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Abstract: Geographic atrophy (GA) of the retinal pigment epithelium (RPE) is a devastating 

complication of age-related macular degeneration (AMD). GA may be classified as drusen-

related (drusen-associated GA) or neovascularization-related (neovascular-associated GA). 

Drusen-related GA remains a large public health concern due to the burden of blindness it 

produces, but pathophysiology of the condition is obscure and there are no proven treatment 

options. Genotyping, cell biology, and clinical imaging point to upregulation of parainflamma-

tory pathways, oxidative stress, and choroidal sclerosis as contributors, among other factors. 

Onset and monitoring of progression is accomplished through clinical imaging instrumentation 

such as optical coherence tomography, photography, and autofluorescence, which are the tools 

most helpful in determining end points for clinical trials at present. A number of treatment 

approaches with diverse targets are in development at this time, some of which are in human 

clinical trials. Neovascular-associated GA is a consequence of RPE loss after development 

of neovascular AMD. The neovascular process leads to a plethora of cellular stresses such as 

ischemia, inflammation, and dramatic changes in cell environment that further taxes RPE cells 

already dysfunctional from drusen-associated changes. GA may therefore develop secondary to 

the neovascular process de novo or preexisting drusen-associated GA may continue to worsen 

with the development of neovascular AMD. Neovascular-associated GA is a prominent cause of 

continued vision loss in patients with otherwise successfully treated neovascular AMD. Clearly, 

treatment with vascular endothelial growth factor (VEGF) inhibitors early in the course of the 

neovascular disease is of great clinical benefit. However, there is a rationale and some suggestive 

evidence that anti-VEGF agents themselves could be toxic to RPE and enhance neovascular-

associated GA. The increasing prevalence of legal blindness from this condition due to the aging 

of the general population lends urgency to the search for a therapy to ameliorate GA.

Keywords: age-related macular degeneration, geographic atrophy, fundus autofluorescence, 

optical coherence tomography, clinical trials

Background
The global societal burden of age-related macular degeneration (AMD) is huge due to 

the disabling vision loss that may ensue. A meta-analysis of the global prevalence of any 

stage of AMD among 129,664 individuals was 8.69% among those aged 45–85 years.1 

Projections of the global prevalence of AMD in 2020 are as high as 196 million. AMD 

may be classified as early, intermediate, or late based upon features identified by 

examination or color photographs of the macula.2,3 Late AMD, consisting of geographic 

atrophy (GA) and neovascular AMD forms, had a prevalence of 0.37% rising to 0.5% 

among European populations. In the Beaver Dam Eye Study, 42% of subjects with 
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GA were legally blind (visual acuity [VA] #20/200 in the 

worst eye).4 Patients with good acuity frequently have severe 

visual dysfunction from development of scotomas (blind 

spots) that interfere with visual tasks out of proportion to 

performance on standard VA testing.5 Among populations in 

the US6 and UK,7,8 the proportion of individuals with GA and 

neovascular AMD is about equal among late AMD patients. 

While the incidence of neovascular AMD is higher, GA 

occurs more commonly in individuals over 85 years of age. 

There is no exclusivity between GA and neovascular AMD, 

and both forms of the disease may develop in the same eye. 

The risk factors for development of one form or the other 

are not readily distinguishable, and the precise mechanisms 

driving the course of an individual eye toward GA versus 

neovascular AMD remain to be elucidated. Current think-

ing is that both late manifestations are initiated by common 

pathways that culminate in stress and damage to the retinal 

pigment epithelium (RPE), Bruch’s membrane, and choroid, 

and can result in either RPE degeneration or choroidal neo-

vascularization with subsequent RPE atrophy. With aging, 

gradual and cumulative damage to the retina occurs through 

various factors, including oxidative stress, parainflammatory 

dysregulation, and vascular sclerosis. Impairment of normal 

physiologic function of the RPE cells, including the constant 

degradation of lipid-rich outer photoreceptor discs, can lead 

to formation of intracellular (lipofuscin) and extracellular 

(drusen) deposition of toxic debris. Interestingly, while use 

of nutritional supplements significantly slowed the overall 

development to late AMD among participants in the Age-

Related Eye Disease Study (AREDS), this appeared to be 

primarily observed due to prevention of development of 

neovascular AMD with no significant effect on incidence 

of GA.9,10

GA refers to the clinical appearance of nearly complete 

loss of the RPE cells under the retina, often with a sharp 

demarcation between relatively healthy RPE and the region 

denuded of these cells (hence the term “geographic”) as 

observed on a color photograph. The term was originally 

applied by Gass11 to the late manifestation of AMD where 

one or more circumscribed areas of atrophy develop, slowly 

enlarge and coalesce over time with eventual involvement of 

the fovea. Atrophy of the RPE may also be subcategorized 

as drusen-associated and neovascularization-associated.12,13 

Drusen-associated GA arises from the AMD process in which 

RPE cell dropout develops but neovascularization does not 

occur. In contrast, in neovascularization-associated atrophy, 

the RPE loss is at least in part related to cellular damage 

related to the fibrovascular proliferation that occurs in this 

type of AMD. Neovascular-associated RPE atrophy has also 

been called GA in the past because in many cases of neo-

vascular atrophy the clinical appearance can be identical to 

drusen-associated GA. However, herein we use the terminol-

ogy neovascular-associated RPE atrophy to avoid confusion. 

In the past, neovascular-associated atrophy has not been a 

prominent topic of clinical interest, but has become more so 

as development of agents that abort the neovascularization 

process (anti-vascular endothelial growth factor [VEGF] 

agents) result in eyes that no longer have ongoing bleeding 

and fluid leakage but suffer from a gradual loss of RPE cells 

resulting in further vision loss.

Drusen-associated GA
Drusen-associated GA can result in severe irreversible central 

vision loss due to the formation of dense scotomas resulting 

in deficits in reading and many other visual tasks common 

in daily life.14,15 The decline in vision may be minor in early 

stages if the fovea is spared, but later becomes severe with 

central involvement. Often, the GA will begin with one or 

more regions of RPE dropout that are near but not in the 

fovea (Figure 1). Patients with GA, even in late stages, may 

maintain good central vision over some time, but visual 

dysfunction is underestimated until the disease progres-

sion involves the central fovea and there is acuity loss. 

The peripheral spread is typically faster than toward the 

center for unknown reasons.16 There is loss of measurable 

retinal sensitivity in regions of GA,17 and patients may 

notice paracentral scotomas development.15,18,19 Expansion 

of the atrophic regions inevitably occurs, sometimes with 

multiple regions merging together and eventually invading 

the fovea (Figure 2). VA as measured on eye charts does not 

correlate well with GA lesions or progression, prompting the 

development of alternative end points for clinical research 

to test therapeutic agents.

Genetic risk factors
AMD is a complex and multifaceted disease involving con-

tributions from both genetic and environmental influences. 

AMD may be classified as early, intermediate, or late based 

upon features identified by examination or color photographs 

of the macula.2 The late AMD phenotypes are time-dependent 

variables because they develop from intermediate stages. 

Therefore, age-matched control populations must be care-

fully selected for genotypic comparison. Previous work 

exploring the genetic contributions of AMD has implicated 

numerous genomic regions and a variety of candidate genes 

as modulators of AMD susceptibility. Common variants 
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explain approximately 50%–70% of the heritability of 

AMD. Single nucleotide polymorphisms of genes involved 

in the complement activation cascade have consistently 

been implicated in AMD pathogenesis with CFH, C3, CFB, 

and C2 the most prominent.20–22 There is less association for 

the involvement of pathways related to extracellular matrix 

remodeling and lipid metabolism. For most AMD-associated 

risk loci, the true causative risk variants as well as the 

affected genes are unknown.23 Mechanisms other than those 

related to common single nucleotide polymorphisms found 

with genomic studies, such as rare variants, copy number 

variations, epigenetics, and mitochondrial inheritance may 

contribute to the missing heritability. These factors are rela-

tively unexplored and difficult to study.

Some groups have sought genetic polymorphisms that 

particularly predispose individuals to drusen-associated 

GA versus neovascular AMD. The common susceptibility 

loci found in many studies are general risk factors for both 

subtypes. Using AREDS data, the homozygosity of allelic 

polymorphism LOC387715/ARMS2/HTRA1 genotype had 

a nominal association with GA progression.21 A subsequent 

study pooling participants in the AREDS with the Fundus 

Figure 1 Right eye of patient with drusen-associated GA imaged by color photograph (A), fundus autofluorescence (B), infrared reflectance (C), and OCT (D).
Notes: On color photography, sharp demarcation between regions of RPe loss and intact RPe is seen (blue arrows). within the regions of GA, the large choroidal vessels are 
seen. (A) An area of relative foveal sparing, manifest as somewhat intact RPe, can be seen (yellow arrow). (B) Autofluorescence shows the peripheral margins of GA in high 
contrast from bright to black areas (blue arrows). The area of subfoveal RPe sparing is not well seen due to overlying retina luteal pigments blocking the blue excitation light 
(yellow arrow). Peripheral to the GA is an irregular mottled appearance of abnormal autofluorescence. (C) The infrared image also shows regions of GA with good contrast.  
(D) The OCT scan shows drusen in an area of intact RPe (yellow arrow), absence of the RPe in an area of GA (orange arrow), and a demarcation seen near the fovea where 
the intact RPe line ends at the margin of GA (blue arrow). The OCT B-scan corresponds to the horizontal green line of the infrared image (C).
Abbreviations: GA, geographic atrophy; RPe, retinal pigment epithelium; OCT, optical coherence tomography.
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Study, a multicenter study conducted in Germany, confirmed 

this association with what is now known as the ARMS2_

rs10490924 risk allele and also indicated an independent 

association with C3_rs2230199.24 A small case-control study 

suggested that some CFH alleles appeared to be associated 

with GA and that CFB-32Gln might be associated with a 

more aggressive GA phenotype.25 Overall, there has been 

little discriminatory value thus far for genotypic risk factors 

specific to GA manifestations.

Pathophysiology
Most known risk alleles are related to factors that affect 

regulation of the alternative complement pathway. The exact 

mechanism by which the alternative complement pathway 

causes AMD is still unknown. Histopathological studies of 

AMD patients identify complement inhibitors, component 

C3, and component C5 within drusen.26,27 Factor H is 

anchored to Bruch’s membrane by heparan sulfate gly-

cosaminoglycans, which decline by ~50% with aging.28 

A model has been proposed where aging leads to decreased 

anchoring of complement inhibitors to Bruch’s membrane, 

causing localized complement activation. Complement acti-

vation leads to drusen formation, release of proinflammatory 

anaphylatoxins such as C3a and C5a, and membrane attack 

complex-driven tissue destruction. Based upon histopatho-

logical studies, a model has been advanced where localized 

inflammation and death of the RPE causes GA, while loss 

of choriocapillaris stimulates RPE ischemia, VEGF pro-

duction, and choroidal neovascularization.29 GA has been 

associated with activation of cells endogenous to the retina, 

such as microglia cells, Muller cells, and RPE cells. In the 

choroid, a wide spectrum of leukocytes are resident along 

with pericapillary macrophages, giant cells, and mast cells.30 

Figure 2 The same eye as shown in Figure 1 after 1 year.
Notes: The color image (A) shows slight increase in the margins and enlargement of the total area of GA. Autofluorescence imaging (B) also illustrates how the earlier GA 
regions have enlarged and begun to coalesce. The infrared image (C) likewise provides a good definition of the outer margins of the GA, whereas the area under the fovea is 
encroached upon by progressive atrophy. The OCT (D) shows that the margin of GA has advanced slightly toward the fovea compared to 1 year previously (blue arrow).
Abbreviations: GA, geographic atrophy; OCT, optical coherence tomography.
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Drusen, which largely consist of lipoprotein particles and  

RPE cell remnants, also consist of a number of inflammatory 

proteins, including apolipoprotein E, coagulation proteins, 

acute phase proteins, immunoglobulin G, complement com-

ponents, and complement activators all of which promote 

a toxic milieu.31,32 Studies have also examined the role of 

DICER1 deficiency and its role in development of GA.22 

In patients with GA, DICER1 levels are greatly reduced, 

and this leads to accumulation of a toxic double-stranded 

RNA called Alu in the RPE. With regards to models of 

exudative AMD, inhibition of complement components 

C3, C5, or Factor B reduces choroidal neovascularization 

in the laser-induced mouse model.33–35 However, there are 

no good animal models to test the role of complement in 

GA formation.

Ocular risk factors
The pathology of AMD is characterized by thinning of the 

photoreceptor layer of the retina, variable atrophy and other 

changes of the RPE, thickening of Bruch’s membrane, drusen 

formation, and decreased density of the choriocapillaris layer. 

There is considerable phenotypic variability of the disease, 

related no doubt to the diverse genotypic contributions, stage 

of the disease, and environmental influences. In most cases of 

drusen-associated GA, there is a gradual fading or collapse 

of large drusen with overlying loss of pigmentation of the 

RPE as well as pigment migration into the neuroretina.12,13,29 

This intraretinal pigment is likely from RPE cells dissociated 

from Bruch’s membrane.36,37 There is gradual thinning of the 

photoreceptor layers, manifesting first as shortening of the 

outer segments, followed eventually by cell death and sub-

sequent thinning of the outer nuclear layer of the retina.13,38 

Finally, loss of the RPE occurs which, congruent with pho-

toreceptor layer atrophy, may lead to the appearance of the 

outer plexiform layer against Bruch’s membrane. Detailed 

pathological examination shows that the choriocapillary ves-

sels become thinner and the layer becomes less dense along 

with atrophy of the neuroretinal tissue and RPE. The photo-

receptors, RPE, Bruch’s membrane, and choriocapillaris have 

together been described as a functionally integrated complex 

with a “mutualistic symbiotic relationship”.29 These layers 

are so interdependent anatomically and functionally that 

there can be no damage to one layer without corresponding 

dysfunction and disruption of the other layers. Consequently, 

there may be no primary insult leading to atrophy but rather a 

concerted deterioration affecting the entire complex. There is 

discussion as to the relative contributions of choriocapillary 

and choroidal sclerosis, Bruch’s membrane thickening 

by basal linear deposits, drusen formation/basal laminar 

deposits, subretinal drusenoid material, and dysfunction of 

the photoreceptor outer segments.

Clinically and by color fundus photography, the develop-

ment of GA mirrors the appearance of the lesions pathologically. 

The photographic definition of GA is at least two out of three of 

the following characteristics: sharp demarcation, round or ovoid 

shape, visibility of the choroidal vessels (Figure 1). Typically, 

large confluent drusen eventually develop overlying pigment 

clumping with fading of the drusen, accompanying loss of RPE 

pigment to eventually produce a region of pigment loss with 

relatively sharp margins, revealing the underlying choroidal 

vessels.39–41 In the AREDS, the time from drusen confluence 

to GA averaged 5.9 years, and the time from development of 

hyperpigmentation was 2.5 years.39 The prediction of develop-

ment of GA is much greater based upon local ocular features, 

such as drusen area, hypopigmentation of the RPE, and pigment 

clumps rather than genetic and demographic risk factors.20 

Quantification of AMD fundus photographic features has been 

proposed by the AREDS group based upon risk of progression 

to late AMD outcome.42 This scale is based upon reading center 

grading of fundus photographs as a research tool and is far too 

detailed for clinical use, but does appear to have predictive 

value in other research populations.43 The risk of progression 

to central GA over 5 years ranges from 12% to 20% among 

eyes with drusen area more than half disc area (1.27 mm2) and 

depigmentation more than questionably present.42 Progression 

from noncentral to central GA occurs in 45% of eyes over 

5 years. An alternate, highly simplified version for use by 

clinicians has also been developed by the AREDS group44 and 

appears to have good utility and demonstrates predictive value 

in other study populations.43 A feature not taken into account 

by the AREDS scales is the presence of what has been variably 

called reticular pseudodrusen and subretinal drusenoid deposits. 

These have the appearance of drusen-like dots and ribbons that 

may coalesce into a continuous sheet. There is evidence that 

subretinal drusenoid deposits, which differ from typical drusen 

in that their location is between the RPE and photoreceptor 

layers, may have a strong association with development of late 

AMD, particularly with GA.45–47 A spatiotemporal relationship 

between these deposit and GA has been suggested, which also 

suggests that these deposits may typify at least one pathway that 

leads to GA. A two-compartment model whereby these depos-

its are related to disturbed outer segment lipid homeostasis 

has been proposed.36 Subretinal drusenoid deposits have also 

been suggested to be a marker for choroidal and choriocapil-

lary atrophy and may be related to the vascular component of 

degenerative changes associated with GA.45
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Origin of the autofluorescence signal
An important observation associated with development 

of GA is the variation in the autofluorescence associated 

with the accumulation of lipofuscin with age.48 The natural 

autofluorescence of the fundus that is excited by 488–535 nm 

light has spectral features and an age-relationship that indi-

cates a principle origin from the fluorescent pigments that 

accumulate in RPE cells as lipofuscin.49,50 Lipofuscin is 

produced in the membranes of photoreceptor outer segments 

from nonenzymatic reactions of vitamin A aldehyde which 

is transferred to RPE cells within phagocytosed outer segment 

disks and becomes deposited in the lysosomal compartment 

of the cells as compound A2E and related compounds. 

Fundus autofluorescence (FAF) naturally increases with 

age, although subjects vary widely in terms of intensities. 

Lipofuscin is an amalgam of lipoprotein compounds that 

are related to the accumulation of unreduced retinoids, 

primarily A2E, which produce reactive oxygen species 

through photoactivation that can then react with and inacti-

vate cellular constituents. These reactions lead to the forma-

tion of advanced glycation end products that in turn incite 

inflammatory processes. Because advanced glycation end 

products are detected in drusen, they reflect a link between 

lipofuscin and the formation of drusen. Photooxidation of 

A2E stimulates complement activation, which fits with 

the genotypic risk factors of genes coding for proteins that 

regulate the complement cascade.49

On clinical imaging, it can be observed that eyes with GA 

usually have alterations of autofluorescence around them, par-

ticularly with blue light excitation (Figure 1). It has also been 

noted that certain patterns of autofluorescence abnormality 

have some predictive value for the development of GA.51 This 

variation in the autofluorescence signal is probably related to 

disorganization of the RPE with degenerative processes.52

Clinical imaging assessment of GA
Unlike in neovascular AMD where vision loss tends to be 

rapid, drusen-associated GA more often presents with gradual 

decline in visual function. Patients may harbor enlarging 

GA lesions for years before VA is affected. Usually, severe 

VA loss does not occur until development of central GA.13 

GA progression has long been noted to be highly variable 

between individuals and to have a poor association with VA. 

In many patients, the GA tends to skirt around the fovea 

with some preferential sparing of central acuity until late 

in the disease. Fixation often becomes unsteady as atrophy 

approaches the center such that there may be an island of func-

tional RPE bordered completely by atrophy, thus leaving the 

patients with a ring-shaped scotoma. Morphologic changes 

occur relatively slowly, and use of VA as an end point may 

require years for changes to manifest (Figures 1 and 2). 

Other visual function tests may be early markers for risk of 

GA or GA progression. Dark adaptation, microperimetry, 

and visual function questionnaires have been advanced as 

potential end points for clinical prognostication and clinical 

trials, but these tests rely on subjective patient responses, 

engender considerable data variability and may be difficult 

to standardize. Therefore, alternative end points have been 

considered for clinical trials. These include decreasing the 

rate of progression of GA area enlargement, which would 

seem to be a clinically meaningful therapeutic response 

that has the potential to delay or prevent severe VA loss.53 

Other potential anatomic end points might be prevention 

of worsening of intermediate AMD pre-GA and decrease 

in volume and area of macular drusen.54 The US Food and 

Drug Administration has recently accepted the anatomic end 

point of GA enlargement rate as a main outcome parameter 

in clinical trials for new therapies.55

Detection and measurement of GA area can be achieved 

through a number of imaging modalities, including color 

fundus photography, fluorescein angiography, scanning 

laser ophthalmoscopy (SLO)-based infrared fundus imag-

ing, SLO- or camera-based autofluorescence, and optical 

coherence tomography (OCT). There are advantages and 

disadvantages of each modality, but the most accurate and 

reproducible reading center grading likely results from using 

more than one imaging type.

Color fundus photography
Evolution from fundoscopic clinical examination to fun-

dus imaging using film-based stereoscopic color images 

set the stage to develop standardized methods to measure 

the atrophic lesion.56,57 Fundus photography facilitated 

multiple studies to understand the prevalence of GA and 

the phenotypic risk factors for development and progres-

sion of GA.3,14,58–60 While photographic documentation was 

a major leap from clinical documentation, measurement 

of the atrophic patch in film-based images was still labor 

intensive, using grids and transparency based projection 

methods.

High-resolution digital fundus imaging in early 2000 

resulted in validation studies to transition to the new 

technology.61,62 Digital images were easier to acquire and 

share and were amenable to a number of image analysis tools 

including calibrated measurement tools and planimetry.63,64 

Registration of images has been employed to better understand 
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the natural history of events leading to the  development of 

GA.39 The pathway of drusen regression, pigment clumping, 

and hypopigmentation has been shown to lead to precede GA. 

Although digital fundus photography is an efficient way to 

document clinical interpretation, there are a few difficulties 

in measurements based on color photographs. Image quality 

is dependent on having clear media which can be challenging 

in elderly patients with lens opacities. In addition, lightly 

pigmented fundus, prominent choroidal vessels, and over-

lying drusen can affect measurements. Foveal involvement 

is also difficult to ascertain. Despite this, the intergrader 

agreement for measurement of GA from color photographs 

has been high.63

FAF
FAF is an imaging method based on topographic map-

ping of lipofuscin at the level of the RPE.65 Low-intensity 

autofluorescence in areas of GA led to keen interest in 

developing this modality for imaging atrophic lesions.65–67 

The measurements and enlargement rates of GA have been 

comparable between color photographs and FAF images. 

The confocal imaging systems used for acquiring autofluo-

rescence images reduce the autofluorescence emitted from 

structures anterior to the retina and focus on the single RPE 

plane. This provides high-contrast monochromatic images 

that can be adapted for automated image analysis.68–70 

Autofluorescence images provide additional insight into 

phenotypic markers for progression. As noted, increased 

autofluorescence surrounding the area of GA has been sug-

gested to be a risk factor for progression.71–73 The increased 

autofluorescence, sometimes known as “halo”, has been 

attributed to accumulation of lipofuscin and may precede 

the development of outer retinal atrophy. The distinct pat-

terns of autofluorescence seen surrounding the atrophic area 

have also raised interest in potential biomarkers.74,75 There 

has been significant difference in progression rates of GA 

between eyes with no pattern or focal pattern as compared 

with eyes with a “diffuse” or “banded pattern”. The luteal 

pigment at the macula absorbs short wavelength light used 

in SLO systems resulting in a dark fovea. Foveal involve-

ment is difficult to assess and requires complementary 

images such as near infrared reflectance, color photographs, 

or OCT for confirmation (Figures 1 and 2).

In contrast to SLO systems, the fundus camera-based 

autofluorescence systems detect signal from all tissue levels. 

These systems also use green light, which allows better visu-

alization of lesion delineation from the fovea.76 Modifications 

in the systems using filters have improved the image quality 

for evaluating retinal changes.77,78 Quantitative assessment 

of GA has been similar between the fundus camera and SLO 

based systems.78,79

Spectral domain optical coherence 
tomography
Spectral domain optical coherence tomography (SDOCT) 

imaging has become the standard imaging modality for vari-

ous retinal diseases over the last decade. Its role in imaging 

of GA has evolved over the last few years to understand the 

cellular level changes occurring in eyes with GA. The early 

findings preceding development of GA on SDOCT have been 

described from longitudinal analysis of eyes with intermedi-

ate AMD.80 Hypopigmentation is manifested by increased 

transmission of the reflected OCT signal beneath the RPE 

layer. Overlying pigment clumping may be demonstrated 

by hyperreflective clumps that have migrated from the RPE 

layer into the outer retina. Typically, there is thinning of the 

outer nuclear layer coincident with loss of the ellipsoid por-

tion of photoreceptor inner segment and the external limiting 

membrane. An outward bowing of the outer plexiform layer 

and the inner nuclear layer occurs. These details may or may 

not correlate with distinct GA on color photographs, and have 

been labeled “nascent GA”.80 In fully developed GA, there 

may be absence of the outer retinal layers and RPE such 

that the outer plexiform layer appears to be in contact with 

Bruch’s membrane. SDOCT has also been widely employed 

to evaluate the cellular level changes occurring at the junc-

tion zone of GA, such as outer plexiform layer, external 

limiting membrane, and the ellipsoid zone thinning.81 Outer 

retinal disruption has been shown to precede development 

of atrophy defined as loss of RPE and increased choroidal 

hyperreflectivity.82 Other changes in the outer retina such as 

splitting of RPE and Bruch’s membrane complex correlate 

with autofluorescence patterns and have been associated 

with faster growth rates.83,84 Additional interesting changes 

such as outer retinal tubules and hyporeflective wedges in 

eyes with GA have unknown significance at this time.85,86,87 

SDOCT imaging in GA is most useful for accurately and 

reproducibly identifying foveal involvement (Figure 2).88 

Improvement in the resolution of SDOCT will help under-

stand the perilesional cellular level dynamic changes that 

occur in eyes with GA.

Infrared imaging is another modality that is available as 

a complementary image to SDOCT and autofluorescence 

images. GA measurements from SDOCT are comparable to 

autofluorescence images and are useful for identifying foveal 

sparing. Slab analysis of SDOCT volume scans, whereby the 
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reflectivity signal within a specific layer or stratum of the 

retina is imaged, allows en face imaging of custom retinal 

thickness has led to development of automated measurement 

of GA lesion size from SDOCT images.89

Autofluorescence imaging has become the gold standard 

for measurement of GA. Quantitative autofluorescence is an 

emerging field where index of retinal autofluorescence can be 

measured over time as a prognostic factor.90 Nascent GA is 

a novel terminology to consolidate phenotypic features from 

autofluorescence and SDOCT imaging that will help identify 

eyes at high risk of developing GA.91 Research is underway 

to develop modalities that will improve visualization and 

further our understanding of the growth dynamics of GA, 

such as polarization-sensitive OCT and adaptive optics.92–94 

Multimodal imaging brings together the advantages of vari-

ous modalities available and is the pathway to quantitative 

and qualitative assessment of GA.

Enlargement of GA area with time
Most patients with drusen-associated GA develop small 

parafoveal patches as the earliest manifestation of the 

condition. At these loci, the lesions are preceded by exten-

sive confluent drusen or a drusenoid pigment epithelial 

detachment with pigmentary abnormalities and/or refractile 

drusen. As noted, the presence of subretinal drusenoid depos-

its (reticular pseudodrusen) and abnormal autofluorescence 

signals are additional risk factors. Approximately 15%–20% 

of cases begin with subfoveal involvement,40,60 and some 

patients develop GA without notable precursor lesions. 

Of those without central involvement at first detection, the 

median time to foveal atrophy is approximately 2 years.60 

Risk factors for continued GA expansion include hyperauto-

fluorescence of the junctional zone surrounding regions of 

GA,72,73,95,96 the number of foci of GA and shape configuration 

of the GA regions,97 and the total perimeter of RPE at risk 

surrounding areas of GA.98 There appears to be no additional 

risk conferred by smoking or body mass index.60

Longitudinal studies show wide variability in the growth 

rates of GA lesions between individuals, although the growth 

rates of lesions in patients with bilateral involvement tend 

to be similar between eyes of the same individual.53 In the 

Beaver Dam Eye Study, the mean enlargement of area of 

GA was 6.4 mm2 over 5 years. In the AREDS, patients with 

GA had growth of 1.78 mm2 per year over 5 years,99 but 

growth was greater in larger lesions compared to smaller 

ones, as has been noted in other studies.55,100 Growth rates of 

1.52 mm2/yr,75 2.2 mm2/yr,97 and 1.61 mm2/yr100 have been 

reported from other cohort studies. By using the en face OCT 

projection image, estimated GA growth rate was 1.2 mm2 in 

a relatively small cohort.101

The AREDS Research Group supported a linear model 

of GA growth over a quadratic model, in agreement with 

a prior study.102 However, adjustment for the differential 

growth rate by baseline area could be an additional source 

of variability in clinical trial analysis. A square root transfor-

mation of baseline GA area appears to ameliorate the effect 

of baseline area on GA progression, which could simplify 

clinical trial enrollment and analysis.103 Additionally, a clas-

sification based on the extent to which GA lesions in an eye 

depart from circularity based upon measurement of area and 

total perimeter of the junctional zone shows association with 

growth rates by providing a measure of the relative border of 

RPE at risk for further dropout at the margins of GA.98

Anti-VEGF therapy and neovascular- 
associated RPE atrophy
The neovascular AMD process may also lead to well-defined 

regions of RPE loss that meet the clinical and photo-

graphic criteria of GA, but are noted in this manuscript as 

neovascular-associated RPE atrophy for clarity (Figure 3).13 

This phenomenon appears over years of treatment or with 

Figure 3 An eye with neovascularization-associated RPe atrophy at the baseline (A) 
and 30 months after anti-veGF treatment (B).
Notes: With resolution of subretinal fluid, fibrin, and thin fibrovascular material at 
the baseline, the eye has developed marked RPe loss in the central macula.
Abbreviations: RPe, retinal pigment epithelium; veGF, vascular endothelial growth 
factor.
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natural involution of neovascularization. Contributions to 

loss of RPE cells in this setting include acceleration of the 

processes seen in drusen-associated GA with choroidal 

vascular compromise, photoreceptor atrophy, and proin-

flammatory activation. Separation of the RPE from the 

choriocapillaris by fibrovascular material is likely to be a 

cell stressor, but the presence of a fibrovascular pigment 

epithelial detachment does not necessarily indicate incipi-

ent atrophy. Neovascular-associated atrophy is likely to be 

a result of nonspecific insult from the exudative process 

that accumulates over years of the disease and is perhaps 

additive to the nonexudative AMD disease process itself. 

Anti-VEGF treatment itself has been proposed to accelerate 

RPE atrophy due to off-target effects through inhibiting the 

natural constitutive maintenance effects of VEGF on vascular 

and neuronal health.104–106

The development of neovascular-associated atrophy is 

clinically important because it is associated with poorer visual 

outcome, as noted in 2-year follow-up of subjects enrolled 

in the pivotal AMD trials of ranibizumab.107 In a subsequent 

cross-sectional follow-up study of a cohort drawn from 

patients enrolled in ranibizumab treatment trials beginning 

7 or 8 years previously, atrophy was nearly ubiquitous 

(98% of subjects).108 A multivariate regression analysis that 

included retina thickness, presence of fluid, and presence of 

fibrosis yielded only area of RPE atrophy as the significant 

determinant of visual outcome. Between 2 and 7 years of 

follow-up, every patient had enlargement of neovascular-

associated atrophy lesions over time.

The Comparison of Age-Related Macular Degeneration 

Treatment Trial Research Group reanalyzed their data at 

2 years looking at both the risk of new RPE atrophic lesions 

in patients with no atrophy at baseline109 and the growth of 

atrophy lesions in patients with preexisting GA.110 In patients 

with no GA at baseline, ranibizumab treatment was associated 

with fewer new neovascular-associated atrophy lesions than 

bevacizumab. Additionally, the monthly dosing group corre-

lated with more new atrophic lesions than the PRN group that 

received fewer total injections over time109 further suggesting 

a dose–response effect. These data led to the hypotheses 

that ranibizumab may cause more neovascular-associated 

atrophic lesions than bevacizumab due to its greater effects 

on resolving fluid, which in some way led to more atrophy. 

Other possibilities include its smaller antibody size than beva-

cizumab, penetrating deeper into the outer retina, RPE, and 

choriocapillaris, and causing relatively increased toxicity. 

However, in the analysis of atrophy growth rate in patients 

with preexisting GA lesions, neither the  dosing regimen 

nor the presence of intraretinal or subretinal fluid correlates 

with GA growth rate.110 Ranibizumab does continue to be 

associated with greater GA growth rates than bevacizumab 

treatment.110

Another study retrospectively assessing development of 

neovascular-associated atrophy in patients with no GA at 

baseline who were treated with anti-VEGF treatment and 

followed for a mean of 5 years showed development of RPE 

loss exclusively within the region previously occupied by the 

neovascular lesions.111 Eyes with GA at baseline had increase 

in their total GA area, as would be expected, with the areas 

developing at the site of the neovascular lesion merging with 

preexisting GA and enlarging over time. Eyes with dense 

macular hemorrhage may be predisposed to neovascular-

associated atrophy. Given that participants in trials of anti-

VEGF treatment for retinal venous occlusion and diabetic 

macular edema are not noted to develop RPE atrophy as an 

adverse event, anti-VEGF treatment by itself does not appear 

to be a risk for GA in eyes without AMD. The question as 

to whether anti-VEGF accelerates neovascular-associated 

atrophy development requires additional clarification, which 

may be forthcoming from other clinical trials of anti-VEGF 

treatments.

Clinical trials and investigational 
therapies for GA
Opposed to anti-VEGF therapy for exudative AMD, there 

are currently no approved treatments for GA. Current 

clinical trials are investigating remedies for GA through 

multiple modalities, including complement and inflamma-

tion, the visual cycle, neuroprotection, and cell replacement 

therapy.

Treatments targeting complement and 
inflammation
Lampalizumab is a humanized mouse anti-Factor D antibody, 

designed to inhibit the rate limiting step in the alternative 

complement pathway.112 In preclinical trials, Factor D defi-

cient mice demonstrate reduced photoreceptor apoptosis 

and electroretinogram (ERG) preservation after exposure to 

constant light.113 In Phase Ia dose escalation studies, no ocular 

adverse events were reportable to intravitreal lampalizumab 

injection, and systemic complement was also unaffected.112 

The scientific rationale and safety of the Phase Ia trial led to 

a Phase II trial (MAHALO) to investigate the role of lam-

palizumab in GA. At the 31st American Society for Retinal 

Specialists, the unpublished results of the MAHALO study 

were presented, demonstrating a 20% reduction in GA growth 
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rate at 18 months with monthly intravitreal lampalizumab 

injections.114 In a subgroup analysis of patients with the 

complement factor I biomarker, the effect size increased to 

a 44% reduction in GA growth rate.115 These results sparked 

dual Phase III multicenter, randomized, double-masked, 

sham injection controlled studies called Chroma and Spectri. 

In 2015, lampalizumab is the potential therapy for GA 

farthest in clinical development.

Eculizumab is a humanized mouse anti-C5 antibody that 

is already approved for the treatment of paroxysmal nocturnal 

hemoglobinuria and atypical hemolytic uremic syndrome. 

Eculizumab prevents C5 convertase from cleaving C5 into 

C5a and C5b, decreasing anaphylatoxin release, terminal 

complement activation, and membrane attack complex. The 

COMPLETE study randomized 30 patients to high-dose 

intravenous eculizumab versus low dose versus placebo 

for 6 months.116 Eculizumab has no effect upon GA size or 

growth rate at 6 or 12 months despite adequate drug dosing 

and complement inhibition.116 Possible shortcomings of the 

study include small sample size, inhibition of the terminal 

rather than the alternative complement pathway, and lack of 

genetic testing to determine whether patients had susceptibil-

ity single nucleotide polymorphisms in complement genes.

Sirolimus (also called rapamycin) is an inhibitor of the 

mammalian target of rapamycin, a pleiotropic protein kinase 

involved in cellular growth, proliferation, survival, and 

metabolism. Sirolimus is used clinically as an antirejection 

medication in organ transplantation because of its ability 

to suppress T-cell and B-cell proliferation and antibody 

production.117 Additionally, in a mouse of model of RPE 

degeneration and photoreceptor apoptosis caused by inhibi-

tion of oxidative metabolism, sirolimus treatment prevented 

RPE degeneration, photoreceptor loss, and improves ERG 

findings.118 Based upon its anti-inflammatory properties and 

its ability to improve RPE function, sirolimus was investigated 

as a potential treatment for GA. In a small Phase II trial with 

eleven patients, subconjunctival administration of sirolimus 

every 3 months for 24 months of therapy shows no effect upon 

VA, GA size, or GA growth.117 The lack of effect was hypoth-

esized to be due to poor bioavailability of subconjunctival 

sirolimus to the posterior segment. A second Phase II trial 

investigated intravitreal injection of sirolimus every 2 months 

for 24 months in six patients with bilateral GA. Unfortunately, 

intravitreal sirolimus demonstrated no effect upon VA, GA 

size, or GA growth using this dosing and delivery.119

The visual cycle
A major component of lipofuscin is the retinoid A2E, a 

byproduct of the visual cycle, which is formed when all-trans 

retinoic acid sequentially condenses with phosphatidyle-

thanolamine.120 Accumulation of lipofuscin and A2E has 

multiple deleterious effects upon RPE function including 

impaired lysosomal degradation, generation of reactive 

oxygen species, induction of proapoptotic proteins, and 

complement activation.121,122 Based upon these findings and 

the observation that the edges of GA lesions show increased 

FAF from presumed A2E accumulation,67 it was hypoth-

esized that reducing A2E accumulation could treat GA. There 

are currently two drugs being investigated to modulate the 

visual cycle and decrease A2E formation: fenretinide and 

ACU-4429 (or emixustat hydrochloride).

Fenretinide is a synthetic vitamin A derivative, which 

binds retinol-binding protein (RBP), causing excretion of the 

fenretinide-RBP complex in urine.121 In normal physiology, 

RBP binds vitamin A in the serum, delivering vitamin A 

to extrahepatic tissues like the eye. Depletion of RBP by 

fenretinide reduces vitamin A levels in the eye and slows 

the visual cycle. In preclinical trials, fenretinide treatment 

of Abca4 null mice, a genetic model of Stargardt’s disease, 

causes reduced lipofuscin and A2E accumulation.123 Based 

upon the known safety profile of fenretinide and history of 

its usage in humans for treatment of rheumatoid arthritis and 

psoriasis, a Phase II clinical trial tested the role of fenretinide 

in GA progression. This study was a randomized, placebo-

controlled, double-blinded trial that investigated 246 patients 

over a 2-year follow-up period.121 In the overall comparison 

of fenretinide versus placebo, fenretinide shows no effect 

upon VA, GA size, or GA growth. In a subgroup analysis 

of patients achieving RBP concentrations less than 2 mg/dL, 

fenretinide treatment is weakly associated (P=0.1848, N=21) 

toward a decreased growth rate of GA lesions. However, 

patients in the high-dose fenretinide group had more ocular 

adverse events related to delayed dark adaptation and were 

more likely to withdraw from the study. In 2015, no Phase III 

trials were underway.

ACU-4429 (or emixustat hydrochloride) is an inhibitor 

of the RPE65 enzyme. RPE65 is an isomerase, specifically 

expressed in the RPE and regenerates 11-cis-retinol from 

all-trans-retinol.124 By inhibiting 11-cis-retinol regenera-

tion, ACU-4429 slows the visual cycle and is hypothesized 

to reduce A2E and lipofuscin accumulation, similar to 

fenretinide. Two Phase I studies have been conducted and 

published, showing slowed rod visual cycling on ERG analy-

sis without an effect upon cones.124,125 Adverse effects were 

related to delayed dark adaptation, similar to fenretinide, and 

included nyctalopia, dyschromatopsia, blurred vision, and 

photophobia. Phase IIb/III trials are being conducted and are 

expected to be completed in July 2016 (NCT01802866).
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Neuroprotection
Vision loss from GA occurs due to death of photoreceptors. 

A logical treatment is the prevention of photoreceptor apopto-

sis. Current studies are investigating differing mechanisms of 

neuroprotection including antioxidants, regulation of amyloid 

signaling, and modulation of prosurvival growth factors.

The retina and RPE are highly metabolically active tissues 

under constant exposure to light. The generation of reac-

tive oxygen species leads to lipid peroxidation and cellular 

damage, which are hypothesized to cause photoreceptor 

and RPE apoptosis. In preclinical studies, OT-551 prevents 

photoreceptor loss and restores ERG amplitudes in a rat 

model of light-induced retinal degeneration.126 These results 

led to a Phase II clinical trial that enrolled ten patients with 

bilateral GA.127 OT-551 was administered topically three 

times daily for 2 years to one study eye. OT-551 did not 

influence microperimetry, GA size or growth, or total drusen 

area in this trial. These results are consistent with AREDS 

report #35, showing no effect of antioxidant vitamin supple-

mentation on the development of central GA.128

In addition to complement components, histopathological 

studies of patients with AMD find amyloid β present in 

drusen.129 Furthermore, amyloid β colocalizes with activated 

complement components,129 implicating amyloid β as a 

potential complement activator and driver of local inflam-

mation. In a mouse model of dry AMD, the mouse Apoe4 

gene was replaced by the human APOE4 allele linked to 

AMD. When fed a high fat and high cholesterol diet, these 

mice demonstrate drusen deposition that contain amyloid β 

and activated complement, causing diminished ERG 

responses.130 When these mice are treated with an antibody 

targeting amyloid β40 and β42 proteins, these phenotypes 

are abrogated.130 These preclinical trials have led to two 

completed Phase I trials that are unpublished and a Phase II 

efficacy study to determine whether intravenous adminis-

tration of this humanized monoclonal antibody targeting 

amyloid β can affect GA growth.115

Brimonidine is an α2-adrenergic agonist commonly used 

in the treatment of ocular hypertension and glaucoma. In 

addition to its ocular antihypertensive effects, brimonidine 

diminishes retinal ganglion cell death in models of optic 

nerve crush, ocular hypertension, retinal ischemia, and 

phototoxicity.115,131 This neuronal antiapoptotic effect occurs 

through upregulation of prosurvival factors like fibroblast 

growth factor, activation of the prosurvival Akt pathway, 

and inhibition of apoptosis.132,133 These effects led to the 

hypothesis that an intravitreal sustained release brimonidine 

implant could protect photoreceptors from apoptosis in 

patients with GA. A Phase I/II safety and efficacy study is 

completed (NCT00658619) and results are available on the 

clinicaltrials.gov website. A trend toward decreased GA size 

was present and was found to be dose dependent at every 

time point except month 3.134 In early 2015, these data were 

unpublished and more sophisticated analysis unavailable.

Ciliary neurotrophic factor (CNTF) is a neuroprotective 

factor that slows photoreceptor loss in multiple models of 

retinal degeneration.135 In the form of an encapsulated cell 

technology (ECT) implant, CNTF can decrease photoreceptor 

apoptosis in mouse and dog models of retinitis pigmentosa.136 

These results led to a Phase I safety trial, demonstrating 

that the ECT implant delivering CNTF was safe in patients 

with retinitis pigmentosa.137 In a Phase II efficacy study, 

51 patients were randomized to sham, low-dose, and high-

dose ECT implant surgery and followed for 12 months.138 The 

results show no change in GA size or GA growth. Interest-

ingly, analysis of macular volume by OCT demonstrates that 

CNTF treatment increases outer nuclear layer thickness.138 

In terms of a trial to reduce GA, this study was considered a 

negative result. However, this technology has the potential for 

the delivery of other prosurvival factors, anti-inflammatory 

factors, or antiangiogenic agents for patients with AMD.

Cell replacement therapy
Human embryonic stem cells hold great promise as cell 

replacement therapy for lost photoreceptor and RPE cells in 

GA lesions. There are many safety concerns, however, in the 

use of stem cell therapy in the treatment of human disease. 

These issues include cross-species antigenic contamination 

from animal proteins, Escherichia coli-derived proteins, 

and viral vectors that are used in the directed differentiation 

of human embryonic stem cells.139 Additionally, genetic 

techniques for directed and efficient differentiation could 

cause insertional mutagenesis, potentially leading to tumor 

formation. And finally, dedifferentiation of embryonic stem 

cells could lead to teratoma formation.

Human embryonic stem cells can differentiate into 

RPE cells (hES-RPE) spontaneously with 1% efficiency.139 

Although inefficient, spontaneous differentiation without 

specific growth factors or transgenes, abrogates the concern 

of cross-species antigenicity, insertional mutagenesis, or 

viral antigen-triggered inflammation. The Royal College of 

Surgeons (RCS) rat is an animal model of RPE degeneration 

with loss of outer segment phagocytosis, leading to photore-

ceptor apoptosis. Subretinal injections of hES-RPE in RCS 

rats improve ERG responses and decreases photoreceptor 

loss without causing abnormal proliferation of RPE cells 

or teratoma formation.140 These cells have been recently 

transplanted into patients with Stargardt’s macular dystrophy 
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and patients with dry AMD.141 During pars plana vitrectomy, 

hES-RPE cells were injected into the subretinal space at tran-

sition zones between viable RPE and areas of GA. Pigmented 

cells are visible overlying Bruch’s membrane at the border 

of the healthy RPE and GA lesions; these areas increase in 

size and become more dense over time. In patients with dry 

AMD, VA improved by .10 ETDRS letters in 6/9 patients, 

with no decline in VA in any patient. On the National Eye 

Institute Visual Function Questionnaire, patient’s scores 

improved in areas of mental health, general vision, peripheral 

vision, near activities, and distance activities. No evidence 

for cellular rejection, ectopic tissue proliferation, or tera-

toma formation was found. Complications were related to 

vitrectomy, including cataract progression and one case of 

endophthalmitis.142

Conclusion
Atrophy of the RPE with late AMD, whether from the 

atrophic or neovascular forms, is a highly prevalent cause of 

severe vision loss worldwide. Precursor ocular characteristics 

provide some clues as to underlying etiology, and emerging 

genotypic risk factors and the study of the cell biology of 

AMD provide others, but in 2015, there are no proven treat-

ments for this condition. A number of pharmacotherapeutic 

targets are promising, and clinical trials are in various stages 

of development and execution. Finding new treatments to 

prevent or delay the development of GA has clear public 

health import.
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