular structures. The
challenge for researchers is to more firmly establish modifiable risk factors and to conduct
large-scale prospective intervention trials on these factors so that preventive measures and
better treatments can be developed.

The identification and modification of risk factors for AMD has potential for greater
public health impact on the morbidity from the disease than the few treatment modalities
currently available. Case-control, cross-sectional, and prospective cohort studies can iden-
tify risk factors for AMD. Repeated findings of the same risk factors in well-designed stud-
ies conducted in different populations are necessary to provide compelling evidence of a
real association between AMD and potential risk factors. However, only randomized
prospective clinical trials can prove that modifying a particular established risk factor can
influence the course of AMD.

Risk factors for AMD may be broadly classified into personal or environmental fac-
tors (e.g., smoking, sunlight exposure, and nutritional factors including micronutrients, di-
etary fish intake, and alcohol consumption). Personal factors may be further subdivided
into sociodemographic (e.g., age, sex, race/ethnicity, heredity, and socioeconomic status),
ocular (e.g., iris color, macular pigment density, cataract and its surgery, refractive error,
and cup/disk ratio), and systemic factors (e.g., cardiovascular disease and its risk factors,
reproductive and related factors, dermal elastotic degeneration, and antioxidant enzymes).

Established risk factors for AMD are age, race/ethnicity, heredity, and smoking. Pos-
sible risk factors are sex, socioeconomic status, iris color, macular pigment density,
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cataract and its surgery, refractive error, cup/disk ratio, cardiovascular disease, hyperten-
sion and blood pressure, serum lipid levels and dietary fat intake, body mass index, hema-
tological factors, reproductive and related factors, dermal elastotic degeneration, antioxi-
dant enzymes, sunlight exposure, micronutrients, dietary fish intake, and alcohol
consumption. Factors probably not associated with AMD are diabetes and hyperglycemia.
Risk factors for progression to choroidal neovascularization include presence of 5 or more
drusen, focal hyperpigmentation, systemic hypertension; 1 or more large drusen (763 �m
in greatest linear dimension).

A number of well-established factors such as increasing age and a family history of
the disease unfortunately cannot be modified. One modifiable well-established risk factor
is cigarette smoking. There may be potential benefits of antismoking patient education for
primary and secondary prevention of AMD. The Age-Related Eye Disease Study (AREDS)
suggested that persons older than 55 years with extensive intermediate size drusen, at least
one large druse, noncentral geographic atrophy in one or both eyes, or advanced AMD or
vision loss due to AMD in one eye, and without contraindications such as cigarette smok-
ing, should consider taking a supplement of antioxidants plus zinc to reduce their of pro-
gression to advanced AMD and vision loss. Although sunlight exposure has not been es-
tablished as a risk factor for AMD, it may be reasonable to wear sunglasses to reduce
ultraviolet and other light exposure to ocular structures since sunglasses may protect
against cataract formation, are inexpensive and not associated with any major side effects.
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I. INTRODUCTION

As routine as the words “there is nothing more that can be done to correct your vision” seem
to us, these words can have devastating consequences on those on the receiving end. These
words can cause feelings of hopelessness, helplessness, despair, shock, and a host of other
feelings (1). Individuals who were vulnerable to such things as illness, family violence,
feelings of depression, or social isolation may be at greater risk after learning of the per-
manence of the vision problem, as chronic vision loss seems to exacerbate other situations
that may put an individual at risk (2). It therefore becomes part of our responsibility as eye
care professionals to initiate the discussion of the consequences of vision loss, as well as
low vision rehabilitation services with our patients within the clinical setting. An open and
sensitive discussion of these issues, where we listen as much as we speak, can be very ther-
apeutic for our patients with low vision (3,4). This chapter will be dedicated to exploring
the psychosocial consequences that vision loss has on our patients with age-related macu-
lar degeneration (AMD) so as to help facilitate the physician/patient interaction. This chap-
ter will outline situations concerning an older low-vision patient group. It is designed as an
introductory text to this subject. It will be presented in sections dealing with specific top-
ics of concern and will include both anecdotal and scientific information from a wide vari-
ety of fields. It will include a review of the eye care professional’s role in interacting with
those with vision loss. It will also include a review of some of the more pressing psycho-
logical issues affecting the individual with vision loss, a review of interpersonal relation-
ships and family support issues, and will conclude with community interventions for those
with low vision.



II. THE PRIMARY EYE CARE PROFESSIONAL’S ROLE
IN PATIENT ADJUSTMENT

A. Breaking the News

The most important discussion an eye care professional may ever have with a patient is
breaking the news that the patient’s vision loss is permanent and uncorrectable. A frank and
honest discussion of the subject is very important. Initiating the discussion regarding vision
loss and low vision rehabilitation with a question about reading ability, driving, or other
daily living activities should both decrease the anxiety and increase the comfort of both the
patient and the physician. The eye care professional may want to conduct this conversation
early in the disease process when vision is only moderately affected, such as vision loss of
20/60 in the better eye after correction. Waiting until the person is legally blind or pro-
foundly visually impaired may result in poorer rehabilitation outcomes. A referral to the
low-vision specialist when vision is only moderately affected should result in tremendous
satisfaction on the part of the patient, as these individuals have the easiest vision to im-
prove. The initial referral to the low-vision ophthalmologist or optometrist when success-
ful fitting is possible will contribute to a good patient/practitioner relationship between the
two of them. The individual with low vision can start to get used to adaptive devices such
as high plus readers in the �6– �10 diopter range. When lower-powered readers and mag-
nifiers no longer work successfully and the individual needs strengths in the �12–�20
diopter range, the focal distance needed will not be as foreign to the individual and adjust-
ment to and utilization of such devices will be much greater. Adjustment to vision loss may
be more successful if the individual has been able to make both psychological and daily liv-
ing skill adjustments on an incremental basis (5). Moreover, an early referral may reduce
the patient’s sense of anger toward us. Waiting until the patient is legally blind in both eyes
results in many years of missed opportunities and much frustration on the part of the pa-
tient.

In addition to discussing problems of daily living, the initial discussion should in-
clude a full description of AMD, its visual prognosis and any treatment options that may be
available, a definition of low vision and legal blindness, and an opportunity for the patient
and his/her family to ask questions. This should help the patient better understand his/her
disease, reduce any unrealistic hopes for a cure the patient or the family may still harbor,
and start the patient on the road to recovery. It will legitimize the concerns the person with
AMD may have about vision loss, while at the same time dispelling some of the myths and
misconceptions the person or his/her family has about vision loss. It may also reduce the
fear the patient may have about becoming totally blind from AMD. Referrals to other pro-
fessionals if necessary (such as psychologists when coping strategies are limited or orien-
tation and mobility specialists when vision loss is profound and safety is an issue) should
complete the conversation. This will introduce the concept of low-vision rehabilitation to
the patient and his/her family and should reduce frustration within the individual and the
family unit if done appropriately and in a timely manner. Low-vision rehabilitation has
been shown to be effective in both promoting adjustment to vision loss and enhancing daily
living abilities in those with vision loss (6–9), providing a further reason to approach this
subject with our patients.

Certainly we cannot address every issue surrounding vision loss in the initial con-
versation but we can start the dialog. Much of the discussion surrounding vision loss in-
cludes the more psychologically based aspects of vision loss. This is an area that many of
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us are uncomfortable with or feel is outside our scope of practice (10). Our understanding
of the psychosocial issues associated with vision loss and our knowledge of the resources
available to those with vision loss will assist us in these difficult conversations. By provid-
ing this in-depth conversation to our patients with AMD, we will reduce much of the pa-
tient’s anxiety and will eliminate their “having to find things out on their own.” This should
reduce their need to “doctor shop” as full disclosure will result in their believing that they
have been fully cared for by us. If we do not address these issues within the clinical setting,
we are implying that there is, in fact, nothing more that can be done and the individual must
do everything on his or her own to cope with vision loss. The elderly person with insuffi-
cient information about low-vision rehabilitation may fall prey to those within the eye care
community who are not fully reputable or ethical. (I have seen very unrealistic advertise-
ments suggesting that 80-year-olds who are legally blind should still be able to drive with
the right adaptive devices. These devices cost about $3000.) Reassurance from the eye care
professional that he or she will always be available for consultation reduces the patient’s
fear of physician abandonment. Even a little encouragement and information from a health
care professional will have tremendous benefits for our patients (11). Moreover, many
older adults prefer to have their health care decisions made for them by a physician (12).
This decision-making preference makes the initial discussion of low-vision rehabilitation
even more important for the older person with low vision, as that individual may not seek
rehabilitative services without the input of the primary eye care professional.

Unfortunately, we may underestimate the effects vision loss has on our patients (13).
We must be careful not to tell our patients that their vision problems or situation as a result
of their vision problems could be worse. These types of statements usually result in the pa-
tient feeling resentful of us. They may feel misunderstood or minimalized. It also reduces
the person’s willingness to ask questions, as the patient may now feel as if his/her “in-
significant” vision problem should not warrant a lengthy discussion from the eye care pro-
fessional. Assuring our patients that they will not go totally blind from macular degenera-
tion and then giving them the opportunity to ask questions is more beneficial than telling
them not to worry about their vision problems.

Moreover, as practitioners we do not want to encourage self-blame. For example, the
“if only I had quit smoking I would not have developed macular degeneration” scenario
does not improve the possibility of rehabilitation. To reduce self-blame, I tell my patients
that almost everyone will develop macular degeneration if he lives long enough. This sug-
gestion helps the individual realize that macular degeneration is a “natural” part of the ag-
ing process, and since they would not blame themselves for developing wrinkles, they
should not blame themselves for macular degeneration.

We need to be mindful that many patients will not be “ready” for either a discussion
about low vision or a referral to a low-vision specialist. This is a perfectly normal reaction
to devastating news. If this is the case, a follow-up appointment about 2 months after the ini-
tial conversation may be necessary. Two months usually is enough time to result in a change
of heart and a willingness to accept a referral. Subsequent yearly or half-yearly follow-up
visits help maintain a relationship between the patient and the low-vision specialist.

B. Understanding Vision Loss

Probably the most difficult challenge facing those of us within the field of ophthalmology
is ensuring that our patients and their families understand the meaning of vision loss. Most
individuals think of vision as being dichotomous—either perfect 20/20 vision or “no light
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perception” vision. Very few individuals are aware that visual acuity is actually on a con-
tinuum, ranging from 20/20 to no light perception. Helping the patient and the family un-
derstand the concept of vision as being on a continuum will help us work more effectively
with them. Many family members do not fully understand the meaning of low vision and
as a result the family members may not know what to expect from their loved ones with
low vision (12). Family members may feel that the person with low vision is “faking”
symptoms to get out of doing unpleasant chores around the home. Explaining, fully, to both
the patient and his/her family that vision may fluctuate, that under certain conditions the
person’s vision will appear better, and that high-contrast objects will be easier for the indi-
vidual with poor vision to see will help eliminate friction within the family unit. The oph-
thalmologist’s explanation of this to the family legitimizes the experiences of those with
low vision, thus making it easier for the individual with low vision to interact with his/her
family.

C. The “Blindness” Word

Along the same vein, the word “blindness” may produce excessive anxiety that could be
eliminated if the words “low vision” were used. Most individuals do not understand the
meaning of the term “legal blindness” and hear only the word “blindness,” since most in-
dividuals are familiar with that term. If we do not provide information on the concept of le-
gal blindness, then much of the time spent during the first visit with the low-vision spe-
cialist may consist of them explaining the term legal blindness to our patients. Legal
blindness is an important classification as it means that the individual with vision loss is el-
igible for special services such as state and federal paid vision rehabilitation, income tax
deductions, and no-cost “411” service, to name a few. However, if a patient hears only the
word “blindness,” we have increased his or her anxiety significantly, as the individual may
think that he/she will be going totally blind in the very near future. By using the term low
vision, we will reduce our patients’ anxiety about total vision loss as the ultimate outcome
of macular degeneration. When a person does become legally blind, we should discuss this
information openly with our patients. We need to make sure that each patient obtains all of
the benefits to which he or she is entitled. We must make sure that we have sufficient time
to spend with our patients when this discussion becomes necessary. Rescheduling the dis-
cussion to a later date when necessary ensures that we have enough time to fully discuss
the issue with our patients and their families.

III. PSYCHOLOGICAL REACTIONS TO VISION LOSS

Aging and vision loss can result in feelings of change and loss. These feelings of loss can
range from loss of a spouse to loss of a career. The person may feel that he/she is living
longer but not better or may feel fearful of having to relocate to an assisted-living facility
(5). This section will review several areas of concern to those who are both aged and
visually impaired.

A. Losing Independence, Privacy, and Self-Worth

The loss of independence and privacy can be very debilitating to those who are elderly.
These losses can result in the individual becoming depressed and less likely to seek
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rehabilitative care, thus further increasing isolation and dependence on others (14). For
those who cannot see adequately and who have not undergone daily living skills training,
the level of independence that can be successfully exhibited is minimal. The individual can-
not drive, cook, or read mail, and often cannot perform hygienic activities or maintain a
household on his/her own. This results in the individual having to seek assistance from fam-
ily members, friends, or paid attendants. Those with macular degeneration and low vision
may not seek assistance from others, as this may signal impending decline and death. Cer-
tainly, the mere presence of these helping individuals implies that the person with low vi-
sion can no longer live or function independently. Moreover, the individual has now lost
all of his/her privacy. This comes in the form of having others read personal mail and as-
sist in keeping financial records. In some instances, it may include assistance with hygiene
as well. Unfortunately, the absence of these helpful individuals can mean the person with
low vision is living in squalid or unsafe conditions.

Individuals who have low vision and who can no longer live independently may
choose to live in assisted-living facilities if financial resources are available. This further
suggests a loss of independence, as the person is no longer able to inhabit the home he/she
has lived in for many years. The loss of a home and a move to a retirement home or as-
sisted-living facility may imply eminent death to the individual with low vision (5). Vision
loss is frequently cited as the reason for moving from the family home to an assisted-living
facility (5). The move to a retirement community can have deleterious effects on an indi-
vidual’s health (5). The person may feel that he is now at the “end of the line” and that death
is imminent. Therefore, it is the goal of many low-vision specialists to keep those with low
vision in their own homes for as long as possible.

Vision loss may also lead to feelings of limited self-worth (1). Individuals currently
affected by AMD report feeling useful primarily while working (5). These individuals may
volunteer their time after retirement and may be as busy as they were prior to retirement.
However, if the person is plagued with vision loss, he/she may not be able to continue to
pursue retirement activities. If the person is not adaptable and does not know how to mod-
ify his/her life to make accommodations for the vision loss, the likelihood of continuing
with the old regime is unlikely. The inability to work or pursue retirement activities may
lead to feelings of limited self-worth. The person’s role within the family may change,
further affecting the sense of self-worth. Feelings of self-worth are highly desirable and
lead to increased well-being and improved psychological functioning. Those with reduced
feelings of self-worth are at risk for such things as despair and depression (5).

B. Depression, Isolation, and Loneliness

Depression, isolation, and loneliness are a very unfortunate, but real, part of aging. These
conditions may be as a result of losing family and friends to death, or may be due to dis-
abling features of aging, such as vision loss or other chronic or disabling conditions that
keep the individual home-bound. Vision loss, in and of itself, can cause psychopathologi-
cal symptoms such as anxiety, adjustment disorder, major depression, suicidal ideation and
attempt, and phobia (15–21). Psychological symptoms may range from mild problems of
maladjustment to significant problems of a psychopathological nature. Those with minor
adjustment problems usually regain psychological normalcy after adjustment to vision loss
occurs (16). Symptoms may include feelings of dependence on others or frustration at hav-
ing to ask for assistance to help with things that were done with ease previously. The indi-
vidual who is adjusting poorly may also have a sense of diminished well-being. This may
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be further exacerbated if the individual lives in a relatively low-vision-unfriendly apart-
ment (one with poor lighting and numerous stairs for example) (19,20). Treatment should
include daily living skill enhancement that will likely be sufficient to help the individual
adjust better to the vision loss.

For those at risk for more severe psychological problems, the presence of permanent
vision loss may result in chronic mental health problems. Individuals who are at risk should
be referred to appropriate professionals as soon as symptoms start to appear (18). In those
who are depressed, symptoms of feeling blue, feelings of lethargy, and poor sleep patterns
are frequently observed. Suicidal ideation and rarely suicide may occur as a result of per-
manent vision loss (16). For at-risk individuals, a referral to a mental health practitioner
who is familiar with the effects of chronic illness on individuals, as well as being sensitive
to the needs of a geriatric patient population, is essential.

If a patient needs psychotropic medication to relieve symptoms, a referral to a psychi-
atrist should be considered. If the patient needs to talk with someone about feelings of frus-
tration about his/her inability to perform daily living tasks, a referral to a psychologist is more
appropriate. If the patient is having specific problems with a family member, a referral to a
marriage and family counselor may be the most appropriate. Referrals to mental health care
practitioners who are not familiar with both the effects of vision loss and the needs of geri-
atric patients will likely be less than beneficial. Having a good understanding of what types
of referrals our colleagues want and the types of services that our colleagues have to offer our
patients should enhance our referral patterns to mental health professionals.

Vision loss is frequently accompanied by a sense of isolation from others and from so-
ciety (1). The person who is visually impaired is frequently unable to drive (or drive a great
distance), resulting in an isolation from the community. Individuals with vision problems may
feel embarrassed about their visual disabilities and this may further remove them from soci-
ety. Those who are visually impaired may be isolated from their natural support groups of
family and friends. Moreover, the person with vision loss may be unable to read a newspaper
or book, further adding to the sense of isolation from society (14). The sense of social isola-
tion can exacerbate the psychological problems faced by our patients with vision loss. Those
who are isolated may have reduced feelings of well-being and may have increased problems
with adjustment over time (19,20). Assisting low-vision patients with community involve-
ment can result in improved psychological well-being and functioning (22).

For many individuals, isolation is accompanied by a sense of loneliness. Individuals
who are homebound have little means by which to access the company of others. The indi-
vidual who is homebound must rely on others to come to visit him/her and is forced to rely
on others for transportation to doctor appointments (23).

C. Denial

Denial is a strong and natural human response to a risky or unpleasant situation. It may, in
fact, be a self-protective behavior (24). Psychologists have suggested that if we believed
that we were at great risk of being in a car accident every time we got into a car, we prob-
ably would not drive. Unfortunately denial can also be deleterious to our health and well-
being. This is exemplified in the following case history. Several years ago, I was coordi-
nating an outreach program to assist eligible individuals receive blind disability benefits. I
interviewed a patient who had end-stage glaucoma and vision of hand motions in both eyes.
I suggested that she might be eligible for these benefits and she replied to me that she was
not blind. She had not sought any type of rehabilitation services for those with vision loss,
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such as orientation and mobility training (white cane training) as she believed that her oph-
thalmologist would cure her of her vision problems. Not only was she unwilling to pursue
obtaining blind disability benefits, she could not conceive of the possibility that her oph-
thalmologist could not cure her eye problems. She was in very serious denial. She was re-
lying on others for assistance in daily living tasks, as well as putting herself at risk for at-
tempting to do things that were beyond her visual ability. Many individuals who are totally
blind are able to do everything that can be done by those with normal sight, with a few ex-
ceptions. But this requires rehabilitation techniques and training. Denial of the permanence
of her vision loss allowed this patient to be unsafe in many situations and overly dependent
on people in other situations.

This type of scenario can be repeated over and over again when describing the newly
(or not so newly) visually impaired. Individuals may continue to drive even though they
cannot see well. Men are far more likely than women to insist upon driving even when their
vision is in the 20/200 range (23). On the other hand, women may continue to cook elabo-
rate meals even when they cannot see well. People may be so fearful of going totally blind
that they do not seek care, or they will downplay the severity of their vision loss to their
family members and friends. People do not want to disappoint others, lose their indepen-
dence, or change their lifestyles. They may believe that the next surgery will finally cure
their vision problems, thus maintaining unrealistic expectations of what ophthalmologists
are able to do. They may seek opinion after opinion until they hear the news that they
want—that a cure is available for their particular problem. They may undergo unnecessary,
expensive, or ill-advised treatments, and may not take “no” as an answer when requesting
another opinion.

We cannot make people move beyond denial, but we can encourage them to seek ap-
propriate care from rehabilitation specialists or psychologists. Involving family members in
this process may also be helpful, Family members should be counseled on the extent of vi-
sion loss and the limitations of the individual with vision loss. Unfortunately, family mem-
bers may actually impede the process of moving past denial, as they may be in denial them-
selves and may inadvertently influence those with vision problems to remain in denial as well.

D. Why Me? Making Meaning Out of Misfortune

One of the first questions asked by someone who has experienced a tragedy is “why me?”
As health care professionals we have heard our patients ask this question on many occa-
sions. Elizabeth Kubler-Ross revolutionized our ideas about the “why me?” question with
her studies on death and dying with the terminally ill in the mid-1960s. She suggested that
individuals go through a specific process to answer this question and to ultimately accept
their own mortality and death. Much of her work was anecdotal and more recent work has
suggested that the process is much more individualized than she proposed (25). However,
one aspect of the grieving process is virtually universal; that is the process of making mean-
ing out of misfortune. Although little research has been conducted to look at the specific
reactions of those with low vision, one should be able to assume that vision loss is consid-
ered a personal tragedy, and as such, the need by patients to make meaning out of its pres-
ence should be expected. Helping a patient come to terms with vision loss and make mean-
ing of it may be an important part of the rehabilitation process.

Most individuals will try to explain to themselves why something bad has happened
to them. Those who are religious may show improvement in psychological well-being and
improvement in health when faced with disabling or chronic illness (26,27), and as a result,
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more and more physicians are discussing religious beliefs and ideas with their patients (28).
Those who are not as religious may look for some “good” to come from their experience
with vision loss. The ability to find something good in a bad situation is frequently associ-
ated with positive affectivity. Those with a positive affect will be very optimistic about life,
whereas those with a negative affect will be very pessimistic about life. The presence of a
positive affect has been associated with improved health and well-being (29). Some will
spend months feeling depressed, with little time spent on the “why me?” question, while
others will immediately focus on the process of making meaning out of misfortune. Those
who are unaware that their vision loss is permanent may not try to make meaning out of it
and may feel that it is just an extremely annoying part of the aging process that will even-
tually resolve. They may feel disillusioned with their ophthalmologist and depressed about
their situation, especially when they feel that no one is talking with them. Feelings of de-
pression can overwhelm the individual, thus making it even more difficult for him/her to
adapt to vision loss. Since the elderly are prone to depression with the onset of chronic ill-
ness and disability, the lack of a conversation with the ophthalmologist about one’s visual
prognosis may result in serious health and mental health problems.

E. Adaptability in the Elderly

The saying “you can’t teach an old dog new tricks” is very applicable in the realm of low-
vision rehabilitation for those with AMD. Many individuals with AMD have vision loss of
20/200 or greater in the better eye after correction. To assist the person with reading tasks,
the dioptric strength needed is along the lines of �10 or stronger. This results in a focal dis-
tance of 10 cm or less. The question facing the low-vision practitioner is “how can I get my
patient to hold that book next to her nose?” In many instances, the older individual with low
vision will not tolerate the short focal distance. Others will not have the capacity to hold
their reading material steadily (such as those with Parkinson’s disease) and the focal range
is very narrow and success is therefore limited. The individual may only be able to read
word by word or, worse, letter by letter, with a high-plus add thus making functional read-
ing ability very limited. For individuals with very few health-related comorbid symptoms,
reading in this manner is difficult.

For the individual with memory loss, this type of reading is impossible as the indi-
vidual will forget the words first read before finishing the sentence.

Many patients with AMD just want regular glasses and do not want “those strange-
looking glasses.” The person may be annoyed at the focal range, may dislike the weight of
the low-vision device, may be embarrassed at its appearance, or may be unwilling to spend
the money on the device. Most just want their vision “back the way it was.” Choosing a
successful low-vision rehabilitation candidate from among our patients with AMD may be
quite difficult. I used to believe that those individuals who had a positive affect were more
successful candidates for optical low-vision aids and other types of low-vision rehabilita-
tive strategies. I have found very positive people doing poorly with their aids and more neg-
ative people doing quite well. What I have since learned is that acceptance of low-vision
aids has little to do with affectivity and much more to do with motivation and adaptability.

Adaptability is very beneficial for seniors, as it may result in the older person learn-
ing new skills such as how to use a computer. More and more seniors are finding computer
technologies fun and easy to learn. However, elderly individuals with low vision may not
readily accept newer computerized technologies. Many may not have sufficient computer
skills to use the Internet or World Wide Web, so learning how to use a computer after vi-
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sion loss to function better at home is unlikely. Access to computers by normally sighted
senior citizens should eventually help individuals who develop vision loss to better utilize
newer computerized technologies. Since many of the newer low-vision technologies are
utilizing computer technology, knowledge of computers will be essential for full access to
low-vision devices by the elderly.

Younger individuals with low vision adapt to aids and technologies relatively easily.
However, those who are elderly may have difficulty changing the way that they do things
to accommodate the low-vision aid. This is especially true if the individual is trying to use
a high plus spectacle correction for reading. Let’s say that a patient can read newsprint with
a �20.00 D lens. The focal distance is about 5 cm. How likely will the person “accept” this
aid? Not likely. That is because the way that he holds the paper to read (almost against his
nose) is not the way he has done it for the last 75 years. Either a gradual increase in near
correction or concentrated reading rehabilitation and training is necessary for acceptance
(30). Prescribing a �20.00 D the first time a low-vision aid is prescribed is a formula for
disaster if the correct training does not accompany the prescription. The knowledge that
reading is possible (although uncomfortable) is invaluable, however. The individual may
never use the device, but has now become aware that reading is possible. The person is sim-
ply choosing not to read. This information provides a feeling of self-efficacy in the person’s
life and is rehabilitative in and of itself.

Determining which patients are adaptable and which ones are not is not an easy task.
Asking about positive thinking will not help. Asking the person whether he/she feels that
using any technique to regain reading ability is acceptable may be a place to start, but this
does not guarantee success either. Many of my patients have reported that they want to read
more than anything, that they have waited all their lives to spend their retirement reading.
This level of desire to read does not necessarily guarantee success. The patient may still be
unwilling to accept the short focal distance or may be unwilling to spend the money nec-
essary to purchase a closed-circuit television that magnifies text. Even though a patient has
been successful using a device does not mean that the individual will actually purchase and
use the device. The person may not want to spend the family’s inheritance, the person may
not have cash readily available, or the person may not feel as if he/she deserves the money
to be spent on him/her. All of these barriers reduce the success of low-vision rehabilitation.
If the person is also unwilling to try new techniques to cope with vision loss, he will not be
a successful low-vision rehabilitation candidate (31–33).

Although adaptability and willingness to try are essential for good low-vision reha-
bilitation to occur, we should refer all of our patients to low-vision specialists regardless of
their apparent adaptability. The low-vision practitioner may be able to convince the indi-
vidual of the benefits of low-vision aids and may be able to “teach our patients new tricks.”
If we screen our patients too closely, we will likely not refer an individual who has the po-
tential of being assisted.

IV. INTERPERSONAL RELATIONSHIPS AFTER
VISION LOSS

A. The Role of Family and Friends in Vision Rehabilitation

Adaptation to chronic illness rarely occurs in a vacuum. This can certainly be said for vi-
sion loss. In fact, family and friends are often a very necessary part of coping with vision
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loss (34). Individuals with supportive families and friends frequently cope better with vi-
sion loss than do those without supportive networks. Those who are married may cope bet-
ter with vision loss, but this is more likely to occur if the individual with vision loss is male
(23). In fact, many men who are visually impaired do not feel “handicapped” by their vi-
sion loss because their wives are there assisting them with daily living tasks as usual. On
the other hand, women who are visually impaired with normally sighted husbands may
have tremendous difficulties coping, as they must continue to perform activities of daily
living without spousal support (2). If the woman has an adult daughter living nearby, the
daughter may be the one to assist her visually impaired mother cope with vision loss. Fa-
milial patterns of behavior can be amplified if a visually impaired individual lives within
the household (35). If the family is loving and supportive, that support will likely translate
into the new living arrangements with husbands taking over certain domestic responsibili-
ties. If the family unit is dysfunctional, the familial problems can be exacerbated. I had a
patient who had been abused by her husband for years. She reported that the abuse had
worsened after she lost her vision. He would not allow anyone to assist his wife nor would
he allow her to undergo low-vision rehabilitation training. She therefore reported living in
a very unsafe environment. As this constituted spousal and elder abuse, the authorities were
notified. However, many visually impaired seniors do not receive any intervention and live
precarious lives.

Many cultures believe that elderly family members should not have to work or care
for the family. This is generally done out of respect for the elderly individual. However,
those with vision loss may not be allowed to do anything, as they may be viewed as unsafe
to do so. Unfortunately, they also are not allowed to obtain low-vision rehabilitation train-
ing, thus making them more dependent on their younger family members than their age
alone would warrant.

V. COMMUNITY RESOURCES FOR THOSE WITH
VISION LOSS

A. Resources for People with Vision Loss

Numerous resources are available for those with vision loss. They include local resources,
county resources, state and federal resources, as well as national not-for-profit organiza-
tions and medical organizations such as the American Academy of Ophthalmology. To best
assist our patients with low vision, we should attempt to create a personalized reference
guide that includes all of these resources. In this way, we will actually be able to screen the
type of information that we provide to our patients and their families. We may not want
them to access certain types of organizations, whereas we may want them to utilize the
resources of other organizations.

A search on the World Wide Web (Internet) may be a great starting point. Searching
under the term “low vision” or “blindness” should lead to numerous organizations serving
the visually impaired. A review of these sites should help us determine whether or not we
wish our patients to access the information. By utilizing the Internet, we will reduce the
time we spend searching for these organizations, and we should be able to find the most
up-to-date information about each organization. In addition, a call to local senior citizen
groups may lead us to social support groups serving the visually impaired. Social support
groups may be extremely effective since social support has been shown to increase coping
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skills and psychological well-being in those who are visually impaired (34,36). A call to
the local department of Rehabilitation should finish our search for local services for the
blind and visually impaired. The Department of Rehabilitation provides low-vision de-
vices, orientation and mobility training, and other services to the visually impaired. Gener-
ally, those with more severe visual impairment are given preferential treatment, as are those
who plan to go back to work. However, if state moneys are available, any individual who
is legally blind should be eligible for the services provided by the Department of Rehabil-
itation.

B. Finding a Good Low-Vision Practitioner

The biggest question facing my colleagues who see patients with low vision is “how do I
find a good low-vision practitioner?” This is a very important question, as our reputations
are associated with the individuals to whom we refer our patients. Because of this, we must
carefully develop a referral list of practitioners we trust. Individuals should only appear on
the list ideally after we have had a chance to interview them. During the interview we
should ask about such things as training, length of time serving those with low vision, par-
ticipation in national meetings or activities, membership in professional organizations, and
the like. Does this person meet our standards as a specialist in the field? If the answer is
“no,” then it may be best to find someone else to provide the services. If we cannot find a
specialist we trust who fits low-vision aids, then we might want to consider providing the
aids ourselves. In this way we can have control over what our patients receive. If that does
not seem feasible, we should make sure that the person doing the fitting has a money-back
guarantee on all products sold. This reduces the likelihood that our patients will purchase
devices that are of little use.

VI. SUMMARY

Patients need sufficient information regarding AMD to understand their prognosis and to
be able to seek appropriate low-vision care. This information is best delivered by the pa-
tient’s own ophthalmologist. Patients frequently misunderstand the concept of low vision
and legal blindness. Many focus on the word “blindness” and believe that if they become
legally blind they will eventually go totally blind. A thorough explanation of what consti-
tutes low vision should eliminate this confusion.

Profound vision loss can result in the individual needing assistance from others for
such simple things as writing a check, reading a bank statement, or picking out a good piece
of meat at the market. Dependence on others can make the person with low vision feel
worthless. Individuals with low vision, who can no longer drive or take the bus easily, must
depend on others for transportation and socializing. Those with limited support networks
may become very depressed as a result of social isolation.

Those with macular degeneration may deny the seriousness of their vision loss to
maintain their independence and driver’s license. Denial can have very deleterious conse-
quences on the individual and his/her family. Individuals who have experienced a serious
loss will search for meaning in their misfortune and will frequently need to answer the
“why me?” question.

Those who are elderly frequently have difficulty accepting low-vision aids. This is
often due to the fact that the individual must read in a fashion that is very unfamiliar. Many
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refuse to use low-vision aids because they cannot read in the way “normal people” can.
Family and friends who are supportive of the person with AMD are necessary for quick ac-
ceptance and recovery on the part of the patient. A good low-vision practitioner should be
willing to offer patients a money-back guarantee on all low-vision items sold.
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I. INTRODUCTION

While the trauma of macular degeneration is difficult enough for some patients to cope with,
the visual impairment left afterward is even tougher. Patients must not only learn to accept
the fate of retinal disease, but must also summon the strength to accept the fact that they will
surrender a certain degree of independence as visual acuity declines. The visual rehabilita-
tive process helps the visually impaired patient to regain a satisfactory level of indepen-
dence and can be achieved by assisting the patient in learning to cope with the psychologi-
cal, emotional, and economic aspects of vision loss, as well as through the use of optical,
nonoptical, and electronic devices.   Typically, this type of integrated rehabilitative process
is necessary for patients with severe and profound visual impairment, i.e., legal blindness.

The term “legal blindness” as defined is a visual acuity of 20/200 or worse in the best
corrected better eye or a visual field of 20 degrees or less in the widest diameter of vision.
A patient cannot have poor vision in one eye only and be considered legally blind. This
classification becomes a part of the patient’s permanent record and has implications for el-
igibility for state financial assistance, tax benefits, reduced public transportation fares, and
other circumstances. In addition, in many states that have “commissions” for the blind, re-
porting of legal blindness may cause a driver’s license to be revoked. For many people,
maintaining a driver’s license, whether they are actually driving or not, has significant
meaning and serves as a form of identification. The practitioner should be aware of these
issues when designating this classification.

II. REHABILITATIVE EVALUATION

The low-vision examiner begins the evaluation with a complete understanding of the
patient’s ocular history. Detailed documentation of surgical history and stage of pathology
are important components. Typically, a low-vision evaluation, should not commence until



a patient has undergone all surgical and nonsurgical attempts at restoring visual function.
The reasons for this are twofold. First, the low-vision examiner is concerned with per-
forming an extensive evaluation often using state-of-the-art devices, which can be quite ex-
pensive. If the patient’s final visual acuity is in question, these devices may not be suitable
once the visual acuity has reached its final level and has stabilized. Second, the patient
needs to have gone through the “mourning process” of losing sight with the understanding
that the next step must be taken to begin the visual rehabilitative process. This is not to say
that if miracle breakthroughs become available, a patient should not have access to any pos-
sibility of restoring sight. However, success with low-vision devices is completely depen-
dent upon: (1) a patient’s full acceptance of his or her visual impairment and (2) the ability
and desire to move on.

A. History

During the history, the patient is asked about aspects of vision loss. These aspects include
duration, symmetry, fluctuations, stability, loss of ability to discriminate color, effects of
various illuminations or lighting conditions, and mobility concerns. These questions assist
patients in learning to talk about the effects of the visual impairment on their lifestyle, an
important step in beginning the rehabilitative process. While ascertaining this information,
the low-vision examiner also documents any current devices, including glasses, that may
already be in the patient’s possession. Frequently a well-meaning spouse or relative has al-
ready offered the patient a magnifier of some sort. It is important to categorize all such de-
vices for type, style, and power. It is also important to determine the usefulness of these de-
vices. For example, can the patient read large print or headlines of a newspaper with glasses
and/or a magnifier?   Often, patients will say that all devices are useless, but in reality, they
may be able to see large print and not regular print. While this may be considered useless
to them, it is important to the examiner.

Perhaps the last and most important part of the history is an expression by the patient
of his or her goals and expectations. During this portion, the examiner determines whether
the patient has realistic goals and expectations or whether the desire is to “just see again.”
A detailed list of desired activities is recorded in order of importance to the patient. Some-
times it takes a little prodding, but virtually all patients’ primary desire is to be able to read
again. It is important to determine whether a patient simply wants to read mail or bills to be
able to handle his or her own finances and/or the patient wants to continue leisurely read-
ing of printed materials such as newspaper, novels, etc. Second to a desire to read is usu-
ally improvement of distance vision. Again, specific distant activities (watching television,
bird watching, or driving) need to be discussed. The driving issue is an extremely sensitive
area and the examiner must use compassion and sensitivity in discussing this topic. A more
detailed discussion of driving will follow later in this chapter. Using a checklist approach
is a quick and easy method for determining the patient’s current level of vision and subse-
quently any special material the patient wishes to read or certain activities the patient
wishes to engage in, i.e., playing cards, sewing, drawing or painting, golf, etc. (Fig. 1). Fi-
nally, maximizing an education environment is critical for a young child or adult, as is at-
tention to a patient’s workplace if he or she is employed or seeking gainful employment.

B. Visual Acuity Testing

Although there is a standard format to the low-vision evaluation, the examiner always bears
in mind a goal-oriented approach. For example, if a patient expresses the desire to read
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only, the focus will be on achieving this goal. The examiner might explain possibilities for
improvement in distance vision, but if a patient is still uninterested, the telescopic evalua-
tion is probably unnecessary. Likewise, if a patient’s only desire is to drive, a short near
evaluation may be performed to demonstrate possibilities, but clearly the emphasis in this
case would be on the telescopic evaluation. As the examiner notices head and body move-
ments as the patient initially walks into the examination room, these seemingly minor ob-
servations provide information not only about visual status, but also about a patient’s level
of adaptation to the vision loss. In addition, before visual acuity testing begins, any auxil-
iary testing is performed, which may include contrast sensitivity, Amsler grid, visual fields,
etc. These tests can shed light on the size and extent of the central scotoma as well as other
subjective aspects to the acuity loss.

As clear-cut as it may seem, visual acuity testing is an extremely important (and of-
ten long) part of the rehabilitative examination. Evaluating a patient with reduced visual
acuity requires that basic examination techniques be modified. It is generally recommended
that vision testing be done at 10 ft with a self-illuminated, portable eye chart. The Early
Treatment Diabetic Retinopathy Study (ETDRS) chart is the most widely used. A projec-
tor chart is the least favorable means of measuring acuity in a patient with reduced vision.
Not only is contrast not constant with a projector chart depending on the level of room
illumination, but a patient would also have to be moved closer to the chart if vision
was worse than 20/400. Moving a visually impaired patient only reinforces awareness of
the vision loss and causes stress and negative feelings during the examination.

The ETDRS chart has several advantages. It is self-illuminated with high contrast and
is on wheels so that it could be moved closer than 10 ft if necessary. Also, the chart has a
wide spectrum of visual acuity values, ranging from a “Snellen 200-ft” equivalent to a 10-
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ft equivalent. Since the testing distance is always recorded as the numerator of the Snellen
fraction, this chart gives an acuity range (at 10 ft) from 10/200 (20/400) to 10/10 (20/20).
If the chart is moved closer, the test distance is again recorded as the numerator. It is best
not to convert the acuity to the 20-ft equivalent when recording vision so that the examiner
may always know the test distance for subsequent evaluations. “Counting fingers” vision
for measurement is generally not used during a low-vision evaluation. The fingers subtend
approximately the same visual angle as a 200-ft Snellen figure. Therefore, a patient should
be able to read the top line of the ETDRS chart at a closer distance. Recording visual acu-
ity as “3/200” instead of counting fingers at 3 ft is much more accurate, which is important
in determining which optical devices may be appropriate.

Determination of eccentric view, if suspected, is done during acuity testing. The eas-
iest method is called the clock-face method. The patient is asked to keep his or her head still
and to face straight ahead. The examiner then asks the patient to imagine that the eye chart
is at the center of a clock. The patient is asked to move his/her eye in various positions of
the clock until the top line becomes the clearest and most complete. Typically, but not al-
ways, a patient with acquired macular disease will attempt to place the image on the tem-
poral retina where the most room is; i.e., the right eye will eccentrically view toward the
right (3 o’clock) and the left eye will view toward the left (9 o’clock). This position should
be demonstrated to the patient several times and recorded next to visual acuity. The knowl-
edge of the exact location of the eccentric view will become useful for the remainder of the
evaluation with devices.

Manifest refraction in a trial frame is generally the rule. In this case, the examiner can
observe the patient’s eyes particularly to reinforce the eccentric view. A phoropter does not
allow a patient’s eyes to be observed and the use of an eccentric view by the patient be-
comes quite difficult. In addition, the lens increments may be too small for a patient to de-
termine any subjective difference; i.e., a patient with 20/200 vision will not appreciate a dif-
ference of �.25D. The examiner cannot easily make large increments of change in the
phoropter for patients with poorer vision. Generally, a patient whose vision is less than
20/100 will appreciate .50D lens changes. For vision between 20/100 and 20/200, the ex-
aminer should use .75–1.50D changes. If a patient’s vision is 20/200–20/400, 1.50–2.00D
lens increments should be used. This technique is called lens bracketing and is the most
time efficient and effective. Likewise, when measuring astigmatic corrections, a higher-
powered Jackson Cross Cylinder (.75–2.00D) is employed to ensure the patient appreciates
the lens changes for power and axis refinements. To ensure that large refractive errors are
not missed, keratometry, retinoscopy, and/or autorefraction offer a starting point. A scrupu-
lous refraction is crucial before low-vision devices are demonstrated. Spectacles should al-
ways be prescribed using polycarbonate lenses even if there seems to be a minimal increase
in visual acuity; they serve as an important source of protection particularly when the pa-
tient is engaged in activities where there may be hanging branches, flying objects, chemi-
cals, etc., or simply unfamiliar terrain.

Depending on the patient’s expression of initial goals, either a brief or extensive tele-
scopic evaluation is performed next. Improvement of distance vision may have not initially
been an expressed goal since a patient may be mostly tuned in to reading concerns. In any
event, a brief introduction of a 3 or 4× powered telescope in the trial frame will demonstrate
not only the device to the patient, but also the possibility of enhancing distance vision. Vi-
sion should generally improve proportionately to the power of the scope. For example, if a
patient has best-corrected vision of 20/200, vision should improve to 20/50 with a 4� tele-
scope. Exceptions to this rule may be a large or irregular central scotoma or the coexistence
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of other media opacities. Generally speaking, most distance activities usually require visual
acuity of 20/30–20/50. It is rare that an individual would need to be corrected to 20/20 or
better with a telescope. The aim should be to prescribe the lowest-powered telescope to
achieve the required vision. The reasons for this are that as a telescope power becomes
greater, the smaller the field of view and the more difficult it becomes to use effectively. If
visual acuity is near equal between the two eyes, the examiner may choose to prescribe a
binocular system, which will give a much larger field of view for activities such as watch-
ing television, going to shows, etc. As vision approaches 20/400 and worse, standard tele-
scopic devices may not be useful; more advanced technological devices may be indicated.

C. Driving

The driving issue remains controversial and requires special mention. Driving is an impor-
tant component of everyday life for most patients. The inability to drive has psychological
implications in terms of limited independence. The subject must be treated with extreme
carefulness and sensitivity. Visual acuity requirements vary from state to state, typically
from 20/40 to 20/70. Currently 37 states allow bioptic telescopes for driving if visual acu-
ity falls below the state’s legal limit. The term “bioptic” simply implies two (bi-)optical
centers. This form of a telescope is mounted several millimeters above the distance optical
center. Therefore, a patient looks through his/her natural prescription through the carrier
lens housing the telescope. When sharper acuity is needed for viewing street signs, etc., the
patient lowers the chin and spots through the scope. This manner of use is similar to the
fashion in which a driver would use the rearview mirror; the telescope is used only ap-
proximately 10–15% of the time while driving. This point is an extremely important one
and often confused because it is thought that since there is a reduced field through the tele-
scope, one could not possibly drive safely. Again, the driver is primarily looking through
the carrier lens, not the telescopic device.

Although visual acuity is a fundamental part of safe driving, several studies have
demonstrated that peripheral field (or vision) appears to play a more critical role in driving
than visual acuity (1–3). All states allowing bioptic telescopes have a minimum visual field
requirement without the telescope (usually between 120 and 140 degrees). Other require-
ments include maximum acuity without the telescope (usually 20/200) and minimum visual
acuity with the telescope (20/40–20/60). Certainly, there are issues that go beyond visual
acuity and peripheral field in determining whether any given driver will drive safely, par-
ticularly one with a visual impairment. Factors such as age, experience, visual attention and
processing, reaction times, and cognitive deficits all inarguably affect an individual’s abil-
ity to drive safely. Recent research has led to the development of mechanism called the
Useful Field of View test (Visual Resources, Inc., Chicago, IL). This test requires higher-
order processing skills and not only determines a conventional visual field, but also allows
for the assessment of the visual field area over which rapid stimuli are flashed, i.e., a car or
other object moved into a cluttered background (4). Simulating the “real” driving experi-
ence with this test, an association has been shown between elderly drivers who have re-
ductions in their useful field of view and crash involvement (5). This test is invariably more
important in determining driving safety than traditional assessments of visual acuity and
peripheral field. Although the test is not commercially available yet, its software is being
piloted.

Most drivers with visual impairment do limit driving exposure and tend to avoid chal-
lenging driving situations, i.e., driving at night, on interstate highways, during inclement
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weather, etc. No association has been found between drivers with macular degeneration
and increased accident rates/fatalities; however, driving exposure is taken into account (6).
One study has demonstrated that, although patients with macular degeneration performed
more poorly on driver simulator and on-the-road tests compared to a control group, this did
not translate into an increased risk of real-world accidents (7). Hence it still remains unclear
whether reduced exposure decreases a driver’s risk or whether any association exists be-
tween increased injurious accidents and visual impairment secondary to macular degener-
ation. The decision to prescribe a telescopic device for a patient to legally maintain a
driver’s license is a joint decision best left to doctors, patient, and family; the decision
should be made on an individual basis.

D. Near Evaluation

Following refraction and distance evaluation is the near evaluation. Near visual acuity is
most appropriately measured and evaluated with continuous-text reading cards. These
cards test a patient’s functional ability to read versus the ability to read a line of numbers
or letters. Both Designs for Vision and Sloan make continuous-text near cards. “M” nota-
tion is generally used for recording near acuity. This notation uses the metric system, is
standardized, and does not require a fixed testing distance. To begin the near evaluation, a
reading lens addition should always be in place when testing patients greater than 50 years
of age and test distance must be appropriate for the power of the add. For example, the test
distance for a �2.50D add should be 40 cm or 16 in. (100/2.50 � 40 cm; 40/2.50 � 16 in.);
test distance for a �4.00D add should be 25 cm or 10 in. (100/4.00 � 25; 40/4.00 � 10 in.).
Distance and near visual acuities (with standard �2.50D add) should be approximately the
same so that if a patient’s best corrected vision is 20/200 in the distance, the near vision
with standard add should also be 20/200. Pupil size, asymmetry, significant media opaci-
ties, and large central scotomas may create disparities; however, large differences between
distance and near acuities should alert the examiner to an inaccurate manifest refraction.

Once initial near acuity has been determined, the examiner increases the power of the
add until the appropriate acuity is obtained. The approximate add it will take for any given
patient to read newspaper size print (1M or 20/50) can be predicted by calculating the re-
ciprocal of the distance or near acuity. For example, if a patient’s vision is 20/200, it would
take at least a �10.00D add (200/20 � 10) for this patient to read newspaper-size print.
This value may be modified depending upon the patient’s initial expression of goals for
reading. If a patient wishes to read the stock pages, more plus may be needed; if a patient
only wishes to read large-print text, less plus is needed.

E. Binocular Adds

Binocular adds are typically prescribed when the acuity is equal or near equal between the
two eyes. Base-in prism is always required in binocular adds greater than �6.00D because
fusional vergence is exhausted and the eyes drift toward an exophoric posture. The amount
of prescribed prism is 2 prism diopters more than the amount of plus. For example, if the
examiner wishes to prescribe a �8.00D-add OU, the prescribed prism should be 10 prism
diopters base-in total split equally between the two eyes. Glasses should be prescribed in a
half-eye frame size owing to the thickness and heaviness of the lenses. Because the nasal
edge of the lens becomes quite thick with increased prism, adds greater than �12.00D
should be prescribed monocularly with the eye not being used either occluded or the lens

426 Primo



frosted to avoid diplopia. If a patient has one eye that is considerably better, the high add is
prescribed monocularly. However, there may still be a “ghost” image or halo around letters
or words coming from the poorer eye. In this instance, the lens of the poorer eye can be
frosted (or occluded).

For higher adds, most patients continually need reinforcement regarding the appro-
priate and close working distance. Most people are able to conceptualize inches rather than
centimeters. Conversion of reading distance into inches requires the power of the add to be
divided into 40. For example, if a �7.50D-add has been prescribed, the patient must hold
all reading material at 51/3 in. (40/7.5 � 5.33). The patient should begin with larger text ini-
tially to become adjusted to the closer-than-usual reading distance and probably increased
fatigue. If a patient has not yet accepted his/her visual loss, success with high adds and close
reading distances is virtually impossible.

For those patients rejecting the close reading distance of high adds, other alternatives
exist. Telemicroscopes (surgical loupes/telephoto lens) can be made with a specified read-
ing distance. The patient, however, must weigh the benefit of the increased distance versus
the reduction in field of view experienced. Although every attempt is made to prescribe a
spectacle-borne reading device, electronic devices such as the closed-circuit television
(CCTV) are good alternatives to spectacles. A patient can sit back at a comfortable distance
and is able to magnify print large enough to read easily. Clearly, a CCTV is not a portable
device and can cost several thousands of dollars, but can have a tremendous impact in al-
lowing a patient to read (or work) again. Handheld or stand magnifiers are prescribed in
conjunction with spectacles. These devices are most useful for spot reading rather than ex-
tended reading. However, for those patients rejecting spectacles, these devices are quite ef-
fective.

F. Contrast Enhancement, Glare Reduction, and Nonoptical Devices

Contrast enhancement and glare reduction provide the final steps to the low-vision evalua-
tion. Patients with macular degeneration often experience a loss of contrast. Contrast en-
hancement lenses shield the eyes from too much shorter wavelengths of light. These shorter
wavelengths consist of high-energy visible blue light and can cause loss of contrast as well
as glare, which reduces the eye’s overall function. The Corning GlareControl family of
lenses consists of nine filters that selectively block specific wavelengths of blue light while
transmitting light at other wavelengths. There are eight graduated filter levels, each num-
bered to block below the corresponding wavelength (CPF 450, 450X, 511, 511X, 527,
527X, 550, and 550XD). The filters range in color from yellow (450) to deep red (550). The
ninth filter is called the GlareCutter lens and is for patients with beginning to moderate light
sensitivity. The lens color is more cosmetically appealing because it has more of a brown-
ish hue rather than orange/red. All of the filters are photochromatic easing the transition be-
tween different light levels. These lenses are very helpful to patients with macular degen-
eration. In addition to providing benefits for protection from ultraviolet light, they provide
contrast enhancement as well as glare reduction. Although the full range of filters are suit-
able for many ocular pathologies, usually the CPF 511 and 527 lenses work best in patients
with moderate to advanced macular degeneration. Since the lenses are glass (and not high-
impact polycarbonate plastic), they are best prescribed in the clip-on variety.

Other nonoptical devices that might be considered are large-print books, check reg-
ister, clock, watch, playing cards, etc., to name a few. There are talking books, watches, 
and clocks as well as specialized appliances for diabetics. Catalogs of such devices can be
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given to the patient and family. Occupational rehabilitation to assist in training of optical
devices as well as activities of daily life is often quite useful for most patients with varying
levels of visual impairment.

III. FUTURE IMPLICATIONS AND IMPROVEMENTS

A. New Applications

The Useful Field of View test (Fig. 2), as mentioned, is an extremely important tool in de-
termining driving safety of older patients particularly those with visual impairment. Many
times, the patient has expressed an interest to continue driving, but the examiner feels the
patient may not be a good candidate even with a bioptic telescope. This test gives objective
results informing both patient and family whether the patient will be at risk for injurious ac-
cidents.

Scanning laser ophthalmoscope (SLO) macular perimetry (Fig. 3) allows for the
characterization of central field defects, i.e., macular scotomata. The presence or absence
of macular scotomata and their characteristics are extremely important indicators of read-
ing success and speed with low-vision devices as well as performance with activities of
daily living (8). The confocal SLO has graphic capabilities that allow a retinal map of the
scotomata to be drawn by determining the retinal location of visual stimuli directly on the
retina. The instrument obtains retinal images continuously using near-infrared (780 nm)
laser while scanning graphics onto the retina with a modulated vision HeNe (633 nm) laser
at the same time (9). Thus the patient can see the stimuli and the investigator can view the
stimuli on the retina. From these capabilities, a preferred retinal locus (PRL) can be identi-
fied and both relative and dense scotomata can be mapped.

Patients with macular scotomata do not often perceive black spots. Rather they say
that letters or words are missing in their central vision while reading or they simply have
difficulties functioning. The presence of these scotomata can decrease many areas of visual
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performance although the specific relationships between macular scotoma characteristics
and visual performance have not been identified (10). Therefore, it becomes useful to be
able to map out the scotomata and to know the exact location of preferred retinal loci be-
fore beginning the rehabilitative process. Traditional approaches attempt to establish a di-
rection of the eccentric view and then to basically repeat this direction to the patient during
training, etc. Many times this technique is effective, but often patients do not respond as
well as predicted to the devices, training, visual performance task, and/or during activities
of daily living. The SLO can essentially determine the characteristics of the scotomata and
their relationship to the PRL. Once the PRL is identified, the rehabilitative team can in-
struct and train the patient on better use of the PRL.

Studies with the SLO have shown that there are different shapes and patterns of sco-
tomata from round centered on a nonfunctioning fovea to ring scotoma surrounding a func-
tioning fovea to highly complex amoeboid shapes (8). While the majority of patients do
have dense scotomata, it was found that if the scotomata are complex and surround the PRL
by more than two of its borders, these patients have the most difficulties in performing vi-
sual tasks as compared to those with less-encumbered PRLs (8). This knowledge will aid
in prediction of patient success.

B. New Technologies

Enhanced Vision (Huntington Beach, CA) has perhaps made some of the greatest break-
throughs for enhancing the quality of life of visually impaired patients. They have devel-
oped three important devices utilizing the latest advances in optical technology.

1. The JORDY II is an amazing “virtual reality” system that immerses the patient
in a video image. A tiny, color television camera is mounted in a head-borne
device weighing less than 10 oz, (Fig. 4). Designed for patients whose vision is
worse than 20/200, this device ranges in power from as little as 1� to as much
as 24� for distance and up to 50 times for reading. It is considered the all-in-
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one system because it enhances distance, can attach to a television set or
computer, and has closed-circuit television capabilities for reading or writing.
For distance viewing, there is a wide (44 in.) field of view. The autofocus
magnification has preset settings as well as zoom switches that are operated
from an easy-to-use handheld control unit.   Both contrast and brightness
controls make the color image quite clear. For near viewing, the closed-circuit
television feature allows the device to be placed in a portable docking stand. The
image is magnified depending on the size of the television screen or computer
monitor. The light requirements are low, with the system requiring no additional
light thereby resulting in minimum glare. The device is not designed to be used
while walking, driving, or during any mobility.

2. The MaxPort is a device that allows the visually impaired patient to read with
the ease of a closed-circuit television set, but is portable. The system consists of
two components: a digital magnifier that captures the information and a pair of
lightweight (4 oz) glasses that display the magnified image (Fig. 5). The patient
would simply place the magnifier on any surface, either curved or straight, and
view the magnified image on the glasses. The image can be magnified up to 28
times and is available in black and white or color and is most suitable for
patients whose vision is 20/100 or worse. It is a great solution for professional,
students, and seniors. Concise brightness control makes the image clear and
crisp. There is also a special tracking guide (MaxTrak) that makes the magnifier
move straight across the page. The device is very easy to use as no connections
or assembly is required. It operates on a rechargeable battery and comes in a
sleek carrying case.

3. The Max is another innovative, but lower-priced, magnifying system. It is a
portable, handheld magnifier that easily connects to any television set or
computer monitor to magnify words, pictures, and more (Fig. 6). Using a 20-in.
television set, the device will magnify in both black and white and color from
16 to 28 times. It is quite easy to use with either the right or left hand and the
image is virtually distortion free; it can also be used on any surface, curved or
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straight. The three viewing options (low contrast/photo, high contrast/positive,
high contrast/negative) make it suitable for most patients whose vision is 20/100
or worse.

Ocutech, Inc. (Chapel Hill, NC) has recently made advances with several new tele-
scopic devices.

1. The VES-AF (Vision Enhancing System-Auto Focus) is the first autofocus
telescope available. It has extremely high optical quality and consists of 4�
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telescope focusing from as close as 12 in. to optical infinity (Fig. 7). The
autofocus component works through computer-controlled infrared electrooptics,
which measure the focusing distance, and another computer, which moves the
focusing lens to the proper position. The 4� telescope has an amazing 12.5
degrees of field and is lightweight (2.5 oz). The device is worn on the top of a
frame and is connected to a rechargeable battery pack, which can be worn
around the waist or in a pocket or purse. This device is useful for distance,
intermediate, and limited near vision including activities such as driving,
card/music playing, birdwatching, golf, etc., and works best for patients who
have vision between 20/80 and 20/200.

2. Currently under development is a binocular autofocus telescope. This device has
the same quick automatic focusing at distance and near, but has the added
capability of binocular viewing for an enhanced field of view through the
telescopes. Still under development, the device would be most beneficial for
patients who have equal or near-equal acuity in both eyes and wish to use the
device for both distance and reading.

3. The VES-II is a bioptic telescope that was designed to address some of the
major drawbacks of conventional bioptic telescope systems, namely, poor
acceptance by patients and fitting problems by the prescriber (Fig. 8). It offers
significant improvements in field of view, image brightness, and contrast as
compared to conventional bioptics of similar powers. Probably the nicest feature
is the fully adjustable mounting design, which gives the prescriber full control
over the positioning of the telescope. Available in 4� and 6�, this innovative
telescope is best prescribed for patients with visual acuity between 20/80 and
20/400. Although needing to be manually focused, it offers a less expensive
alternative to the autofocus telescope.

4. The VES-MINI, also an innovative design, is a miniature 3� expanded field
telescope (Fig. 9). It has wide 15-degree field of view combined with a very
compact physical design. The telescope is equivalent in size to small focusing
galilean telescopes, but is half the size of most expanded field telescopes. The
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optics are quite crisp and bright and can be prescribed for monocular or
binocular use. Other special features are its unique design that minimized the
ring scotoma that can be characteristic of many telescopic systems. Also, its
field of view has been expanded horizontally to provide extra added vision in
the most important lateral fields. The manual focus is quite fast with capabilities
of focusing from optical infinity down to 12 in. covered in less than one
complete turn. In addition to being extremely lightweight, it has internal
refractive corrections from �12D to 
12D; eyepiece corrections are available
for other refractive errors. This telescope is a good option for patients whose
vision is better than 20/200.

Optelec, a leader in closed-circuit television, has developed a new line of these most
popular electronic devices. Their new ClearView line has an ergonomic design and is user
friendly. The best features are the fingertip controls that give instant focus, one-touch
zoom, push-button brightness level, normal text and reverse-contrast modes, and a position
locator.
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Figure 9 VES-MINI (left) as compared to a standard (right) expanded-field telescope. (Courtesy
of Ocutech, Inc.)



1. The simplest and least expensive 100 series is a lightweight and portable unit
that connects easily to any television video input jack (Fig. 10). Although black
and white only, it will enlarge text depending on the size of the television
screen. This very affordable system has the push-button instant focus and
fingertip zoom control features; the image is very sharp.

2. The ClearView 300 series also connects easily to a television set, but has an
ergonomically designed table that allows for ease of use while reading or
writing. The ClearView 317 features an integrated 17-in. black-and-white
monitor that tilts to provide a comfortable viewing angle.

3. Probably the best of the line, the ClearView 517 has all the bells and whistles
with the ergonomically designed table, instant focus, one-touch zoom, push-
button brightness level, positive and negative contrast, and the position locator
(Fig. 11). The device delivers a full-color performance on an integrated 17-in.

434 Primo

Figure 10 Clearview 100 series with attachment to standard television.
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tiltable monitor. Additionally, this system has an affordable price compared to
other comparable systems on the market.

Designs for Vision, Inc. (Ronkonkoma, NY) has always been at the forefront for pro-
ducing high-optical-quality devices for visually impaired patients. In addition to their
traditional line of bioptics (Fig. 12 and 13), they have also become quite innovative with
reading devices. The ClearImage II telephoto microscope and high-power microscopes
(Fig. 14) are higher-powered reading microscopes available in powers 8� (�32D) to 20�

(�80D). These lenses allow low-vision patients to read at a greater distance from the eye
than any other comparable systems. The fields of view are quite large and lenses are virtu-
ally distortion free from edge to edge, which is what makes them innovative. Because of
the higher powers, they are most suitable for patients whose vision is worse than 20/400.

Corning Medical Optics (Corning, NY) has added four new filters to its line of
GlareControl lenses. The X (extra) filters (450X, 511X, 527X) are slightly darker than their
corresponding filters. These filters work extremely well for increased contrast enhance-
ment and add additional glare reduction in patients with beginning to advanced macular de-
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generation. The fourth newest filter is called the CPF GlareCutter lens. This lens is excel-
lent for patients with early macular degeneration who do not need quite as much contrast
enhancement, but who definitely need glare reduction. The lens also has less color distor-
tion and a more attractive color for patients who reject the cosmetic appearance of the CPF
511 and 527 series. Blocking 99% UVA and 100% UVB rays, the lens transmits 18% of
light in its lightened state and 6% in its darkened state (Figs. 15 and 16).

Zeiss Optical has launched a new line of handheld magnifiers and telescopes. Al-
though the new devices are traditional, Zeiss has utilized its expertise in high-quality lens
design and incorporated it into some sleek new devices. Of particular interest is its line of
handheld magnifiers with an added patented antireflection coating (Fig. 17). These magni-
fiers have high optical quality giving edge-to-edge, crisp, clean, and bright images. Also in
Zeiss’s line is an inconspicuously designed, lightweight 5X penlight telescope that can be
easily carried in the pocket and used for spotting both indoors and outdoors (Fig. 18).
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Figure 14 Designs for Vision ClearImage II telephoto microscope.

Figure 15 Corning family of filters. See also color insert, Fig. 22.15.



IV. SUMMARY

Patient success with low-vision devices is dependent upon a number of factors including
age, physical and mental status, level and stability of visual acuity, patient’s dependency
on others, and the interval since visual loss. Resistance to low-vision devices and thus lim-
ited success tend to be seen in those patients who have not yet accepted or mourned their
visual loss. Generally speaking, the more profound the visual loss, the more difficult it be-
comes to find means of enhancing vision. Nonoptical devices may be the only mechanism
acceptable to the patient to regain a small degree of independence.
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Figure 16 Corning’s X series, which are slightly darker than their corresponding filters. See also
color insert, Fig. 22.16.

Figure 17 Zeiss handheld magnifier.



The role of vocational rehabilitation and occupational therapy for orientation/mobil-
ity training, activities of daily living, etc., should always be considered for patients with ad-
vanced macular degeneration. Support groups may also provide comfort and new friend-
ships in helping to cope with the visual impairment. Sometimes it is best to wait for a
low-vision consultation until the patient seeks this care voluntarily after it has been sug-
gested. Success with visual rehabilitation is always based on identification and satisfaction
of the visual requirements and goals of the patient.

There are exciting new applications and devices in the field of low vision/visual re-
habilitation. Much of the novelty utilizes the latest technology and will no doubt be of great
benefit to many visually impaired patients suffering from macular degeneration.

Websites of companies for further information:

Enhanced Vision Systems—www.enhancedvision.com
Optelec—www.optelec.com
Ocutech, Inc.—www.ocutech.com
Designs for Vision—www.designsforvision.com
Corning Medical Optics—www.corning.com
Carl Zeiss, Inc.—www.zeiss.com
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I. INTRODUCTION

There is currently no treatment for blindness due to neural diseases affecting the different
parts of the visual system. These include a variety of conditions such as outer retinal dam-
age secondary to age-related macular degeneration (AMD) and retinitis pigmentosa, inner
retinal damage from severe diabetic retinopathy, and optic nerve disorders including glau-
comatous optic neuropathy. Efforts to transplant photoreceptors and retinal pigment ep-
ithelial cells and gene therapy have not been successful to date (1–7). Recent advances in
microtechnology, computer science, optoelectronics, and neurosurgical and vitreoretinal
surgery have encouraged some researchers to investigate the feasibility of building a visual
prosthesis to treat some of these disorders (8–27).

It has been well demonstrated both experimentally and clinically that nerve cells
respond to externally applied electric current on a long-term basis. The cochlear implant is
an accepted therapy for treatment of profound deafness. Other applications of neural stim-
ulation include pain management, vagus nerve stimulation for sleep apnea, and treatment
of Parkinsonian tremor. The visual prosthesis aims to bypass damaged portions of the
visual system by directly stimulating the more proximal functional portions of the system.

The visual prosthesis will have to interface with the neural system at some location
along the visual pathway. There are at least several potential sites for neurostimulation: the
retina, the optic nerve, the lateral geniculate body, and the visual cortex (Fig. 1). In theory,
the more proximal the interface is to the visual cortex, the more diseases the visual pros-
thesis can potentially treat. For example, a cortical visual prosthesis can potentially treat
conditions due to damage anywhere along the afferent visual pathway provided the visual
cortex is intact (9–11). However, there are many challenges the cortical visual prosthesis
will have to overcome. First, the convoluted surface of the visual cortex, a large part of
which is buried in the sulci on the medial surface of the occipital lobe, is not readily acces-
sible, and the need for a craniotomy to gain access to an otherwise normal brain is at least
a major psychological barrier. Second, the mobility of the brain and the subsurface input



layer to the visual cortex makes the maintenance of a stable interface difficult. Third, com-
plications such as infection of the brain and its meninges can cause significant morbidity
and are potentially life-threatening. Other intracranial portions of the visual pathways such
as the lateral geniculate body and the optic nerve are even less accessible than the visual
cortex. Although cortical responses to electrical stimulation of the optic nerve have been
measured by Shandurina and Lyskov (28), the densely packed axons of the optic nerve
make selective stimulation of the axons difficult. One group recently reported chronic im-
plantation of a self-sizing spiral cuff electrode with four contacts around the optic nerve of
a 59-year-old volunteer blind from retinitis pigmentosa (29). Electrical stimuli applied to
the optic nerve produced visual sensations that were broadly distributed throughout the
visual field and could be varied by changing the stimulating conditions.

Compared to the intracranial locations, the retina is relatively more accessible with
current vitreoretinal techniques and its topographic mapping of the visual space is fairly
well defined. A number of groups including ours are currently evaluating the possibility of
restoring sight by using a retinal prosthesis that would electrically stimulate the remaining
retinal neural element (16–19, 23, 27, 30–36). An electronic device placed either in a sub-
retinal or epiretinal location to replace the photoreceptors may be able to provide useful vi-
sion to patients blind from photoreceptor loss. However, any intraocular retinal prosthesis
interfacing with the visual system at this distal location will not be able to treat disorders
proximal to the interface such as patients blind from inner retinal or optic nerve damage.

This chapter reviews past efforts and the current state of the art, and considers the
obstacles that must be overcome to bring the retinal prosthesis to fruition.

II. RATIONALE

The success of the cochlear implant by bypassing distal damaged or absent receptors and
electrically stimulating more proximal neurons has prompted investigators to embark on
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Figure 1 Approaches to building a visual prosthesis.



the idea of the retinal prosthesis. In the normal retina, light stimulus causes the photore-
ceptors to initiate a neural response that is conducted to the inner retinal layers and via the
nerve fiber layer to the optic nerve. Degenerative diseases of the outer retina such as
retinitis pigmentosa and AMD share similarities in that the photoreceptors are almost com-
pletely absent in the retina in eyes with end-stage retinitis pigmentosa (37,38) and in the
macula in some patients with advanced age-related diskiform scarring (39). Green and En-
ger have observed greater photoreceptor loss in diskiform scars secondary to AMD that are
large and thick (39). The retinal prosthesis aims to replace lost or damaged photoreceptors
by directly stimulating the inner retinal layer.

III. HISTORICAL BACKGROUND

The concept of a visual prosthesis for the blind or partially sighted is not new (40–42). Sur-
geons have been aware that electrical stimulation of the brain can produce physical
or psychophysical effects as early as 1874 (43). Experiments by Foerster and Breslau in
1929 (44) as well as more recent work by others (45–50) have shown that phosphenes can
be produced through electrical stimulation of the occipital cortex.

Button and Putnam reported implanting surface electrodes over the visual cortex of
three blind patients in 1962 (51). With a manually operated photocell that sent signals di-
rectly to the brain through a wire traversing the scalp and skull, two of the three patients were
able to locate grossly a light source by scanning the visual field with the photocell. How-
ever, the implants were of limited practical use because the resolution power was negligible.

The development of the first meaningful visual prosthesis was made by Brindley and
associates in the late 1960s (48, 52–54). They implanted their first cortical visual prosthe-
sis in a human in 1967. The subject was a 52-year-old nurse blind from bilateral severe
glaucoma and retinal detachment in the left eye. Following an occipital craniotomy, a sili-
cone plate carrying 80 platinum surface electrodes was placed in direct contact with the me-
dial occipital cortical surface and the occipital cerebral pole. Wires through a burr hole in
the bone flap connected each electrode to a radio receiver screwed to the outer bony sur-
face. To activate a given receiver and to stimulate the cortex, an oscillator coil was placed
above the receiver over the scalp and radio signals were sent inward. With this system, the
patient was able to see light points in 40 positions of the visual field, demonstrating that half
of the implanted electrodes were functional. A second cortical visual prosthesis was im-
planted in 1972 in a 64-year-old man blind from retinitis pigmentosa for over 30 years (33).

Following several early reports on attempts to develop a cortical visual prosthesis in
the 1970s (8–10, 55), Dobelle reported recently a visual prosthesis providing useful artifi-
cial vision to a volunteer blind in both eyes by connecting a digital video camera, computer,
and associated electronics to his visual cortex (11). The volunteer is a 66-year-old man who
lost his vision in one eye from trauma at the age of 22 and in the opposite eye from a sec-
ond injury at the age of 36. In 1978, at the age of 41 years, he had an intracranial electrode
array implanted under local anesthesia on the medial side of his right occipital cortex. The
implanted pedestal and electrode array has been used to experimentally stimulate the visual
cortex over a period of more than 20 years. The external electronics package and software
used in the recent report, however, were entirely new (11). Each electrode produces 1–4
closely spaced phosphenes when stimulated. The phosphene map occupies an area roughly
8 in. in height and 3 in. wide, at arm’s length. The map and the parameters for stimulation
have been stable over the last two decades. With scanning, the patient can recognize a
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6-in.-square “tumbling E” at 5 ft, corresponding to a visual acuity of approximately
20/1200, and count fingers. He is also able to travel alone in the New York metropolitan
area, and to other cities, using public transport (11,56). For more details of the early devel-
opment of the cortical visual prosthesis, the reader is referred to an excellent comprehen-
sive review by Karny (40) and an editorial by Kolff (42).

Experimental work toward a functional retinal prosthesis is a more recent develop-
ment. Several groups of investigators have been making steady progress toward this end in
the last decade. Some of these more important studies are discussed below. Work in this
area has shifted from feasibility studies to implanting a retinal prosthesis on a long-term ba-
sis. In fact, at the time of this writing, this major milestone has been reached. On June 28,
2000, Jose S. Pulido, Gholam A. Peyman, and Alan Y. Chow implanted silicon chips into
the subretinal space of two patients with retinitis pigmentosa. A third patient also received
the retinal prosthesis on June 29, 2000. The retinal prosthesis, measuring 2 mm in diame-
ter and one-thousandth of an inch thick, contains 3500 solar cells that generate power from
light received by the eye (57).

IV. INDICATIONS

The proposed retinal prosthesis aims to replace lost photoreceptors and will stimulate the
ganglion cells and/or the nerve fiber layer of the inner retina. It requires that the visual path-
way proximal to the inner retina be largely intact. For this reason, it is likely to be useful
only for diseases of the outer retina such as retinitis pigmentosa and AMD. Diseases more
distal to this prosthesis–neural interface such as glaucomatous optic neuropathy and
intracranial lesions will not benefit from the retinal prosthesis.

V. PRINCIPLES OF THE RETINAL PROSTHESIS

The human visual system is one of the most highly developed sensory systems found in na-
ture. Human vision is a multimodal sensation and includes quality such as spatial resolu-
tion, color, contrast, movement, and depth perception. Spatial information is the most fun-
damental of these, and allows a person to perceive the basic shape of visual images. Current
approaches are based on the hypothesis that electrical stimulation of selected points on the
retina with a two-dimensional array of microelectrodes will create a spatial image not
unlike the formation of a letter from single dots on a dot-matrix printer, or an image on a
stadium scoreboard. The engineering of the system is considered feasible with available
technology, much of which is currently used in the cochlear implant for the hearing
impaired.

The retinal prosthesis proposed by Humayun, also known as the multiple-unit
artificial retinal chipset (MARC) (Fig. 2) (58), consists of several components:

1. A video camera external to the eye and body captures the visual environment
and electronic image-processing circuitry reduces the resolution and complexity
of the image. Both components are mounted on an eyeglass frame worn by the
patient.

2. The image data are digitally encoded and fed via a telemetry link (laser or radio
frequency modulated signal) to a decoder chip implanted in the eye. Besides
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transmitting image data, the transmission beam will be used to supply power to
the implanted circuitry,

3. The decoder chip inside the eye converts the transmitted image data and
produces the necessary pattern of small electrical currents to be applied to the
retina through a two-dimensional array of electrodes positioned at the inner
retinal surface. Each individual electrode directly stimulates the underlying
retinal neurons that then relay this information to the visual cortex, resulting in
perception of a dot of light at a point in the visual field corresponding to the
retinal location. Simultaneous activation of multiple electrodes in the array will
create a pattern of individual dots of light.

At first glance, it may appear preferable to engineer a single implantable retinal pros-
thesis with all system components for light detection, image processing, current generation,
and electrode stimulation. However, a prototype device with discrete subsystems with a
majority of the electronics outside the eye will reduce the size and heat dissipation of the
intraocular components, and allow the external components to be repaired, modified, or
upgraded without additional surgery.

VI. CHALLENGES IN THE DEVELOPMENT OF A
USEFUL RETINAL PROSTHESIS

An implanted retinal prosthesis must be both safe and effective. The integration of elec-
tronic devices with neural tissue requires special design considerations to ensure that the
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Figure 2 Diagram of the proposed retinal prosthesis by Humayun and associates. The external
components (camera, video processor, power, and data transmitter) are mounted on an eyeglass
frame. The implanted components (receiver coil and intraocular electronics) positioned over the
retina decode the received signal and produce the appropriate pattern of electrical stimulus at the
electrode array.



device that is communicating with the tissue does not damage the tissue. This damage could
result from mechanical or electrical interactions between the device and the tissue. Several
prerequisites are paramount to the success of the proposed retinal prosthesis. Each will be
dealt with briefly.

Prerequisite 1: There must be a sufficient number
of intact retinal neural cells in eyes with
photoreceptor loss.

The survival of neurons in the inner retina is paramount to the success of the retinal pros-
thesis. After the death of photoreceptors (primary neurons), secondary visual neurons un-
dergo transneuronal degeneration due to the withdrawal of synaptic input or trophic factors
(37). Morphometric studies on the macula of eyes with retinitis pigmentosa have confirmed
loss of neurons in the inner nuclear layer and ganglion cell layer (37, 38). However, this
transneuronal degeneration is incomplete, and at least 30–75% of nuclei in the ganglion cell
layer and as much as 78–88% of the nuclei in the inner nuclear layer were preserved in the
macula (Fig. 3). Morphometric analysis of extramacular regions of eyes with retinitis pig-
mentosa disclosed some preservation of the inner retinal nuclei but the preservation of the
inner nuclear layer and ganglion cell layer was less than that found in the macula (59). In
AMD, the inner retina is relatively preserved over diskiform scars in spite of photorecep-
tor loss (39). Since these neural elements proximal to the photoreceptors remain viable in
large numbers, it may be possible for the surface electrodes of a retinal prosthesis to elec-
trically evoke a response from the remaining retinal neurons and relay visual information
to the visual cortex.

Prerequisite 2: The device implanted into the eye must
be biocompatible.

The first safety concern that must be addressed is material biocompatibility. The current
prototype retinal prosthesis array will have a platinum and silicone electrode array and a
silicone-coated electronic device. Both of these materials have been demonstrated as com-
patible for use in the eye. Further, platinum has a proven record as a stimulating electrode
material from the cochlear implant and other implantable stimulating devices. Titanium
nitride is a material proposed for use as a stimulating material, but it has been shown to have
an adverse reaction in cell culture (27).

An important consideration for a stimulating electrode is the material that forms the
interface to the tissue. Since the electrode must conduct a large amount of electricity, met-
als are best suited for this purpose. A basic property the material must have is that it will
not corrode under physiological conditions. Second, the metal must not be neurotoxic. The
noble metals (gold, platinum, iridium) satisfy these first two constraints. The metal must
withstand large amounts of current applied without inducing undesirable corrosion reac-
tions. Gold has been shown to dissolve when stimulating currents are applied. However,
platinum and iridium can withstand high-intensity stimulating current.

Another biocompatibility question involves electrical biocompatibility. The ideal
electrical stimulus pulse would be a single negative-current pulse. It would require the least
amount of power and result in depolarization of the cell membrane under the electrode.
However, current pulses are typically applied in trains so that a stimulus appears continu-
ous to the cell and hence is perceived as continuous. If a stimulus waveform consists of a
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Figure 3 Plots of the mean cell-layer counts at different eccentricities in control eyes, eyes with
moderate retinitis pigmentosa, and eyes with severe retinitis pigmentosa. Top: Outer nuclear layer.
Middle: Inner nuclear layer. Bottom: Ganglion-cell layer. (From Santos A, Humayun MS, de Juan
E, Jr, et al. Preservation of the inner retina in retinitis pigmentosa: a morphometric analysis. Arch
Ophthalmol 1997;115:511–515, with permission.



repeated, cathodic pulse, residual electrical charge will remain on the electrode. Net charge
on the electrode displaces the electrode potential from equilibrium. Continued charge ac-
cumulation will increase the electrode potential eventually resulting in the evolution of
gaseous hydrogen or oxygen (gassing or bubbling) (60). To reduce net charge accumula-
tion, a stimulus pulse must be charge balanced. This can be accomplished by either capac-
itively coupling the electrode or using a charge-balanced stimulus pulse. At the end of the
current pulse, the capacitor discharges so that no net current is applied to the electrode. A
more common method is actively reversing the charge by applying a positive current pulse
after the negative pulse, again resulting in no net charge.

Prerequisite 3: The device must be stable in its position
after implantation.

The retina is a delicate tissue that can be easily torn or detached. Positioning a stimulating
array on the retinal surface will require a balancing act that seeks to find the closest prox-
imity for the electrodes without being too close to exert deleterious pressure on the retina.
Furthermore, some mechanical means must be used to secure the stimulating array to the
retina since saccadic eye movement and head movement may dislodge the device if it is not
firmly held. To date, the only proven method for attaching a prosthesis to the retina is a reti-
nal tack. (26,61) (Fig. 4). These tacks were initially developed for use inside the eye as an
aid in repair of retinal detachments. There are no material biocompatibility concerns. The
stimulating array is secured to the retina with a tack in much the same way a piece of pa-
per is secured to a bulletin board with a thumb tack. This results in destruction of the retina
underneath or in close proximity to the tack. However, if the stimulating electrodes are a
sufficient distance from the tack, the retina targeted for neurostimulation is spared.

Walter and associates have reported successful long-term implantation of electrically
inactive epiretinal microelectrode arrays in rabbit eyes using retinal tacks (26). Their ex-
periments involved two operations. During the first operation, a lens-sparing three-port
core vitrectomy was performed and the prospective fixation area inferior to the optic nerve
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Figure 4 The retinal tack is the only proven method for attaching a retinal prosthesis in an
epiretinal location to date.



was coagulated with an infrared diode endolaser. Three weeks later, a second vitrectomy
was performed to remove residual cortical vitreous and the microelectrode array was im-
planted and a retinal tack made of titanium (Geuder, Heidelberg, Germany) was used to fix-
ate the implant by penetrating the area of the laser scar. Tack fixation of the microelectrode
array was successful in nine out of 10 eyes. In one case, a total retinal detachment with
dense cataract formation occurred after implantation. Throughout 6 months of follow-up,
the implant remained at its original fixation area in the nine eyes with no dislocation. The
retina remained attached in the nine eyes but in two cases, epiretinal membranes were seen
around the tack.

Majji and associates also tested the feasibility of using retinal tacks to fix a 5 � 5 mi-
croelectrode array (25 platinum disk-shaped electrodes in a silicone matrix) onto the reti-
nal surface of normal dogs (61). The retinal tacks and the microelectrode arrays remained
firmly affixed to the retina up to 1 year of follow-up. No side effect of the tack or micro-
electrode array was observed clinically. Histological examination disclosed near-total
preservation of the retina underlying the microelectrode array, demonstrating that epireti-
nal fixation of the array is surgically feasible with insignificant damage to the underlying
retina. In addition, the study also shows that the retinal tacks as well as the platinum and
silicone microelectrode arrays are biocompatible.

Another method of fixation under development is the use of biocompatible adhesives
(25, 62). In one study, nine commercially available compounds were examined for their
suitability as intraocular adhesives in rabbits (62). The materials studied included com-
mercial fibrin sealant (Heamacure Co.), autologous fibrin, Cell-Tak (Becton Dickinson),
three different photocurable glues (Star Technology Inc., Lightwave Energy Systems Co.-
LESCO, and Loctite Co.), and three different polyethylene glycol hydrogels (Shearwater
Polymers, Cohesion Technologies Inc.). Hydrogels were shown to have 2–39 times more
adhesive force than the other glues tested. One type of hydrogel (SS-PEG, Shearwater
Polymers, Cohesion Technologies Inc.) proved to be nontoxic to the rabbit retina.

Prerequisite 4: Stimulation of viable retinal layers must
result in visual perception.

The question of whether or not a retinal prosthesis will produce a usable image in a blind
individual has been addressed in part by Humayun and associates. While the final answer
will not be known for some time until more retinal prostheses are implanted in humans, an-
imal studies and short-term human experiments to date have produced encouraging results.

Electrical stimulation of the retina using a bipolar contact-lens electrode in rabbits
with monoiodoacetic acid– or sodium iodate–induced experimental outer retinal degener-
ations, absent or markedly reduced electroretinogram, and severely damaged photorecep-
tor layer has been shown to produce evoked potentials from the visual cortex (63). In a se-
ries of human experiments, Humayun and associates have shown that controlled electrical
signals applied with a microelectrode positioned near the retina in individuals blind from
end-stage retinitis pigmentosa and AMD results in the perception of a spot of light that cor-
relates both spatially and temporally to the applied stimulus (12,13,20,24). They were able
to obtain resolution compatible with a Snellen visual acuity of 4/200 (crude ambulatory vi-
sion) using a two-point discrimination test (20). In addition, they showed that subjects were
able to perceive simple forms in response to pattern electrical stimulation of the retina us-
ing wire electrodes or electrode arrays consisting of nine (3 � 3 array) or 25 (5 � 5 array)
individual stimulating electrodes (Fig. 5) (14).
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Recent work in human volunteers by Weiland and associates has shown that visual
percepts caused by electrical stimulation change depending on the neural element(s) stim-
ulated (22). In this study, normal retina as well as two areas of laser-induced retinal dam-
age (argon green and krypton red) in one eye of two subjects who were scheduled for ex-
enteration due to recurrent cancer near the eye were stimulated. Significantly different
visual percepts resulted from electrical stimulation of the normal retina and the laser-
damaged retina. A dark perception in normal retina and a white perception in an area where
the outer segments of the photoreceptors were damaged were reported by both volunteers.

These experiments demonstrate the ability to create the perception of a spot of light
by electrically stimulating a retinal area that contains no photoreceptors (14,22). The per-
ception of a spot of light corresponds with the stimulus time and location (14), suggesting
that the brain, with no training, is capable of responding to a presumably unfamiliar signal
from a retina with no photoreceptors. However, it remains to be determined whether the hu-
man brain can piece together hundreds of input channels from a two-dimensional electrode
array into a useful visual image when the brain normally receive signals from 100 million
photoreceptors. In this regard, the experience from the cochlear implant is encouraging.
The cochlear implant bypasses damaged cochlear hair cells and directly electrically stimu-
lates the auditory nerve to produce the sensation of sound. Using only six electrical inputs
to the auditory nerve, which contains approximately 30,000 nerve fibers, with several
months of training and adaptation, patients can learn to understand this reduced input with
sufficient clarity to enable them to converse on an ordinary telephone (64).

Thompson and associates evaluated reading speed and facial recognition in four nor-
mally sighted subjects using simulated pixelized prosthetic vision (65). Parameters such as
dot size, gray levels, dropout of pixels, and contrast were studied. Their study suggests that
with pixelized vision parameters such as 25 � 25 grid in a 10 field, high contrast imaging,
and four or more gray levels, a fair level of visual function can be achieved for facial recog-
nition and reading large print text. Similarly, work by Cha and associates on normally
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Figure 5 A 5 � 5 array of platinum electrodes in a silicone matrix held near an eye. The square
formed by the array is approximately 3 mm on a side. A cable extends from the end opposite to the
electrode sites to allow connection to the electronics.



sighted human subjects has shown that reduction of visual input to a 25 � 25 array of pix-
els distributed within the foveal visual area could provide useful visually guided mobility
in environments not requiring a high degree of pattern recognition (66,67). The ability to
perceive light may in itself be useful for some totally blind subjects (68).

VII. EPIRETINAL VERSUS SUBRETINAL APPROACH
IN THE RETINAL PROSTHESIS

The stimulating electrodes could be placed in the subretinal (34,35) or epiretinal location
(21,30–33,36,69) (Table 1). One potential advantage of placing the prosthesis in the sub-
retinal space over an epiretinal location is that the electrodes will stimulate neural elements
more peripheral in the afferent visual pathway. This may have the theoretical advantage of
capturing some of the early neural processing that occurs in the middle layer of the retina.
With current vitreoretinal techniques, it is easier to place a prosthesis in the subretinal space
than to fix it onto the epiretinal surface. However, a subretinal prosthesis is a highly unnat-
ural bed for the overlying neural elements. Exchange of nutrients and waste material be-
tween the retina and its underlying retinal pigment epithelium and choroidal circulation may
be disrupted or impaired by the subretinal prosthesis. How well the retina will survive the
separation from its underlying retinal pigment epithelium and choriocapillaris by an inter-
posed prosthesis is also relatively unknown. In fact, experiments in rats by Zrenner and as-
sociates disclosed photoreceptor degeneration most likely related to reduced transport of nu-
trients from the choroid to the outer retina caused by the nonperforated subretinal prosthesis
(27). Zrenner and associates believe that “thinner, flexible, and better designed retinal pros-
thesis with openings to allow diffusion should alleviate these problems.” In addition, be-
cause the lateral extensions of horizontal cells are extremely long, it is not known how stim-
ulation of these cells will impact the transfer of spatially detailed visual information.

The epiretinal approach places the stimulating electrodes in contact with the internal
limiting membrane and an array of nerve fibers or ganglion cell bodies to transmit infor-
mation to the visual cortex. Although free of some of the potential problems associated with
the subretinal prosthesis, it has its own challenges. The prosthesis must remain in its posi-
tion to ensure a stable electrode–neural elements relationship. There is currently no good
technique to fix the retinal prosthesis at a predetermined distance from the retina. The in-
ertial force from the mass of the retinal prosthesis and the fluid drag from intraocular fluid
are two forces arising from angular acceleration during saccadic movements that would
tend to shear the prosthesis from the retinal surface. It is possible that stimulation of Muller
and other cells could lead to the formation of epiretinal membranes and fibrous cocoons
surrounding the retinal prosthesis, not unlike the situation seen in chronic intraocular for-
eign bodies. These membranes could interfere with the function of the prosthesis by be-
coming a barrier of high electrical resistance between the prosthesis and the inner retina.
No fibrous encapsulation of the microelectrode array, however, was observed in Majji and
associates’ experiments in dogs (61).

VIII. CONCLUSION

The results of feasibility studies to develop the retinal prosthesis have been encouraging,
and have culminated in a phase I clinical trial in three patients (57). The knowledge gained
from these early and more recent studies, when combined with technological advances in
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electronics, prosthetic manufacturing, and surgical techniques, is likely to bring a useful
retinal prosthesis to fruition in the near future. However, much work remains to be done
and it is prudent for both clinicians and the public to maintain realistic expectations for the
degree of benefit to the initial patients using any prototype retinal prosthesis. Some have
suggested that a hierarchical approach whereby we endeavor to provide restoration of
light perception first, followed thereafter by higher visual functions (41), is a reasonable
approach to treat those blind from outer retinal disease.

IX. SUMMARY

The retinal prosthesis is intended to replace lost or damaged photoreceptors by directly
stimulating the inner retinal layer. It is indicated for outer retinal diseases such as age-
related macular degeneration and retinitis pigmentosa.
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Table 1 Advantages and Disadvantages of Subretinal Versus Epiretinal Approach for the
Retinal Prosthesis

Subretinal approach Epiretinal approach

Advantages
Prosthesis is located at the physiological

position of photoreceptors
Remaining retinal neuronal network that

is responsible for processing
information from photoreceptors can
be utilized

Retinal implant does not cover any
possibly intact photoreceptors

Subretinal space provides technically
easier fixation

Proliferative vitreoretinal reaction is
possibly less common and less severe
in the subretinal location than the
epiretinal location

Disadvantages
Visual prosthesis, being interposed

between retina and underlying retinal
pigment epithelium and choroid, may
disrupt the metabolism of the retina.

Advantages
Prosthesis is not interposed between retina and

underlying retinal pigment epithelium and
choroid, and therefore is less likely to
interfere with retinal metabolism

Disadvantages
Prosthesis is not situated at the physiological

location of photoreceptors
Remaining retinal neural network that is

responsible for processing information from
photoreceptors not utilized

Prosthesis may cover any possibly intact
photoreceptors

Epiretinal fixation is technically challenging and
will require a balancing act that seeks to find
the closest proximity to the retina without
exerting deleterious pressure on the retina

Proliferative vitreoretinal reaction is possibly
more common and more severe in the
epiretinal location than in the subretinal
location



A video camera external to the eye captures the visual environment and electronic
image-processing circuitry reduces the resolution and complexity of the image. The image
data are fed via a telemetry link to a decoder chip implanted in the eye. The decoder chip
converts the image data and produces the necessary pattern of small electrical currents to
be applied to the retina through a two-dimensional array of electrodes positioned at the in-
ner retinal surface. Each individual electrode directly stimulates the underlying retinal neu-
rons, resulting in perception of a dot of light at a point in the visual field corresponding to
the retinal location. Simultaneous activation of multiple electrodes in the array creates a
pattern of individual dots of light.

Encouraging results of feasibility studies have culminated in a phase I clinical trial in
three patients.
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I. INTRODUCTION

Age-related macular degeneration (AMD) is not the typical kind of disease that usually
comes to mind when we think of an inherited disorder. Rather, it is a disease that can pre-
sent with a variety of phenotypes within two broad categories known as nonneovascular
(dry) and neovascular (wet) AMD. In the elusive search for the cause of this disease, in-
vestigators have always been in a quandary whether to consider AMD as a continuum of
disease severity or as distinct clinical entities within the two broad categories. Are there
some subtypes that are destined to remain nonneovascular while others are destined to
progress to the neovascular form? Within the dry AMD subtype, are there some individu-
als with early disease who are predestined to progress to central geographic atrophy while
others will retain some central macular function? Are there others who progress to wet
AMD and have occult choroidal neovascularization (CNV) and will not progress to classic
CNV? Are there still others who will always progress directly to classic CNV without ini-
tial evidence of occult CNV? If such subgroups of individuals exist, how can they be iden-
tified before the disease progresses and can anything be done to prevent this progression?
These are some of the issues that have been tackled by investigators over the years, and
some progress has been made in identifying phenotypic characteristics and environmental
factors that are predictors of disease progression and severity. However, little success has
been realized in altering the overall natural history of the disease.

Until recently, most of the focus has been on the study of environmental factors
and how they influence the progression of disease and on the study of the early macular
phenotype and how it can predict disease severity. Now the evidence is mounting that
heredity plays a more important role than initially suspected in determining the cause and
progression of disease. The challenge for the geneticists is to apply their rigorous analyti-
cal discipline to a disease with such a variable phenotype and prognosis. For example,
should geneticists study everyone with AMD as a homogeneous group or should they sub-
divide AMD patients into subtypes within subtypes? Initially, being able to define their



population is crucial for the geneticist, but once a gene is identified, it then becomes fairly
straightforward to broaden one’s definition to include oher populations with AMD and
determine whether the genetic findings extend across phenotypic categories. By defining
the genes one at a time, the geneticist and the clinician will be able to understand how
individual genes influence phenotype, either by acting alone or as part of a complex web of
gene-gene interactions, and how environmental factors influence the genes. With this
knowledge, we will be able to identify those at risk of developing the disease, to predict
disease progression, and to develop treatments to prevent vision loss. This review will
cover our present understanding of AMD as a complex inherited disorder and the likely
directions for research in the near future.

II. AMD AS A GENETIC DISEASE

The genetic basis of AMD was relatively ignored for many years as environmental and di-
etary issues were the primary focus of epidemiological investigations during the 1970s and
1980s. These epidemiological studies indicated an increased risk for smokers and some
associations with dietary factors, resulting in an interest in dietary supplements such as
antioxidants and micronutrients such as lutein in the treatment of AMD. Various hypothe-
ses were tested in these epidemiological studies such as the role of diet, cardiovascular dis-
ease, hypertension, and sunlight exposure in AMD, but no conclusive causal relationship
was established. Yet there is a suggestion that these environmental factors could influence
the severity of disease. Overall, these studies have shown that these increased risks are
relatively small compared to the increased risk associated with heredity. What is truly
advantageous about the genetic approach to the study of AMD is that there is no need
for a biological hypothesis or model, and there should be no investigator bias in identify-
ing the cause of disease. Moreover, the genetic approach allows for the discovery of
novel causes for disease that might not be suspected from biochemical or cell biological
studies.

Several recent advances in human genetics have changed the way we approach AMD
and other age-related disorders. First, we now appreciate that aging and many diseases as-
sociated with aging can be thought of as genetically complex, meaning that the disease is
caused by numerous predisposing genes, and multifactorial, meaning that both genetic and
environmental factors contribute to the disease (1–5). Second, our ability to analyze com-
plex genetic traits has greatly improved over the last several years. Diseases once thought
unapproachable by genetic analysis because of their complexity can now be dissected us-
ing new statistical methodologies. Several complex diseases previously associated with
aging and environmental exposure risks have now been found to have a strong genetic
component. Examples of such diseases include Alzheimer’s disease, diabetes mellitus,
hypertension, and obesity (6–16) Third, the inheritance of AMD has become increasingly
evident from studies demonstrating a strong familial prevalence for the disease.

A familial tendency to develop AMD was first identified in 1876 by Hutchinson (17)
and later confirmed by a few additional reports throughout most of the twentieth century.
However, the reports of familial AMD were largely ignored until recently, in part because
the pattern of inheritance was not immediately obvious to the clinician largely because of
its late age of onset. Family members were unreliable when it came to reporting a family
history of AMD even when a positive family history was obvious from the typical symp-
toms often displayed by parents and relatives in their later years. A positive family history
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was rarely documented because vision loss from AMD usually occurs during an individ-
ual’s late 60s or early 70s, and the parents of patients with AMD are usually deceased by
the time the diagnosis was obvious. Usually, AMD was not recognized in the parents of pa-
tients even if they had the disease but they died before they had experienced significant vi-
sion loss. Often, the subtle signs of the disease would have been missed in past decades.
Historical accounts of whether a parent was affected by AMD are often confounded by
other causes of vision loss, such as cataracts or glaucoma, or the vision loss was inaccu-
rately attributed to these other diagnoses. Sometimes, the use of a different diagnostic term
such as “central chorioretinitis” rather than AMD led to confusion among family members.
It is even possible that family members were unaware of vision loss in their elderly rela-
tives because decreased vision may have been better tolerated and not thought noteworthy
since many people expected decreased vision to be a natural consequence of aging. Even if
vision loss did occur, its severity could have been concealed by a decreased dependence on
reading or driving owing to the tendency of previous generations to live in close proximity
to one another and provide support for one another.

Even if one were not confronted with the unreliability and ambiguities surrounding
the diagnosis of AMD in previous generations, the late onset of the condition itself, natu-
ral death rates, and small families would create a situation in which many people with an
inherited form of AMD would appear to have sporadic disease. Additionally, the heredity
of a late-onset disease like AMD has been difficult to appreciate because of the uncertain-
ties in the diagnosis among the children of an affected individual since they are often too
young to reliably manifest the disease. A simulation study examining a late-onset dominant
disorder with family sizes compatible with those in the United States and with a disease
having the frequency and age of onset comparable to AMD revealed that only 15–20% of
patients with the disease would report a positive family history even if all of the cases were
actually genetic and the reporting was completely accurate (18). With such a low percent-
age of patients capable of reporting a positive family history of AMD, it is not surprising
that clinicians failed to perceive AMD as an inherited disease.

One obvious way to appreciate the inheritance of a disease is to observe the trans-
mission of disease from one generation to another. Owing to the late onset of AMD, this
approach is not usually practical or feasible. Another way to appreciate inheritance is to
consider the increased prevalence of disease among siblings. However, obtaining reliable
prevalence data among siblings is not so easily accomplished. The trend in American
society for increasing mobility within families often results in siblings living far apart
and unaware of one another’s visual status. Even if siblings are affected with AMD, they
might not be aware of their disease until they have experienced significant vision loss.
Eye care providers are often reluctant to label a patient with the diagnosis of “early” AMD
because of the emotional stigma associated with this condition, the absence of effective
treatment in most cases, and the unpredictable progression of vision loss. Personal
and emotional factors may make family members reluctant to tell others of their
diagnosis or their vision difficulties. Often, owing to family conflicts, siblings may not
communicate with one another as they get older, so reliable family histories are impossible
to obtain.

When siblings do share the diagnosis of AMD, it does not exclude the possibility that
the disease is due to environmental influences since siblings usually share similar environ-
mental exposures as children and adolescents. In addition, as adults, family members often
choose similar lifestyles. However, twin studies have long been recognized as a means of
separating environmental and genetic influences. During early life, dizygotic twins and
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monozygotic twins are thought to have identical environmental exposures. The extent
to which pairs of twins will share the same ocular findings is referred to as disease concor-
dance. Thus, any differences in the degree of concordance among monozygotic twins
compared to dizygotic twins would largely be due to heredity. As summarized below, the
combination of epidemiological studies, population studies, family studies, and twin
studies have provided compelling evidence that inheritance, far more than environmental
factors, is responsible for the majority of an individual’s risk of developing AMD.

III. AMD GENETIC STUDIES

To determine whether is a strong genetic component to a disease, investigators must first
agree upon the definition of the disease and then demonstrate an increased prevalence of
the disease among related individuals. Defining AMD is complicated by its clinical het-
erogeneity. Different clinical criteria for AMD based on fundus appearance, visual acuity,
bilaterality, and age have been proposed for study purposes (19–28). While grading sys-
tems are similar, subtle and not so subtle differences make it difficult to compare studies.
While the term age-related maculopathy (ARM) includes all forms of the disease, from the
earliest manifestation with only few discrete drusen, focal pigmentation of the retinal pig-
ment epithelium (RPE), or focal atrophy of the RPE, the term “age-related macular degen-
eration” is usually reserved for the more advanced fundus changes associated with visual
impairment. Moreover, there is some controversy as to what actually constitutes the defi-
nition of ARM. Since the definition of ARM is imprecise, most studies have focused on the
later stages of the disease where identifying affected individuals with AMD is less am-
biguous. Another way to more accurately define your study population is to include a min-
imal age of onset as part of the definition of the disease. The age restriction attempts to
avoid the diagnostic dilemma surrounding younger family members who may have a sep-
arate hereditary macular dystrophy or may present with equivocal evidence of early ARM.
In contrast to this approach, some clinicians have proposed that AMD is part of a contin-
uum that includes the “juvenile” or early-onset macular dystrophies and that such age dis-
tinctions may be misleading. To some extent, the diagnosis of AMD is made once other
known causes for macular degeneration have been excluded. Although most analyses are
performed on individuals with unambiguous disease, studies often collect information on
all individuals regardless of the extent of fundus findings and vision loss so that informa-
tive family members are not excluded. This family information, initially excluded from the
analyses, can then be included once an association has been identified between a genetic
locus and the disease. By adding in these excluded family members, the investigator can
determine whether the association between the locus and the disease is strengthened or
weakened. This type of approach can help identify the early, more ambiguous stages of the
disease. For example, it is still not established whether if clinical distinctions of ARM or
AMD phenotypes (i.e., large versus small drusen, number of drusen, soft versus hard
drusen, or geographic atrophy versus choroidal neovascular membranes) are meaningful
with regard to the genes that confer susceptibility. Only after some of the genetic loci that
contribute to AMD are identified will investigators be able to broaden their diagnostic cri-
teria and approach the issue of phenotype-genotype correlations. Thus, the initial burden
on clinicians in genetic studies of AMD is to be confident of the diagnosis by identifying
criteria (i.e., age, fundus appearance, visual acuity) that can unambiguously constitute the
disease.
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A. Population Prevalence Studies

AMD as an inherited disease can only be appreciated through population-based screening
and exhaustive family studies. Population based studies have examined the prevalence of
AMD among racially or ethnically diverse groups and among groups that are geographi-
cally or ethnically restricted with limited outbreeding. Large diverse populations will re-
flect the overall complexity of AMD, while more restricted populations can provide a pow-
erful means of decreasing the complexity of the disease and focusing the search for
AMD-related genes. One of the limitations of studying large populations is that the inter-
play of genetic and environmental influences cannot be easily teased apart. Despite this
limitation, these studies can be helpful in directing our attention to certain populations
where the disease is more prevalent. Once the prevalence is established, we can look for
additional evidence to suggest either a genetic or environmental basis for the disease. Such
population studies have suggested an increased prevalence of severe vision loss from AMD
among certain racial and ethnic groups, and a decreased prevalence among other groups
(29–47).

In the United States, Europe, Africa, and Asia, the prevalence of AMD has been ex-
amined among “whites,” “blacks,” “Hispanics,” Greenlanders, in particular Inuits, Chi-
nese, and Japanese. While some investigators have found little difference among races in
the prevalence of drusen, the so-called early stage of the disease, this diagnostic category
is often ambiguous and there is little agreement on what qualifies as a precursor to AMD.
This is why most racial comparisons rely on the prevalence of the more advanced form of
the disease associated with vision loss. Severe vision loss from AMD appears to be more
common among “whites,” Chinese, Japanese, and Inuits as compared to “blacks” and “non-
white Hispanics.”

Another way of assessing genetic risk is to look at the incidence of disease in two
populations of the same race but separated geographically from one another. Cruickshanks
et al. (38) studied the prevalence of AMD within two geographically separated non-His-
panic “white” groups. When comparing the two groups, Cruickshanks et al. controlled for
known environmental influences and confounding factors such as ancestry, education, in-
come, marital status, menopausal status, diabetes, smoking, exercise, alcohol consumption,
body mass, blood pressure, cardiovascular disease history, pulse rate, hypertension, choles-
terol, and hematocrit. They found a 33% difference in the prevalence of AMD between the
groups from the Beaver Dam study and from the San Luis Valley in Colorado. The authors
concluded that genetic differences between these two populations, rather than environ-
mental differences, might play an important role in explaining the difference in prevalence
of AMD in these populations. In another study, a low incidence of late AMD, 0.5% in those
over age 70, was found in a “white” population in southern Italy (35). These investigators
conclude that a genetic difference in this “white” Italian population probably accounts
for the low incidence of disease. However, it is entirely possible that some undocumented
environmental influences, such as light exposure and diet, could account for the difference
between “white” populations.

Investigators not only examine the prevalence of AMD within populations, they also
examine how the prevalence has changed over time. If there has been a change, investiga-
tors often point to changes in environmental factors as the cause and assume the genetics
of a population has remained relatively constant. Risk factors such as cardiovascular dis-
ease, decreased dietary antioxidants, or chronic light damage combined with increased
longevity are often cited as being responsible for the increasing age-specific incidence of
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AMD within a population (48,49). However, if one takes into account improved awareness
of the disease, increased longevity, better diagnostic acumen among eye specialists, and
improved diagnostic terminology, it is unclear whether the age-specific incidence is in-
creasing or the disease was simply underdiagnosed in previous generations. This type of
uncertainty surrounds the dramatic increasing incidence of AMD within the Japanese pop-
ulation over the past 30 years. Is this increasing incidence due to better diagnostic capabil-
ity or the introduction of new environmental factors? The answer is not known, but even if
the disease incidence has been influenced by a newly introduced environmental factor
among the Japanese, this does not exclude heredity as playing a major role in AMD. This
increased incidence within the population over time may reflect a genetic susceptibility to
new environmental factors. This is what is meant by the term “multifactorial” (i.e., influ-
enced by both genetic and environmental factors) when used to describe the inheritance of
AMD. It is interesting that there is no difference in the prevalence of AMD found among
European and Asians living in the same city. This finding suggests that if a genetic basis
for disease exists in the “white” European population, then a genetic basis may exist for the
Asian population as well.

B. Family Aggregation Studies

Both qualitative and quantitative evidence for the role of heredity in AMD has been pro-
vided by familial aggregation and segregation studies. Like large population studies, fam-
ily studies examine the predilection for disease among individuals who share similar DNA.
However, unlike population studies, there is less genetic heterogeneity within families
and everyone in the family is assumed to have been exposed to similar environmental
influences.

Familial cases of AMD have been reported from Europe, North America, and Asia
(17,24,50–61). The first report of a familial tendency to inherit drusen at an older age was
by Hutchinson in 1876 (17). In this report, Hutchinson described three sisters ranging from
40 to 60 years old with characteristic fundus findings “in which the choroid becomes speck-
led with minute dots of yellowish white deposit.” He proceeds to describe the later stages
of the disease characterized by “atrophy of choroidal tissue and production of some pig-
ment.” The disease is described as progressing in stages from minute yellow-white spots
to a coalescence of these spots followed by hemorrhage at the yellow spot and resulting in
atrophy.

Nearly 100 years passed before the familial tendency to inherit AMD was revisited.
Francois (50) reported that senile macular dystrophy was common in brothers and sisters.
He subsequently reported one pedigree with all three siblings affected with AMD and five
pedigrees depicting multigenerational inheritance (51). Bradley (52) described the inheri-
tance of senile macular dystrophy in two brothers and wrote, “Nearly every patient I have
seen has had other members of the family similarly affected.” Gass (53) performed a four-
year study of 200 patients with macular drusen and reported that 38 patients (19%) had a
positive family history of similar macular disease. Gass studied only 10 of the 38 families,
and the diagnosis of AMD was confirmed in all 10 families either by examination or by
review of their medical records.

These previous studies documented the tendency of AMD to occur among first-de-
gree relatives within families. However, when a disease as common as AMD has preva-
lence in the general population of up to 20%, the tendency of the disease to occur within
families may be due to coincidence rather than heredity. For this reason, this familial
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tendency must be compared to a control population to appreciate the contribution of hered-
ity. Hyman et al. (54) were the first to document the increased prevalence of AMD among
relatives of affected patients compared to relatives of unaffected controls. A total of 228 af-
fected subjected were identified and 237 unaffected controls were matched by age and sex.
A positive family history of AMD was reported in 21.6% of affected subjects compared to
8.6% of unaffected controls. A statistically significant odds ratio of 2.9 was calculated for
an association between AMD and a positive family history involving parents and siblings.
In an attempt to validate the history of AMD among siblings, the authors submitted ques-
tionnaires to eye examiners and a similar response rate was obtained for the siblings from
the affected and unaffected cases. Interestingly, 11.3% of affected siblings reported AMD
by history and 19.9% of eye examiners reported AMD by examination. Thus, relying on
history alone would result in an underreporting of AMD prevalence within families. In con-
trast, both history and examination confirmed the decreased prevalence of AMD among
siblings of unaffected controls. AMD was not validated among parents of either the af-
fected or unaffected cases. Based primarily on the sibling data, Hyman et al. concluded that
familial, genetic, and personal characteristics rather than environmental factors such as
chemical work exposure and cigarette smoking mainly influenced AMD. In contrast to the
study by Hyman et al., another study from the 1980s by Gibson et al. (62) did not identify
an increased prevalence of AMD within families. Gibson’s failure to detect a familial
prevalence was likely due to measurement errors from the diagnostic criteria used, the re-
liance on family history alone without examination, and the small number of families and
the low statistical power of the study.

In the 1990s, Silvestri et al. (56) reported another case-controlled study comparing
the prevalence of AMD among first-degree relatives of patients with AMD with first-de-
gree relatives of age- and sex-matched controls. All patients and controls underwent an
ophthalmoscopic examination, and the authors either examined all siblings or reviewed
their medical records. Examination or review of medical records could not always confirm
the diagnosis of AMD in parents. The study consisted of 36 patients and 36 controls.
Twelve parents (33.3%) of affected patients were believed to have AMD. In contrast, none
of the control parents where thought to have AMD. While 20 of the 81 siblings of affected
subjects were affected with AMD, only 1 of the 78 control siblings was diagnosed with
AMD. The relative risk of developing AMD was 19.3 times greater for a sibling of an af-
fected individual than for a sibling of an unaffected control. The authors concluded that
hereditary factors are important in the etiology of AMD. This study stands apart from other
familial studies because of the low prevalence of AMD among siblings of control cases
(1/78).

Heiba et al. (57) explored the familial aggregation of AMD by evaluating the large
population of male and female adults in the Beaver Dam Eye Study for evidence of a ma-
jor gene segregation effect. Sibling correlations were evaluated and segregation analysis
was performed on the right and left eyes of individuals from 564 families. Siblings were
examined for fundus changes associated with AMD and a statistically significant sibling
correlation for these findings was reported. The sister-brother correlation was highest fol-
lowed by the sister-sister correlation. No statistically significant correlation was found be-
tween brothers. These authors conclude that a single major gene effect, inherited in a
Mendelian fashion, could account for the high sibling correlation between eyes.

Seddon et al. (58) performed a detailed familial aggregation study of AMD by study-
ing 119 affected individuals and 72 unaffected individuals and their first-degree relatives.
First-degree relatives included parents, siblings, and offspring 40 years of age and older.
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Medical records were reviewed for 177 case relatives and 146 control relatives. A signifi-
cantly higher prevalence of AMD was found among first-degree relatives of affected
probands (23%) compared to control probands (11.6%) with an age-and-sex-adjusted odds
ratio of 2.4 (p � 0.013). By separately analyzing the 78 probands with neovascular AMD,
the authors demonstrated an even higher prevalence of AMD among first-degree relatives
(26%) with an odds ratio of 3.1 (p � 0.003). In contrast, the prevalence of AMD among
first-degree relatives of the 41 probands with dry ARM was 19.2% with an odds ratio of 1.5
(p � 0.36). The authors conclude that the higher prevalence of AMD among first-degree
relatives of subjects with AMD, particularly neovascular AMD, suggests a strong familial
contribution to the disease. This familial component may be genetic, environmental, or
multifactorial, the result of interactions between genes and the environment.

In the Blue Mountains Eye Study, Smith and Mitchell (59) assessed the associations
between early and late stages of AMD with reported family histories. This involved a cross-
sectional study of 3654 subjects from a defined geographic area west of Sydney (NSW,
Australia). Subjects with early and late stages of AMD were identified from masked de-
tailed grading of retinal photographs. Interviewer-administered questionnaires provided
data on the family history of AMD. It was found that a first-degree family history of AMD
was significantly associated with both late AMD (odds ratio 3.92; 95% confidence interval
[CI] 1.34–11.46) and early ARM (odds ratio 2.17; 95% CI 1.04–4.55). The association was
highest for the late neovascular form of AMD. In this study, the detection of the associa-
tion between AMD and a positive family history depended upon a questionnaire rather than
the examination of the first-degree relatives. Therefore, it is likely there were affected fam-
ily members who were underreported. If true, then it seems likely that this report underes-
timated the true association between AMD and a positive family history. These findings
provide persuasive evidence that AMD is an inherited disorder and a stated family history
of AMD is an important risk factor for AMD.

Klaver et al. (60) reported on the familial aggregation of AMD as part of the Rotter-
dam Eye Study. In this study, they examined fundus photographs of first-degree relatives
of 87 index cases with AMD and 135 controls. Independent of other risk factors, the preva-
lence of early (odds ratio � 4.8, 95% CI � 1.8–12.2) and late (odds ratio � 19.8, 95% CI
� 3.1–126.0) AMD was significantly higher in relatives of patients with late AMD. The
lifetime risk estimate of late AMD was 50% (95% CI � 26–73%) for relatives of patients
versus 12% (95% CI � 2–16%) for relatives of controls (p �0.001), yielding a risk ratio of
4.2 (95% CI 2.6–6.8). This means that siblings of late-AMD patients are four times more
likely to develop AMD than persons who have no first-degree relative with AMD. More-
over, relatives of patients with AMD expressed the various features of AMD at a younger
age. Therefore, it would appear that first-degree relatives of patients with late AMD have
an increased risk of developing AMD and this occurs at a relatively young age. This result
suggests that genetic susceptibility has an important role in determining the onset and
severity of disease.

In addition to studying the prevalence of AMD within families, investigators have at-
tempted to support the genetic basis for AMD by comparing and contrasting the fundus ap-
pearances of family members with the disease. Piguet et al. (55) compared the density, size,
and confluence of drusen in the central macula as early markers of AMD among affected
AMD patients, their siblings, and their spouses. The eyes of 53 sibling pairs were compared
to the eyes of 50 spouses as part of a prospective study of AMD. They found marked
concordance between siblings in the number and density of drusen (52/53 sibling pairs),
but not between spouses (24/50). More recently, de La Paz et al. (24) studied the fundus ap-
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pearance of AMD in eight families with three or more affected members. In contrast to the
study by Piguet et al., de La Paz et al. studied families with advanced AMD and found vari-
able expressivity of the disease within families with the full range of fundus characteristics
present. These fundus findings ranged from extensive drusen formation to geographic at-
rophy and neovascular maculopathy. In this study, the authors provided only a cross-sec-
tional analysis of their cohort and provided no longitudinal analysis describing the pro-
gression of disease. They conclude that the variable, expressivity of advanced AMD
between family members may represent the effect of modifying genes (complex gene-gene
interactions) or the influence of environmental factors on a genetically susceptible group
(multifactorial etiology). However, it is difficult to determine whether the reported variable
expressivity of AMD within families is any different from the variable expressivity ob-
served when comparing the eyes from the same individual. For this reason, it is important
to follow the age-dependent progression of macular findings among family members to de-
termine whether the variability persists or whether family members all tend to develop the
same macular features.

Different familial aggregation and segregation studies have resulted in identifying a
genetic component to AMD, but these studies differ in the magnitude of this effect. We
might expect the magnitude of this genetic component to vary depending upon the popula-
tion and the prevalence of environmental factors that may influence the disease. Another
reason why the magnitude of the effect varies from report to report is that the investigators
attempt to appropriately phenotype their populations using different classification schemes.
While their attempts are appropriate and commendable, the varying results could be
explained, in part, by the differences between these classification schemes.

C. Twin Studies

Studies examining the concordance of AMD among monozygotic and dizygotic twins
strongly support the role of heredity in AMD. Monozygotic twins share the same chromo-
somal DNA while dizygotic twins should be no different than any other nontwin sibling
pair. A major advantage of twin studies for age-dependent conditions such as AMD is the
elimination of age-adjusted comparisons between siblings within a family. If a disease is
influenced solely by genetics, then the disease should have a much higher concordance
among monozygotic twins than dizygotic twins. If a trait is 100% penetrant, monozygotic
twins should have 100% concordance. If the disease has variable penetrance because of ei-
ther genetic or environmental influences, then the concordance among identical twins may
be less than 100%. If there is no genetic influence on the disease, then there should be lit-
tle difference in the concordance rates between monozygotic and dizygotic twins. The im-
portance of twin research in the study of inherited ophthalmological diseases was first ac-
knowledged by Waardenburg in 1950 (63). In this paper, he reported a personal
communication from Roobol, who described a pair of 63-year-old identical twins who may
have been concordant for AMD based on his description of their “senile cystic maculopa-
thy” accompanied by “scattered glistening spots.”

In 1958, Waardenburg reported on two sets of aged female twins who were believed
to be identical, although no genetic testing was performed (64). These twin pairs were
found to be concordant for senile macular dystrophy. Additional isolated case reports have
subsequently appeared. Melrose et al. (65) reported on the concordance of AMD in a pair
of female “identical looking” twins. The first twin developed choroidal neovascularization
in the right eye at the age of 72, and within 16 months, the other twin developed a
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neovascular membrane in the right eye as well. Meyers and Zachary (66) performed genetic
testing to confirm monozygosity of a female twin pair who were concordant for severe
AMD. These 85-year-old monozygotic twins progressed to bilateral legal blindness within
3 years of each other. Interestingly, four of their 13 siblings were also reported to have se-
vere AMD. Dosso and Bovet (67) reported on 85-year-old male twins who developed neo-
vascular AMD the same year they both developed hypertension and non-insulin-dependent
diabetes. The twins were confirmed to be monozygotic by genetic testing, and both pro-
gressed to severe vision loss within 1 year. Klein et al. (68) found high concordance rates
in a study of nine monozygotic twins with advanced AMD. One member of the pair was
originally diagnosed with the disease. Eight pairs were female and monozygosity of all nine
pairs was confirmed through analysis of genetic markers. Each twin pair was concordant
for the disease and eight of the nine twin pairs showed similar expressivity. Six of the nine
twin pairs had advanced AMD, two twin pairs had extensive drusen of the same type, and
one twin pair was discordant. The discordant twin pair had one member with neovascular
maculopathy and vision loss in one eye, while the fellow twin had large confluent drusen
in both eyes. Based on other studies that suggest that large confluent drusen often precede
the development of neovascular maculopathy, this isolated, seemingly discordant set of
twins may simply represent a difference in the onset of progression toward the development
of choroidal neovascularization and not a true case of discordance.

The high concordance of disease among monozygotic twin pairs with regard to age
of onset, symmetry of fundus appearance, and vision loss suggests a significant genetic
component to the disease. However, owing to the nonrandom selection process of twin
sets in these previous reports, there remains considerable concern about selection bias. A
more convincing twin study would involve the random examination of twin pairs for
concordance of AMD.

Meyers et al. (69,70) prospectively examined 134 consecutive twin pairs and two
triplet sets. They compared the concordance of AMD among these siblings. Genetic labo-
ratory testing confirmed the zygosity of all participants. The concordance rate was 100%
(25/25) for the monozygotic twin pairs and 42% (5/12) for the dizygotic twin pairs. The re-
maining twins and triplets showed no evidence of AMD. While the concordance of disease
was 100% among the monozygotic twins, there was variability in the expression of disease
between the monozygotic twins. This variability was probably no different from the vari-
ability observed between the eyes of the same individual. Clinical appearances among
monozygotic twins included neovascular maculopathy in both eyes of both twins in four
pairs, neovascular maculopathy in one twin and nonneovascular maculopathy in the other
twin among six pairs, and nonneovascular changes in both twins of 15 pairs.

From a study in Iceland, Gottfredsdottir et al. (71) examined the concordance of
AMD in monozygotic twin pairs and their spouses. They prospectively studied 50 twin
pairs and 47 spouses, and macular findings were graded using an accepted international
grading system. Monozygosity was confirmed by genetic laboratory testing. The concor-
dance of AMD was 90% in monozygotic twin pairs, which significantly exceeded the
concordance of twin/spouse pairs (70.2%; p � 0.0279). In the nine pairs that were concor-
dant, fundus appearance and visual impairment were similar. Environmental factors and
medical history were essentially the same in the twin pairs. By comparing the monozygotic
twins with their spouses rather than siblings or dizygotic twin pairs, these researchers were
more interested in examining the effect of the shared environmental influences later in
life (twin-spouse concordance) rather than the influences early in life (twin-sibling
concordance).
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In a study by Hammond et al. (72), 506 unselected twin pairs (226 monozygotic twin
pairs and 280 dizygotic twin pairs) with a mean age of 62 years were examined to deter-
mine the influence of genetics on AMD. The AMD was graded using stereoscopic fundus
photographs from 501 of the twin pairs. While the overall prevalence of AMD was 14.6%
(95% CI � 12.4–16.8%), the concordance between monozygotic twins was only 0.37,
compared to 0.19 between dizygotic twins, and the heritability of AMD was estimated as
45% (95% CI � 35–53%). The most heritable phenotypes were soft drusen � 125 �m
(57%) and hard drusen � 20 �m (81%), with the latter being dominantly inherited. Al-
though this study confirms an important role for heredity in AMD, the concordance among
the identical twins and dizygotic twins appeared low compared to the previous studies

In summary, when all these studies are reviewed, concordance rates for AMD among
monozygotic twin pairs suggest a strong genetic component for this disease. While the role
of environmental influences can never be excluded, these monozygotic twin studies effec-
tively demonstrate the importance of heredity in AMD. Further support for the role of
heredity would come from studies investigating the prevalence of AMD among random
monozygotic twins who have been raised apart. Knobloch et al. (73) reported on 18
monozygotic and eight dizygotic twin pairs reared apart. Macular drusen were found in
only one monozygotic twin pair and they were concordant for this finding. The absence of
drusen among the other twin pairs may also reflect concordance for the absence of AMD
though the twins in this study were young, ranging in age from only 11 to 54 years. There-
fore, the true prevalence of AMD was not known and the future risk of developing AMD
among this cohort is uncertain. A larger twin separation study with older twins is needed to
confirm the limited results of this paper.

In summary, when these family studies, particularly the twin studies, are examined
in their totality, the conclusions overwhelmingly support a major role for heredity in AMD.

IV. MOLECULAR GENETIC ANALYSIS OF AMD

Two molecular genetic approaches can be used to study AMD. In one approach, nothing is
known about the chromosomal loci or genes that are involved in the disease. This approach,
known as linkage analysis, establishes the location of one or more susceptibility loci
within the genome, and once a locus is identified, the gene within the locus responsible
for the disease can be identified. This approach is also known as positional cloning. The
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Table 1 Chromosomal Loci and Genes Implicated in Causing or Modulating AMD

Eye diseases
Chromosomal associated with
locus Symbol Gene Protein locus/gene References

1p21–p13

1q25–q31
17q25
19q13.2

STG1

ARMD1
Unknown
APOE

ABCA4(ABCR)

Unknown
Unknown
APOE

Retina-specific
ATP-binding

cassette
transporter

Unknown
Unknown
Apolipoproten E

Stargardt disease
Fundus

flavimaculatus
AMD
AMD
AMD
AMD

96,98–108

74,82
82
132–137



second approach, known as association analysis, includes techniques known as candidate
linkage analysis and candidate gene analysis. Association analysis specifically tests
whether a known specific chromosomal locus or gene contributes to a disease. These ap-
proaches complement one another in the search for genes responsible for AMD. Both tech-
niques require a group of affected subjects who have been reliably diagnosed with the dis-
ease. A reliable diagnosis of AMD is essential so that an appropriate correlation can be
made between an abnormal chromosomal locus or gene and the disease. For this reason,
strict diagnostic criteria are required before analysis can proceed. The linkage approach
requires a control population so that the frequencies of allele polymorphisms can be accu-
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Table 2 Prominent Candidate Genes Excluded as Major Causes of AMD

Chromosomal Method
locus Gene/protein Eye disease of exclusion References

2p16–p21

6p21.2-cen

6q12

6q14–q16.2

6q25–q26

11q13

22q12.1–
q13.2

EFEMP1/EGF-
containing fibrillin-
like extracellular
matrix protein

RDS peripherin

ELOVL4/elongation of
very long fatty acids
protein

MCDR1, PBCRA

RCD1/unknown

VMD2/bestrophin

TIMP3/tissue inhibitor
of metalloproteinase-3

Mallattia
Leventinese
Dominant radial drusen
Doyne honeycomb

retinal degeneration
Dominant retinitis

pigmentosa (RP)
Digenic RP
Dominant adult

vitelliform macular
degeneration

Dominant Stargardt-like
macular degeneration

Dominant North
Carolina macular
dystrophy

Dominant progressive
bifocal chorioretinal
atrophy

Dominant retinal cone
dystrophy 1

Best disease
Dominant vitelliform

Macular dystrophy
Dominant Sorsby

fundus dystrophy

Candidate
linkage
analysis

Candidate gene
analysis

Candidate
linkage
analysis

Candidate gene
analysis

Candidate
linkage
analysis

Candidate
linkage
analysis

Candidate
linkage
analysis

Candidate
linkage
analysis

Candidate gene
analysis

Candidate
linkage
analysis

Candidate gene
analysis

12,80,82,84

80,129,130

80,82,131

80,82

80,82

80,82,121

12,80,82,83



rately determined. This control population for linkage analysis must be representative of
the genetic heterogeneity found within the population with disease; however, no assump-
tions are made about the disease status of this control group. The association approach, in
particular candidate gene analysis, also requires a reliable control group without the disease
so that one can distinguish between polymorphisms and true mutations related to the
disease. In practice, it is nearly impossible to have a perfect disease-free control group be-
cause individuals included in the control group may carry the genetic predisposition for dis-
ease but, for some unknown reason, have not manifested obvious signs of disease.

A. Linkage Approach: Parametric Linkage Analysis

Conventional linkage analysis for a trait or disease inherited in an autosomal-dominant or
X-linked fashion ideally requires large pedigrees with multiple generations affected. Link-
age analysis of an autosomal recessive trait ideally requires an inbred or genetically isolated
population. Linkage analysis for any monogenic inherited disorder can also succeed with
small families provided the disorder is genetically homogeneous (arising from mutations in
a single gene). Linkage analysis establishes the location of a disease locus on the genome
(i.e., a particular region of a chromosome) by establishing that the pattern of inheritance of
the disease within one or more families is similar to the pattern of inheritance of one or
more known polymorphic genetic markers. Genome-wide polymorphic markers are ana-
lyzed for each individual within a family or pedigree and a correlation is established be-
tween the transmission of particular marker alleles among family members and the pattern
of inheritance for the disease. The likelihood that the inheritance of marker alleles and the
inheritance of the disease are actually linked compared to the likelihood of this association
occurring by random chance is referred to as the logarithm of the odds ratio for linkage
(LOD Score). When a conventional linkage model calculates a LOD score of 3, that LOD
value indicates that there is a 1000 times greater chance that the marker and the disease are
linked and in close proximity compared to the random chance for such an association. Sim-
ilarly, if one calculates a negative LOD score, then the linkage model for the marker and
the disease shows a poor correlation, worse than one would expect by random chance alone.

Conventional linkage analysis has successfully identified the first genetic locus for
AMD (74) (Fig. 1). Klein et al. described a large multigenerational family with 10 living
individuals diagnosed with bilateral extensive, large, confluent drusen and/or geographic
atrophy. This large family with AMD appeared to transmit the disease with an autosomal-
dominant inheritance pattern. Conventional linkage analysis of this family has identified a
potential AMD locus mapping to chromosome 1q25–q31 with a LOD score of 3.00. The
gene symbol for this locus is designated as ARMD1. At the time this paper was published,
it was not known whether this family with a predominantly dry AMD phenotype was a rare
isolated pedigree or whether this locus represented a major gene responsible for AMD.

B. Linkage Approach: Nonparametric Linkage Analysis

Traditional single-family-based linkage analysis identified the first AMD locus, but this ap-
proach is difficult to implement routinely for the study of AMD because these large-AMD
families are difficult to find. The rarity of these large pedigrees is due to the late onset of
the disease, the usual availability of only one generation that can be reliably diagnosed with
the disease, and the uncertainty regarding the diagnosis in mildly affected individuals.
Modified genome linkage techniques have been developed to analyze late-onset complex
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inherited traits such as AMD. These approaches have evolved over the past decade and are
known as allele-sharing methods (75–80). These newer methods attempt to demonstrate an
increased sharing of certain chromosomal regions among affected relatives. Unlike earlier
linkage methods, which are termed parametric tests of linkage because one must provide a
model for the mode of inheritance (e.g., dominant, recessive, or X-linked), these more re-
cent allele-sharing algorithms are designated nonparametric tests because no assumptions
are made about the mode of inheritance or the number of genes involved in the disease. Af-
fected sib-pair analysis was an early form of this method, and newer versions of this ap-
proach, such as the affected pedigree member method and SimlBD, have incorporated ad-
ditional information such as allele frequencies and genetic data from other family members
to enhance the ability to detect linkage. The affected pedigree method uses affected siblings
and does not require parental testing or the involvement of any other family members,
whereas SimlBD incorporates the genetic testing of additional family members whose dis-
ease status is uncertain or unaffected. Some programs allow for the analysis of two or more
markers that may be linked to the disease, while other programs can incorporate a variety
of assumptions and models into the statistical analysis. Using these analytical tools, inves-
tigators identify family members with or without AMD (usually siblings) and perform a
complete genomewide screen using highly polymorphic markers in an attempt to correlate
the coinheritance of a particular chromosomal region with the disease trait.
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Figure 1 All affected members of this
pedigree were found to have nonexudative
(dry) AMD. (A) Left eye of a 91-year-old
family member with AMD. (B) Right eye of a
53-year-old family member with AMD who is
the son of the patient shown in A. (C) Right
eye of 70-year-old family member with AMD
who is the nephew of the patient shown in A
and the paternal first cousin of the patient
shown in B. See also color insert, Fig. 24.1A,
B, C. (Reprinted with permission from
Archives of Ophthalmology.)



Several important details need to be addressed to ensure the success of genetic stud-
ies that employ the affected sibling pairs. The most important details include (1) sample
size and structure (the number of sets of siblings or other affected members within the fam-
ily), (2) the distances between the polymorphic markers and the disease gene, and (3) the
knowledge of the marker allele frequency within the population. The first requirement for
this type of linkage analysis, sample size, is highly dependent on the complexity and ge-
netic heterogeneity of the disorder. Until there is an estimate of the number of genes re-
sponsible for AMD, it is difficult to estimate the necessary study population. For other
complex genetic conditions such as Alzheimer’s disease and non-insulin-dependent dia-
betes, linkage has been reported with as few as 300 subjects (150 sib-pairs). The second is-
sue, the distribution of polymorphic markers that are well-distributed across the genome, is
now easily satisfied by the availability of highly polymorphic microsatellite markers and
single nucleotide polymorphisms (SNPs) that can be readily amplified by PCR technology
and require relatively small amounts of patient DNA. The remaining issue is the availabil-
ity of a control group, genetically similar to the study group, in which the marker allele fre-
quencies have been determined. As increasing numbers of individuals are genotyped for a
wide range of disorders, investigators now have a growing source of information of allele
frequencies for these markers within different populations. The allele frequencies are used
in the analyses to determine the likelihood that two alleles that are shared between family
members represent a portion of the DNA that was inherited from a common ancestor as op-
posed to the chance that the alleles were inherited from different ancestors. Linkage prob-
ability scores are calculated for the different polymorphic loci and the likelihood that a par-
ticular locus is associated with the disease is determined. If a positive linkage is established
to a particular genomic locus, that locus is narrowed until a mapped candidate gene is iden-
tified or the gene is cloned (81)

Using nonparametric linkage analysis, Weeks et al. (80) carried out a genomewide
screen for AMD susceptibility loci on a panel of 225 AMD families with up to 212 sib-pairs
and then expanded this screen, in a more directed linkage analysis, to include 364 AMD
families with 329 affected sib-pairs. These families contained individuals with both at-
rophic and neovascular forms of AMD, since both forms of AMD are just as likely to have
more than one family member with AMD (26). The analyses conducted on these families
suggested a positive signal on chromosome 10 that was maintained using three different di-
agnostic models. This is the first demonstration of a positive result using nonparametric
linkage analysis for the study of AMD. Following this initial report, an expanded
genomewide linkage analysis of 390 families and 452 sib-pairs revealed the identification
of two additional loci with a high likelihood that the loci on chromosomes 1 and 17 repre-
sent true AMD susceptibility loci (82) (M.B. Gorin, personal communication, 2001). This
second report represented an ongoing effort to expand their first genetic study with addi-
tional families and increase their power to detect linkage. This follow-up analysis also iden-
tified additional potential loci of lower statistical importance and these sites were located
on chromosomes 9, 10, 2, and 12. It is important to appreciate that the locus on chromo-
some 1 identified using sib-pairs and the nonparametric linkage approach is the same chro-
mosomal region (ARMD1) identified by Klein et al. (74). Thus, using two different ap-
proaches, investigators have identified the locus designated ARMD1 as a region that
appears to contain a gene responsible for AMD. The nonparametric approach provided
independent confirmation of the ARMD1 locus and this confirmation is the first evidence
that the nonparametric approach to linkage analysis using sib-pair analysis is capable of
identifying a locus responsible for AMD. This confirmation also implies that a significant
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portion of AMD cases is likely due to mutations in the ARMD1. Moreover, if all the loci
identified by Weeks et al. using sibling pairs and the nonparametric approach contain genes
responsible for AMD, then these loci probably represent most of the AMD genes. Thus, in
the search for genes, sibling pairs with AMD may prove just as useful and more obtainable
than the rare large, multigenerational pedigree with AMD.

C. Association Approach: Candidate Linkage Analysis

Association studies utilizing candidate loci or candidate genes may be far better than link-
age analyses in identifying genes for complex genetic disorders (14). Association studies,
whether they are candidate linkage analysis or candidate gene analysis, require an “edu-
cated guess” and focus the search to include specific genes and/or genetic loci that may be
involved in the disease. Candidate linkage analysis is accomplished by performing linkage
analysis with polymorphic markers in close proximity to a gene or chromosomal locus that
is thought to be involved with a particular disease. This approach differs from the candi-
date-gene-screening methods in which one seeks to identify specific mutations within the
coding regions of a gene. By testing for the association of a disease with highly polymor-
phic markers near a known gene or chromosomal locus, investigators can screen a much
larger region and develop a “composite” association of the locus or gene with the disease
(i.e., a linkage study examines the impact of all potential mutations without having to iden-
tify each individual mutation within the gene). The advantage of pursing polymorphic
markers in close proximity to the locus or gene is that it essentially collapses all the dis-
ease-causing mutations into a single type of analysis and increases the likelihood that link-
age will be detected. This is different than candidate gene analysis (see next section) where
the investigator searches through the DNA sequence of the entire gene hoping to find a
change that can be associated with the disease. While candidate linkage analysis may be
useful in detecting loci and genes that play a major role in a particular disease, it becomes
less useful when a particular gene is an infrequent cause of disease. This technique may also
fail to demonstrate a gene’s role in the disease if an insufficient number of families have
been recruited. This could be problematic in the search for AMD genes if many genes cause
the disease and each gene contributes only a small percentage of cases.

Potential candidate loci include regions linked to early-onset macular degenerations
that share many phenotypic features with AMD such as autosomal-dominant and -recessive
Stargardt disease, autosomal-dominant familial drusen, Sorsby fundus dystrophy, Best
disease, Malattia Leventinese (ML) (also known as radial drusen and Doyne honeycomb
retinal degeneration), pattern dystrophy, North Carolina macula dystrophy (also known as
progressive bifocal chorioretinal atrophy), central areolar choroidal dystrophy, and blue
cone monochromacy. Additional potential candidate loci can also be chosen based on the
hypothesis that a specific chromosomal region may contain a gene that could theoretically
affect photoreceptor function, RPE function, retinal/retinol metabolism, fatty acid
metabolism, metabolism of extracellular matrix proteins, or any other biological function
that may be important to normal functioning of the outer retina and choroid within the
macula.

Candidate gene linkage analysis has been performed for the TIMP-3 gene (83), the
cause of Sorsby fundus dystrophy, and for the ML locus (84). de La Paz et al. have excluded
the TIMP-3 gene as a cause for AMD in their affected population, but the ML locus has not
been completely excluded as a potential AMD locus. Weeks et al. (80) performed candi-
date linkage analysis on 364 AMD families and up to 329 affected sib-pairs using 
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markers from 16 plausible candidate regions. These regions included loci for the genes that
encode Stargardt disease, Stargardt-like macular dystrophy, ML, North Carolina macular
dystrophy, Cohen syndrome, Best macular dystrophy, Sorsby fundus dystrophy TIMP-3,
cone-rod dystrophy, and seven different types of retinitis pigmentosa. Nine of these candi-
date regions were excluded, including the region for Stargardt disease, suggesting that the
contribution of the Stargardt disease gene (ABCA4/ABCR) to AMD must be small and be-
low the detection limits of this analysis. In a follow-up study using additional sib-pairs and
chromosomal markers, Gorin et al. (82) once again demonstrated that there was no evi-
dence of any other known candidate gene region playing a major role in the genetics of
AMD.

D. Association Studies: Candidate Gene Analysis

The analysis of candidate genes also involves an “educated” guess about the gene that may
be involved in a disease. However, unlike candidate linkage analysis described previously,
which uses polymorphisms within a specific chromosomal region, candidate gene analysis
requires knowing the sequence of a specific candidate gene. Once the gene is chosen, the
nucleotide sequence of the gene (usually those portions of the gene that are responsible for
the coding of the protein) is compared between patients with the disease and unaffected
controls.

How does one know when a change in the gene sequence is the actual cause of the
disease rather than a silent polymorphism? As noted previously, the selection of the con-
trol population is critical for these studies. Since AMD has a late onset, one must select a
control population that is of comparable age and does not have the disease. A younger con-
trol population is likely to contain individuals who have not yet developed manifestations
of AMD, and this control group would be predicted to contain the mutations that cause the
disease at a frequency similar to the prevalence of the disease in the population. Conse-
quently, an older control population in which AMD has been excluded is best. Because one
cannot completely exclude the diagnosis of AMD in any control population due to incom-
plete and age-dependent penetrance and variable expressivity, one must anticipate finding
disease-associated nucleotide changes in both the “normal” and the affected populations.
Thus, it becomes extremely challenging to distinguish between disease-causing mutations
and silent polymorphisms. Without additional evidence that a specific DNA sequence
change results in a change in protein structure and function (e.g., null mutation), evidence
of disequilibrium (i.e., a nucleotide alteration is present in a higher frequency within the af-
fected population as compared to the frequency within the control population) is a statisti-
cal argument, rather than proof of causality. Cosegregation of the DNA change with the
disease among family members is another important way to demonstrate that a nucleotide
change is a disease-related mutation. In addition, each sequence change must also be ana-
lyzed to determine whether the alteration will affect the expression of the gene and/or the
structure and function of the corresponding protein. Often, the importance of a sequence al-
teration is inferred by demonstrating a change within an evolutionarily conserved region of
the gene or protein. Finally, proof may require in vitro analysis of the altered gene product
(protein) or the creation of a transgenic, knockout, or conditional knockin animal as a
model for disease and treatment.

Candidate genes for the study of AMD could include any gene that is known to cause
an early-onset form of macular degeneration. This phenomenon, known as “gene sharing,”
occurs when different or the same mutations in the same gene cause two clinically related,
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but different, inherited eye diseases. Gene sharing has been shown to occur in a number of
inherited ocular traits including retinitis pigmentosa and Leber congenital amaurosis
(RPE65 gene) (85,86); Leber congenital amaurosis and cone-rod dystrophy (87,88); retini-
tis pigmentosa, pattern dystrophy, and adult vitelliform dystrophy (RDS/peripherin gene)
(89,90); retinitis pigmentosa and congenital nightblindness (rhodopsin gene) (91); retinitis
pigmentosa, cone-rod degeneration, and Stargardt disease (ABCA4/ABCR gene) (92,93);
autosomal-dominant familial drusen and Stargardt-like macular degeneration (94); juvenile
and adult-onset glaucoma (TIGR gene) (95).

Although candidate gene analysis seems like a straightforward and noncontroversial
approach to demonstrate a causal relationship between a gene and a disease, it can some-
times be quite confusing and controversial. An example of such confusion and controversy
surrounds the relationship between the Stargardt gene known as ABCA4(ABCR) and AMD.
Allikmets et al. (96) reported that mutations in the Stargardt disease gene caused AMD.
Stargardt disease (also known as fundus flavimaculatus) is an early-onset, autosomal-re-
cessive macular degeneration characterized by decreased central vision, atrophic changes
in the macula, and the appearance of small yellowish flecks at the level of the RPE within
the posterior pole, similar to the appearance of some drusen in AMD. The gene encodes a
protein that is a member of a well-characterized superfamily of proteins known as ATP-
binding cassette (ABC) transporters. The gene is believed to encode a protein that is im-
portant for the transport of all-trans retinal from the photoreceptor to the RPE. Disease
causing mutations are proposed to cause the accumulation of a condensation product be-
tween all-trans-retinal and phosphatidylethanolamine, which subsequently accumulates in
RPE cells and is referred to as lipofuscin. This substance is believed to be toxic to the RPE
and subsequently causes the macular degeneration (97).

Using the candidate gene approach, Allikmets et al. (96) analyzed a set of 167 unre-
lated patients with AMD. Subjects with AMD were identified from ophthalmic clinic pop-
ulations in Boston and Salt Lake City, and screened to exclude other causes of disciform or
neovascular maculopathy similar to AMD. The coding regions ofthe ABCA4(ABCR) gene
that determine the sequence of the protein product were screened exon by exon for se-
quence variations in the AMD group. If a sequence variation was found to have an affect
on the encoded protein sequence within a particular exon, that same region was screened in
the control group. The control group was composed of 220 unaffected individuals who
were Caucasians from the general population collected for other studies in the United
States. No age restriction was placed on the control group. These researchers found that 13
sequence alterations in 26 patients were present at greater frequency in the AMD group
than in the control group. Most of the sequence variants were missense changes and rare al-
leles occurring in one or two individuals. Two exceptions were the sequence changes
G1961E and D2177N found in six and seven subjects, respectively. Most of the sequence
variations were not known to cause Stargardt disease, although three of the 13 sequence
changes were also found in Stargardt patients. The 13 sequence changes that were found
more frequently in the AMD group were associated with “dry” AMD characterized by soft
and calcific macular and extramacular drusen, drusenoid pigment epithelial detachments,
and geographic atrophy. Analyses of the AMD-associated alterations within the gene
found some clustering toward the 3’ prime end, but most were scattered throughout the
coding sequence. The authors conclude that heterozygous mutations in the Stargardt gene
may be responsible for up to 16% of AMD cases in their population.

The significance of the ABCA4(ABCR) gene sequence changes in AMD was initially
challenged by Dryja et al. (98) and Klaver et al. (99), who identified methodological
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deficiencies in the design of the study. The control group may have been inappropriate as
it was recruited from a different regional population than the AMD group, and no objective
evidence was provided that the groups were genetically matched. This is important in re-
gard to one sequence variation, R943Q (a nucleotide change that altered the sequence so
that arginine is replaced with a glutamine), which was found at a much higher frequency in
the control group than the AMD group, 16.25% versus 4.7%, respectively. Three other se-
quence changes were found more commonly in the control group. Moreover, if all the se-
quence variants identified by Allikmets et al. account for 16% of AMD cases, then the
asymptomatic carrier frequency in the control population would be expected to be 4.8%.
However, only 0.45% of the controls were found to have the changes, much lower than the
calculated frequency, again suggesting that the control group was not appropriately
matched to the AMD group, or the vast majority of sequence changes identified in the
ABCA4 (ABCR) gene do not cause AMD. Moreover, Dryja et al. and Klaver et al. argue that
analysis of the data reveals that there is no statistically significant difference in the fre-
quency of these rare DNA sequence alterations between the AMD and control groups. Con-
sequently, they conclude that no causative connection between the sequence change and the
disease is possible. Moreover, they argue that cosegregation of a sequence variation with
the disease within families should have been demonstrated to support the conclusion that
the Stargardt ABCA4(ABCR) gene alterations cause AMD. Finally, Klaver et al. have ques-
tioned the diagnosis of AMD in the affected group as the diagnosis was not based on an in-
ternationally accepted grading system. In particular, early-stage AMD characterized by a
few drusen might not be AMD at all. Moreover, their population of AMD patients may con-
tain some patients with Stargardt disease because end-stage Stargardt disease can be indis-
tinguishable from advanced AMD. In response to these criticisms. Dean et al. (100) at-
tempted to defend their work and offered two possible conclusions regarding their study;
either they have an interesting “hypothesis-generating finding” that ABCA4(ABCR) muta-
tions may confer an increased risk to AMD or that the ABCA4(ABCR) mutations are a cause
of AMD.

Since the initial report by Allikmets et al., additional reports have refuted the con-
clusion that mutations in the ABCA4(ABCR) gene are associated with AMD (101–106).
Stone et al. (101) showed no role for the ABCA4(ABCR) gene in AMD. These investigators
screened 182 AMD cases and 96 controls. The control group was specifically chosen to be
ethnically matched to the AMD population. This is different than the nonethnically
matched control group originally screened by Allikmets et al. (96). Moreover, 60% of the
AMD group was shown to have choroidal neovascularization (CNV) in at least one eye.
The proportion of patients with CNV in the study published by Allikmets et al. was not doc-
umented; however, subsequent studies have found that the dry form of AMD is associated
with heterozygous ABCA4(ABCR) mutation carriers (107). There are two possible expla-
nations for the discrepancy between reports. First, Stone et al. may not have screened a suf-
ficient number of dry AMD patients to reach clinical significance, and second, Allikmets
et al. were really looking at a population of late-onset Stargardt disease patients who were
mistakenly diagnosed as having dry AMD. A subsequent paper by Guymer et al. (106) re-
ported on the role of two specific alleles of the ABCA4(ABCR) gene in the pathogenesis of
AMD. This time, 544 patients with AMD and 689 controls were screened from three con-
tinents. The incidences of the G1961E and D2177N variants were compared between the
AMD and control groups. Once again, there was no significant difference (p � 0.1) be-
tween the AMD and control groups. Furthermore, there was no evidence of cosegregation
of these alleles with the AMD phenotype among all siblings with AMD in families where

Genetics of AMD 475



at least one individual with AMD had one of the presumed pathogenic alleles. Their con-
clusion was that mutations in the ABCA4(ABCR) gene are not involved in a statistically sig-
nificant fraction of AMD cases. This paper also emphasized the importance of having eth-
nically matched controls as there can be wide variations in the frequency of certain alleles
that are thought to be pathogenic but are actually found quite frequently in certain control
populations.

Kuroiwa et al. (102) also failed to find a relationship between ABCA4(ABCR) muta-
tions and AMD. Kuroiwa and colleagues screened 80 unrelated Japanese patients with
AMD (67 males and 13 females; mean age, 67.2 years) diagnosed by examination and in-
docyanine green angiography and compared these patients with 100 age-matched control
subjects. The coding sequences were analyzed by the single-strand conformation polymor-
phism (SSCP) method followed by nucleotide sequencing when necessary. Their results
did not support the association between the ABCA4(ABCR) gene mutations and neovascu-
lar AMD in Japanese patients. A similar type of investigation was performed by De La Paz
et al. (103). They screened for ABCA4(ABCR) variants among 159 familial cases of AMD
from 112 multiplex families and 53 sporadic cases of AMD and compared these patients
with 56 racially matched individuals with no known history of AMD from the same
clinic population. Analysis for variants was performed by polymerase chain reaction am-
plification of individual exons of the ABCA4(ABCR) gene with flanking primers and a com-
bination of SSCP, heteroduplex analysis, and high-performance liquid chromatography
followed by direct sequencing of all abnormal conformers detected using these techniques.
Based on these initial findings, De La Paz et al. suggest that ABCR is not a major genetic
risk factor for AMD in their study population.

In a similar type of study, Rivera et al. (105) assessed the proposed role for
ABCA4(ABCR) in AMD by studying 200 affected individuals with late-stage disease. In the
AMD group, 18 patients were found to harbor possible disease-associated alterations com-
pared to 12 individuals in the control group (n � 220). The group with AMD and the con-
trol group were analyzed with the same methodology. This difference between groups was
not statistically significant; however, their cohort was small compared to the larger cohorts
needed to detect rare alleles in complex diseases. Another small study, by Fuse et al. (104)
explored whether mutations in the ABCR(ABCA4) gene were associated with dry AMD in
unrelated Japanese patients. Twenty-five Japanese patients with dry AMD and 40 Japanese
controls underwent sequence analysis. A possible pathogenic point mutation in exon 29
was found in one of the 25 dry AMD patients. Other nonpathogenic allelic variations were
also detected. The prevalence of the exon 29 sequence variant among AMD patients was
4% while the prevalence in the control group was 5%. In this small study there was no as-
sociation between the exon 29 allelic variant in the ABCA4(ABCR) gene and the diagnosis
of dry AMD among these unrelated Japanese patients.

Allikmets (107,108) has continued investigations into the role of ABCA4(ABCR) mu-
tations in AMD and continues to report that mutations in the ABCA4(ABCR) gene cause
AMD. His latest results attempt to refute those studies that fail to find an association be-
tween the ABCA4(ABCR) gene and AMD. He argues that the ABCA4(ABCR) mutations are
responsible for nonneovascular forms of AMD and this population should be specifically
examined. He also argues that these other laboratories have failed to employ a mutation
scanning methodology that detects a majority of all sequence changes. Finally, he empha-
sizes that about 500 individuals need to be screened to detect the presence of a causative
sequence variant having a small effect (109). Thus, the power of a study is increased by in-
creasing the sample size, and he argues that the studies that failed to identify an association
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between the ABCA4(ABCR) gene and AMD failed to study enough patients with nonneo-
vascular AMD. To test this hypothesis, Allikmets (107,110) established an expanded
collaborative study including 15 centers in North America and Europe. A total of 1385 un-
related AMD patients and 1478 comparison individuals were screened for the two most fre-
quent AMD-associated variants found in ABCA4(ABCR). These two nonconservative
amino acid sequence changes, G1961E and D2177N, were found in one allele of the
ABCA4(ABCR) gene in 53 patients (approximately 4%), and in 13 control subjects (ap-
proximately 0.95%), a statistically significant difference (p � 0.0001). The risk of AMD is
elevated approximately threefold in D2177N carriers and approximately sevenfold in
G1961E carriers. Overall, these two variants are detected in about 4% of nonneovascular
AMD cases. With millions of people affected worldwide with AMD, this 4% value repre-
sents a substantial number of individuals in whom the mutation that causes their disease
may be identified. Whether these sequence changes actually cause disease remains unre-
solved, but the controversy regarding the role of the ABCA4(ABCR) gene in the pathogen-
esis of AMD highlights some of the challenges every investigator must confront when
studying a complex genetic disease using candidate gene analysis.

The notion that a heterozygous carrier of a mutation can have a disease that is differ-
ent from a disease that occurs when the same mutation is in the homozygous state or in a
compound heterozygous state is not unique to Stargardt disease among human diseases. For
instance, carriers of an ATM mutation can have an increased risk of breast cancer whereas
this mutation in the homozygous or compound heterozygous state causes ataxia-telangiec-
tasia. Another example involves carriers of a LDLR mutation who can have moderately
elevated LDL and are prone to coronary artery disease in midlife, but when this same mu-
tation is in the homozygous or compound heterozygous state, these individuals have ex-
tremely high LDL cholesterol levels and are at risk for myocardial infarction during young
adulthood. Yet another example is carriers of a CFTR mutation who can have chronic pan-
creatitis, but when the mutation is in the homozygous or compound heterozygous state,
these individuals develop cystic fibrosis. In a similar fashion, carriers of ABCR(ABC4) mu-
tations may account for some cases of AMD.

One prediction of this model, that ABCR(ABCA4) is a dominant susceptibility locus
for AMD, is that parents and grandparents of patients with Stargardt disease are heterozy-
gous carriers and at higher risk of developing AMD. Evidence to support this proposal has
now been reported (111–116). Lewis et al. (111) examined the ABCA4(ABCR) gene in 150
families segregating recessive Stargardt disease. Clinical evaluation of these 150 families
with Stargardt disease revealed a high frequency of AMD in first- and second-degree rela-
tives. These findings support the hypothesis that some heterozygous ABCA4(ABCR) muta-
tions may enhance susceptibility to AMD. Shroyer et al. (112) described a pedigree that
manifests both Stargardt disease and AMD in which an ABCA4(ABCR) mutation cosegre-
gates with both disease phenotypes. This pedigree supports the hypothesis that heterozy-
gous ABCA4(ABCR) mutations may be responsible for AMD. Simonelli et al. (113) as-
sessed the clinical phenotypes in 11 Italian families with autosomal-recessive Stargardt
disease and fundus flavimaculatus and screened for mutations within the ABCA4(ABCR)
gene in these families. Clinical evaluation of these families affected with Stargardt disease
revealed an unusually high frequency of early AMD in parents of patients with Stargardt
disease (6 of 11 families [55%] and 8 of 22 parents [36%], consistent with the hypothesis
that some heterozygous ABCA4(ABCR) mutations enhance susceptibility to AMD. Souied
et al. (114) reported three unrelated families in which AMD was observed in grandparents
of patients with Stargardt disease. Compound heterozygous missense mutations were ob-
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served in patients with Stargardt disease (arg212cys, argl107cys, gly1977ser, arg2107his,
and le2113met), and heterozygous missense mutations were observed in the grandparents
with AMD (arg212cys and arg1107cys). By demonstrating phenotype and genotype find-
ings in three unrelated families segregating patients with Stargardt disease and AMD, the
authors propose that the carriers of these ABCA4(ABCR) gene mutations may have a higher
risk of developing AMD.

Additional studies by Souied et al. (115) examined the familial segregation of
ABCA4(ABCR) gene mutations in 52 unrelated multiplex cases of exudative AMD. Over-
all, six heterozygous missense changes were identified. A lack of familial segregation was
observed in four of six codon changes (arg943gln, val1433ile, pro1948leu, and ser2255ile).
However, two codon changes cosegregated with the disease in two small families:
pro940arg and Leu1970phe. Once again, this type of analysis suggests that some mutations
in the ABCA4(ABCR) gene may be rarely involved in neovascular AMD, with at best two
of 52 familial cases (4%) related to this susceptibility factor. Finally, Zhang et al. (116) re-
ported a patient who inherited a mutation in an autosomal-dominant gene for early-onset
macular degeneration (ELOVL4) and a likely pathogenic mutation in the ABCA4(ABCR)
gene resulting in a more severe macular degeneration phenotype. Interestingly, the pa-
tient’s grandparent with the same heterozygous ABCA4(ABCR) mutation developed AMD.
These studies suggest that the ABCA4(ABCR) gene may be involved in AMD; however,
none of these cosegregation studies examining grandparents and/or siblings within families
of Stargardt disease patients were conducted in a masked fashion in which the clinician
making the phenotypic judgments was masked to the genotypic information. Moreover, all
the relatives of the proband were not equally ascertained, so it was impossible to determine
whether any family members had AMD without inheriting the sequence variant and how
many inherited the sequence variant without having AMD. In these studies, the overall
numbers are small and none of these family studies demonstrated a statistically significant
association of the presumed pathogenic ABCA4(ABCR) mutations with the AMD pheno-
type. Whether or not ABCA4(ABCR) mutations are associated with a disease as complex as
AMD will await additional larger, well-designed genetic studies that are duplicated by dif-
ferent groups. The consortiums put together by Guymer et al. and Allikmets et al. are the
first examples of these larger multicenter studies, but additional association studies will be
necessary to help resolve this ongoing debate.

It is intriguing to speculate that the ABCA4(ABCR) gene is in part responsible for
AMD. If true, then studies into the biochemistry of the ABCA4(ABCR) protein may help
in developing pharmacological therapies for both Stargardt disease and AMD. For exam-
ple, the biochemical activity of the ABCA4(ABCR) protein has been studied in vitro and
biochemical defects have been associated with disease-causing mutations in the
ABCA4(ABCR) gene (117–119). In addition, these in vitro studies have examined ways to
stimulate the biochemical activity of the ABCA4(ABCR) protein. The ATPase activity of
the ABCA4(ABCR) protein has been synergistically stimulated by several compounds, in-
cluding the antiarrhythmic drug known as amiodarone. It is intriguing to speculate that if a
drug such as amiodorone could stimulate the protein in vitro, then perhaps drugs could be
used to help stimulate the residual activity of the mutant proteins in Stargardt disease and
help preserve vision. The goal would be to find a drug that would enhance the normal ac-
tivity of the protein while suppressing the abnormal activity caused by the mutation. Sim-
ilarly, in patients who may be at increased risk of developing AMD because they are het-
erozygous carriers of mutations in the ABCA4(ABCR) gene, it may be possible to
administer a drug that would stimulate the activity of the wild-type protein rather than the
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mutant protein. As a result, the detrimental effects of the mutant protein would be
minimized and the progression of disease could be slowed.

In the search for other genes that may cause AMD, one attractive candidate is desig-
nated EFEMP1, the gene responsible for Doyne honeycomb retinal dystophy (DHRD), also
known as ML or autosomal-dominant radial drusen. EGF-containing fibrillin-like extra-
cellular matrix protein 1 (EFEMP1) is an example of an extracellular matrix protein that
might play an important role in the evolution of AMD. The fundus appearance of the early-
onset autosomal-dominant macular disorder caused by mutations in the EFEMP1 gene is
characterized by the appearance of drusen in young adulthood and closely resembles early
AMD. However, CNV is not a common feature of this disorder. Of interest, in all 39 fam-
ilies studied with DHRD (ML or autosomal-dominant radial drusen), all affected subjects
have the same mutation (arg345trp) in the EFEMP1gene (120). While preliminary linkage
analysis suggested this locus could be responsible for some families with AMD (84), sub-
sequent analysis by Stone et al. (120) revealed no such association. Stone et al. found no
additional pathogenic sequence variants within the coding region of the EFEMP1 gene in
477 control individuals or in 494 patients with AMD. Souied et al. also examined the role
of EFEMP1 sequence alterations in AMD and found no association with AMD among 52
unrelated French families with multiplex cases of AMD compared to 90 unrelated and
unaffected French controls (121). Although there may be mutations within the gene
responsible for some sporadic cases of AMD, it seems unlikely that mutations in the
EFEMP1 gene will play a major role in causing AMD.

Another potential candidate includes the gene responsible for Best macular dystro-
phy, also known as vitelliform macular dystrophy type 2 (VMD2), an autosomal-dominant,
early-onset macular degeneration. The gene responsible for Best macular dystrophy is des-
ignated VMD2 (122,123). VMD2 encodes a transmembrane protein and is expressed in
RPE cells. Although the function of the VMP2 gene product is unknown, it may play a role
in the transport or the metabolism of polyunsaturated fatty acids in the retina. Allikmets et
al. (124) screened the VMD2 gene for sequence changes in a collection of 259 AMD pa-
tients. Only about 1% of patients with AMD were found to have sequence changes in their
VMD2 genes that would cause changes in the amino acid sequence of the gene product. The
authors concluded that there is no statistically significant evidence that this gene plays a
significant role in the predisposition of individuals to AMD. A similar conclusion was
reached by Kramer et al. (125). In their study, 200 patients with AMD were screened for
mutations in VMD2. No mutations were found in the AMD group. In contrast to these re-
sults, Lotery et al. (126) performed a similar type of sequence analysis in 321 AMD pa-
tients, and 192 ethnically similar control subjects, 39 unrelated probands with familial Best
disease, and 57 unrelated probands with the ophthalmoscopic findings of Best disease but
no family history. These authors found five different probable or possible disease-causing
mutations in the 321 AMD patients (1.5%), a fraction that was not significantly greater
than in control individuals (0/192, 0%). They felt that these findings, although not statisti-
cally significant, suggested that a small fraction of patients with the clinical diagnosis of
AMD might have a late-onset variant of Best disease. However, Souied et al. (121) exam-
ined the role of VMD2 sequence alterations in AMD and found no association with AMD
among 52 unrelated French families with multiplex cases of AMD compared to 90
unrelated and unaffected French controls. Although the possibility exists that the rare
sporadic cases of AMD might be caused by mutations in the VMD2 gene, these studies
strongly suggest that mutations in the Best macular dystrophy gene are not a major cause
of AMD.
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Another candidate gene includes TIMP3, the gene responsible for Sorsby fundus
dystrophy, an early-onset, autosomal-dominant disorder characterized by macular degen-
eration and choroidal neovascularization. The TIMP3 gene product, an inhibitor of a
metalloproteinase known as a Zn-binding endopeptidase, is involved in the degradation of
the extracellular matrix. It is attractive to consider the hypothesis that a gene product in-
volved in the metabolism of the extracellular matrix has an important role in the evolution
of AMD and choroidal neovascularization. However, as mentioned previously, candidate
gene linkage analysis has excluded this locus in AMD (127) and a more detailed screening
of the gene has failed to identify any sequence changes TIMP3 associated with AMD (128).
In this study, Felbor et al. (128) screened TIMP3 for disease-causing mutations in 143 pa-
tients with AMD. They identified one sequence alteration (a G-to-C base change) in the 5’
prime-untranslated region in a patient with AMD. However, the functional consequences
of this mutation are uncertain, and no other disease-causing mutations were found. They
did identify a frequent intragenic polymorphism in exon 3 of the TIMP3 gene (heterozy-
gosity � 0.57) that will be useful for genetic linkage or allele-sharing analyses or both.
However, the results suggest that TIMP3 is not a major factor in the cause of AMD.

Other candidate genes include the peripherin/RDS gene, the gene responsible for a
variety of retinal disorders such as retinitis pigmentosa, pattern dystrophy, and adult vitel-
liform dystrophy. However, studies have shown no association between this gene and
AMD (129,130). Another potential gene ELOVL4, the gene responsible for autosomal
dominant drusen and a Stargardt-like dystrophy. A preliminary report suggests that
mutations in this gene are not associated with AMD (131).

In most of the studies designed to look for associations between sequence changes
within a candidate gene and AMD, most if not all of the genetic analysis is performed on
coding regions or exon/intron boundaries within the gene. These regions are examined be-
cause it is understood how changes in these sequences could affect gene expression and
function. It is entirely possible that mutations reside outside these regions. One might pos-
tulate that the types of mutations that would cause a late-onset disease like AMD might be
found within regulatory regions of the gene that would have a subtler affect on expression
or function. These regulatory regions, which are not routinely screened, would include
sequences that constitute the promoter, terminator, or introns of the gene. Such detailed
sequence analysis within these regions for each participant in a study is currently just not
feasible. However, as mentioned previously, it is feasible to perform association studies us-
ing candidate linkage analysis since all the mutations within a gene are screened by
looking for linkage with known polymorphic markers either within or near the genes.
Therefore, candidate linkage analysis is probably a more useful approach to identify the
major genes and loci responsible for AMD. The major drawback of this approach is that
candidate linkage analysis will identify only the more common genes and loci. Most likely,
a gene would have to be responsible for at least 15–20% of AMD cases before the candi-
date linkage approach would demonstrate a positive association. A current list of potential
candidate genes and loci that could be used for candidate gene screening and linkage anal-
yses can be found at the following website: www.sph.uth.tmc.edu/retnet/home.htm. In
conclusion, it would appear that the genes responsible for early-onset Mendelian-type mac-
ular degenerations are not major contributors to AMD. However, mutations in these genes
may account for a small percent of AMD cases. This may well be the case for the Stargardt
gene (ABCA4/ABCR).

A candidate gene for AMD does not necessarily have to be a gene that causes an
early-onset retinal degeneration. Moreover, a candidate gene for AMD does not even have
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to be a gene that is expressed only in the retina. We already know that genes that
are important for retinal function but are expressed in other tissues as well can cause
retina-specific diseases. Examples of such retina-specific diseases caused by non-retina-
specific genes include retinoblastoma, gyrate atrophy, choroideremia, and Sorsby fundus
dystrophy.

One such candidate gene is the apolipoprotein E(APOE)gene. This is an example of
how a non-retina-specific gene may play an important role in AMD (132–137). ApoE, the
major apolipoprotein of the central nervous system and an important regulator of choles-
terol and lipid transport, appears to be associated with neurodegenerative diseases. Poly-
morphisms within the APOE gene are associated with a high risk of developing certain
neurodegenerative conditions such as Alzheimer’s disease, and the ApoE protein has been
demonstrated in disease-associated lesions of these disorders. Souied et al. (132) evaluat-
edl APOE alleles among 116 unrelated patients with neo vascular AMD in one eye and hard
drusen or soft drusen in the other eye and compared the frequency of these alleles with 168
age-matched and sex-matched controls subjects. A lower frequency of epsilon-4 allele car-
riers was found in the neovascular AMD group versus the control group (12.1% vs 28.6%;
p � 0.0009), and the epsilon-4 allele was less frequent among the AMD group compared
to the control group (0.073 vs. 0. 149; p � 0.006). This lower frequency was mainly ob-
served in the soft-drusen subgroup. The authors postulated that apoE alleles might affect
cholesterol metabolism, which may be related to lipid deposition in Bruch’s membrane,
drusen formation, and subsequent neovascular changes

Klaver et al. (138) performed an association study with 88 AMD cases and 901 con-
trols derived from the population-based Rotterdam Study in the Netherlands. The APOE
epsilon-4 allele was associated with a decreased risk (odds ratio 0.43; 95% CI 0.21–0.88),
and the epsilon-2 allele was associated with a slightly increased risk of AMD (odds ratio
1.5; 95% CI 0.8–2.82). They also studied apoE immunoreactivity in 15 AMD and 10 con-
trol maculae and found that apoE staining was consistently present in the disease-associ-
ated deposits in maculae from AMD patients (i.e., drusen and basal laminar deposit). These
results suggested that APOE may be directly involved in the pathogenesis of AMD and may
be a susceptibility gene for AMD. The results reported by Schmidt et al. (135) suggested
a protective effect of the APOE episilon-4 allele on the risk of developing AMD, but their
conclusions were less significant than those of the previous studies. In their report, 230
AMD cases were compared to 230 controls with respect to APOE genotypes. Separate anal-
yses were also performed for 129 familial AMD cases and 101 sporadic AMD cases-as
these groups might have a different disease etiology. No evidence was found for the risk-
increasing effect attributed to the epsilon-2 allele in either familial or sporadic AMD. In ad-
dition, there was no evidence for a protective effect of the epsilon-4 allele in the sporadic
AMD cases. These authors did find an age- and sex-adjusted odds ratio of 0.66 (95% CI
0.38–1.12, p � 0.13) for epsilon-4 carriers among familial AMD cases compared to con-
trols. For the subgroup of individuals younger than 70 years of age, an odds ratio of 0.24
(95% CI 0.08–0.72, p � 0.004) was obtained. Interestingly, this modest protective effect
was seen only in the familial cases, particularly those younger than 70 years of age. The au-
thors suggested that a more thorough investigation was required to determine whether the
effect was restricted to cases with a family history of AMD and whether the effect varied
according to age and sex.

In contrast to these studies, Pang et al. (134) examined the frequency of the APOE
epsilon-4 allele among 98 Hong Kong Chinese with AMD compared to 133 control sub-
jects. In this population, the frequency of epsilon-4 carriers showed a trend toward a de-
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creased prevalence of disease compared to controls, but it was not significant (11.2 vs.
15.0%, p � 0.52). Among the 39 patients with neovascular AMD, there was also no sig-
nificant difference in the epsilon-4 allele frequency (12.8%, p � 0.93). In the previous re-
ports, the reduced risk of AMD associated with the epsilon-4 allele was seen most notably
in this neovascular AMD subgroup. The lack of a statistically significant effect of epsilon-
4 allele may be due to the lower frequency of the epsilon-4 allele in Chinese compared to
Europeans. In addition, AMD in the Chinese population may be phenotypically and genet-
ically distinct from the AMD observed in patients with European ancestry. The authors
conclude that the epsilon-4 allele of APOE is most likely not a major factor influencing
AMD risk in the Chinese. However, in patients with European ancestry, it would appear
that the APOE epsilon-4 allele might be protective against AMD, in particular neovascular
AMD.

The risk of neovascular AMD has also been associated with polymorphisms in the
gene encoding manganese superoxide dismutase (139, 140). In this study, Kimura et al.
chose to study the manganese superoxide dismutase gene because of their hypothesis that
xenobiotic-metabolizing enzymes and antioxidant enzymes may contribute to the develop-
ment of AMD. This is an example of how a biological model for disease causation can di-
rect genetic research. In their hospital-based case-controlled study of 102 consecutive
Japanese patients with the neovascular AMD, sequence variation analysis was performed
to detect polymorphisms in the cytochrome P-450 1A1, glutathione S-transferases, micro-
somal epoxide hydrolase, and manganese superoxide dismutase genes. Similar analysis
was performed on 200 controls. They found a significant association of the manganese su-
peroxide dismutase gene polymorphism (valine/alanine polymorphism at the targeting se-
quence of the enzyme) with AMD. Patients with AMD had an increased frequency of the
alanine allele and the alanine/alanine genotype (odds ratio � 10.14, 95% CI 4.84–2.13;
p � 0.0005 after Bonferroni correction). There was also a weak association of a microso-
mal epoxide hydrolase exon-3 polymorphism with AMD (odds ratio � 2.20, 95% CI
4.02–1.20; p � 0.020 after Bonferroni correction). No additional associations were found
for the genes that encode cytochrome P-450 1A1, glutathione S-transferases, and microso-
mal epoxide hydrolase. The authors conclude that this manganese superoxide dismutase
gene polymorphism may be associated with neovascular AMD, and an association may
also exist for the microsomal epoxide hydrolase gene. These results may be the first genetic
clue that genes for xenobiotic-metabolizing enzymes and oxidative enzymes may be in-
volved in the environmental-genetic interactions that influence AMD. Moreover, these ge-
netic findings may prove useful markers for predicting disease severity. Another prelimi-
nary positive association between AMD and an antioxidant enzyme was found by Weeks
et al. (80). They initially found a potential association of AMD with glutathione peroxidase,
but the significance of this association was lost when they performed an expanded
genomewide candidate linkage analysis (82).

Another example of how a non-retina-specific process might influence AMD is
suggested not by genetic studies but by histopathological studies. Blumenkranz et al. (141)
demonstrated an association between dermal elastotic degeneration in sun-exposed
skin and choroidal neovascularization in a patient with AMD. This association by Blu-
menkranz et al. could be explained by the presence of abnormal basement membrane
proteins in both the skin and Bruch’s membrane. These abnormal proteins could make
the skin more susceptible to sun damage and the eye more susceptible to choroidal
neovascularization.
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V. THE FUTURE OF AMD GENETICS

AMD is most likely a complex genetic disease based on the overwhelming evidence from
family and twin studies. To date, there have been no published reports to refute this genetic
influence. Whether candidate gene analysis has successfully identified the Stargardt gene
ABCA4(ABCR) as the first AMD gene remains unresolved. This raises the question of
whether a gene can actually be shown to cause a complex disorder or whether a gene can
only be shown to infer susceptibility to AMD based on the coinheritance of other suscepti-
bility genes. In a disease with very high penetrance such as digenic retinitis pigmentosa, it
was convincingly shown that two different genes needed to be coinherited to cause this reti-
nal degeneration (142). This is an example of polygenic inheritance. What if the penetrance
is lower at around 50%? Would it be possible to show causality of a particular gene if a pa-
tient inherits the disease-causing allele and does not develop disease? Using the linkage or
association approaches to find a gene for a complex genetic disorder, we may never be able
to provide conclusive evidence of causality from a single gene and be reduced to arguing rel-
ative risks or percentage likelihood of developing the disease. Owing to the complexity of
AMD, the unknown number of AMD genes, and the unknown variability of disease pene-
trance combined with the wide spectrum of disease phenotypes, future discussions may fo-
cus on calculating a statistical risk of developing AMD based on the analysis of several
genes and environmental conditions, thus establishing a genetic risk assessment. By identi-
fying as many genes as possible, we hope to define a common biological pathway and un-
derstand how these genes and their proteins contribute to the disease in a collective fashion.

While AMD is a complex genetic disease, it is also a multifactorial disease in which
environmental factors can influence disease penetrance and severity. By understanding all
the genes involved in AMD and elucidating their common biological pathway, we will also
appreciate how environmental factors influence the disease. Examples of how environ-
mental factors can influence the progression of an inherited retinal degeneration include the
roles of vitamin A in slowing the progression of autosomal dominant retinitis pigmentosa
(143,144) and in alleviating nightblindness in Sorsby fundus dystrophy (145), the role of a
low-protein, low-arginine diet in gyrate atrophy (146), and the role of a low-fat diet with
vitamin supplementation in Bassen-Kornzweig disease (147).

In the future, genetic studies will identify at least several of the genes that cause
AMD. Patients should be encouraged to participate in these genetic studies. The immedi-
ate benefit of gene identification will be genetic screening of individuals at risk for AMD
before signs and symptoms develop. Once genes are identified, additional genes encoding
proteins that interact with disease-causing genes will also be candidates to explore as po-
tential causes of disease. For example, the gene that causes recessive Stargardt disease
(ABCA4/ABCR) is thought to interact with the gene that causes a dominant Stargardt-like
condition (116). This second gene may also interact with other genes along a common path-
way and these other genes may cause macular degeneration as well.

Eventually, once the genes for AMD are identified, clinicians will be able to geno-
type AMD patients and correlations will be developed between genetic mutations, clinical
phenotype, and disease progression. Identification of susceptibility genes will also allow
the identification of a high-risk cohort of at-risk individuals for AMD intervention studies
that could result in shorter and less costly clinical trials of new therapies. Gene identifica-
tion will provide the first insight into the mechanism of disease at the cellular level. Eluci-
dation of pathological mechanisms will direct the development of pharmacological thera-
pies. As mentioned previously, Sun et al. (118) reported that the ATPase activity of the
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ABCA4(ABCR) protein can be stimulated by the drug amiodarone. Perhaps other com-
monly available drugs could be shown to be useful for the treatment of AMD once the
genes are identified. Another approach would be to develop designer drugs to specifically
interact with these AMD genes or their corresponding proteins. By modifying the expres-
sion of these genes or altering the activity of the protein, these drugs could minimize the
accumulative deleterious effect of the mutant gene over the lifetime of the individual. Of
course, these therapies would be tested initially on transgenic animals engineered to con-
tain the abnormal genes that cause AMD. In addition, these animals would be used to test
theories about the role of environmental influences on AMD. For example, studies of
knockout mice lacking the ABCA4(abcr) gene that causes Stargardt disease have been
shown to undergo a slow retinal degeneration. If bright light is avoided by these mice, the
retinal degeneration may be slowed (148). This observation could be translated to humans
and used as a potential treatment to delay the onset of symptoms in patients with Stargardt
disease. Hopefully, as we begin to identify the genes that cause AMD and understand the
pathogenesis of this disease, we will develop novel therapies and recommend lifestyle
modifications that will delay the progression of disease and preserve useful vision for the
life of the patient.

VI. SUMMARY

AMD is likely to be a complex genetic disease as shown by population, family, and twin
segregation and aggregation studies. The first genetic locus for AMD was designated
ARMD1 and identified by conventional linkage analysis using a large multigenerational
family with AMD. Another genetic study using sibling pairs and a nonparametric linkage
approach confirmed this locus as a potential site for a gene that causes AMD. This second
study identified additional chromosomal loci that are likely to contain genes for AMD. 

Candidate gene analysis has implicated the Stargardt disease gene designated
ABCA4(ABCR) as a cause of AMD; however, this finding remains controversial.
Contradictory reports have been published that refute the association between AMD and
the Stargardt disease gene. Extensive analyses of genes that cause early-onset macular
degenerations have not yet identified any other association between these diseases and
AMD. There have been several reports that the apolipoprotein E gene may play an impor-
tant role in determining the risk of developing AMD.
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I. INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of blindness in the United
States and Western Europe (1). The natural history of subfoveal neovascularization in
AMD is poor, as loss of six lines or more of best-corrected visual acuity will occur in 30–
50% of patients with ill-defined or well-defined subfoveal neovascularization within 2
years (2–4). The poor visual outcome for patients with subfoveal neovascularization in
AMD has led to the exploration of several therapeutic modalities for the treatment of this
condition. Subfoveal laser photocoagulation was the first treatment shown to be better than
natural history in a randomized clinical trial for a select subgroup of eyes with AMD (5,6),
but many ophthalmologists did not adopt this treatment strategy because subfoveal thermal
laser results in a significant postoperative reduction in visual acuity and the recurrence rate
is high (5). Photodynamic therapy (PDT) can halt or reverse visual loss in patients who
have subfoveal choroidal neovascularization that is �50% classic, but most patients with
wet AMD have lesions that are not PDT-eligible (7,8). Other alternatives have been ex-
plored including radiation therapy (9,11), retinal translocation (12–15), pharmacological
therapy with interferon, thalidomide, or other drugs (16–18), and subfoveal surgery
(19–26).

The role of subfoveal surgery alone in the management of exudative AMD is being
investigated in the Subfoveal Surgery Trial sponsored by the National Eye Institute (27,28).
A definitive determination of whether subfoveal surgery is better than observation awaits
the results of this trial. However, careful examination of nonrandomized series suggests
that the results of subfoveal surgery alone for wet AMD are less than ideal. Subfoveal



surgery does not lead to significant visual improvement in most patients with AMD and
recovery of vision to better than 20/100 is uncommon (19–22). It is likely that several fac-
tors are responsible for the lack of visual improvement seen after submacular surgery for
wet AMD, including removal of the native retinal pigment epithelium (RPE) with the sub-
foveal choroidal neovascular complex (29). Removal of the native RPE may lead to the de-
velopment or progression of subfoveal choriocapillaris atrophy (29), and successful RPE
transplantation may prevent or reverse choriocapillaris atrophy. Transplantation of the RPE
has been attempted in small numbers of patients undergoing surgical excision of subfoveal
neovascularization and in a few patients with nonexudative AMD (30–40). We herein re-
view the current status of RPE transplantation for the management of AMD, including the
clinical results that have been obtained in small numbers of patients who have undergone
this procedure. We will also discuss companion laboratory studies that give us insight into
the hurdles that must be overcome before significant visual recovery can occur after RPE
transplantation.

II. RATIONALE FOR RPE TRANSPLANTATION IN AMD

In 1991, Thomas and Kaplan reported two patients who experienced significant visual im-
provement after surgical excision of subfoveal choroidal neovascularization from pre-
sumed ocular histoplasmosis syndrom (POHS) (24). One patient improved from 20/200
preoperatively to 20/40, whereas the other patient improved from 20/200 to 20/25. de Juan
and Machemer (35) had previously performed diskiform scar excision in four patients with
end-stage AMD, but the report by Thomas and Kaplan was the first to demonstrate that ex-
cellent visual acuity was possible after submacular surgery. Since these initial publications,
several authors have reported small, uncontrolled series of patients undergoing submacular
surgery for AMD (19–26, 36–39). At the current time, the exact role of submacular surgery
in the management of choroidal neovascularization is being evaluated as part of the Sub-
foveal Surgery Trial, and determining whether subfoveal surgery is better than the natural
history awaits the results of this trial (27,28). However, examination of the results of non-
randomized studies of submacular surgery suggests that significant visual improvement is
limited after submacular surgery for AMD, and that RPE removal may be an important fac-
tor in limiting postoperative visual recovery.

Thomas and co-workers reported that the visual acuity improved in 5/41 AMD eyes
(12%) after submacular surgery but a final acuity of 20/40 or better was achieved in only
5% of the eyes (22). We previously reported 40 patients with subfoveal choroidal neovas-
cularization secondary to AMD (29). All patients except one had a postoperative Snellen
visual acuity of 20/100 or worse. Roth et al. also reported 38 patients with AMD and well-
demarcated membranes on fluorescein angiography that underwent submacular surgery
(36). Three months after surgery, 7/38 eyes improved (18%), 8/38 were worse (21%), and
23/38 were unchanged (60%). The authors concluded that submacular surgery should not
be routinely offered to patients with AMD using the current technology. Merrill et al. re-
ported 64 AMD patients undergoing submacular surgery assisted by the injection of tissue
plasminogen activator (37). The final visual acuity was improved in 19/64 eyes (30%), sta-
ble in 27 eyes (42%), and worse by three or more lines in 18 eyes (28%). Again, less than
10% of eyes achieved a final vision of 20/100 or better. Lewis and co-workers performed
a randomized, double-blind clinical trial to determine whether injection of tissue plas-
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minogen activator at the time of subfoveal membrane removal was helpful (38). Eighty
eyes of 80 patients with subfoveal choroidal neovascularization secondary to AMD were
randomized to subretinal injection of tissue plasminogen activator or balanced salt solution
before membrane excision. Since best-corrected postoperative visual acuity was 20/320 in
both groups, the authors concluded that use of this drug before subfoveal surgery is of no
visual anatomical benefit in AMD patients. Thus, nonrandomized case series of patients
undergoing submacular surgery for AMD demonstrate that recovery of central visual acu-
ity to better than 20/100 is unusual in AMD eyes. Early results from the Submacular
Surgery Trial for recurrent subfoveal neovascularization reinforce this observation (27,28).

The visual results after surgery for POHS are clearly better than the results after sub-
macular surgery for AMD. Holekamp et al. reported 117 patients who underwent surgical
removal of subfoveal neovascularization in POHS with follow-up of 18 months (26). In this
study, 35% of patients achieved a postoperative visual acuity of 20/40 or better and 40%
had improvement of three or more Snellen lines after surgery with a recurrence rate of 44%.
Berger et al. reported 63 eyes of 62 patients undergoing surgery for subfoveal choroidal
neovascularization in POHS (25). The median patient age was 42 years (range 16–68) and
the median follow-up time was 24 months (range 6–48). Visual acuity improved by two or
more lines in 24/63 (38%), was unchanged in 21/63 (33%), and was worse in 18/63 (29%);
11/63 eyes (17%) achieved a final vision of 20/50 or better. Recurrence of the choroidal
neovascular membrane occurred in 24/63 eyes (38%) but was less common in patients who
had not undergone previous laser photocoagulation (29%) than in patients receiving prior
laser treatment (47%). Postoperative complications included macular striae in 4/63 (6%),
rhegmatogenous retinal detachment in 2/63 (3%), peripheral retinal tear in 1/63 (1.6%), and
progression of cataract in 19/63 (30%). No patients required cataract extraction for visually
significant cataract during the follow-up period.

Thus, evidence from nonrandomized case series demonstrates that there is a signifi-
cant difference in the visual prognosis after submacular surgery for patients with AMD
versus POHS. Many factors could be responsible for this observed difference, including ad-
vanced patient age in AMD, disease within Bruch’s membrane in AMD, the size of the
choroidal neovascular complex (larger in AMD eyes compared to POHS), the location of
the ingrowth site, and the relationship of the choroidal neovascular membrane to the native
RPE (39). Patients with POHS and other disorders may have a better prognosis because the
choroidal neovascular membrane lies anterior to the RPE and can thus be removed while
leaving the native RPE intact (39). However, in AMD eyes the choroidal neovascular com-
plex is frequently deep to the native RPE, so surgical membrane excision denudes Bruch’s
membrane of native RPE.

The consequences of RPE removal during submacular surgery are significant be-
cause removal of the native RPE leads to progressive choriocapillaris atrophy and limits
visual recovery after submacular surgery (40–43). The subfoveal choriocapillaris can be
perfused 1–2 weeks after submacular surgery in AMD eyes but become nonperfused with-
out further surgery or laser photocoagulation (40). Thach et al. examined the choroidal per-
fusion after surgical removal subfoveal membranes in 12 eyes of 11 AMD patients (44).
Stereoscopic fluorescein and indocyanine green angiograms of the excision bed revealed
hypofluorescence with visible perfusion in the underlying median and large choroidal ves-
sels in all eyes. On the basis of these observations the authors concluded that the chorio-
capillaris and small choroidal vessels were frequently abnormal or absent in the bed of the
removed neovascular membrane. We cannot exclude the possibility that some nonperfu-
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sion of the subfoveal choriocapillaris is present in patients before submacular surgery.
However, patients who develop subfoveal choroidal neovascularization experience sudden
and severe visual loss, demonstrating that the perfusion of the choriocapillaris is sufficient
to support good visual function even if it is not normal.

Experimental evidence suggests that the native RPE is removed with the choroidal
neovascularization in AMD. Grossniklaus and Green examined specimens removed from
the subretinal space as part of the Submacular Surgery Trial (45). Most of these patients (61
of 78) had AMD and the balance had POHS or idiopathic neovascularization. The speci-
mens contained fibrovascular tissue, fibrocellular tissue, and hemorrhage. Vascular en-
dothelium and RPE were the most common cellular constituents. As expected, the mem-
branes from AMD patients were more likely to be beneath the RPE and the size of the RPE
defect was larger in AMD eyes. Histopathological examination of an eye from a patient
who had undergone surgical excision of a choroidal neovascular membrane in AMD re-
vealed an RPE defect in the center of the dissection bed with incomplete resurfacing of the
RPE defect after surgery (46,47). Thus, AMD patients are more likely to have a bare area
of Bruch’s membrane after surgery and the RPE defect is more likely to persist after
surgery in these eyes.

Extensive experimental evidence suggests that RPE removal at the time of submac-
ular surgery would lead to progressive atrophy of the subfoveal choriocapillaris. Destruc-
tion of the RPE with sodium iodate leads to changes in the RPE and choriocapillaris within
1 week and marked choriocapillaris atrophy within 1 month (48). In contrast, the chorio-
capillaris has a normal appearance in areas where the RPE still appears healthy. Similar
changes are seen after intravitreal ornithine injection and in an experimental model of thior-
idizine retinopathy (49–52). Repopulation of Bruch’s membrane occurs after RPE removal
in the cat with choriocapillaris preservation under areas of healed RPE and choriocapillaris
atrophy in nonhealed areas (53). RPE removal in the nontapetal porcine eye yields similar
results (54–56). Bruch’s membrane becomes repopulated with a monolayer or multilayer
of variably pigmented cells 1 month after surgical debridement of the RPE. In these re-
gions, the outer nuclear layer and outer limiting membrane remained intact and the chori-
ocapillaris appeared patent. In regions of poor RPE healing, the lumen of the choriocapil-
laris was collapsed and the choriocapillaris endothelium was separated from its basement
membrane (55,56).

Thus, a combination of experimental and clinical studies suggests that the following
sequence of events occurs after choroidal neovascular membrane excision (Fig. 1). Sub-
foveal surgery can be performed without disturbing the native RPE in some eyes, but
choroidal neovascular membrane excision results in a focal RPE defect in AMD eyes and
in some younger eyes with other diseases. If the native RPE is not disturbed, the underly-
ing choriocapillaris will not undergo secondary atrophy. If the native RPE is removed, the
defect will heal by migration and proliferation of new RPE from the edge of the epithelial
defect if the native basal lamina is intact. The proliferating RPE are hypopigmented, mak-
ing it difficult to visualize these cells in vivo. There are no changes in the choriocapillaris
if the area of the RPE defect is completely and rapidly repopulated by hypopigmented RPE.
Incomplete or delayed healing of the RPE defect will lead rapidly to atrophy of the chori-
ocapillaris although the medium and large vessels of the choroid can remain patent.

The functional consequences of subfoveal choriocapillaris atrophy are significant be-
cause atrophy of the subfoveal choriocapillaris is correlated with poor visual recovery af-
ter surgery. Over 90% of AMD eyes and 37% of POHS eyes have atrophy of the subfoveal
choriocapillaris after submacular surgery (41,42), and the rate of visual improvement to
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better than 20/50 was worse for AMD eyes than for POHS (41,42). Within the POHS sub-
group, the subfoveal choriocapillaris was perfused in 24/38 (63%) eyes and nonperfused in
14/38 (37%) eyes. Best-corrected visual acuity improved by at least two lines in 17/24
(71%) perfused eyes and 2/14 (14%) nonperfused eyes (p � 0.0089). Additionally, a
best-corrected vision of 20/100 or better was achieved in 18 (75%) of the perfused eyes and
only four (29%) nonperfused eyes (p � 0.05). Thus, both the final visual acuity and im-
provement in visual acuity were correlated with postoperative perfusion of the subfoveal
choriocapillaris (42).

III. RPE HARVESTING TECHNIQUE

We have previously described a method for harvesting and storage of intact adult human
RPE sheets prior to transplantation (57). Briefly, human cadaver eyes are cleaned of ex-
traocular tissue and the suprachoroidal space of the posterior pole is sealed with cyanoacry-
late glue (58). A small scleral incision is made 3 mm posterior to the limbus until the
choroidal vessels are exposed. Tenotomy scissors are introduced through this incision into
the suprachoroidal space and the incision is extended circumferentially. Four radial relax-
ing incisions are made in the sclera and the sclera is peeled away from the periphery to the
optic nerve with care not to tear the choroid. The eye cup is then incubated with 25 U/mL
of Dispase (Gibco) for 30 min, rinsed with carbon dioxide–free medium, and a circumfer-
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Figure 1 (Top) Sub-RPE choroidal neovascular membrane typical in age-related macular
degeneration. (Middle) Membrane removal denudes the native RPE from Bruch’s membrane and
excises fragment of the inner aspects of Bruch’s membrane. Native RPE cannot heal the epithelial
defect completely in the absence of native basal lamina. (Bottom) Nonpigmented RPE may heal the
defect partially in the presence of residual basal lamina, but will not heal the epithelial defect in the
absence of basal lamina. An RPE defect leads to atrophy of the subfoveal choriocapillaris.



ential incision is made into the subretinal space along the ora serrata. The loosened RPE
sheets are separated from the rest of the ocular tissue and placed on a slice of 50% gelatin
on a 25 mm � 75 mm � 1 mm glass slide (Fisher Scientific, Pittsburgh, PA) with the api-
cal RPE surface facing upward. Contamination with choroidal cells is avoided by directly
visualizing the RPE sheets under a dissecting microscope while they are being harvested.
The glass slide containing the gelatin film with the RPE sheet is then placed in a 100 mm
� 15 mm polystyrene dish and incubated in a humidified atmosphere of 5% CO2 and 95%
air at 37C for 5 min to allow the gelatin to melt and encase the RPE sheet. The specimen
is kept at 4C for 5 min to solidify the liquid gelatin and then stored in carbon dioxide–free
medium (pH � 7.4) at 4C. Harvested sheets are stained with cytokeratin to ensure purity
of the cell population.

Transmission electron microscopy shows intact RPE cells with well-developed mi-
crovilli, basal infoldings, and intercellular connections. The initial viability of intact RPE
sheets is 86% with a progressive decline in viability with increased storage time. Cells har-
vested within 24 h after death maintain greater viability than those harvested after 24 h
(p � 0.05) and maintain 82% viability for as long as 48 h if stored at 4C.

IV. CLINICAL RESULTS OF RPE TRANSPLANTATION

The goal of RPE transplantation is to repopulate Bruch’s membrane with donor RPE
prior to the development of widespread atrophy of the choriocapillaris. Some preliminary
experimental evidence suggests that RPE transplanted into a debrided bed will support
the native choriocapillaris, and healthy RPE may reverse choriocapillaris atrophy after
it develops (48). To date all human studies of RPE transplantation in exudative AMD
have been performed at the same time as submacular surgery, rather than after subfoveal
choriocapillaris atrophy has progressed. The following studies have been reported to
date:

Peyman et al. performed submacular scar excision with translocation of an autolo-
gous RPE pedicle flap or transplantation of an allogeneic RPE-Bruch’s membrane explant
in two patients (59). The final visual acuity was 20/400 in the first patient and count fingers
at 2 ft in the second patient. Neither of these patients was immune suppressed.

Algvere et al. initially reported subretinal membrane removal with transplantation of
fetal human RPE patches in five AMD patients, and subsequently reported on a larger se-
ries of 17 eyes (30–32). Cystoid macular edema developed and the grafts became encapsu-
lated by white fibrous tissue within several months after surgery but none of these patients
received systemic immune suppression. Scanning laser ophthalmoscopic microperimetry
demonstrated that patients were able to fixate over the area of the RPE graft immediately
after surgery, but an absolute scotoma developed in this region several months after
surgery. These results are not surprising because the patients were not immune suppressed,
and RPE transplanted into the subretinal space will be rejected (60,61).

Subfoveal membranectomy with transplantation of adult human RPE sheets has been
performed in 11 AMD patients who were immune suppressed postoperatively with pred-
nisone, cyclosporine, and immuran (33). Eligibility criteria included the presence of
drusen, patient age � 60, best-correct acuity � 20/63 (Bailey-Lovie chart), and subfoveal
neovascularization � 9 disk areas on preoperative fluorescein angiography. The mean
visual acuity, contrast sensitivity, and reading speed did not change significantly for
6 months postoperatively. Transplants showed no signs of rejection in patients able to

498 Del Priore et al.



continue immune suppression for the first 6 months after surgery, but patients who discon-
tinued immune suppression developed signs of graft rejection 2 weeks later. Histopathol-
ogy is available on an 85-year-old woman who died 4 months after RPE sheet transplanta-
tion (62). A complete autopsy demonstrated the cause of death to be congestive heart
failure. A patch of hyperpigmentation was visible at the transplant site under the foveola
after surgery. Mound-like clusters of individual round, large densely pigmented cells were
present in the subretinal space and outer retina in this area and the transplant site did not
contain a uniform monolayer in most areas. There was loss of the photoreceptor outer seg-
ments and native RPE in the center of the transplant bed, with disruption of the outer nu-
clear layer predominantly over regions of multilayered pigmented cells. Cystic spaces were
present in the inner and outer retina. A residual intra-Bruch’s membrane component of the
original choroidal neovascular complex was present under the transplant site. The poor
morphology at the transplant site was consistent with the lack of visual improvement seen
after surgery in this patient.

Weisz et al. (34) delivered a patch of fetal RPE under the retina in one patient with
geographic atrophy. Visual acuity remained stable at 20/80 1 month after surgery but
deteriorated to 20/500 by 5 months postoperatively. Mild subretinal fibrosis developed
after surgery. The patient demonstrated a systemic immune response to phosducin
and rhodopsin postoperatively in the absence of systemic immune suppression. Table 1
summarizes the clinical results that have been obtained to date.

V. LABORATORY INSIGHTS INTO CLINICAL RESULTS

Several investigators have previously characterized the molecular constituents that may
play an important role in the reattachment of human RPE to human Bruch’s membrane. The
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Table 1 Summary of Clinical Results on RPE Transplantation

Immune
No. of eyes RPE source suppress Best VA Encapsulation

a Grafts did not encapsulate unless immune suppression was discounted.
b Post-op subretinal fibrosis developed. Patient had serum antibodies to rhodopsin and phosducin after surgery

but preoperative levels were not recorded.

Peyman (57)

Algvere
(30–32)

Kaplan (33)

Weisz (34)

2 Diskiform

5 RPE Patch/wet
4 RPE Patch/dry
5 RPE Suspensions/

dry
2 RPE Suspensions/

RPE Tear
11 Wet AMD

1 Dry AMD

1 Homologous
1 Autologous

Fetal

Adult

Fetal

No

No

Yes

No

20/400

20/400

20/200
(20/100 in
1 eye)

20/500

Yes
No

Yes

Noa

Yesb



basal surface of RPE cells contains a �1-subunit of integrin (63,64) and the inner aspect of
Bruch’s membrane contains laminin, fibronectin, heparan sulfate, and collagen (65). Sev-
eral studies suggest that the attachment of RPE to coated artificial surfaces can be mediated
by an interaction between the �1-subunit of integrin and known extracellular matrix
molecules. For example, RPE cells bind to petri dishes coated with laminin or fibronectin
but do not attach to untreated petri dishes (64). The synthetic tetrapeptide RGDS (arginine-
glycine-aspartate-serine), which is derived from the cell-binding domain of fibronectin, de-
creases RPE binding to laminin-coated or fibronectin-coated dishes (66). When added si-
multaneously with the cells, binding of RPE to fibronectin-coated dishes and
laminin-coated dishes can be blocked by an antibody to the �1-subunit of integrin but RPE
cell binding to charged tissue culture plastic is not affected by the antibody (66). When RPE
are initially allowed to attach and spread on fibronectin- or laminin-coated petri dishes, ad-
dition of antibodies to fibronectin or laminin causes the attached cells to detach from the
surface and round up (66). Thus, in vitro binding studies suggest that RPE attachment to
plastic surfaces coated with laminin or fibronectin is mediated by an interaction between
the �1-integrin subunit and laminin and fibronectin coating the surface.

Molecular binding studies demonstrate a role for integrins and extracellular matrix
ligands in mediating RPE attachment to Bruch’s membrane in a more direct fashion (67).
In these studies passaged human RPE are seeded onto RPE-derived extracellular matrix or
human Bruch’s membrane explants denuded of cells by treatment with 0.02 N ammonium
hydroxide. Coating the surface of either RPE-derived extracellular matrix in petri dishes or
Bruch’s membrane explants with the fibronectin, laminin, vitronectin, or type IV collagen
increased the RPE attachment rate. Exposing RPE to anti-�1 integrin antibodies or RGDS,
or precoating the surface with antibodies to fibronectin, laminin, vitronectin, or type IV col-
lagen, decreased the RPE attachment rate to both surfaces. These experiments demonstrate
that the attachment of human RPE cells to human Bruch’s membrane or to RPE-derived ex-
tracellular matrix proteins is mediated by an interaction between the �1-subunit of integrin
on the RPE surface and ligands in the extracellular matrix that include laminin, fibronectin,
vitronectin, and type IV collagen (67).

Understanding the mechanism of attachment of RPE cells to Bruch’s membrane is
important because this interaction is necessary to prevent RPE apoptosis (68). In vitro ex-
periments demonstrate the importance of this effect. Second-passage human RPE were
plated onto tissue culture plastic precoated with extracellular matrix, fibronectin, laminin,
uncoated tissue culture plastic, untreated plastic, and untreated plastic coated with 4%
agarose. Reattachment rates were determined for each substrate 24 h after plating. The
TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling) tech-
nique was used to determine apoptosis rates in attached cells, unattached cells, and the en-
tire cell population. Attachment rates were as follows: ECM-coated tissue culture plastic �
fibronectin-coated tissue culture plastic � laminin-coated tissue culture plastic � uncoated
tissue culture plastic � untreated plastic � agarose-coated untreated plastic. Apoptosis
rates for the entire cell population were increased as the RPE cell attachment rate de-
creased, and the proportion of apoptotic cells in the entire population was inversely related
to the percent attached cells (r � 
0.95). These results imply that RPE cells that are re-
moved from their substrate prior to transplantation must reattach rapidly to a substrate to
prevent apoptosis (Fig. 2).

These results have clinical relevance because all layers of Bruch’s membrane are
not intact after submacular surgery and in vitro studies of human RPE attachment to human
Bruch’s membrane demonstrate that the layer of Bruch’s membrane available for cell
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attachment can have a profound effect on cell behavior (69–71). In these studies 6-mm
punches of peripheral Bruch’s membrane were stabilized on 4% agarose and placed in 96-
well plates with Bruch’s membrane facing upward. Removing each apical layer sequen-
tially exposed the RPE basal lamina, inner collagen layer, elastin layer, and outer collagen
layer. First-passage human RPE harvested from a single donor (age � 52 years) were
plated onto the surface (15,000 viable cells/explant) and the RPE reattachment rate to each
layer of Bruch’s membrane was determined. The RPE reattachment rate was highest to the
inner aspects of Bruch’s membrane and decreased as deeper layers of Bruch’s membrane
were exposed (i.e., basal lamina � inner collagen layer � elastin layer � outer collagen
layer). The reattachment rate to the inner collagen layer, elastin layer, and outer collagen
layer harvested from elderly donors (age � 60) was less than the reattachment rate to the
corresponding layers harvested from younger donors (age � 50). Thus, the ability of har-
vested RPE to reattach to human Bruch’s membrane depends on the anatomical layer of
Bruch’s membrane present in the host tissue. Similarly, the fate of transplanted RPE de-
pends on the layer of Bruch’s membrane available for cell attachment (70,71). The RPE
apoptosis rate of attached cells increased as deeper layers of Bruch’s membrane were ex-
posed. Both the proliferation rate and mitotic index of the grafted cells were higher on the
basal lamina layer than on deeper layers. Adult human RPE cells plated onto basal lamina
repopulated the explant surface within 14 � 3 days whereas cells plated onto inner colla-
gen layer and elastin eventually died and never reached confluence. This suggests that age-
related structural and functional changes that occur in the inner collagen layer, elastin layer,
and outer collagen layer limit the ability of adult human RPE to repopulate these layers in
elderly individuals (Fig. 3).

In contrast, cultured fetal human RPE seeded at a higher density may be able to re-
populate human cadaver Bruch’s membrane in vitro (72). One hour after seeding onto the
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Figure 2 (Top) Sub-RPE choroidal neovascular membrane typical in age-related macular
degeneration. (Bottom, left) Goal of RPE transplantation is to repopulate an area of bare Bruch’s
membrane with healthy donor RPE and thus avoid secondary choriocapillaris atrophy. (Bottom,
right) Transplanted RPE must reattach to host Bruch’s membrane in order to survive after
transplantation. Unattached cells will not survive.



surface plated RPE start to attach and flatten, and the cells cover the entire debrided surface
in a monolayer within 4–6 h after seeding. Cells attached to the inner collagen layer tended
to be flatter than cells attached to residual native basal lamina. At 12 and 24 h, expression
of hexagonal shape, tight junctions, and apical microvilli were observed more frequently
in cells attached to native basal lamina. No newly formed basement membrane was
observed at these time points. Thus it appears that the presence of native RPE basement
membrane promoted the early attachment of the cells and more rapid expression of normal
morphology.

These results have several implications for the management of subfoveal choroidal
neovascularization in exudative AMD. Many technical problems associated with RPE
transplantation have been resolved, since instrumentation currently exists to harvest and
then deliver dissociated RPE suspensions or RPE harvested as a patch or a sheet into the
subretinal space. Transplanted RPE may survive when transplanted onto normal Bruch’s
membrane, yet Bruch’s membrane is unlikely to be normal in AMD patients who will
undergo cell transplantation. First, structural changes are present in all layers in Bruch’s
membrane in AMD patients including the accumulation of basal laminar and basal linear
deposits, cross-linking of collagen within the inner and outer collagen layer, and calcifica-
tion and fragmentation of the elastin layer (73–76). These changes may preclude success-
ful repopulation of Bruch’s membrane by transplanted RPE. Second, the inner aspects of
Bruch’s membrane are removed during submacular surgery. Thus, RPE transplanted after
submacular surgery will have to reattach to an abnormal substrate to prevent death of the
transplant by apoptosis. Bare areas of Bruch’s membrane will have to be repopulated with
RPE within 1 week or choriocapillaris atrophy will develop under these bare areas.
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Figure 3 (Top, left) Transmission electron micrograph of human Bruch’s membrane in which a
tear through the basal lamina (BL) exposes the inner collagen layer (ICL). (Middle) Transplanted
RPE attach to older basal lamina but not to older ICL. (Bottom, right) Transplanted RPE proliferate
on the basal lamina layer but not the ICL. 



VI. FUTURE DIRECTIONS

At the current time many unresolved issues may influence the ability of transplanted cells
to repopulate Bruch’s membrane and numerous questions need to be addressed before suc-
cessful cell transplantation can occur. In the absence of an animal model for AMD the ap-
proach to this problem must rely on a mixture of in vivo studies of cell transplantation in
healthy animals, in vitro studies of cell reattachment to human Bruch’s membrane diseased
with AMD, and a small number of clinical trials on AMD patients. Several important vari-
ables need to be investigated.

A. Source of Cells

The ideal source for human transplantation studies is not known. Adult human RPE are
readily available from donor Eye Bank eyes but it is not known whether these cells are the
best source or whether the age of the donor RPE makes any difference. Fetal human RPE
may be able to repopulate Bruch’s membrane better than adult RPE but there are ethical
and legal issues involved with the use of human fetal cells, and fetal cells cannot be autol-
ogous. Use of immortalized human RPE cells lines has been proposed, but the effects of
immortalization or passaging in tissue culture on the distribution of cell surface receptors
necessary for cell attachment to Bruch’s membrane have not been considered in prior stud-
ies. There is some concern about tumorigenic potential if immortalized cells are used. Sev-
eral authors have already used iris pigment epithelial cells because these cells are related
embryological to the RPE, are readily available, and will not be rejected inmunologically
(77,78). However, iris pigment epithelial transplantation combined with subfoveal surgery
has not led to a dramatic improvement in vision to better than 20/200.

Several other cell sources that may be useful for RPE transplantation have not been
investigated fully. First, the recent isolation of retinal progenitor cells (stem cells) raises the
interesting possibility of using these cells to repopulate denuded areas of Bruch’s mem-
brane (79). This is an attractive possibility because a small population of such retinal
progenitor cells could yield a large population of cells for transplantation, and isolation
of progenitors from adults could avoid problems of immune rejection. Second, xenotrans-
plantation of porcine cells has already been performed in the management of central
nervous system disease including stroke and Parkinson’s disease (80,81). These cells
have been well tolerated after transplantation into the central nervous system in patients and
the possibility of using fetal xenografts could provide an attractive alternative to the use of
human tissue.

B. Immune Suppression

A second issue that needs to resolved is related to the immune suppression necessary to en-
sure graft survival. In the original paper by Algvere et al. (30), the fundus photograph
strongly suggests that immune rejection developed in these nonsuppressed individuals
since the grafts became encapsulated and cystoid macular edema developed within 3
months. Similar changes were not seen in the study of adult RPE transplantation in which
patients received systemic immune suppression with cyclosporin, immuran, and pred-
nisone (30). Thus, systemic immune suppression appears to be sufficient to prevent oph-
thalmic signs of graft rejection but local suppression with slow-release devices (intravitreal
cyclosporin implants, for example) would be preferable.
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C. Status of Bruch’s Membrane After Submacular Surgery

The status of Bruch’s membrane is important for the ultimate success of cell transplanta-
tion. Disease within Bruch’s membrane and iatrogenic removal of the inner layers of
Bruch’s membrane during submacular surgery affect the ability of transplanted RPE to re-
populate this structure. Several approaches could be used to rectify this problem including
cleaning of Bruch’s membrane surface deposits, deposition of soluble extracellular matrix
ligands, or placement of an artificial substrate, such as lens capsule, extracellular matrix, or
healthy Bruch’s membrane, into the subretinal space. Successful application of these
techniques in vivo has yet to be demonstrated.

D. Timing of Surgery/Identification of Surgical Candidates

The issue regarding the timing of surgery is still to be resolved. Patients with diskiform
scars have evidence of significant atrophy of the outer retina over the neovascular
tissue. Thus, prompt intervention may be necessary to improve the visual prognosis. Also
choriocapillaris atrophy may develop under the fovea in patients with chronic subfoveal
neovascularization, so prompt surgery may improve preservation of this vascular supply
as well.

VII. SUMMARY

The development of techniques to surgically excise choroidal neovascular membranes has
introduced the possibility of surgically reconstructing the subretinal space in patients who
have subfoveal choroidal neovascularization in AMD, POHS, and other disorders. Early at-
tempts at reconstructing the anatomy of the subretinal space were focused on simple surgi-
cal excision of choroidal neovascularization. Subfoveal membrane excision can lead to
good visual results if the subfoveal RPE is not removed at the time of surgery, or if the RPE
is removed and adjacent RPE then repopulates the subfoveal area of Bruch’s membrane
within 1 week after surgery. The presence of native or regenerated RPE is required to pre-
vent postoperative atrophy of the subfoveal choriocapillaris, because the subfoveal chorio-
capillaris will undergo atrophy if Bruch’s membrane remains devoid of RPE for � 1 week
after subfoveal surgery. Persistent bare areas of Bruch’s membrane will be present in pa-
tients who have large defects in the RPE monolayer, or in whom advanced patient age or
disease to the inner aspects of Bruch’s membrane prevents complete RPE resurfacing by
migration and proliferation of adjacent RPE. Initial studies on RPE cell transplantation
have not led to dramatic visual improvements, but the presence of disease within Bruch’s
membrane, iatrogenic removal of the inner layers of Bruch’s membrane, and immune re-
jection of the transplant have limited visual recovery after surgery. The next challenges in
submacular surgery are to deliver RPE into the subretinal space as an organized monolayer,
ensure the rapid attachment of these cells to Bruch’s membrane, and prevent immunologi-
cal rejection of these cells. Cell survival immediately after transplantation is important to
prevent atrophy of the subfoveal choriocapillaris. Development of an elusive animal model
would facilitate progress in this field, because in the absence of an animal model conclu-
sions must be drawn from a combination of in vitro studies studying cell attachment to nor-
mal and diseased Bruch’s membrane, in vivo studies of cell transplantation in normal ani-
mals, and a limited number of in vivo studies of RPE transplantation in individuals with
AMD. At the dawn of the new millennium, the challenge is great but the potential benefit
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of success is even greater because of the sheer number of patients who are affected by this
devastating disease.
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I. INTRODUCTION

Age-related macular degeneration (AMD) remains the leading cause of severe irreversible
visual loss in North Americans over the age of 50 (1–5). The prevalence of AMD is known
to increase with age with approximately 10% of individuals in their seventh decade of life
having signs of the disease and over 30% involvement for individuals over 75 years of age.
The disease is broadly divided into exudative and atrophic forms with over 90% of those
sustaining visual loss being attributed to the exudative form. Precursor lesions have been
identified for both mechanisms of visual loss. In patients who develop choroidal neovas-
cularization, the presence of large, soft confluent drusen typically precedes the exudative
phase. Similarly, the presence of crystalline drusen is often predictive for those who go on
to develop geographic atrophy. In the majority of circumstances, patients will often volun-
teer a subjective progressive change in their visual perception prior to the development of
these vision-threatening processes. This is often not appreciated with Snellen acuity mea-
surement. This inherent limitation of Snellen acuity to reflect visual function is one of the
principal reasons for the development of functional outcome/quality-of-life (QOL) assess-
ments. Snellen acuity is a monocular measure of the ability to discern a stationary, high-
contrast single object presented to the very center of the visual field at a standardized dis-
tance. Visual function is a binocular process of perception in nonideal everyday conditions
and one that has no single measure. In addition, visual function involves perception in more
than just the very central few degrees of visual angle. One final difference between the two
measures is that central acuity is measured as a categorical variable (i.e., stepwise levels)
while visual function is typically described in terms of a continuous variable.

To better describe this continuous measure of binocular visual function, we look to
the concepts of health-related quality-of-life studies (HRQOL). Functional assessment and
quality of life analysis is a field of growing importance in medicine as it offers a method of



incorporating patients’ perceptions into the clinical setting to assist in providing optimum
patient care. In AMD, clinicians have been shown to underestimate the extent to which the
disease negatively impacts upon their patients (6). The concept involves utilization of stan-
dardized questionnaires supplied to patients in a uniform format and scored in a systematic
manner. Two broad categories of functional outcome assessments are currently in use:

1. Generic QOL assessments
2. Functional outcome assessments

Examples of common instruments used in both of these categories will be given. One
general caveat should be mentioned regarding all QOL instruments in that the specific
questionnaire must be tested for validation for each specific use or disease state.

II. GENERIC QUALITY-OF-LIFE ASSESSMENTS

HRQOL is a multidimensional concept that encompasses physical, emotional, and social
aspects associated with a given disease or its treatment. Measurement of HRQOL can po-
tentially help clinicians and researchers identify predictors of patient outcome and provide
information on the recovery process. The Short Form-36 (SF-36) is one of the most widely
used health status evaluation tools. The instrument consists of 36 items and provides a com-
prehensive evaluation of eight health concepts: physical functioning, bodily pain, role lim-
itations due to physical health problems, role limitations due to personal or emotional prob-
lems, general mental health, social functioning, energy/fatigue, and general health
perceptions (7–9). Table 1 provides a description of the subscales of the SF-36.

As a comprehensive QOL instrument, the SF-36 has often been used to complement
vision-specific instruments, as discussed below (10–12). In these studies, correlations be-
tween the vision-specific instruments and the SF-36 subscales have usually been fairly low
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Table 1 Description of the Subscales of the Short-Form 36 (SF-36)

SF-36 subscale Description

The Physical Composite Scale (PCS) is a composite of the above 4 subscales.

The Mental Composite Scale (MCS) is a composite of the four mental health subscales.

Source: Adapted from SF-36 Health Survey Manual and Interpretation Guide. Boston: The Health Institute, New
England Medical Center, 1993.

Physical health scales
Physical functioning

Role-physical
Bodily pain
General health

Mental health scales
Vitality
Social functioning

Role-emotional
Mental health

Limitations in performing a range of physical activities, from basic
activities of daily living to extremely vigorous physical activities

Problems with work or daily activities as a function of physical health
The degree to which bodily pain exists and causes limitations
How subjects view their current personal health and whether it is

likely to get worse

The reported level of tiredness and energy
Limitations in social interactions due to either physical or emotional

problems
Problems at work or in everyday activities due to emotional problems
The degree of depression, nervousness, peace, and calm experienced

by subjects



as would be expected for the application of a generic instrument to a specific function. A
recent study looked at visual functioning in retinal patients using the Visual Function-14
(VF-14), the SF-36, and a third instrument, the Weighted Comorbidity Scale (WCS) (12).
The latter provides information about nonocular medical comorbidities that may impact on
either visual function or physical/mental well-being (13). Correlations between the SF-36
subscales and measures of visual functioning such as the VF-14 score and visual acuity
were low, ranging from 0.12 to 0.25. Once again, this would be expected as the generic
methodology of the SF-36 is not designed to differentiate levels of visual function.
In a second study conducted by our research group (14), the findings were duplicated when
a specific subset of retinal patients with AMD were assessed, as shown in Table 2. These
and other studies (10,11) have suggested that the SF-36 does not provide specific informa-
tion about vision-related QOL in patients with AMD but rather provides a broader view of
the health of patients with AMD. Because the SF-36 has been so broadly and extensively
used, it allows comparison of different disease populations to each other and to normal pop-
ulations in the United States, Australia, United Kingdom, and more recently in Canada
(15–19). For example, our study (14) provides the following picture of the overall physical
and mental well-being of patients with AMD as compared to the general population.

Table 3 illustrates a comparison of SF-36 scores in patients with AMD with popula-
tion norms for the United States (15) and Canadian (19) general populations. This type of
data is helpful in assessing the relative overall physical and mental well-being of patients
with AMD as compared to the general population. Of the eight SF-36 scales, four are used
to assess physical health; these are Physical Functioning, Role-Physical, Bodily Pain, and
General Health. A difference of five points between populations represents a difference that
is likely clinically relevant (15). AMD patients report similar values to population norms
on the Bodily Pain Scale, which captures the degree to which bodily pain exists and causes
limitations. The General Health scale provides an assessment of how subjects view their
current personal health and whether it is likely to get worse. Patients with AMD have scores
that are five points lower than U.S. population norms and 10 points lower than Canadian
population norms, a difference likely to be clinically relevant. AMD patients’ responses
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Table 2 Correlations Between SF-36 Subscales and VF-14, Weighted Visual Acuity, and
Clinical AMD Severity and Weighted Comorbidity Scale in Patients with AMD (n � 159)

Weighted visual
SF-36 subscale VF-14 score AMD severity WCS score acuity

Physical functioning 0.39** 
0.22* 
0.39** 
0.26**
Role-physical 0.30** 
0.19* 
0.40** 
0.22**
Bodily pain 0.18* 0.06 
0.42** 
0.08
General health 0.18* 0.02 
0.41** 
0.14
Vitality 0.30** 
0.04 
0.32** 
0.19*
Social functioning 0.25** 
0.13 
0.32** 
0.20*
Role-emotional 0.15 
0.09 
0.26** 
0.06
Mental health 0.08 0.00 
0.26** 
0.12
PCS (composite) 0.39** 
0.17 
0.49** 
0.26**
MCS (composite) 0.06 
0.03 
0.23* 
0.06

*p � 0.05.
**p � 0.01.
Source: Reprinted with permission from Assessment of vision-related function in patients with age-related
macular degeneration. Ophthalmology. In press.



were 12–16 points lower than population norms on the Physical Functioning Scale. This
scale assesses how limited subjects believe themselves to be in performing a range of phys-
ical activities, from basic activities of daily living to extremely vigorous physical activities.
Finally, the largest difference of nearly 20 points was seen on the Role-Physical Scale,
which assesses problems with work or daily activities as a function of physical health. The
SF-36 data suggest that patients with AMD believe they are in poorer physical health than
does the general population. In addition to the four physical health scales, a single Physi-
cal Composite Scale (PCS) can be generated from the four scales to provide a single com-
posite score of physical health. Consistent with the above data, PCS scores were lower in
AMD patients than in general population norms in the United States and Canada. These
data therefore suggest that patients with AMD may fare worse than individuals without
AMD in issues involving physical well-being and activity.

In contrast, when we look at the mental health of patients with AMD in comparison
to population norms without AMD, the scores appear to be at or near population norms.
Again, four of the SF-36 scales attempt to assess different facets of mental health (Table 1).
The Vitality Scale assesses the reported level of subjects’ tiredness and energy. The Social
Functioning Scale measures the degree to which social interactions are interfered with due
to either physical or emotional problems. The Role-Emotional Scale refers to problems at
work or in everyday activities due to emotional problems. The Mental Health Scale as-
sesses the degree of depression, nervousness, peace, and calm experienced by subjects. Of
these four scales, only the Role-Emotional Scale showed clinically relevant differences be-
tween AMD patients and population norms (Table 3). These data suggest that, despite sig-
nificant visual disability, general emotional health as assessed by the SF-36 is only mini-
mally affected in patients with AMD. This conclusion is supported by the SF-36 Mental
Composite Scale (MCS), generated from the four mental health scales. In a recent study of
AMD patients, the correlations between the MCS and visual acuity in the better eye, visual
acuity in the worse eye, and the clinical severity of AMD were near zero (11). In our study
of AMD patients, the correlation between the MCS and weighted visual acuity was 
0.06;
the correlation between MCS and the clinical severity of AMD was 0.03 (Table 2). No
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Table 3 Mean SF-36 Scores in Patients with AMD in Comparison to Norms for General U.S.
Population and General Canadian Population Patients

Canadian
U.S. general general

SF-36 subscale AMD population population

Physical functioning 72 (29) 84 (23) 86 (20)
Role-physical 63 (42) 81 (34) 82 (33)
Bodily pain 72 (27) 75 (23) 76 (23)
General health 67 (23) 72 (20) 77 (18)
Vitality 57 (22) 61 (21) 66 (18)
Social functioning 81 (26) 83 (23) 86 (20)
Role-emotional 85 (39) 81 (33) 84 (32)
Mental health 74 (20) 74 (18) 78 (15)
PCS (composite) 45 (11) 50 (9.9) 51 (9.0)
MCS (composite) 50 (11) 50 (10) 52 (9.1)

Source: Reprinted with permission from Assessment of vision-related function in patients with age-related
macular degeneration. Ophthalmology. In press.



differences were seen in MCS scores between individuals with AMD and general popula-
tion norms. Additionally, patients with AMD scored no different from the general popula-
tion on the Mental Health Scale, an indicator of depression. These results support the con-
clusion that the mental health of patients with AMD is at population levels and does not
vary with the extent of their AMD. Other factors, such as the rate of progression of visual
loss, the degree of disparity in visual functioning between the eyes, and the use of low-vi-
sion services, may play significant roles in how patients approach their visual disability. In
addition, vision-specific mental health issues such as perceptions about prognosis may also
have a significant impact, as discussed below.

Generic QOL instruments enhance the information gathered from vision-specific in-
struments by providing important contextual information on the general state of health and
by allowing comparison to other populations of individuals. Although very useful for a va-
riety of health outcome evaluation purposes, the SF-36 short-form health survey takes
10–12 min to complete and is too long for inclusion in large-scale measurement and mon-
itoring efforts. An abbreviated version of the SF-36, the SF-12, has been developed re-
cently (20). The average time to complete SF-12 questionnaire is less than 2 min. By using
a shorter, simpler battery of tests, significant study efficiency improvements and cost sav-
ings may be realized by achieving higher instrument completion rates and reducing time
spent by the respondent and interviewer during the survey.

While imposing less encumbrance on the respondents and interviewers administer-
ing the survey, the SF-12 was shown to produce the physical and mental component sum-
mary scores (PCS and MCS) of the SF-36 with considerable accuracy. A cohort of 836 pa-
tients with retinal diseases were evaluated by our research group comparing both the
36-item short-form scales and summary measures were replicated for the 12-item Physical
and Mental Component Summaries by Ware, et al. (20). Evaluation of a subset of 12 items
from the SF-36 Health Survey explained at least 90% of the variance in SF-36 physical and
mental health summary measures in patients with AMD. Results of this study suggest that
the shorter, more user-friendly SF-12 may play an increasing role in the measurement of
generic QOL assessments in ophthalmic studies in the future.

III. FUNCTIONAL OUTCOME ASSESSMENT

Functional outcome assessments are standardized vision-related QOL instruments de-
signed to measure the vision-specific limitations of patients. This approach recognizes a
middle ground between visual acuity and generic QOL instruments. On one hand, a generic
QOL instrument provides context about the mental and physical state of a group of patients,
but may not be sensitive enough to measure the impact of a specific visual disability. On
the other hand, visual acuity, although objective and easily understood and communicated,
provides only limited information about patients’ functional limitations. The example of
reading ability illustrates the limited information provided by Snellen visual acuity. While
high-contrast visual acuity is certainly an important factor that influences reading ability,
there is more to reading than resolving monochrome targets of stationary single letters un-
der conditions of maximum contrast at distance. Reading usually occurs under less ideal
conditions with smaller letters within a distracting background. These letters are presented
at near distance, in uneven lighting, and with less than 100% contrast. In addition to cen-
tral visual acuity, effective reading may involve a motion-dependent, low-contrast visual
channel involved in coordinating visual input with saccades (21). Reading ability has been
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shown to be predicted better by low-contrast visual acuity and by contrast sensitivity than
by high-contrast visual acuity (22,23). Therefore, in reading tasks, while central vision tests
under ideal conditions are important, other aspects of visual function are stronger predic-
tors of function. Understanding these factors may improve our understanding of how
patients view their limitations, not only in reading but in other visual functions.

Several instruments of visual functioning have been developed. Three of these tools,
the National Eye Institute Visual Function Questionnaire (NEI-VFQ), the Activities of
Daily Vision Scale (ADVS), and the Visual Function 14 (VF-14), have gained increasing
acceptance in the recent literature.

A. National Eye Institute Visual Function Questionnaire

The NEI-VFQ was designed as a comprehensive functional assessment tool, applicable to
a variety of sight-limiting diseases (24). It has been used in a number of patient groups in-
cluding individuals with glaucoma, cataract, diabetic retinopathy, cytomegalovirus retini-
tis, and AMD (10). The scale reports an overall score of visual functioning and separate
scores for 12 subscales, including near vision, distance vision, color, ocular pain, driving,
peripheral vision, and some broader measures such as general health and vision-specific ex-
pectations. The strength of the NEI-VFQ is that it was developed using focus groups of pa-
tients from a variety of ophthalmic diseases, therefore providing a theoretical basis for us-
ing the tool to compare across a variety of ocular conditions (24). A study of 108 patients
with AMD reported that the NEI-VFQ adequately represents visual functioning and can
discriminate visual disability from nonvisual disability. Additional evidence supporting the
validity of the NEI-VFQ was provided by the high correlations between the NEI-VFQ and
other scales of visual functioning including the VF-14 and the ADVS (10). Although the
NEI-VFQ shows promise as a valid measure of visual functioning in AMD patients, the 51-
item questionnaire may be too unwieldy for many outcome studies. Furthermore, the study
described above (10) involved patients with moderate or severe AMD and therefore cannot
attest to reliability or validity in patients with mild AMD. A more recently developed 25-
item version of the NEI-VFQ may prove to be a more useful outcomes research tool; how-
ever, reliability and validity analysis in a large sample of patients with a broad spectrum of
AMD severity has yet to be reported.

B. Activities of Daily Vision Scale

The ADVS consists of 21 multiple-choice items designed to assess visual functioning along
five subscales: night driving, daytime driving, distance vision activities that do not require
driving, near vision activities, and activities subject to glare (25). Although originally de-
veloped to assess visual functioning following cataract surgery (26), the instrument has
been validated for other visual diseases including glaucoma (27) and diabetic retinopathy
(28). The ADVS has been recently applied to the study of visual functioning in patients
with AMD (11). AMD severity was found to be associated with lower levels of reported vi-
sual functioning, particularly for near vision and driving activities. However, the correla-
tion between AMD severity and the ADVS disappeared after adjusting for visual acuity.
This may suggest that central acuity adequately captured patients’ reported level of visual
functioning. Alternatively, this lack of independent correlation between ADVS and AMD
severity may have been a result of the small number of patients with severe AMD or unique
features of the ADVS questionnaire or the AMD severity grading scale used in the study.
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C. The Visual Function 14

The VF-14 was developed by Steinberg et al. (29). It is an index of visual function that was
designed to assess patients undergoing cataract surgery (30–32). The focus of the VF-14 on
common activities of daily living has made it applicable to a range of ophthalmological pa-
tients, including corneal disease (33) and glaucoma patients (34). It has also been translated
for use in other languages (35). The succinct format of the VF-14 has made it a popular
choice owing to its ease of administration and high rate of patient compliance. Its use of a
single domain of vision as a “composite measure of functional disability attributable to vi-
sual impairment” (29) allows for a useful measure of a patient’s functional status and com-
parison among eye diseases. The VF-14 contains 14 questions about the degree of difficulty
that is experienced by patients because of their vision in performing vision-related daily
activities such as reading, seeing steps, and watching television.

In a previous article, the VF-14 was demonstrated to be a reliable, valid, and sensi-
tive measure of visual function in retinal patients (12). Individuals living with retinal dis-
ease were found to perceive significant functional limitations in their daily activities be-
cause of their visual function. As AMD is the leading cause of blindness in North American
patients over 50 (1–5), we investigated the potential utility of the VF-14 in assessing visual
function in 159 patients with this condition (14). In this study we sought to compare VF-14
scores with visual acuity, with the severity of macular pathology, and three patient global
self-assessment instruments. The global self-assessment questions required patients to rate
the degree of satisfaction with their vision, trouble with vision, and an overall rating of their
vision. The use of patient global self-assessment questions for this purpose has been
reported previously (29,35–37).

Table 4 illustrates the aspects of visual functioning that are assessed by the VF-14,
ranked in order of most difficulty reported by patients with AMD. Patients reported having
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Table 4 VF-14 Question Responses Ranked by Percentage Reporting Some Difficulty

Extent of difficulty (%)

Question Moderate Great Unable
(# applicable) None Little amount deal to do

Reading small print (157) 20 23 17 23 17
Doing fine handiwork (145) 30 26 15 15 15
Driving during the night (109) 30 25 15 7 23
Reading a newspaper or book (158) 30 19 16 22 13
Reading signs (158) 44 29 12 10 6
Writing checks/completing forms (153) 49 20 11 12 9
Watching television (156) 50 23 14 12 1
Seeing steps, stairs, curbs (156) 56 26 8 9 0
Reading large-print material (158) 60 15 12 8 6
Playing table games (131) 60 18 9 7 6
Driving during the day (119) 62 13 3 3 18
Cooking (145) 64 16 13 6 1
Sports involvement (96) 65 15 9 2 9
Recognizing people at close distances (156) 72 12 7 8 1

Source: Reprinted with permission from Assessment of vision-related function in patients with age-related
macular degeneration. Ophthalmology. In press.



the most difficulty with reading small print, doing fine handiwork, and night driving. Pa-
tients reported the least impairment with recognizing people at close distances, sports in-
volvement, and cooking. We assessed the validity of the VF-14 in patients with AMD by
using the patient global self-assessment questions. Since these scales most directly evalu-
ate subjective degree of impairment, they provide a useful tool in validation studies. In our
study we used three global self-assessment questions: patients’ reports of trouble with vi-
sion, satisfaction with their vision, and overall assessment of their vision on an analog scale
(see Table 5). The VF-14 was more highly related than visual acuity to the global self-as-
sessment questions in patients with AMD, and therefore more representative of the amount
of trouble and satisfaction patients have with their vision. These data contribute to the va-
lidity of the VF-14 as a valid measure of visual function in patients with AMD.

A second method of testing the usefulness of a questionnaire involves the determi-
nation of discriminant validity; that is, a construct should not correlate with dissimilar, un-
related variables. Therefore, it was hypothesized that the SF-36, a general QOL instrument
that includes functional status questions, would show a weaker correlation to the global
self-assessment scales and to visual acuity than would the VF-14 (a vision-specific instru-
ment). Second, it was hypothesized that the SF-36 would show a stronger correlation with
nonocular medical comorbidity (measured by the WCS) than would the VF-14. As shown
in Table 2, AMD patients demonstrated significant, but weak, correlations between the SF-
36 Physical Component Summary (PCS) and the global scales. Correlations between VF-
14 score and global scales, by contrast, were considerably stronger (Table 5). Conversely,
the correlation between the SF-36 PCS and the Weighted Comorbidity Scale was stronger
than the VF-14 correlation with the WCS. Therefore, the discriminant validity of the VF-
14 is supported by this study group, providing further strength for the utility of this instru-
ment in patients with AMD.
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Table 5 Correlations Between VF-14, Weighted Visual Acuity, Clinical Disease Severity,
Trouble with Vision, Satisfaction with Vision, and Overall Quality of Vision in Patients with
AMD (n � 159)

Trouble Weighted
VF-14 with Overall AMD WCS visual
score vision Satisfaction vision severity score acuity

VF-14/score
Trouble with vision 
0.67**
Satisfaction with 0.62** 
0.72**

vision
Overall quality of 0.67** 
0.74** 0.69**

vision
AMD severity 
0.49** 0.40** 
0.44** 
0.54**
WCS score 
0.08 0.19* 
0.17 
0.15 0.00
Weighted visual 
0.69** 0.51** 
0.50** 
0.56** 0.66** 0.03

acuity

WCS, Weighted comorbidity scale.
* p � 0.05.
** p � 0.01.
Source: Reprinted with permission from Assessment of vision-related function in patients with age-related
macular degeneration. Ophthalmology. In press.



The VF-14 was correlated with the SF-36 physical composite scale (PCS) but not
with the mental composite scale (MCS). This may indicate that one limitation of the VF-
14 is that it does not assess the mental aspects of health-related QOL in patients with AMD.
Indeed, focus groups used to develop the NEI-VFQ reported mood and mental health prob-
lems as the fourth most common type of problem associated with their condition, after read-
ing, driving in daytime, and seeing clearly (24). Furthermore, patients with AMD scored
significantly lower than controls on the NEI-VFQ vision-specific mental health subscale
(10). However, our data indicated no relationship between SF-36 mental health scores and
visual acuity or AMD severity. Furthermore, overall the MCS score distribution had a mean
of 50 and a standard deviation of 11, similar to general population norms. These data sug-
gest that the overall mental health of patients with AMD is at or near normal levels; how-
ever, these patients may experience vision-specific mental health problems, including is-
sues such as worry about future vision, embarrassment, and loss of control due to visual
loss. A comparison of VF-14 with the more detailed NEI-VFQ on the same population of
patients with AMD would be informative as to whether the NEI-VFQ is able to account for
a greater amount of variance in reported visual functioning. Other factors, for example, rate
of progression of visual loss, the degree of disparity in visual functioning between the eyes,
and the use of low-vision services, may also play significant roles in how patients approach
their visual disability.

The clinical severity of AMD was graded from patient charts on a seven-point scale
as shown in Table 6. A severity of one indicated mild AMD in one or both eyes, and a sever-
ity of seven indicated severe AMD in both eyes. As with visual acuity, VF-14 scores were
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Table 6 Scoring System for Rating AMD Severity

Exudative changes Nonexudative changes

E 0 Nonexudative changes NE 0 No dry changes
E 1 Drusen (small hard or large soft) NE 1 Crystalline drusen
E 2 RPE detachment NE 2 Early geographic atrophy (extra or juxtafoveal)
E 3 Occult CNVM NE 3 Late geographic atrophy (subfoveal)
E 4 CNVM (type I or II)
E 5 Diskiform scar
E 6 SRH (�3 disk diameters)
Unilateral rating for each eye
Mild E 0, E 1, NE 0, NE 1
Moderate E 2, E 3, or NE 2
Moderately severe E 4
Very severe E 5, E 6, or NE 3
AMD severity (bilateral: better eye/worse eye)
Grade 1 Mild/mild
Grade 2 Mild/moderate
Grade 3 Mild/moderately severe
Grade 4 Mild/very severe or moderate/moderate
Grade 5 Moderate/moderately severe
Grade 6 Moderately severe/moderately severe or moderate/very severe
Grade 7 Moderately severe/very severe or very severe/very severe

Source: Reprinted with permission from Assessment of vision-related function in patients with age-related
macular degeneration. Ophthalmology. In press.



significantly negatively correlated with the severity of AMD, indicating that reported vi-
sual functioning on the VF-14 decreased as clinical AMD severity increased. However,
clinical AMD severity was not a significant predictor of VF-14 score independently of vi-
sual acuity. These results were therefore similar to the study by Mangione et al. using the
ADVS (11) despite several differences in study methodology as follows. First, the patient
database in our group included a greater number of patients with moderate and severe
AMD. Second, Mangione et al. used the 21-item activities of daily vision scale (ADVS)
whereas our study employed the VF-14. Third, AMD severity was rated according to dif-
ferent criteria in the two studies. In the study by Mangione et al. the classification system
placed emphasis on differentiation between stages of nonexudative AMD. All changes of
exudative AMD were grouped into one category. In contrast, our classification system was
developed to highlight changes that occur in patients with exudative disease. These studies
together suggest that visual acuity captures a large proportion of the deficits in visual func-
tioning associated with AMD. However, as 54% of the variance in VF-14 scores was ac-
counted for in the linear regression, other factors not included in the current study account
for a significant proportion of reported visual functioning deficits.

In our study, AMD severity predicted VF-14 scores independently of visual acuity in
the worse eye in 51 patients with 20/20 vision in one eye. Thus, in patients with 20/20 vi-
sion in the better eye, the unilateral presence of AMD significantly impairs reported visual
functioning beyond what is accounted for by worse-eye vision. This impairment could be
related to the effect of the loss of binocularity, contrast sensitivity, or another component
of vision beyond acuity. A further possible explanation for the effect of unilateral AMD on
reported visual functioning may involve the experience of having AMD unilaterally. Worry
about the loss of vision in the better eye may play a role in how patients perceive their cur-
rent visual functioning. Another possible explanation of these data is that the difference in
vision between the two eyes, which is larger in patients with unilateral AMD, may be an
important factor in patients’ perceptions of their functioning. A recent study from Hart et
al. (38) lends support to the latter interpretation. They reported on a 22-item visual-func-
tioning questionnaire that was developed in Britain specifically for patients with AMD,
termed the Daily Living Tasks Dependent on Vision (DLTV). In their study, although vi-
sual acuity predicted a large proportion of visual functioning, the difference in vision
between the two eyes significantly contributed to the total variation in DLTV scores. In-
terestingly, the DLTV does not include questions about driving ability or sports participa-
tion, but does probe other activities, including enjoyment of scenery if out for a drive, pour-
ing a drink, and the ability to cut food on a plate. A comparison of the DLTV with
the VF-14 would identify whether such questions would further increase the validity of the
VF-14.

IV. SUMMARY

The validation of VRQOL instruments serves several purposes. First, comparisons can be
made between the level of functioning in patients with different eye diseases. For example,
patients with AMD have been recently reported to experience greater trouble with their
vision-related activities than patients with cataract for a given level of visual acuity (38).
With better understanding of the utility of VRQOL instruments in patients with AMD it is
hoped that more will be learned about the subjective changes in visual perception not ac-
counted for by Snellen acuity. As VRQOL instruments gain greater familiarity and accep-
tance they will likely play a larger role as outcome measures for randomized clinical trials.
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In particular with clinical trials that report “stabilization of visual acuity” as a primary
outcome measure, secondary measures such as VRQOL outcomes may help to determine
optimal treatment for patients with AMD.
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I. INTRODUCTION

A. Historical Review

Of the estimated 34.8 million people in the United States who were 65 years of age or older
in 2000, approximately 1.2 million had some form of visual impairment associated with
age-related macular degeneration (AMD). Approximately 200,000 of these will have ex-
perienced a rapid, devastating loss of vision due to choroidal neovascularization (CNV),
whereas the remaining 1.0 million may experience a slow, progressive retinal atrophy and
possibly a severe visual handicap (1). Most may have difficulty performing routine visual
tasks, such as driving, reading printed material, or recognizing the faces of their friends.

As the U.S. population continues to age, more and more persons will become visually
impaired from AMD—more, in fact, than from any other eye disease. In AMD with CNV,
decreased vision results from scarring in the macular region. The scarring is caused by the
ingrowth of abnormal blood vessels from the choriocapillaris through breaks in Bruch’s
membrane. Clinical research shows that laser treatment can reduce the risk of extensive
scarring in selected cases of “classic” or well-defined AMD. However, these effects last for
only 1–2 years in at least half of the patients treated because neovascularization recurs on
the foveal edge of the laser scar, with subsequent foveal scarring and severe visual loss (2).

Laser photocoagulation has not been shown to be effective in more than 75% of those
patients who are at risk of going blind from CNV. Many of these patients may develop
scarring caused by “occult” or “poorly defined” choroidal neovascularization that often
progresses to severe visual loss.

Because a large number of individuals have AMD complicated by CNV, effective
treatment of even 25% of all cases (2) can lead to significant savings to society and can de-
crease the number of people requiring Social Security and other disability payments (not to
mention the effects on patients’ dignity and independence), with savings far outweighing
the costs of clinical research, management, and treatment.



In the past, the National Eye Institute has funded investigator-initiated grants that
looked at such topics as the aging retina, cone photopigments, and the effect of light or
chemical factors on the integrity of the photoreceptor/retinal pigment epithelial complex.
The first randomized clinical research study that looked at the treatment of macular degen-
eration was the Macular Photocoagulation Study (MPS).

1. The Macular Photocoagulation Study (MPS)
The MPS Group published its first reports in 1982. The studies evaluated the usefulness of
laser photocoagulation in the treatment of macular degeneration. These studies showed that
laser treatment reduced the risk of severe visual loss in eyes with extrafoveal choroidal neo-
vascular membranes secondary to macular degeneration [confluent laser treatment for
well-defined, classic, choroidal neovascularization in which the posterior edge of the
neovascularization was at least 1 mm from the foveal center (2)]. Subsequent studies eval-
uating photocoagulation for presumed ocular histoplasmosis (3) and idiopathic neovascu-
larization (4) came to the same conclusion: the photocoagulation effectively treated
extrafoveal membranes.

However, long-term follow-up revealed that extrafoveal choroidal neovasculariza-
tion recurred in a high proportion of the patients. These findings were corroborated by in-
vestigators in other countries. It appeared that nearly 75% of these recurrences occurred
within the first year. This led investigators to hope that if no recurrence occurred in the first
year, the possibility of new neovascularization was low (5).

In the past 18 years, the search for a more long-lasting cure for macular degeneration
with choroidal neovascularization has led to many different approaches. Treatments stud-
ied have included photodynamic therapy, submacular surgery, external-beam radiation,
medications such as interferon and thalidomide, and various oral supplements that are be-
lieved to be preventive. At present, a number of randomized clinical research trials are
looking at various therapies for macular degeneration. Basic scientists are working hand in
hand with clinicians to find a cure for this blinding disease.

B. Clinical Relevance

Prior to the (MPS) Macular Photocoagulation Study, there was no proven treatment for
AMD with CNV. The use of low-vision aids and mobility training were recommended but
little could be done other than observe the natural history of AMD with CNV. The MPS
showed that laser photocoagulation of AMD with CNV prevented the most severe types of
vision loss, compared to no treatment. The study was also important as a natural-history
study of macular degeneration (2). Since the 1980s this randomized controlled clinical trial
has served as a benchmark for AMD research, against which other treatment trials can be
measured.

II. CLINICAL RESEARCH METHODOLOGY

The path a new idea takes from the patient’s problem to the basic research laboratory to the
clinical research center and ultimately back to the treatment of the patient in the clinical set-
ting is extensive and expensive. The final research question can be answered and practice
guidelines established, but the cost in time commitment and dollars is great.

The pathway from the patient and back again to the patient starts when the ophthal-
mologist sees a patient with a disease that either has no cure or would benefit from an im-
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proved treatment. Case-series studies, in which an investigator has noted some interesting
or intriguing observation, frequently lead to the generation of a hypothesis that will subse-
quently be investigated. The ophthalmologist then teams up with the basic scientist to ad-
dress this problem. Together, they design appropriate laboratory research to address the
question. Results from these basic science studies lead to preliminary clinical investiga-
tions of a possible new diagnostic technique, a treatment, or a drug. A small group of care-
fully selected patients participate in a pilot study to study the safety of these new treatments.
If successful, such a pilot study generates a single-center clinical trial to further evaluate
the safety and efficacy of the treatments.

Subsequently a full-scale, multicenter, randomized clinical research trial is initiated
to recruit enough patients to prove the safety and the efficacy of the new procedure, oper-
ation, test, or drug. These new approaches are tested for their effects on the quality of life
of patients with the initial disease.

The randomized clinical research trial is the gold standard, or reference, in medicine
as it provides the greatest justification for concluding causality and is subject to the least
number of problems or biases. Clinical trials are the best type of study to use when the ob-
jective is to establish efficacy of a treatment or a procedure. Clinical trials in which patients
are randomly assigned to different treatments are the strongest design of all.

These innovative approaches to clinical practice are then taught to other ophthalmol-
ogists through continuing medical education courses, publications in peer review journals,
and presentations at national and international scientific meetings. Finally, the new tech-
niques, medications, or test materials are available to all patients under standard practice
guidelines for diagnosis and treatment for disease.

This path from clinical problem to clinical cure, from an idea in the clinic to the re-
search laboratory, and finally back to the patient in the clinic is difficult, challenging, and
expensive. Yet the future of maintaining healthy eyes and vision for all of us depends on
the success of this vision research process.

A. Design of a Clinical Research Trial

The initial step in determining whether a research proposal would fulfill all the ethical and
investigational guidelines necessary to protect human subjects involved in a clinical re-
search trial is to go through a formal decision-making process. After all the data from pre-
vious observational, basic laboratory (in vitro and animal studies), case report studies,
Phase I, and Phase II studies have been analyzed, a protocol is established under which the
trial will be conducted. A manual of procedures is developed outlining every detail of the
research study so that every participant in the study is aware of the protocol detail and is
able to follow this protocol without deviation, maintaining the standardization of testing
and of any other procedure. These steps are as follows.

1. The Rationale
The ophthalmologist will team up with a basic science researcher or will work in his/her
own laboratory to design a series of experiments that may address a specific problem. The
results of these experiments, done again and again and replicated in other laboratories, may
suggest an intervention or therapy that would be tested on some laboratory animal under
the strict guidelines of a research laboratory. The results would be the basis for a limited
trial on a small group of carefully selected patients. If these patients reacted well to the ther-
apy, the next phase would be a single-clinical-center study, a pilot study, of patients with a
specific disease.
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This is the initial stage of the research trial. All the data from prior studies are then
analyzed along with any new information, and the rationale for conducting this particular
study is outlined. The objectives of the study, the safety and efficacy of the treatment, and
the experimental plan, including the design, are then detailed.

2. The Protocol
The protocol for the study will include:

Background of the disease to be studied and the results of all previous related
research, both basic science and clinical; all information to support the
justification of this research project and the impact it will have on the
population in general and the population with this specific disease entity;
the expected benefits to be obtained from the study.

Subject selection criteria with the inclusion and exclusion criteria with justification
for both. Justification for or against inclusion/exclusion of vulnerable subjects.

Discussion of the appropriateness of the research methods and statistical
justification for the chosen sample size with the statistical method of analysis
explained.

Provisions for managing any adverse reaction.
Detailed description of the procedures to be performed with the frequency of these

procedures outlined and the time commitment of the patient explained.

3. The Informed Consent
Before any research trial that includes human subjects can be instituted, an Institutional Re-
view Board (IRB) must approve all the components of the trial. The responsibility of an
IRB is to establish the requirements and procedures for requests for the performance
of human research, development, demonstration, or other activities involving patients
or patient products, outside the scope of established and accepted methods. The IRB
monitors approved research in accordance with the requirements of the Office of Protec-
tion from Research Risks (OPRR) and the regulations of the Food and Drug Administra-
tion (FDA), National Institutes of Health (NIH) and Department of Health and Human
Services (DHHS). The IRB uses a group process to review research protocols and
related material, e.g., informed consent documents and investigator brochures, to ensure
the following:

Risks to human subjects are minimized by using procedures that are consistent with
sound research design and that do not unnecessarily expose subjects to risk.
Whenever appropriate, such procedures already will have been performed on
subjects for diagnostic or therapeutic purposes.

Risks to subjects are reasonable in relation to the anticipated benefits (if any) to the
subjects and the importance of the knowledge that may be expected from the
result.

The selection of the subjects is equitable; i.e., the study subjects are of both genders
and from different racial/ethnic groups, and no age limitations exist other than
those associated with a disease entity.

Informed consent will be sought from each prospective subject or the subject’s
legally authorized representative and will be documented in accordance with
and to the extent required by informed consent regulations.
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Where appropriate, the research plan makes adequate provision for monitoring the
data collected to ensure the safety of subjects.

Adequate provisions are in place to protect the privacy of the subjects and to
maintain confidentiality of the data.

Appropriate additional safeguards have been included in the study to protect the
rights and welfare of subjects who are members of a vulnerable group.

The IRB has the authority to disapprove, modify, or approve studies based on con-
sideration of human subject protection aspects. It also has the authority to suspend or ter-
minate a study, to place restrictions on a study, and to require progress reports and oversee,
the conduct of the study.

The informed consent the patient will sign before entering into a clinical research
trial will also include the length of the patient’s participation, the alternatives
to this treatment modality, the risks involved in this trial, and a statement
allowing the patients to withdraw from the trial at any time without
consequence.

4. The Manual of Procedures
The manual of procedures for the clinical research study is divided into several sections.
Each section covers in detail a different component of the study.

The background of the research design.
Directory of personnel/committees
The research plan

1. Objectives
2. Treatment groups: control versus treatment
3. Outcome variables
4. Eligibility and exclusion criteria
5. Randomization
6. Statistical consideration

Examination descriptions and schedules

1. Screening evaluation
2. Baseline visits
3. Follow-up visits
4. Study visit windows
5. Missed visit and inactive patient considerations

Examination procedures

1. List of examination procedures
2. Equipment and facilities
3. Refraction protocol
4. Visual acuity protocol
5. Intraocular pressure protocol
6. Ophthalmic examination protocol
7. Other testing protocols as appropriate for a particular trial

Ancillary testing protocols

1. Performance
2. Labeling/processing
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Surgical protocols

1. Description of the surgical procedures/laser procedures
2. Description of the postoperative medications to be used

Certification of personnel

1. Detailed description of the performance required for each role in the trial
2. Performance evaluation methods
3. Certification procedures
4. Importance of standardization

Data collection

1. Patient identification/name codes
2. Case report forms
3. Mailing instructions
4. Procedures for tracing patients
5. Reports on adverse events
6. Edit queries
7. Monitoring visits/data collection corroboration

Data safety and monitoring

1. Functions of the committee
2. Frequency of meeting
3. Endpoints

Statistics

1. Detail of the statistical methods used
2. Justification of the patient sample size chosen
3. Randomization process and justification

B. Settings for Research Trials

Advancing medical knowledge—through screening, surgery, and pharmaceutical interven-
tion—has prolonged the life of many people with disabling chronic disease conditions and
increased the number of survivors of traumatic injury. At the present, 13% of the popula-
tion is over the age of 65; by the year 2040, this number will have grown to 23% of the pop-
ulation (7). By 2040, 70 million people will have some form of activity limitation, whether
mental, physical, or visual, that will require intervention from the health care systems in
some form. Research into the most effective care for persons with chronic disease, includ-
ing eye disorders in particular, and efforts at prevention will be at the forefront of future
clinical research. The projected cost of health care in the year 2040 is $906 billion, a huge
percentage of the GNP of the United States and the highest of the entire world’s developed
countries (7).

With such huge expenditures anticipated for health care, and in response to contin-
ued pressure by government regulatory agencies to drive down costs, evaluation of cost in
conducting research is suggested. Researchers must include cost research objectives, such
as costs associated with screening programs, alternative treatments and procedures, use of
new technology, and implementation of new regulatory measures associated with programs
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and trials. The results obtained from including cost analysis in research help health care
decision makers weigh the costs and consequences of competing treatment alternatives.
Cost information provides additional data that can supplement clinical judgment when
making therapeutic choices. Therefore, clinicians and researchers at major academic insti-
tutions need to focus on advancing the care and prevention of eye disease. Efforts should
be based on rigorous clinical methods, i.e., randomized controlled clinical trials and anal-
ysis of economic and humanistic outcomes. With research of this nature, the results can
be applied directly to the patient, where they will accomplish the greatest good. This is es-
pecially true when these outcomes may mean the difference between sight and blindness,
and when they impact on the outcome measures of quality of life and, ultimately, life
expectancy.

C. Limitation of Randomized Clinical Trials

The cost of developing the necessary infrastructure to support the scientific and clinical ac-
tivities involved in conducting major national and international clinical research makes it
prohibitive except for large academic ophthalmology centers.

Most major academic ophthalmology centers involved in clinical and basic science
research are referral centers for patients with complicated disease who have not responded
to standard therapy or who have a disease with no known cure. This population would com-
prise the carefully selected patients who could be enrolled in a clinical research trial to ad-
dress the safety and efficacy of a new treatment approach. However, because of the nature
of this population, i.e., those with severe disease as well as those with rare and complicated
disease, the numbers of patients who would be eligible to enter a clinical research trial
would be limited, making recruitment difficult. This places a potential for selection bias on
these clinical research studies, such that when the studies are completed, they may not
translate to the population in general.

On the other hand, a more common disease entity, such as macular degeneration,
with its potential for marked vision loss if untreated, offers access to more subjects for in-
clusion in a clinical trial. These patients are seen routinely in the private-practice ophthal-
mologist’s office and may now be involved in limited clinical research. The disadvantage
to academic institutions that have invested in the development of an infrastructure to rig-
orously support all basic and clinical research is that they no longer have access to this large
patient population. The disadvantage to the patient may be that the strict protocol that is the
hallmark of academic institutional research may not be adhered to so rigorously in a com-
munity where that infrastructure is not present.

Another limitation is access to the underserved—those people who have no access
to health care providers, because of either lack of insurance or distance from those same
providers. These patients are likely to postpone needed care until their conditions have
escalated in severity. This group would have no representation in the clinical research
arena; the subsequent lack of diversity in the research population may result in
possible bias.

The tremendous increases in new technology have not been accompanied by changes
in the evaluation of new approaches. As a result, new approaches become established
that may harm many patients, and researchers may have difficulty obtaining approval to
perform properly designed clinical trials from the human subjects committees that oversee
the ethics of research because of the presumed standard of practice that is present in
the field.
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III. RESEARCH STAFF AND DOCUMENTATION

The goal of all clinical research is to provide information that will help the practitioner treat
his or her patients more effectively. The clinical trial provides the best means to quantify
and compare objectively the benefits and risks of new or alternative treatments for disease,
especially when the difference between a new or old treatment is not clear or when a large
number of factors may influence the course of the disease or the outcomes of the treatment
(6). To ensure that the treatment groups are compared objectively, standardized methods of
gathering data, training and certifying the personnel who collect the data, and treating pa-
tients either surgically or pharmaceutically are imperative. Continuous monitoring of ad-
herence to protocol, accumulating data in a uniform way, and recertifying personnel on a
frequent basis will eliminate any concerns of bias or ambiguity when the data are presented.
All data accumulated on a case report form, the form that is submitted to a central data col-
lection agency, must be documented in the patient file and these two documents must be
reconciled at all times. All clinical research studies are monitored at regular intervals to en-
sure that all information is recorded on all the legal documents and that no data are miss-
ing or unsubstantiated. The success of all clinical research is totally dependent on this
accurate and standardized collection of data and strict adherence to the protocols (8).

IV. SUMMARY

MPS was the first clinical study to look at macular degeneration The aging population
numbers 34.8 million with 1.2 million having some form of visual impairment.

Clinical research is the best means to quantify and objectively compare the benefits
and risks of new or alternative treatments for disease or injury especially when:

1. The difference between a new or old treatment is not clear.
2. The disease naturally follows a chronic, variable, and erratic course.
3. A large number of factors, known or unknown, may influence both the course

of the disease and the outcome of the treatment.

A well-designed and well-conducted randomized clinical trial incorporates the
following:

1. High ethical standards—of paramount importance are patient welfare, informed
consent, adherence to protocol, and careful data monitoring.

2. Control groups that match treatment groups.
3. Random assignment of patients to both study and control groups when

comparability of results among groups is essential.
4. Masking to minimize bias of both the examiner and the patient, if possible.
5. Enrollment of an adequate number of patients enrolled in the trial for the results

to be statistically significant.
6. Completeness of patient follow-up.
7. Use of statistical methods for data analysis.
8. Continuous monitoring of adherence to protocol and accumulation of data by

the Data Safety Monitoring Committee (DSMC), the study Advisory
Committee, the Executive Committee, and the Steering Committee to ensure the
safety of the subjects involved in the trial (8).
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PED with CNV
treatment of, 151

PEDF, 271–272
Pericyte, 6
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Retinal pigment epithelium (RPE),
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non-subfoveal, 285
patient selection, 278
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recommendations, 212–213
visual outcomes, 211–212
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(TIMP), 7
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mechanism of action, 319
toxicity, 320
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methods, 263

VEGF,
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anti-VEGF therapy, 270
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Visual loss,
psychosocial aspects, 407–419
visual rehabilitation, 416–417

Vitamins, 103
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