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Abstract
Background Geographic atrophy (GA) is an advanced, irreversible, and progressive form of age-related macular degenera-
tion (AMD). Structural optical coherence tomography (OCT) and OCT angiography (OCTA) have been largely used to 
characterize this stage of AMD and, more importantly, to define biomarkers associated with the development and progres-
sion of GA in AMD.
Methods Articles pertaining to OCT and OCTA biomarkers related to the development and progression of GA with relevant 
key words were used to search in PubMed, Researchgate, and Google Scholar. The articles were selected based on their 
relevance, reliability, publication year, published journal, and accessibility.
Results Previous reports have highlighted various OCT and OCTA biomarkers linked to the onset and advancement of GA. 
These biomarkers encompass characteristics such as the size, volume, and subtype of drusen, the presence of hyperreflective 
foci, basal laminar deposits, incomplete retinal pigment epithelium and outer retinal atrophy (iRORA), persistent choroidal 
hypertransmission defects, and the existence of subretinal drusenoid deposits (also referred to as reticular pseudodrusen). 
Moreover, biomarkers associated with the progression of GA include thinning of the outer retina, photoreceptor degradation, 
the distance between retinal pigment epithelium and Bruch’s membrane, and choriocapillaris loss.
Conclusion The advent of novel treatment strategies for GA underscores the heightened need for prompt diagnosis and 
precise monitoring of individuals with this condition. The utilization of structural OCT and OCTA becomes essential for 
identifying distinct biomarkers associated with the initiation and progression of GA.
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Introduction

Geographic atrophy (GA), along with macular neovasculariza-
tion (MNV), represents the late stage of age-related macular 
degeneration (AMD), the leading cause of legal blindness 
among the elderly worldwide [1]. In the United States, GA 
affects approximately 1 million people, with 160,000 new 
cases annually. The average age of affected people is 79 years, 
and the cases are expected to increase in the coming years due 
to the aging population [2]. Gass first described GA in 1970 as 
"geographic areas of atrophy in the setting of senile macular 
choroidal degeneration" [3]. However, it was not until 1995 
that the International Age-Related Maculopathy Epidemio-
logical Study Group defined the disease and categorized the 
associated lesions [4].

GA is an advanced, irreversible, and progressive form of 
AMD, characterized by a gradual loss of retinal pigment epi-
thelium (RPE) cells that results in the formation of macular 
atrophic lesions. These lesions have well-defined borders and 
can be seen as contiguous areas of reduced or absent pigmen-
tation on color fundus photography (CFP). Within GA regions, 
the neuroretinal layers are thinner, the underlying choroid is 
attenuated or atrophied, and the choroidal vessels become 
more apparent due to the degeneration of the overlying RPE 
[5].

In the early stages of GA, central vision is often preserved. 
However, as the disease progresses at an approximate rate of 
1.79 mm [2] per year, there is a significant decline in visual 
acuity and reading performance, especially once the fovea 
becomes involved [6–9].

Complement-inhibition therapies have recently been 
approved by the FDA to help reduce vision loss associated 
with GA [10]. Although these therapies can slow GA enlarge-
ment, they cannot stop disease progression or reverse the 
vision loss that has already occurred. As such, it is crucial to 
promptly identify GA patients who would benefit the most 
from the treatment. Similarly, there is an urgent need to select 
intermediate AMD (iAMD) patients with a higher risk of GA 
development for their inclusion in forthcoming interventional 
studies. Therefore, it appears of great interest to define risk 
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factors associated with the progression from iAMD to GA and 
the subsequent GA enlargement.

This review aims to emphasize the most crucial biomark-
ers associated with the onset (i.e., from the early/intermediate 
AMD stage) and growth of GA. The focus is on enhancing 
the comprehension of critical optical coherence tomography 
(OCT) and OCT angiography (OCTA) findings that require 
sustained attention.

Retinal imaging in geographic atrophy

Traditionally, CFP has been considered the gold standard 
imaging technique for the diagnosis and follow-up of GA, 
while fundus autofluorescence (FAF) has gained promi-
nence due to its high-contrast images. However, FAF is 
not without limitations as this imaging modality may be 
challenging to acquire, has limited availability in clinics, 
and may cause discomfort for patients during examina-
tion. More importantly, blue FAF has limitations in the 
assessment of the foveal region, and borders may be poorly 
defined due to residual autofluorescent debris present 
within the atrophy bed [11–13].

Therefore, structural OCT has emerged as the preferred 
imaging method for patients with AMD. This imaging 
technique is widely utilized across various clinical set-
tings, facilitating its application in the management of 
AMD, a prevalent disease. Additionally, OCT enables 
the capture of high-definition cross-sectional images of 
the macula, allowing for detailed quantitative analysis of 
each retinal layer's involvement and loss. Moreover, OCT 
possesses the ability to detect atrophic processes in their 
early stages, often before they become clinically apparent 
through other imaging methods. Lastly, unlike alternative 
imaging modalities (i.e., blue FAF), OCT excels in assess-
ing the foveal region and can easily identify the presence 
of RPE atrophy in this crucial area.

Assuming the importance of OCT in identifying and 
characterizing GA and the necessity for standardized 
terminology across trials and clinical practices, the Clas-
sification of Atrophy Meetings (CAM) program in 2017 
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Fig. 1  Examples of the OCT-
based findings associated with 
atrophy in AMD as defined by 
the Classification of Atrophy 
Meetings (CAM) program [5]. 
Using structural OCT, the fol-
lowing characteristics may be 
identified: complete RPE and 
outer retinal atrophy (cRORA – 
top row), incomplete RPE and 
outer retinal atrophy (iRORA 
– top-middle row), complete 
outer retinal atrophy (cORA 
– bottom-middle row), and 
incomplete outer retinal atrophy 
(iORA – bottom row). These 
findings are highlighted using 
yellow arrowheads
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established consensus terminology and OCT-based criteria 
for defining atrophy in AMD contexts [5]. In detail, the 
following terms were introduced (Fig. 1):

– Complete RPE and outer retinal atrophy (cRORA): this 
OCT sign is defined by a region of hypertransmission of 
at least 250 μm in diameter, and a zone of attenuation 
or disruption of the RPE of at least 250 μm in diameter, 
and evidence of overlying photoreceptor degeneration, 
all occurring in the absence of signs of an RPE tear.

– Incomplete RPE and outer retinal atrophy (iRORA): this 
OCT feature is characterized by a region of signal hyper-
transmission into the choroid with a corresponding zone 
of attenuation or disruption of the RPE, and evidence of 
overlying photoreceptor degeneration. These OCT find-
ings are typically smaller than 250 μm in iRORA.

– Complete outer retinal atrophy (cORA): is an area iden-
tified on OCT imaging by the absence of the EZ and 
the interdigitation zone (IZ), significant thinning of the 
outer retina and intermittent choroidal hypertransmis-
sion, in the context of an intact RPE band.

– Incomplete outer retinal atrophy (iORA): is defined on 
OCT by the presence of a zone of continuous ELM and 
detectable but interrupted EZ in the setting of noticeable 
thinning of the outer retina with no choroidal hypertrans-
mission and an intact RPE band.

It is worth noting that according to CAM, the term 
cRORA includes both forms of atrophy associated with or 
without MNV. However, only the latter subset is specifically 
termed geographic atrophy [5].

Recently, OCT angiography (OCTA) has also been intro-
duced into the study of GA due to the ease of visualization 
of the choriocapillaris (CC) as this appears to play a key 
role in the pathogenesis of the disease [14–25]. In particu-
lar, the impairment of CC blood flow is associated with the 
rate of GA progression: indeed, it has been shown that the 
density of CC vessels is most reduced along the margins of 
the lesion [26–31].

Risk factors for the development of GA

Drusen

Drusen, which consist of extracellular accumulations of 
debris including lipids, carbohydrates, zinc, and proteins, 
typically accumulate between the RPE’s basal lamina and 
Bruch's membrane and represent the hallmark of AMD 
since its early stages [32]. When employing structural OCT 
in early/intermediate AMD patients, it becomes crucial to 
measure the volume of drusen and evaluate the imaging bio-
markers that depict the structure of these drusen (Fig. 2). 

Fig. 2  Structural OCT images from a patient with intermediate AMD 
developing GA. Baseline and 6-month follow-up structural OCT 
images revealed imaging biomarkers indicative of GA development. 
These biomarkers included hyperreflective foci (indicated by a yellow 
arrowhead) and a substantial drusen volume (denoted by an orange 
asterisk). The Cirrus 6000 OCT device (Zeiss, Dublin, CA) automati-

cally measured the drusen map volume (bottom line), highlighting a 
noticeable growth in drusen volume over the 6-month period (from 
0.12  mm3 to 0.15  mm3) in the 3-mm central circle. By the 15-month 
follow-up, the emergence of cRORA became evident, with a further 
enlargement of the atrophic area observed at the 24-month follow-up 
visit
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This assessment holds significance as these factors have 
been linked to the progression from early/intermediate AMD 
to GA.

The Age-Related Eye Disease Study (AREDS) investi-
gators had shown that drusen may be characterized by a 
peculiar pattern: the formation of large drusen is followed 
by their reduction, eventually leading to the development 
of GA [33]. This process may be occasionally preceded 
by the appearance of refractile deposits [34]. In details, 
Cukras et al. [33] analyzed CFP images obtained from the 
AREDS participants and demonstrated that large drusen 
(i.e., diameter > 125 μm) and drusenoid pigment epithelial 
detachments (dPEDs – diameter > 350 μm) are associated 
with an increased risk of AMD progression. Specifically, 
their research revealed that among the cases with dPEDs 
examined, 19% progressed to GA, while 23% developed into 
MNV.

Structural OCT has notably enhanced our capacity to 
explore and accurately measure drusen volume (i.e., also 
known as RPE to Bruch’s membrane volume). This pro-
gress is owed to the development of various algorithms spe-
cifically designed to automatically segment drusen volume, 
allowing for precise quantification [35]. Abdelfattah and 
colleagues [36] first employed structural OCT to investi-
gate whether a role in the progression to late AMD among 
individuals with early/intermediate AMD. Their findings 
revealed that patients exhibiting a drusen volume exceed-
ing 0.03  mm3 had more than a fourfold higher likelihood of 
advancing to late AMD compared to those with lower drusen 
volumes. Successively, Hirabayashi et al. [37] specifically 
employed structural OCT to determine the frequency of 
multiple biomarkers of intermediate AMD and their rela-
tionship with the development of cRORA after 2 years. The 
latter study involved 330 eyes of 330 consecutive patients 
with intermediate AMD in at least 1 eye, all of whom had 
24 months of follow-up data. Their findings indicated that 
drusen volume poses a risk for cRORA onset within a 2-year 
period.

Recently, Liu et al. [38] longitudinally studied 171 iAMD 
eyes to design a clinical trial for studying therapies aimed at 
slowing the progression from iAMD to GA. Using persis-
tent choroidal hypertransmission defects (hyperTDs) as the 
clinical trial endpoint, the authors found that a drusen vol-
ume higher than 0.25  mm3 within the 5-mm fovea-centered 
circle was able to predict that approximately 68% of iAMD 
eyes would develop a hyperTD within 12 months. Drusen 
volume, therefore, represents an important risk factor for 
disease progression, although it must be noted that changes 
in drusen volume are dynamic and not regularly progressive 
throughout the course of the disease [37].

The utilization of structural OCT also allows for the 
examination of reflectivity features within the drusen struc-
ture, which could hold significance in defining the likelihood 

of progression toward GA. Structural OCT enables the iden-
tification of crucial features that include: (i) small hyperre-
flective dots within the drusen; (ii) heterogeneous internal 
reflectivity within drusen (HIRD); (iii) hyper-reflective lines 
near Bruch’s membrane [39].

Nassisi et al. [40] have recently evaluated the relationship 
between OCT features and progression to cRORA in the 
fellow eyes with intermediate AMD of patients enrolled in 
the HARBOR study. Among the identified OCT risk factors, 
hyporeflective foci within drusenoid lesions were consist-
ent risk factors for the development of cRORA. Other risk 
factors included intraretinal hyperreflective foci and drusen 
volume.

It is believed that the existence of hyporeflective foci 
within drusenoid lesions might increase the likelihood of 
these drusen collapsing due to a weakened structural integ-
rity [41]. Hence, this particular subset of drusen could sig-
nify drusen that are in the process of collapsing or undergo-
ing structural breakdown. These pyramidal or dome-shaped 
hyperreflective lesions were also termed “ghost drusen” 
[42] or “refractile drusen” [43] and are also characterized 
by a glistening appearance on CFP which was associated 
with to the presence of calcium-containing spherules [39]. 
The latter characteristic has suggested that refractile (i.e., or 
ghost) drusen may also represent the imaging surrogate of 
calcified drusen once they undergo RPE atrophy. However, 
these lesions cannot be considered as a precursor of GA, as 
these lesions are already associated with RPE atrophy and 
are commonly identified in GA areas.

Calcified drusen may be visualized using structural OCT 
as lesions with a hyperreflective cap along with a heterog-
enous internal reflectivity or hyporeflective core on OCT 
B-scans. In the AREDS study, drusen categorized as "calci-
fied” displayed on CFP images a glistering appearance with 
poorly reflective but translucent internal material, because 
of the presence of calcium inside [34]. The Classification of 
Atrophy Meetings group have recognized calcified drusen 
as clinically significant lesions that have a high association 
with GA (i.e., cRORA) developing [5, 44–47].

In a recent study, Liu et al. [48] have employed multi-
modal imaging, including structural OCT, to detect and 
monitor calcified drusen [49]. The study involved 220 eyes 
from 139 patients with nonexudative AMD, where 42.7% 
of eyes showed calcified drusen either initially or during 
follow-up. On en face swept-source OCT (SS-OCT) images, 
calcified drusen appeared as dark focal lesions (i.e., cho-
roidal hypotransmission defects—hypoTDs) detected in the 
choroid using a sub-RPE slab (located 64–400 µm beneath 
Bruch’s membrane). Corresponding B-scans revealed drusen 
with varying internal reflectivity, hyporeflective cores, and 
hyperreflective caps. Over time, many calcified drusen 
exhibited choroidal hyperTDs forming around the edges of 
the hypoTDs, creating a donut-like appearance on en face 
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SS OCT images. These donut lesions were linked to notable 
thinning of the overlying retina, evident as hypoautofluores-
cence in the corresponding FAF images. These lesions met 
the criteria for persistent hyperTD, indicating cRORA. Six 
eyes displayed regression of calcified drusen without devel-
oping cRORA. In these cases, B-scans exhibited deposits 
along the RPE, with thinning of the outer retina in areas 
previously occupied by calcified lesions. Therefore, the pres-
ence of calcified drusen may be considered a recognized risk 
factor for the development of GA.

Subretinal drusenoid deposits

Reticular pseudodrusen (RPD) were first described by 
Mimoun et al. in 1990 as "pseudo-drusen visible en lumiére 
bleue" [50]. They were successively renamed "reticular 
drusen" by Klein et al. [51] who described these lesions as 
"yellowish material that looks like soft drusen arranged in 
an ill-defined network of broad, interlacing ribbons". The 
authors also highlighted their more advanced and severe 
nature compared to soft drusen. Arnold et al. [52], in 1995, 
coined the term "reticular pseudodrusen," merging both 
names. They also noted that most patients with these lesions 
eventually developed MNV [52].

Reticular pseudodrusen were described using structural 
OCT images as solid hyperreflective material situated in the 
subretinal space, positioned between the RPE and photore-
ceptors (Fig. 3). Given this, these lesions are also recognized 
as subretinal drusenoid deposits (SDDs) [53]. Their progres-
sion using structural OCT reveals three discernible stages: 
(i) initial phase displays diffuse deposition of hyperreflective 
granular material between the RPE and photoreceptors; (ii) 
subsequent stages show an escalation in the deposition of 
granular material, thus modifying the outer retinal profile; 
(iii) as the process advances, the material takes on a conical 
shape, breaching the boundary of the photoreceptors [53]. 
Successively, a fourth stage in the evolution of SDDs has 

been recognized: the regression of lesions due to the reab-
sorption of the material [54]. In the presence of SDDs, outer 
retinal atrophy is a common finding in the evolution and 
regression of these lesions [55].

Another categorization was proposed by Suzuki and 
colleagues [56]. In detail, dot SDDs manifest as dot-like 
clusters and represent the most common form of SDDs. On 
OCT images, these SSDs may be visualized as accumula-
tions of cone-shaped, pointed subretinal material extending 
beyond the boundary of the photoreceptors. Ribbon (i.e., 
or reticular) SSDs, on the other hand, constitute subretinal 
accumulations of confluent material arranged in a ribbon or 
band-like configuration, often exhibiting rounded elevations. 
These formations are commonly located in the perifoveal 
region and adopt a reticular pattern. Finally, mid-periph-
eral (i.e., or confluent) SSDs are small, confluent, rounded 
lesions primarily found beyond the vascular arcades in the 
mid-peripheral regions.

The presence of RPD/SDDs is a recognized risk fac-
tor for the progression to late AMD, including GA [57]. 
This was initially suggested by Zhou and colleagues, [58] 
who performed a post-hoc analysis within the comparison 
of AMD Treatments Trials (CATT). In the latter study, the 
presence and type (dot, reticular, or confluent) of baseline 
pseudodrusen were assessed using CFP, green channel, and 
blue channel; red-free images; and fluorescein angiography 
(FA). In the study mentioned, pseudodrusen are identified 
as an independent risk factor for the progression of AMD 
into its late stages. Specifically, the study highlights that dot 
pseudodrusen are linked to the development of MNV (i.e., 
especially type 2 and 3 MNV) [59]. On the contrary, ribbon 
RPD are more likely associated with the development of GA 
over time [58].

The association between SDDs visualized on structural 
OCT and the development of cRORA has been clarified by 
Hirabayashi and colleagues [37]. As mentioned above, they 
employed structural OCT to determine the frequency of 

Fig. 3  Multimodal imaging from a patient with reticular pseudod-
rusen. Reticular pseudodrusen were discernible in the multicolor 
image (left) as green spots and in blue fundus autofluorescence (mid-
dle image) as hypoautofluorescent spots. In the infrared image and its 

corresponding structural OCT image (right), hyperreflective material 
was evident over the retinal pigment epithelium, aligning with the 
hyporeflective spots observed in the infrared image
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multiple biomarkers of intermediate AMD and their relation-
ship with the development of cRORA after 2 years. Results 
from the latter study indicated that the presence of SDDs is 
a risk for cRORA development within a 2-year period.

Intraretinal hyperreflective foci

Intraretinal hyperreflective foci (iHRFs) may be detectable 
on OCT as round lesions with well-defined contours and 
reflectivity equal to or greater than that of the RPE (Fig. 2). 
These iHRFs could exist as solitary spots or clustered and 
can be found either overlying drusen or in the sensory neuro-
retina without associated drusenoid lesions [47]. They tend 
to increase over time in number and gradually move from the 
outer to the inner retina [60]. iHRFs may correspond to areas 
of hyperpigmentation as seen on CFP images [61]. Previ-
ous important studies have postulated that the emergence 
of these foci might be linked to the migration of RPE cells 
within the neuroretina. [62–68] or being an expression of 
inflammatory changes in the drusen and in the inner retina 
[69–72]. Zhang and Miller [73] have recently provided a 
combination of imaging, literature, and laboratory evidence 
supporting the hypothesis that iHRFs represent portions of 
the RPE that have undergone a pathological transition from 
epithelial to mesenchymal states: this phenotypic change 
would reduce drusen-sustaining components production by 
the RPE, this eventually resulting in drusen collapse and 
GA development.

Assuming this, several studies employing structural OCT 
have demonstrated that the presence of intraretinal iHRFs is 
associated with a greater risk of atrophy development [37, 
41, 60, 74–81].

Using structural OCT, Christensbury et al. [60] confirmed 
that iHRFs are frequently associated with the presence of 
drusen. More importantly, their presence was associated 
with a higher occurrence of existing atrophy at the initial 
assessment. Another critical study was performed by Lei 
and colleagues, [82] who evaluated the association between 
different OCT biomarkers, including drusen volume, hypore-
flective foci within drusen, SDDs, and HRFs. Their find-
ings confirmed that HRFs confer the higher odds ratio for 
disease progression [82]. Nassisi and coworkers [40] also 
produced an essential piece of work confirming these data, 
studying the relationship between various spectral domain 
OCT (SD-OCT) biomarkers and progression to cRORA in 
the fellow iAMD eyes of patients enrolled in the HARBOR 
study. Among the identified OCT risk factors, the presence 
of iHRFs was a relevant risk factor for the development 
of cRORA, yet no correlation was observed regarding the 
development of MNV [40]. Different groups also aimed to 
provide quantitative data on the intraretinal distribution of 
hyperreflective foci relying on their hyperreflectivity prop-
erties on B-scans and en face images [40, 74, 78, 79, 83]. 

These reports showed that the amount, area, and volume of 
iHRF are all harbingers of atrophy formation [40, 74, 78, 
79, 83].

Basal laminar deposits

Basal laminar deposits (BLamD) are commonly found in 
association with AMD.

They are characterized histologically by a thickened 
extracellular matrix between the RPE’s plasma membrane 
and the basal lamina below, potentially replacing or incor-
porating basal RPE infoldings [84]. These deposits mainly 
comprise basement membrane proteins and elongated col-
lagen structures [84]. It is important to distinguish BLamD 
and basal linear deposits (BLinD), the latter located between 
the RPE basement membrane and inner collagenous layer of 
Bruch’s membrane [85].

BLamD develop due to excessive basement membrane 
secretion from the RPE and can be either physiologically 
associated with aging (i.e., patchily deposits in normal reti-
nas), or pathological. Among those, two types are recog-
nized [86]:

– Early BLamD: These involve the laminar accumulation 
of extracellular material between the basal lamina of the 
RPE and its basement membrane, not visible during a 
fundus examination, yet indicating early RPE damage.

– Late BLamD: These appear as a delayed accumulation 
of material within early BLamD, potentially leading to 
pigmentary changes on the fundus. They represent a sign 
of advanced RPE dysfunction and incipient atrophy and 
may be associated with reduced visual acuity.

BLamD determine a separation between the RPE and 
BM, which can be observed on structural OCT B-scans as a 
low-lying RPE elevation referred to as a “double layer sign” 
(DLS). This OCT feature is defined by a thick, highly reflec-
tive, and uniform layer, consisting of the RPE, associated 
with another underlying thin, highly reflective band repre-
senting BM [84, 87]. Since type 1 MNV can also appear as 
DLS on OCT B-scans, efforts have been made to confidently 
distinguish between neovascular and BLamD-associated 
DLS. Hirabayashi et al. [37] proposed a classification of DLS 
lesions into two different types according to their thickness 
(thin vs thick DLS). The thick DLS differs from the thin DLS 
since it encompasses more than one layer of low to medium 
reflectivity between the RPE and BM. While the thin DLS is 
thought to be correlated with BlamD, the thick DLS is more 
indicative of MNV presence [88, 89]. The authors reported 
that the presence of a thin DLS, but not of a thick DLS, is 
predictive of cRORA development within 2 years.

This distinction is prognostically important since evi-
dence has also suggested that the presence of MNV without 
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exudation could actually be protective against atrophy for-
mation as neovessels may balance the reduced perfusion 
from the ischemic choriocapillaris [90–92]. On the other 
hand, the accumulation of BLamD could impede proper per-
fusion of the RPE by the choriocapillaris, resulting in RPE 
dysfunction and death [85].

Incomplete RPE and outer retinal atrophy

As mentioned earlier, in 2017, the CAM group defined 
cRORA as a region of hypertransmission of at least 250 μm in 
diameter with an associated zone of attenuation or disruption 
of the RPE of at least 250 μm in diameter and the presence 
of overlying photoreceptor degeneration [5]. Conversely, the 
term iRORA is specifically used for lesions that possess these 
three characteristics but are smaller in size than 250 μm [93].

Therefore, the presence of iRORA serves as an evident 
risk factor for the development of complete atrophy (i.e., 
cRORA). The CAM Report 4 and various studies affirm that 
these smaller areas tend to evolve into cRORA over a span of 
time, which could range from months to years. Recognizing 
the presence of iRORA at an early stage is crucial due to this 
progression potential [93, 94].

In a recent study, Corradetti and colleagues [95] per-
formed a retrospective study to assess the time course and 
risk factors for conversion of iRORA to cRORA in intermedi-
ate AMD eyes. In detail, 321 consecutive iAMD eyes were 
screened for onset of iRORA. Among these, eyes that devel-
oped iRORA within the first 24 months were closely moni-
tored for an additional 24 months to observe the transition 
to cRORA. From the initial 321 participants with intermedi-
ate AMD, the study identified 87 new instances of iRORA 
lesions (occurring in 50 eyes from 42 participants) for the 
analysis of conversion to cRORA. Importantly, within the 
subsequent 24 months, a substantial proportion, 81 out of 
87 iRORA lesions (93.1%), progressed to cRORA, with the 
median duration for this transition being 14 months. Through 
a multivariate binary logistic regression analysis, the study 
found that specific factors at baseline were linked to an accel-
erated rate of progression from iRORA to cRORA. Notably, 
the presence of intraretinal hyperreflective foci and the extra-
foveal location of iRORA lesions were identified as factors 
associated with a swifter progression to cRORA.

It is important to note that detecting iRORA using struc-
tural OCT B-scans is not without challenges. First, the ability 
to detect these lesions is dependent on the device employed 
[96]. In a recent study, researchers compared two structural 
SD-OCT devices (i.e., Spectralis and Cirrus OCT) to detect 
iRORA and cRORA lesions in patients with AMD. These 
patients were imaged on the same day using both devices. 
The study revealed that a more significant number of iRORA 
lesions were detected with the Spectralis OCT compared to 
the Cirrus OCT. However, no significant difference was 

observed between the two devices regarding the detection 
of cRORA lesions. Second, the assessment of iRORA using 
OCT B-scans may have limitations. Some of these lesions 
might span across the borders of adjacent scans, causing chal-
lenges in their precise assessment. Specifically, it is possible 
for a lesion identified as iRORA on a B-scan actually to be 
part of a larger cRORA lesion. This misidentification occurs 
when the B-scan intersects only a segment of a more exten-
sive lesion, thereby underrepresenting its true size. En face 
imaging, particularly when used in conjunction with B-scan 
images, offers a complementary perspective by providing a 
two-dimensional overview of the atrophy. This method can 
reveal the full extent of a lesion that may appear smaller on 
B-scan images due to the scan's cross-sectional nature. When 
a lesion's diameter exceeds 250 µm on en face images, it sub-
stantiates the classification of cRORA, despite its appearance 
on horizontal B-scans. This was confirmed in a recent study 
that evaluated and compared the detection of iRORA and 
cRORA assessed on OCT B-scans versus persistent choroidal 
hyperTDs assessed by en face choroidal OCT images. The 
latter study showed that en face imaging could detect iRORA 
lesions with a greatest linear dimension ≥ 250 μm in a non-
horizontal en face dimension. This emphasizes that certain 
iRORA lesions might, in reality, be cRORA lesions [97]. 
Given that the diagnosis of iRORA and cRORA inherently 
relies on B-scan imaging, adopting a combined diagnostic 
strategy that integrates B-scans with en face images promises 
to enhance the precision of evaluations. This refined assess-
ment can be realized through the utilization of either SD- or 
SS-OCT imaging techniques.

It is notable to distinguish iRORA from another common 
lesion detectable via structural OCT, termed nascent GA. 
This OCT lesion includes subsidence of the inner nuclear 
layer (INL) and outer plexiform layer (OPL), a hyporeflec-
tive wedge-shaped band within the Henle fiber layer, often 
accompanied by RPE disturbance and increased signal 
hypertransmission into the choroid [98–101]. Nascent GA 
is also associated with the development of atrophy over time 
and may be considered as a precursor to the development 
of drusen-associated cRORA. Wu et al. [102] subsequently 
investigated the predictability of nascent GA, as defined by 
OCT B-scan, to develop into the conventional clinical end-
point of GA, as defined by CFP. They included a total of 
284 eyes from 142 participants with bilateral large drusen 
(i.e., > 125 mm in diameter). Over a 3-year follow-up, 12 
eyes progressed to GA, with nascent GA being identified 
in 10 of these 12 eyes before the full development of GA. 
This discovery aligned with their earlier observations, high-
lighting that eyes diagnosed with nascent GA had a notably 
heightened risk of progressing to GA compared to eyes with-
out nascent GA. However, it is important to note that this 
precursor lesion does not encompass all forms of cRORA 
associated with various precursor lesions, such as SDDs. 



3429Graefe's Archive for Clinical and Experimental Ophthalmology (2024) 262:3421–3436 

Additionally, nascent GA might transform into a type 3 
MNV, rather than developing into a region of cRORA [103].

Persistent choroidal hypertransmission defects

HyperTDs are visible on en face OCT images as bright areas 
of increased light transmission in the choroid resulting from 
the impaired integrity of the RPE (Fig. 4) [104]. HyperTDs 
could be linked with the existence of a region characterized 
by cRORA, [105] given that hypertransmission aligns with 
one of the OCT features of cRORA by its definition. Alter-
natively, hyperTDs might exist independently of cRORA, 
as seen in the presence of a nascent GA region. In this latter 
scenario, hyperTDs could be regarded as a potential risk 
factor for the eventual development of cRORA over time.

However, the detection of hyperTDs using cross-sectional 
B-scans may be limited by their apparent transient nature 
during long-term follow-up [105]. The nonpersistent nature 
of hyperTDs on B-scans seems to relate to their size and 
could stem from the transient emergence of tiny areas of 
hypertransmission or the possibility of missing them dur-
ing follow-up due to variations in OCT B-scan placement 
when aligning images with previous visits. To enhance 
the tracking of small hyperTDs from one visit to another, 
a potential strategy could involve utilizing en face images 
with closer intervals between B-scans. Subsequently, this 
OCT en face approach employing a slab with segmentation 

boundaries positioned 64 µm to 400 µm beneath the Bruch's 
membrane has been largely used to examine the emergence 
and advancement of GA [105–107]. Previous studies have 
demonstrated that although some small hyperTDs were 
transient, larger hyperTD foci seemed to persist, suggesting 
that a parameter like the greatest linear dimension threshold 
for HyperTD measured on en face images could define per-
sistent lesions more predictive of disease progression. The 
latter aspect was demonstrated by Shi and colleagues [104] 
who demonstrated that those hyperTD lesions identified on 
en face sub-RPE images with a greatest linear dimension 
superior to 250 μm were more likely to be persistent.

A successive study by Laiginhas and collaborators 
evaluated whether persistent hyperTDs can be considered 
a biomarker for future GA formation [108]. They ana-
lyzed 190 eyes with intermediate AMD over an average 
follow-up period of 31.0 ± 13.2 months. Initially, 31 eyes 
(16%) had at least one hyperTD ≥ 250 µm; among these, 
13 eyes (42%) progressed to GA. Among the eyes lacking a 
hyperTD ≥ 250 µm initially, 42 eyes (26%) developed such 
hyperTDs during follow-up, and 11 eyes (7%) progressed to 
GA. At the latest follow-up, 25 eyes (13%) had progressed 
to GA, and among these, a prior hyperTD ≥ 250 µm was 
detected in 24 eyes before GA formation. A time-depend-
ent Cox-survival regression analysis estimated an 80-fold 
increased risk (95% CI, 10.7–614, P < 0.001) of develop-
ing GA once a hyperTD ≥ 250 µm appeared. These findings 

Fig. 4  Structural OCT images from a patient with geographic atro-
phy. A region of cRORA is visible at both baseline and 20-month fol-
low-up visits. The extent of the GA area becomes more readily appar-

ent by opting for a slab beneath the RPE-Bruch’s membrane (bottom), 
generating an en face image that accentuates areas of hypertransmis-
sion
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collectively suggest that hyperTDs larger than 250 µm, 
which often persist, represent an independent risk factor 
for the development of cRORA. In addition, as persistent 
hyperTDs undergo growth and evolution, they invariably 
progress to correspond with cRORA lesions as identified 
on OCT B-scans, and manifest as GA on color fundus imag-
ing. Consequently, the expansion of persistent hyperTDs and 
the factors contributing to their enlargement are analogous 
to those affecting GA progression. In particular, using en 
face OCT the growth rate of hyperTDs was measured to be 
approximately 0.220 mm per year [38].

Risk factors for the progression of GA

Structural OCT and OCTA may be employed to predict the 
enlargement of GA over time. In the presence of a region of 
GA (i.e., cRORA on structural OCT), assessing the border 
around the RPE atrophy becomes crucial. The imaging char-
acteristics in this area could offer insights into the potential 
rate of enlargement over time.

Retinal pigment epithelium to Bruch’s membrane 
distance

Histopathological studies have revealed a significant thick-
ening of the RPE/BM complex around the areas of atrophy, 
which appears to be supported by BLamD accumulation. 
In detail, Sura et al. [84] displayed that in normal retinas, 
iAMD eyes, and GA regions, Bruch's membrane main-
tains a consistent thickness (4.2–4.4 µm), while the RPE 
to BM complex thickness was increased around GA (nor-
mal = 13.7 µm, GA = 17.4 µm). These findings suggested 
that the thickness of the RPE-BM complex is driven by 
BLamD accumulation around GA areas [84].

Recent studies have associated the thickness of the RPE-
BM complex with the progression of GA. Chu et al. [109] 
examined the RPE-BM distance in a region immediately sur-
rounding the GA area using en face OCT images in 38 eyes. 
Their findings indicated that a thicker distance correlated posi-
tively with faster atrophy progression. Similarly, Fleckenstein 
et al. [110] reported a separation within the RPE-BM complex 
in eyes displaying rapid GA progression. Finally, no significant 
correlations were observed between RPE-BM distance and 
impairment in CC flow within the GA border, suggesting that 
they should be regarded as independent risk factors [28, 84].

Outer retinal layer thickness and photoreceptor 
abnormalities

Multiple pieces of evidence suggest that changes in the 
outer retinal layers may exist in areas beyond the atrophic 

region, potentially occurring before the onset of RPE atro-
phy [111–114]. 

Zhang and colleagues [115] conducted a retrospective 
study to establish whether the thickness of the outer retinal 
layer (ORL) surrounding GA could function as a clinical 
indicator for predicting the annual enlargement rate of GA. 
They analyzed 38 eyes from 27 participants and discovered 
that a thinner ORL immediately surrounding GA areas was 
associated with faster lesion growth, indicating a nega-
tive correlation. Furthermore, their findings revealed that 
together, the RPE to BM distance and ORL thickness could 
predict approximately 62% of the annual progression of GA. 
However, when examining ORL thickness alone, it contrib-
uted only 6% to this prediction. These results suggest that 
these factors are not entirely independent risk factors and 
underscore a strong connection between the loss of photo-
receptors and the formation of BLamD [115].

Considering the role of ORL and photoreceptor condition 
as influential factors in the progression of GA, past stud-
ies endeavored to employ deep learning techniques for the 
automated assessment of ORL and photoreceptor thickness 
[116, 117]. Through deep learning methods, it was observed 
that the reduction in photoreceptor loss and thinning could 
be achieved via intravitreal complement C3 inhibition [118].

Choriocapillaris perfusion

The CC consists of fenestrated capillaries and plays a key 
role in normal retinal function by facilitating the passage of 
oxygen and nutrients to both the RPE and photoreceptors 
[119].

Several histological ex vivo studies have revealed choroi-
dal changes in early/intermediate AMD that may eventually 
precede the loss of photoreceptors and RPE [120–123].

McLeod et al. [124] analyzed the postmortem choroids 
from 11 subjects including 3 age-matched controls, 5 GA 
subjects, and 3 neovascular AMD subjects. The research-
ers observed that despite evident loss of RPE in certain 
areas of GA, the CC could remain intact. Based on these 
observations, the authors concluded that the initial insult 
in GA likely occurs at the level of the RPE, with sub-
sequent degeneration of the CC. Following this, Seddon 
and colleagues [125] examined postmortem choroids 
from 36 subjects, consisting of 4 age-matched controls 
and 32 individuals with various stages of AMD, includ-
ing 5 subjects with GA. This subsequent study confirmed 
a significant reduction in the CC in eyes with GA, pre-
dominantly localized to regions of RPE atrophy. Within 
the GA region, some CC vessels may persist, albeit with a 
notable reduction in diameter, implying both morphologi-
cal and functional alterations in these surviving vessels. 
Lastly, Edwards et al. [126] conducted a recent analysis on 
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postmortem choroids from eight subjects, which included 
five age-matched controls and three siblings with GA. 
Notably, imaging data were available for the donors prior 
to death, enabling clinicohistopathologic correlations. In 
GA eyes, they observed severe CC dropout, with a pat-
tern and size directly corresponding to regions of RPE 
atrophy. Surviving CC vessels in these regions appeared 
constricted. Conversely, in areas where RPE was present, 
the CC vessels were comparable in number and macro-
scopic appearance to those in healthy age-matched con-
trols. However, fewer fenestrations per capillary were 
observed compared to aged control CC, particularly evi-
dent in border regions. This suggests that while the CC 
may appear normal at the border of GA, some functional 
changes may already be occurring in these vessels in 
this region. Consistently, Li and colleagues observed a 
progressive decline in CC density from non-atrophic to 
atrophic regions, encompassing the margins of the GA 
[127]. Hence, despite uncertainties, a proposed theory pos-
its that vascular alterations predominantly impact the CC 
in GA as a result of degenerative, inflammatory, or genetic 
processes. This sequence subsequently induces ischemia 
and compromises the RPE [120, 127, 128].

Using OCTA in vivo in GA patients, Nassisi et al. [129] 
appeared to validate the latter findings, showing that the 
CC flow is highly reduced in areas immediately adjacent to 
atrophy, where the RPE remains structurally intact. Given 
the importance of the CC in AMD and GA, as mentioned 
earlier, several studies have sought to investigate whether 
OCTA metrics may predict the progression of GA over time. 
Various studies have consistently shown that reduced blood 
flow in the CC in the region immediately surrounding the 
GA border stands as a significant risk factor contributing to 
the accelerated expansion of GA over time [30, 130, 131].

An important study by Thulliez et al. [29] sought to inves-
tigate the association between GA enlargement rate and CC 
perfusion in the region immediately surrounding the GA 
border, as well as in the total scan area. Surprisingly, the 
CC perfusion in the total scan area was better correlated 
with the GA enlargement rate than the CC perfusion in the 
region immediately surrounding the GA border. The prob-
able reason for this result is that the natural age-related rise 
in CC hypoperfusion within the central macula [132] might 
complicate the links between the expansion rates of GA and 
CC flow deficits. Conversely, areas farther from the edges 
of GA are less influenced by typical age-related changes, 
making them more indicative of CC changes linked to the 
severity of AMD. A successive and similar study further 
confirmed the latter findings [133].

Structural OCT also plays a role in evaluating the choroid 
to predict the progression of GA over time. This imaging 
modality reflects the ratio between choroidal vascular and 

stromal components. This metric has shown a correlation 
with GA expansion rates over time, where lower values (i.e., 
indicating a reduced vascular component) were linked to a 
swifter rate of atrophy enlargement at one and two years 
[134].

Involvement of the foveal region in patients 
with extrafoveal GA

Given that GA eyes treated with pegcetacoplan exhibit nota-
bly slower progression toward the fovea, [135] it becomes 
clinically pertinent to identify risk factors associated with 
such progression. In a prior investigation conducted by our 
group, [136] we examined eyes presenting with extrafoveal 
GA at baseline to evaluate the presence of risk factors for 
foveal involvement over a 24-month period. This study high-
lighted two significant baseline risk factors: thinning of the 
outer retina in the foveal region and the presence of baseline 
large drusen or BLamD in the foveal region.

Conclusions

GA commonly complicates AMD, often leading to a more 
unfavorable prognosis among affected patients. With the 
emergence of new treatment approaches for GA, there is 
an even greater demand for timely diagnosis and accurate 
monitoring of patients with this condition. Employing 
structural OCT and OCTA becomes imperative in identi-
fying specific biomarkers linked to the onset and advance-
ment of GA. Understanding the significance of certain 
structural OCT features such as drusen volume, specific 
drusen characteristics, and the presence of various ele-
ments like subretinal drusenoid deposits, hyperreflective 
intraretinal foci, BLamD, iRORA, and persistent choroi-
dal hyperTDs is crucial. These features are linked to an 
increased risk of progressing to GA. In cases where GA 
is already present, exploring the GA border via structural 
OCT and OCTA is recommended, as characteristics in this 
area are correlated with GA expansion over time according 
to existing literature. It is important to note that ongoing 
studies focused on identifying imaging biomarkers in AMD 
and GA will likely lead to modifications and expansions 
in this list as our understanding evolves. Moreover, the 
integration of artificial intelligence with these biomark-
ers holds significant promise for enhancing their clinical 
utility. Specifically, artificial intelligence applied to OCT 
devices has the potential to provide predictive probabilities 
of GA development over time. This advancement could 
enable adjustments to follow-up intervals, allowing for 
prompt initiation of treatment upon GA detection.



3432 Graefe's Archive for Clinical and Experimental Ophthalmology (2024) 262:3421–3436

Author contributions Enrico Borrelli, Alessandro Berni, Michele 
Reibaldi, and Veronica Vallino collectively conceived the concept for 
this study. All the paper’s authors made equal contributions to con-
ducting literature searches, designing and implementing the study, and 
participating in the paper's writing process. All the paper’s authors 
critically reviewed the manuscript and endorsed the final version.

Funding Open access funding provided by Università degli Studi di 
Torino within the CRUI-CARE Agreement. No funding was received 
for this research.

Declarations 

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Conflict of interests All authors certify that they have no affiliations 
with or involvement in any organization or entity with any financial in-
terest (such as honoraria; educational grants; participation in speakers’ 
bureaus; membership, employment, consultancies, stock ownership, 
or other equity interest; and expert testimony or patent-licensing ar-
rangements), or non-financial interest (such as personal or professional 
relationships, affiliations, knowledge or beliefs) in the subject matter or 
materials discussed in this manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Flaxel CJ, Adelman RA, Bailey ST et al (2020) Age-related mac-
ular degeneration preferred practice pattern®. Ophthalmology 
127(1):P1–P65. https:// doi. org/ 10. 1016/j. ophtha. 2019. 09. 024

 2. Bakri SJ, Bektas M, Sharp D, Luo R, Sarda SP, Khan S (2023) 
Geographic atrophy: Mechanism of disease, pathophysiology, 
and role of the complement system. J Manag Care Spec Pharm 
29(5-a Suppl):S2–S11. https:// doi. org/ 10. 18553/ jmcp. 2023. 29.5- 
a. s2

 3. Gass JD (1997) Stereoscopic atlas of macular diseases: diagnosis 
and treatment. Mosby-Year Book Inc., St Louis

 4. Bird AC, Bressler NM, Bressler SB et al (1995) An interna-
tional classification and grading system for age-related macu-
lopathy and age-related macular degeneration. Surv Ophthalmol 
39(5):367–374. https:// doi. org/ 10. 1016/ S0039- 6257(05) 80092-X

 5. Sadda SR, Guymer R, Holz FG et al (2018) Consensus definition 
for atrophy associated with age-related macular degeneration on 
OCT. Ophthalmology 125(4):537–548. https:// doi. org/ 10. 1016/j. 
ophtha. 2017. 09. 028

 6. Holekamp N, Wykoff CC, Schmitz-Valckenberg S et al (2020) 
Natural history of geographic atrophy secondary to age-related 
macular degeneration. Ophthalmology 127(6):769–783. https:// 
doi. org/ 10. 1016/j. ophtha. 2019. 12. 009

 7. Lindner M, Pfau M, Czauderna J et al (2019) Determinants of 
reading performance in eyes with foveal-sparing geographic atro-
phy. Ophthalmol Retina 3(3):201–210. https:// doi. org/ 10. 1016/j. 
oret. 2018. 11. 005

 8. Künzel SH, Lindner M, Sassen J et al (2021) Association of 
reading performance in geographic atrophy secondary to age-
related macular degeneration with visual function and structural 
biomarkers. JAMA Ophthalmol 139(11):1191–1199. https:// doi. 
org/ 10. 1001/ jamao phtha lmol. 2021. 3826

 9. Lindner M, Nadal J, Mauschitz MM et al (2017) Combined fun-
dus autofluorescence and near infrared reflectance as prognostic 
biomarkers for visual acuity in foveal-sparing geographic atro-
phy. Invest Ophthalmol Vis Sci 58(6):BIO61–BIO67. https:// doi. 
org/ 10. 1167/ iovs. 16- 21210

 10. Steinle NC, Pearce I, Monés J et al (2021) Impact of baseline 
characteristics on geographic atrophy progression in the FILLY 
trial evaluating the complement C3 inhibitor pegcetacoplan. Am 
J Ophthalmol 227:116–124. https:// doi. org/ 10. 1016/j. ajo. 2021. 
02. 031

 11. Borrelli E, Nittala MG, Abdelfattah NS et al (2018) Compari-
son of short-wavelength blue-light autofluorescence and conven-
tional blue-light autofluorescence in geographic atrophy. Br J 
Ophthalmol 103(5):610–616. https:// doi. org/ 10. 1136/ bjoph thalm 
ol- 2018- 311849

 12. Borrelli E, Lei J, Balasubramanian S et al (2018) Green emis-
sion fluorophores in eyes with atrophic age-related macular 
degeneration: a colour fundus autofluorescence pilot study. Br J 
Ophthalmol 102(6):827–832. https:// doi. org/ 10. 1136/ bjoph thalm 
ol- 2017- 310881

 13. Pfau M, Goerdt L, Schmitz-Valckenberg S et al (2017) Green-
light autofluorescence versus combined blue-light autofluo-
rescence and near-infrared reflectance imaging in geographic 
atrophy secondary to age-related macular degeneration. Invest 
Ophthalmol Vis Sci 58(6):BIO121–BIO130. https:// doi. org/ 10. 
1167/ iovs. 17- 21764

 14. Viggiano P, Miere A, Borrelli E et al (2023) The impact of dia-
betic retinopathy on the choriocapillaris in neovascular AMD. 
Invest Ophthalmol Vis Sci 64(14):32. https:// doi. org/ 10. 1167/ 
iovs. 64. 14. 32

 15. Borrelli E, Berni A, Mastropasqua L et al (2023) Pushing retinal 
imaging forward: innovations and their clinical meaning - The 
2022 ophthalmologica lecture. Ophthalmol J Int Ophtalmol Int 
J Ophthalmol Z Augenheilkd 246(5–6):278–294. https:// doi. org/ 
10. 1159/ 00053 3910

 16. Barresi C, Chhablani J, Dolz-Marco R et al (2023) Retinal neu-
rodegeneration in age-related macular degeneration. Eur J Oph-
thalmol. https:// doi. org/ 10. 1177/ 11206 72123 11861 66 

 17. Borrelli E, Bandello F, Souied EH et al (2022) Neovascular age-
related macular degeneration: advancement in retinal imaging 
builds a bridge between histopathology and clinical findings. 
Graefes Arch Clin Exp Ophthalmol Albrecht Von Graefes Arch 
Klin Exp Ophthalmol 260(7):2087–2093. https:// doi. org/ 10. 
1007/ s00417- 022- 05577-x

 18. Borrelli E, Sacconi R, Zuccaro B et al (2020) Photoreceptor 
alteration in intermediate age-related macular degeneration. Sci 
Rep 10(1):21036. https:// doi. org/ 10. 1038/ s41598- 020- 78201-9

 19. Borrelli E, Sadda SR, Uji A, Querques G (2019) Pearls and pit-
falls of optical coherence tomography angiography imaging: A 
review. Ophthalmol Ther 8(2):215–226. https:// doi. org/ 10. 1007/ 
s40123- 019- 0178-6

 20. Borrelli E, Shi Y, Uji A et al (2018) Topographic analysis of the 
choriocapillaris in intermediate age-related macular degenera-
tion. Am J Ophthalmol 196:34–43. https:// doi. org/ 10. 1016/j. ajo. 
2018. 08. 014

 21. Borrelli E, Sarraf D, Freund KB, Sadda SR (2018) OCT angi-
ography and evaluation of the choroid and choroidal vascular 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ophtha.2019.09.024
https://doi.org/10.18553/jmcp.2023.29.5-a.s2
https://doi.org/10.18553/jmcp.2023.29.5-a.s2
https://doi.org/10.1016/S0039-6257(05)80092-X
https://doi.org/10.1016/j.ophtha.2017.09.028
https://doi.org/10.1016/j.ophtha.2017.09.028
https://doi.org/10.1016/j.ophtha.2019.12.009
https://doi.org/10.1016/j.ophtha.2019.12.009
https://doi.org/10.1016/j.oret.2018.11.005
https://doi.org/10.1016/j.oret.2018.11.005
https://doi.org/10.1001/jamaophthalmol.2021.3826
https://doi.org/10.1001/jamaophthalmol.2021.3826
https://doi.org/10.1167/iovs.16-21210
https://doi.org/10.1167/iovs.16-21210
https://doi.org/10.1016/j.ajo.2021.02.031
https://doi.org/10.1016/j.ajo.2021.02.031
https://doi.org/10.1136/bjophthalmol-2018-311849
https://doi.org/10.1136/bjophthalmol-2018-311849
https://doi.org/10.1136/bjophthalmol-2017-310881
https://doi.org/10.1136/bjophthalmol-2017-310881
https://doi.org/10.1167/iovs.17-21764
https://doi.org/10.1167/iovs.17-21764
https://doi.org/10.1167/iovs.64.14.32
https://doi.org/10.1167/iovs.64.14.32
https://doi.org/10.1159/000533910
https://doi.org/10.1159/000533910
https://doi.org/10.1177/11206721231186166
https://doi.org/10.1007/s00417-022-05577-x
https://doi.org/10.1007/s00417-022-05577-x
https://doi.org/10.1038/s41598-020-78201-9
https://doi.org/10.1007/s40123-019-0178-6
https://doi.org/10.1007/s40123-019-0178-6
https://doi.org/10.1016/j.ajo.2018.08.014
https://doi.org/10.1016/j.ajo.2018.08.014


3433Graefe's Archive for Clinical and Experimental Ophthalmology (2024) 262:3421–3436 

disorders. Prog Retin Eye Res 67:30–55. https:// doi. org/ 10. 
1016/j. prete yeres. 2018. 07. 002

 22. Borrelli E, Mastropasqua R, Senatore A et al (2018) Impact 
of choriocapillaris flow on multifocal electroretinography in 
intermediate age-related macular degeneration eyes. Investig 
Opthalmology Vis Sci 59(4):AMD25. https:// doi. org/ 10. 1167/ 
iovs. 18- 23943

 23. Borrelli E, Souied EH, Freund KB et al (2018) Reduced chorio-
capillaris flow in eyes with type 3 neovascularization and age-
related macular degeneration. Retina 38(10):1968–1976. https:// 
doi. org/ 10. 1097/ IAE. 00000 00000 002198

 24. Borrelli E, Uji A, Sarraf D, Sadda SR (2017) Alterations in the 
choriocapillaris in intermediate age-related macular degenera-
tion. Invest Ophthalmol Vis Sci 58(11):4792–4798. https:// doi. 
org/ 10. 1167/ iovs. 17- 22360

 25. Moult EM, Waheed NK, Novais EA et al (2016) Swept-source 
optical coherence tomography angiography reveals choriocap-
illaris alterations in eyes with nascent geographic atrophy and 
drusen-associated geographic atrophy. Retina 36(Supplement 
1):S2–S11. https:// doi. org/ 10. 1097/ IAE. 00000 00000 001287

 26. Sacconi R, Corbelli E, Carnevali A, Querques L, Bandello F, 
Querques G (2018) Optical coherence tomography angiogra-
phy in geographic atrophy. Retina Phila Pa 38(12):2350–2355. 
https:// doi. org/ 10. 1097/ IAE. 00000 00000 001873

 27. Nattagh K, Zhou H, Rinella N et al (2020) OCT angiography 
to predict geographic atrophy progression using choriocapillaris 
flow void as a biomarker. Transl Vis Sci Technol 9(7):6. https:// 
doi. org/ 10. 1167/ tvst.9. 7.6

 28. Shi Y, Zhang Q, Zhou H et al (2021) Correlations between 
choriocapillaris and choroidal measurements and the growth 
of geographic atrophy using swept source OCT imaging. Am J 
Ophthalmol 224:321–331. https:// doi. org/ 10. 1016/j. ajo. 2020. 12. 
015

 29. Thulliez M, Zhang Q, Shi Y et al (2019) Correlations between 
choriocapillaris flow deficits around geographic atrophy and 
enlargement rates based on swept-source OCT imaging. Oph-
thalmol Retina 3(6):478–488. https:// doi. org/ 10. 1016/j. oret. 2019. 
01. 024

 30. Alagorie AR, Nassisi M, Verma A et  al (2020) Relation-
ship between proximity of choriocapillaris flow deficits and 
enlargement rate of geographic atrophy. Graefes Arch Clin 
Exp Ophthalmol 258(5):995–1003. https:// doi. org/ 10. 1007/ 
s00417- 020- 04615-w

 31 Nassisi M, Baghdasaryan E, Borrelli E, Ip M, Sadda SR (2019) 
Choriocapillaris flow impairment surrounding geographic atro-
phy correlates with disease progression. Bhattacharya S, ed. 
PLOS ONE 14(2):e0212563. https:// doi. org/ 10. 1371/ journ al. 
pone. 02125 63

 32. Abdelsalam A, Del Priore L, Zarbin MA (1999) Drusen in age-
related macular degeneration. Surv Ophthalmol 44(1):1–29. 
https:// doi. org/ 10. 1016/ S0039- 6257(99) 00072-7

 33. Cukras C, Agrón E, Klein ML et al (2010) Natural history of 
drusenoid pigment epithelial detachment in age-related macular 
degeneration: Age-Related Eye Disease Study Report No. 28. 
Ophthalmology 117(3):489–499. https:// doi. org/ 10. 1016/j. oph-
tha. 2009. 12. 002

 34. Klein ML, Ferris FL, Armstrong J et al (2008) Retinal precursors 
and the development of geographic atrophy in age-related macu-
lar degeneration. Ophthalmology 115(6):1026–1031. https:// doi. 
org/ 10. 1016/j. ophtha. 2007. 08. 030

 35. Corvi F, Srinivas S, Nittala MG et al (2021) Reproducibility of 
qualitative assessment of drusen volume in eyes with age related 
macular degeneration. Eye Lond Engl 35(9):2594–2600. https:// 
doi. org/ 10. 1038/ s41433- 020- 01293-0

 36. Abdelfattah NS, Zhang H, Boyer DS et al (2016) Drusen vol-
ume as a predictor of disease progression in patients with late 
age-related macular degeneration in the fellow eye. Investig 
Opthalmology Vis Sci 57(4):1839. https:// doi. org/ 10. 1167/ iovs. 
15- 18572

 37. Hirabayashi K, Yu HJ, Wakatsuki Y, Marion KM, Wykoff CC, 
Sadda SR (2023) OCT risk factors for development of atrophy in 
eyes with intermediate age-related macular degeneration. Oph-
thalmol Retina 7(3):253–260. https:// doi. org/ 10. 1016/j. oret. 2022. 
09. 007

 38. Liu J, Shen M, Laiginhas R et al (2023) Onset and progression 
of persistent choroidal hypertransmission defects in intermediate 
age-related macular degeneration: A novel clinical trial endpoint. 
Am J Ophthalmol 254:11–22. https:// doi. org/ 10. 1016/j. ajo. 2023. 
03. 012

 39. Tan ACS, Pilgrim MG, Fearn S et al (2018) Calcified nodules 
in retinal drusen are associated with disease progression in age-
related macular degeneration. Sci Transl Med 10(466):eaat4544. 
https:// doi. org/ 10. 1126/ scitr anslm ed. aat45 44

 40. Nassisi M, Lei J, Abdelfattah NS et al (2019) OCT risk fac-
tors for development of late age-related macular degeneration 
in the fellow eyes of patients enrolled in the HARBOR study. 
Ophthalmology 126(12):1667–1674. https:// doi. org/ 10. 1016/j. 
ophtha. 2019. 05. 016

 41. Ouyang Y, Heussen FM, Hariri A, Keane PA, Sadda SR (2013) 
Optical coherence tomography-based observation of the natural 
history of drusenoid lesion in eyes with dry age-related macular 
degeneration. Ophthalmology 120(12):2656–2665. https:// doi. 
org/ 10. 1016/j. ophtha. 2013. 05. 029

 42. Bonnet C, Querques G, Zerbib J et al (2014) Hyperreflective 
pyramidal structures on optical coherence tomography in geo-
graphic atrophy areas. Retina 34(8):1524–1530. https:// doi. org/ 
10. 1097/ IAE. 00000 00000 000165

 43. Suzuki M, Curcio CA, Mullins RF, Spaide RF (2015) Refrac-
tile drusen: Clinical imaging and candidate histology. Retina 
35(5):859–865. https:// doi. org/ 10. 1097/ IAE. 00000 00000 000503

 44. Veerappan M, El-Hage-Sleiman AKM, Tai V et al (2016) Opti-
cal coherence tomography reflective drusen substructures predict 
progression to geographic atrophy in age-related macular degen-
eration. Ophthalmology 123(12):2554–2570. https:// doi. org/ 10. 
1016/j. ophtha. 2016. 08. 047

 45. Oishi A, Thiele S, Nadal J et al (2017) Prevalence, natural course, 
and prognostic role of refractile drusen in age-related macular 
degeneration. Investig Opthalmology Vis Sci 58(4):2198. https:// 
doi. org/ 10. 1167/ iovs. 16- 20781

 46. Li M, Dolz-Marco R, Huisingh C et al (2019) Clinicopathologic 
correlation of geographic atrophy secondary to age-related macu-
lar degeneration. Retina 39(4):802–816. https:// doi. org/ 10. 1097/ 
IAE. 00000 00000 002461

 47. Jaffe GJ, Chakravarthy U, Freund KB et al (2021) Imaging fea-
tures associated with progression to geographic atrophy in age-
related macular degeneration. Ophthalmol Retina 5(9):855–867. 
https:// doi. org/ 10. 1016/j. oret. 2020. 12. 009

 48. Liu J, Laiginhas R, Corvi F et al (2022) Diagnosing persistent 
hypertransmission defects on en face OCT imaging of age-related 
macular degeneration. Ophthalmol Retina 6(5):387–397. https:// 
doi. org/ 10. 1016/j. oret. 2022. 01. 011

 49. Liu J, Laiginhas R, Shen M et al (2022) Multimodal imaging 
and en face OCT detection of calcified drusen in eyes with age-
related macular degeneration. Ophthalmol Sci 2(2):100162. 
https:// doi. org/ 10. 1016/j. xops. 2022. 100162

 50. Mimoun G, Soubrane G, Coscas G (1990) Macular drusen. J Fr 
Ophtalmol 13(10):511–530

 51. Klein R, Davis MD, Magli YL, Segal P, Klein BEK, Hubbard L 
(1991) The Wisconsin age-related maculopathy grading system. 

https://doi.org/10.1016/j.preteyeres.2018.07.002
https://doi.org/10.1016/j.preteyeres.2018.07.002
https://doi.org/10.1167/iovs.18-23943
https://doi.org/10.1167/iovs.18-23943
https://doi.org/10.1097/IAE.0000000000002198
https://doi.org/10.1097/IAE.0000000000002198
https://doi.org/10.1167/iovs.17-22360
https://doi.org/10.1167/iovs.17-22360
https://doi.org/10.1097/IAE.0000000000001287
https://doi.org/10.1097/IAE.0000000000001873
https://doi.org/10.1167/tvst.9.7.6
https://doi.org/10.1167/tvst.9.7.6
https://doi.org/10.1016/j.ajo.2020.12.015
https://doi.org/10.1016/j.ajo.2020.12.015
https://doi.org/10.1016/j.oret.2019.01.024
https://doi.org/10.1016/j.oret.2019.01.024
https://doi.org/10.1007/s00417-020-04615-w
https://doi.org/10.1007/s00417-020-04615-w
https://doi.org/10.1371/journal.pone.0212563
https://doi.org/10.1371/journal.pone.0212563
https://doi.org/10.1016/S0039-6257(99)00072-7
https://doi.org/10.1016/j.ophtha.2009.12.002
https://doi.org/10.1016/j.ophtha.2009.12.002
https://doi.org/10.1016/j.ophtha.2007.08.030
https://doi.org/10.1016/j.ophtha.2007.08.030
https://doi.org/10.1038/s41433-020-01293-0
https://doi.org/10.1038/s41433-020-01293-0
https://doi.org/10.1167/iovs.15-18572
https://doi.org/10.1167/iovs.15-18572
https://doi.org/10.1016/j.oret.2022.09.007
https://doi.org/10.1016/j.oret.2022.09.007
https://doi.org/10.1016/j.ajo.2023.03.012
https://doi.org/10.1016/j.ajo.2023.03.012
https://doi.org/10.1126/scitranslmed.aat4544
https://doi.org/10.1016/j.ophtha.2019.05.016
https://doi.org/10.1016/j.ophtha.2019.05.016
https://doi.org/10.1016/j.ophtha.2013.05.029
https://doi.org/10.1016/j.ophtha.2013.05.029
https://doi.org/10.1097/IAE.0000000000000165
https://doi.org/10.1097/IAE.0000000000000165
https://doi.org/10.1097/IAE.0000000000000503
https://doi.org/10.1016/j.ophtha.2016.08.047
https://doi.org/10.1016/j.ophtha.2016.08.047
https://doi.org/10.1167/iovs.16-20781
https://doi.org/10.1167/iovs.16-20781
https://doi.org/10.1097/IAE.0000000000002461
https://doi.org/10.1097/IAE.0000000000002461
https://doi.org/10.1016/j.oret.2020.12.009
https://doi.org/10.1016/j.oret.2022.01.011
https://doi.org/10.1016/j.oret.2022.01.011
https://doi.org/10.1016/j.xops.2022.100162


3434 Graefe's Archive for Clinical and Experimental Ophthalmology (2024) 262:3421–3436

Ophthalmology 98(7):1128–1134. https:// doi. org/ 10. 1016/ 
S0161- 6420(91) 32186-9

 52 Arnold JJ, Sarks SH, Killingsworth MC, Sarks JP (1995) Retic-
ular pseudodrusen. A risk factor in age-related maculopathy. 
Retina Phila Pa 15(3):183–191

 53. Zweifel SA, Spaide RF, Curcio CA, Malek G, Imamura Y (2010) 
Reticular pseudodrusen are subretinal drusenoid deposits. Oph-
thalmology 117(2):303-312.e1. https:// doi. org/ 10. 1016/j. ophtha. 
2009. 07. 014

 54. Querques G, Querques L, Martinelli D et al (2011) Pathologic 
insights from integrated imaging of reticular pseudodrusen in 
age-related macular degeneration. Retina 31(3):518–526. https:// 
doi. org/ 10. 1097/ IAE. 0b013 e3181 f04974

 55. Spaide RF (2013) Outer retinal atrophy after regression of sub-
retinal drusenoid deposits as a newly recognized form of late age-
related macular degeneration. Retina 33(9):1800–1808. https:// 
doi. org/ 10. 1097/ IAE. 0b013 e3182 9c3765

 56. Suzuki M, Sato T, Spaide RF (2014) Pseudodrusen subtypes as 
delineated by multimodal imaging of the fundus. Am J Ophthal-
mol 157(5):1005–1012. https:// doi. org/ 10. 1016/j. ajo. 2014. 01. 
025

 57. Zweifel SA, Imamura Y, Spaide TC, Fujiwara T, Spaide RF 
(2010) Prevalence and significance of subretinal drusenoid 
deposits (reticular pseudodrusen) in age-related macular degen-
eration. Ophthalmology 117(9):1775–1781. https:// doi. org/ 10. 
1016/j. ophtha. 2010. 01. 027

 58. Zhou Q, Daniel E, Maguire MG et al (2016) Pseudodrusen and 
incidence of late age-related macular degeneration in fellow eyes 
in the comparison of age-related macular degeneration treatments 
trials. Ophthalmology 123(7):1530–1540. https:// doi. org/ 10. 
1016/j. ophtha. 2016. 02. 043

 59. Kim JH, Chang YS, Kim JW, Kim CG, Lee DW (2020) Char-
acteristics of type 3 neovascularization lesions: Focus on the 
incidence of multifocal lesions and the distribution of lesion 
location. Retina 40(6):1124–1131. https:// doi. org/ 10. 1097/ IAE. 
00000 00000 002489

 60. Christenbury JG, Folgar FA, O’Connell RV, Chiu SJ, Farsiu S, 
Toth CA (2013) Progression of intermediate age-related macular 
degeneration with proliferation and inner retinal migration of 
hyperreflective foci. Ophthalmology 120(5):1038–1045. https:// 
doi. org/ 10. 1016/j. ophtha. 2012. 10. 018

 61. Laiginhas R, Liu J, Shen M et al (2022) Multimodal imaging, 
OCT B-scan localization, and en face OCT detection of macu-
lar hyperpigmentation in eyes with intermediate age-related 
macular degeneration. Ophthalmol Sci 2(2):100116. https:// 
doi. org/ 10. 1016/j. xops. 2022. 100116

 62. Schuman SG, Koreishi AF, Farsiu S, Jung Sh, Izatt JA, Toth 
CA (2009) Photoreceptor layer thinning over drusen in eyes 
with age-related macular degeneration imaged in vivo with 
spectral-domain optical coherence tomography. Ophthalmol-
ogy 116(3):488–4962. https:// doi. org/ 10. 1016/j. ophtha. 2008. 
10. 006

 63. Fleckenstein M, Issa PC, Helb HM et al (2008) High-resolution 
spectral domain-OCT imaging in geographic atrophy associated 
with age-related macular degeneration. Investig Opthalmology 
Vis Sci 49(9):4137. https:// doi. org/ 10. 1167/ iovs. 08- 1967

 64. Pieroni CG, Witkin AJ, Ko TH et al (2006) Ultrahigh resolu-
tion optical coherence tomography in non-exudative age related 
macular degeneration. Br J Ophthalmol 90(2):191–197. https:// 
doi. org/ 10. 1136/ bjo. 2005. 076612

 65. Ho J, Witkin AJ, Liu J et al (2011) Documentation of intrareti-
nal retinal pigment epithelium migration via high-speed ultra-
high-resolution optical coherence tomography. Ophthalmology 
118(4):687–693. https:// doi. org/ 10. 1016/j. ophtha. 2010. 08. 010

 66. Balaratnasingam C, Messinger JD, Sloan KR, Yannuzzi LA, 
Freund KB, Curcio CA (2017) Histologic and optical coherence 

tomographic correlates in drusenoid pigment epithelium detach-
ment in age-related macular degeneration. Ophthalmology 
124(5):644–656. https:// doi. org/ 10. 1016/j. ophtha. 2016. 12. 034

 67. Cao D, Leong B, Messinger JD et al (2021) Hyperreflective foci, 
optical coherence tomography progression indicators in age-
related macular degeneration, include transdifferentiated retinal 
pigment epithelium. Investig Opthalmology Vis Sci 62(10):34. 
https:// doi. org/ 10. 1167/ iovs. 62. 10. 34

 68. Curcio CA, Zanzottera EC, Ach T, Balaratnasingam C, Freund 
KB (2017) Activated retinal pigment epithelium, an optical 
coherence tomography biomarker for progression in age-related 
macular degeneration. Invest Ophthalmol Vis Sci 58(6):BIO211–
BIO226. https:// doi. org/ 10. 1167/ iovs. 17- 21872

 69. Hageman G (2001) An integrated hypothesis that considers 
drusen as biomarkers of immune-mediated processes at the RPE-
Bruch’s membrane interface in aging and age-related macular 
degeneration. Prog Retin Eye Res 20(6):705–732. https:// doi. org/ 
10. 1016/ S1350- 9462(01) 00010-6

 70. Li M, Dolz-Marco R, Messinger JD et al (2018) Clinicopatho-
logic correlation of anti-vascular endothelial growth factor-
treated type 3 neovascularization in age-related macular degen-
eration. Ophthalmology 125(2):276–287. https:// doi. org/ 10. 
1016/j. ophtha. 2017. 08. 019

 71. Pang CE, Messinger JD, Zanzottera EC, Freund KB, Curcio 
CA (2015) The onion sign in neovascular age-related macular 
degeneration represents cholesterol crystals. Ophthalmology 
122(11):2316–2326. https:// doi. org/ 10. 1016/j. ophtha. 2015. 07. 
008

 72. Augustin S, Lam M, Lavalette S et al (2023) Melanophages 
give rise to hyperreflective foci in AMD, a disease-progression 
marker. J Neuroinflammation 20(1):28. https:// doi. org/ 10. 1186/ 
s12974- 023- 02699-9

 73. Zhang Q, Miller JML (2022) Basic-science observations explain 
how outer retinal hyperreflective foci predict drusen regression 
and geographic atrophy in age-related macular degeneration. Eye 
36(5):1115–1118. https:// doi. org/ 10. 1038/ s41433- 021- 01748-y

 74. Verma A, Corradetti G, He Y et al (2023) Relationship between 
the distribution of intra-retinal hyper-reflective foci and the 
progression of intermediate age-related macular degeneration. 
Graefes Arch Clin Exp Ophthalmol 261(12):3437–3447. https:// 
doi. org/ 10. 1007/ s00417- 023- 06180-4

 75. Saßmannshausen M, Behning C, Weinz J et al (2023) Character-
istics and spatial distribution of structural features in age-related 
macular degeneration. Ophthalmol Retina 7(5):420–430. https:// 
doi. org/ 10. 1016/j. oret. 2022. 12. 007

 76. Duic C, Pfau K, Keenan TDL et al (2023) Hyperreflective foci 
in age-related macular degeneration are associated with dis-
ease severity and functional impairment. Ophthalmol Retina 
7(4):307–317. https:// doi. org/ 10. 1016/j. oret. 2022. 11. 006

 77. Nittala MG, Corvi F, Maram J et al (2022) Risk factors for pro-
gression of age-related macular degeneration: Population-based 
amish eye study. J Clin Med 11(17):5110. https:// doi. org/ 10. 
3390/ jcm11 175110

 78. Waldstein SM, Vogl WD, Bogunovic H, Sadeghipour A, Riedl 
S, Schmidt-Erfurth U (2020) Characterization of drusen and 
hyperreflective foci as biomarkers for disease progression in 
age-related macular degeneration using artificial intelligence in 
optical coherence tomography. JAMA Ophthalmol 138(7):740. 
https:// doi. org/ 10. 1001/ jamao phtha lmol. 2020. 1376

 79. Schmidt-Erfurth U, Bogunovic H, Grechenig C et al (2020) Role 
of deep learning-quantified hyperreflective foci for the prediction 
of geographic atrophy progression. Am J Ophthalmol 216:257–
270. https:// doi. org/ 10. 1016/j. ajo. 2020. 03. 042

 80. Sleiman K, Veerappan M, Winter KP et  al (2017) Optical 
coherence tomography predictors of risk for progression to 
non-neovascular atrophic age-related macular degeneration. 

https://doi.org/10.1016/S0161-6420(91)32186-9
https://doi.org/10.1016/S0161-6420(91)32186-9
https://doi.org/10.1016/j.ophtha.2009.07.014
https://doi.org/10.1016/j.ophtha.2009.07.014
https://doi.org/10.1097/IAE.0b013e3181f04974
https://doi.org/10.1097/IAE.0b013e3181f04974
https://doi.org/10.1097/IAE.0b013e31829c3765
https://doi.org/10.1097/IAE.0b013e31829c3765
https://doi.org/10.1016/j.ajo.2014.01.025
https://doi.org/10.1016/j.ajo.2014.01.025
https://doi.org/10.1016/j.ophtha.2010.01.027
https://doi.org/10.1016/j.ophtha.2010.01.027
https://doi.org/10.1016/j.ophtha.2016.02.043
https://doi.org/10.1016/j.ophtha.2016.02.043
https://doi.org/10.1097/IAE.0000000000002489
https://doi.org/10.1097/IAE.0000000000002489
https://doi.org/10.1016/j.ophtha.2012.10.018
https://doi.org/10.1016/j.ophtha.2012.10.018
https://doi.org/10.1016/j.xops.2022.100116
https://doi.org/10.1016/j.xops.2022.100116
https://doi.org/10.1016/j.ophtha.2008.10.006
https://doi.org/10.1016/j.ophtha.2008.10.006
https://doi.org/10.1167/iovs.08-1967
https://doi.org/10.1136/bjo.2005.076612
https://doi.org/10.1136/bjo.2005.076612
https://doi.org/10.1016/j.ophtha.2010.08.010
https://doi.org/10.1016/j.ophtha.2016.12.034
https://doi.org/10.1167/iovs.62.10.34
https://doi.org/10.1167/iovs.17-21872
https://doi.org/10.1016/S1350-9462(01)00010-6
https://doi.org/10.1016/S1350-9462(01)00010-6
https://doi.org/10.1016/j.ophtha.2017.08.019
https://doi.org/10.1016/j.ophtha.2017.08.019
https://doi.org/10.1016/j.ophtha.2015.07.008
https://doi.org/10.1016/j.ophtha.2015.07.008
https://doi.org/10.1186/s12974-023-02699-9
https://doi.org/10.1186/s12974-023-02699-9
https://doi.org/10.1038/s41433-021-01748-y
https://doi.org/10.1007/s00417-023-06180-4
https://doi.org/10.1007/s00417-023-06180-4
https://doi.org/10.1016/j.oret.2022.12.007
https://doi.org/10.1016/j.oret.2022.12.007
https://doi.org/10.1016/j.oret.2022.11.006
https://doi.org/10.3390/jcm11175110
https://doi.org/10.3390/jcm11175110
https://doi.org/10.1001/jamaophthalmol.2020.1376
https://doi.org/10.1016/j.ajo.2020.03.042


3435Graefe's Archive for Clinical and Experimental Ophthalmology (2024) 262:3421–3436 

Ophthalmology 124(12):1764–1777. https:// doi. org/ 10. 1016/j. 
ophtha. 2017. 06. 032

 81. Ferrara D, Silver RE, Louzada RN, Novais EA, Collins GK, Sed-
don JM (2017) Optical coherence tomography features preceding 
the onset of advanced age-related macular degeneration. Investig 
Opthalmology Vis Sci 58(9):3519. https:// doi. org/ 10. 1167/ iovs. 
17- 21696

 82. Lei J, Balasubramanian S, Abdelfattah NS, Nittala MG, Sadda 
SR (2017) Proposal of a simple optical coherence tomography-
based scoring system for progression of age-related macular 
degeneration. Graefes Arch Clin Exp Ophthalmol 255(8):1551–
1558. https:// doi. org/ 10. 1007/ s00417- 017- 3693-y

 83. Nassisi M, Fan W, Shi Y et al (2018) Quantity of intraretinal 
hyperreflective foci in patients with intermediate age-related 
macular degeneration correlates with 1-year progression. Investig 
Opthalmology Vis Sci 59(8):3431. https:// doi. org/ 10. 1167/ iovs. 
18- 24143

 84. Sura AA, Chen L, Messinger JD et al (2020) Measuring the con-
tributions of basal laminar deposit and Bruch’s membrane in 
age-related macular degeneration. Investig Opthalmology Vis Sci 
61(13):19. https:// doi. org/ 10. 1167/ iovs. 61. 13. 19

 85. Green WR, Enger C (1993) Age-related macular degeneration 
histopathologic studies. Ophthalmology 100(10):1519–1535. 
https:// doi. org/ 10. 1016/ S0161- 6420(93) 31466-1

 86. Sarks S, Cherepanoff S, Killingsworth M, Sarks J (2007) Rela-
tionship of basal laminar deposit and membranous debris to the 
clinical presentation of early age-related macular degeneration. 
Investig Opthalmology Vis Sci 48(3):968. https:// doi. org/ 10. 
1167/ iovs. 06- 0443

 87. Sato T, Kishi S, Watanabe G, Matsumoto H, Mukai R (2007) 
Tomographic features of branching vascular networks in poly-
poidal choroidal vasculopathy. Retina 27(5):589–594. https:// doi. 
org/ 10. 1097/ 01. iae. 00002 49386. 63482. 05

 88. Querques G, Srour M, Massamba N et al (2013) functional char-
acterization and multimodal imaging of treatment-naïve “quies-
cent” choroidal neovascularization. Investig Opthalmology Vis 
Sci 54(10):6886. https:// doi. org/ 10. 1167/ iovs. 13- 11665

 89. Shi Y, Motulsky EH, Goldhardt R et al (2019) Predictive value 
of the OCT double-layer sign for identifying subclinical neovas-
cularization in age-related macular degeneration. Ophthalmol 
Retina 3(3):211–219. https:// doi. org/ 10. 1016/j. oret. 2018. 10. 012

 90. Capuano V, Miere A, Querques L et al (2017) Treatment-naïve 
quiescent choroidal neovascularization in geographic atrophy 
secondary to nonexudative age-related macular degeneration. 
Am J Ophthalmol 182:45–55. https:// doi. org/ 10. 1016/j. ajo. 2017. 
07. 009

 91. Pfau M, Möller PT, Künzel SH et al (2020) Type 1 choroidal 
neovascularization is associated with reduced localized progres-
sion of atrophy in age-related macular degeneration. Ophthalmol 
Retina 4(3):238–248. https:// doi. org/ 10. 1016/j. oret. 2019. 09. 016

 92. Fukuyama H, Huang BB, BouGhanem G, Fawzi AA (2022) The 
fovea-protective impact of double-layer sign in eyes with foveal-
sparing geographic atrophy and age-related macular degenera-
tion. Investig Opthalmology Vis Sci 63(11):4. https:// doi. org/ 10. 
1167/ iovs. 63. 11.4

 93. Guymer RH, Rosenfeld PJ, Curcio CA et al (2020) Incomplete 
retinal pigment epithelial and outer retinal atrophy in age-related 
macular degeneration. Ophthalmology 127(3):394–409. https:// 
doi. org/ 10. 1016/j. ophtha. 2019. 09. 035

 94. Nittala MG, Metlapally R, Ip M et al (2022) Association of pegc-
etacoplan with progression of incomplete retinal pigment epithe-
lium and outer retinal atrophy in age-related macular degenera-
tion: a post hoc analysis of the filly randomized clinical trial. 
JAMA Ophthalmol 140(3):243. https:// doi. org/ 10. 1001/ jamao 
phtha lmol. 2021. 6067

 95. Corradetti G, Corvi F, Nittala MG et al (2021) Natural history of 
incomplete retinal pigment epithelial and outer retinal atrophy in 
age-related macular degeneration. Can J Ophthalmol 56(5):325–
334. https:// doi. org/ 10. 1016/j. jcjo. 2021. 01. 005

 96. Corvi F, Corradetti G, Nittala MG et al (2021) Comparison 
of Spectralis and Cirrus optical coherence tomography for the 
detection of incomplete and complete retinal pigment epithelium 
and outer retinal atrophy. Retina 41(9):1851–1857. https:// doi. 
org/ 10. 1097/ IAE. 00000 00000 003158

 97. Corvi F, Corradetti G, Laiginhas R et al (2023) Comparison 
between B-scan and En face images for incomplete and complete 
retinal pigment epithelium and outer retinal atrophy. Ophthalmol 
Retina 7(11):999–1009. https:// doi. org/ 10. 1016/j. oret. 2023. 07. 
003

 98. Wu Z, Luu CD, Ayton LN et  al (2014) Optical coherence 
tomography-defined changes preceding the development of 
drusen-associated atrophy in age-related macular degeneration. 
Ophthalmology 121(12):2415–2422. https:// doi. org/ 10. 1016/j. 
ophtha. 2014. 06. 034

 99. Wu Z, Luu CD, Ayton LN et al (2015) Fundus autofluorescence 
characteristics of nascent geographic atrophy in age-related mac-
ular degeneration. Invest Ophthalmol Vis Sci 56(3):1546–1552. 
https:// doi. org/ 10. 1167/ iovs. 14- 16211

 100. Monés J, Biarnés M, Trindade F (2012) Hyporeflective wedge-
shaped band in geographic atrophy secondary to age-related mac-
ular degeneration. Ophthalmology 119(7):1412–1419. https:// 
doi. org/ 10. 1016/j. ophtha. 2012. 01. 026

 101. Schaal KB, Gregori G, Rosenfeld PJ (2017) En face optical 
coherence tomography imaging for the detection of nascent geo-
graphic atrophy. Am J Ophthalmol 174:145–154. https:// doi. org/ 
10. 1016/j. ajo. 2016. 11. 002

 102. Wu Z, Luu CD, Hodgson LAB et al (2020) Prospective longi-
tudinal evaluation of nascent geographic atrophy in age-related 
macular degeneration. Ophthalmol Retina 4(6):568–575. https:// 
doi. org/ 10. 1016/j. oret. 2019. 12. 011

 103. Sacconi R, Sarraf D, Sadda SR et al (2023) Nascent geographic 
atrophy as a predictor of type 3 macular neovascularization 
development. Ophthalmol Retina 7(7):586–592. https:// doi. org/ 
10. 1016/j. oret. 2023. 01. 019

 104. Shi Y, Yang J, Feuer W, Gregori G, Rosenfeld PJ (2021) Per-
sistent hypertransmission defects on en face OCT imaging as 
a stand-alone precursor for the future formation of geographic 
atrophy. Ophthalmol Retina 5(12):1214–1225. https:// doi. org/ 10. 
1016/j. oret. 2021. 02. 004

 105. Yehoshua Z, Garcia Filho CAA, Penha FM et al (2013) Compari-
son of geographic atrophy measurements from the OCT fundus 
image and the Sub-RPE slab image. Ophthalmic Surg Lasers 
Imaging Retina 44(2):127–132. https:// doi. org/ 10. 3928/ 23258 
160- 20130 313- 05

 106. Yehoshua Z, Rosenfeld PJ, Gregori G et al (2011) Progression of 
geographic atrophy in age-related macular degeneration imaged 
with spectral domain optical coherence tomography. Ophthal-
mology 118(4):679–686. https:// doi. org/ 10. 1016/j. ophtha. 2010. 
08. 018

 107. Schaal KB, Rosenfeld PJ, Gregori G, Yehoshua Z, Feuer WJ 
(2016) Anatomic clinical trial endpoints for nonexudative age-
related macular degeneration. Ophthalmology 123(5):1060–
1079. https:// doi. org/ 10. 1016/j. ophtha. 2016. 01. 034

 108. Laiginhas R, Shi Y, Shen M et al (2022) Persistent hypertrans-
mission defects detected on en face swept source optical com-
puted tomography images predict the formation of geographic 
atrophy in age-related macular degeneration. Am J Ophthalmol 
237:58–70. https:// doi. org/ 10. 1016/j. ajo. 2021. 11. 001

 109. Chu Z, Shi Y, Zhou X et al (2022) Optical coherence tomogra-
phy measurements of the retinal pigment epithelium to Bruch 
membrane thickness around geographic atrophy correlate with 

https://doi.org/10.1016/j.ophtha.2017.06.032
https://doi.org/10.1016/j.ophtha.2017.06.032
https://doi.org/10.1167/iovs.17-21696
https://doi.org/10.1167/iovs.17-21696
https://doi.org/10.1007/s00417-017-3693-y
https://doi.org/10.1167/iovs.18-24143
https://doi.org/10.1167/iovs.18-24143
https://doi.org/10.1167/iovs.61.13.19
https://doi.org/10.1016/S0161-6420(93)31466-1
https://doi.org/10.1167/iovs.06-0443
https://doi.org/10.1167/iovs.06-0443
https://doi.org/10.1097/01.iae.0000249386.63482.05
https://doi.org/10.1097/01.iae.0000249386.63482.05
https://doi.org/10.1167/iovs.13-11665
https://doi.org/10.1016/j.oret.2018.10.012
https://doi.org/10.1016/j.ajo.2017.07.009
https://doi.org/10.1016/j.ajo.2017.07.009
https://doi.org/10.1016/j.oret.2019.09.016
https://doi.org/10.1167/iovs.63.11.4
https://doi.org/10.1167/iovs.63.11.4
https://doi.org/10.1016/j.ophtha.2019.09.035
https://doi.org/10.1016/j.ophtha.2019.09.035
https://doi.org/10.1001/jamaophthalmol.2021.6067
https://doi.org/10.1001/jamaophthalmol.2021.6067
https://doi.org/10.1016/j.jcjo.2021.01.005
https://doi.org/10.1097/IAE.0000000000003158
https://doi.org/10.1097/IAE.0000000000003158
https://doi.org/10.1016/j.oret.2023.07.003
https://doi.org/10.1016/j.oret.2023.07.003
https://doi.org/10.1016/j.ophtha.2014.06.034
https://doi.org/10.1016/j.ophtha.2014.06.034
https://doi.org/10.1167/iovs.14-16211
https://doi.org/10.1016/j.ophtha.2012.01.026
https://doi.org/10.1016/j.ophtha.2012.01.026
https://doi.org/10.1016/j.ajo.2016.11.002
https://doi.org/10.1016/j.ajo.2016.11.002
https://doi.org/10.1016/j.oret.2019.12.011
https://doi.org/10.1016/j.oret.2019.12.011
https://doi.org/10.1016/j.oret.2023.01.019
https://doi.org/10.1016/j.oret.2023.01.019
https://doi.org/10.1016/j.oret.2021.02.004
https://doi.org/10.1016/j.oret.2021.02.004
https://doi.org/10.3928/23258160-20130313-05
https://doi.org/10.3928/23258160-20130313-05
https://doi.org/10.1016/j.ophtha.2010.08.018
https://doi.org/10.1016/j.ophtha.2010.08.018
https://doi.org/10.1016/j.ophtha.2016.01.034
https://doi.org/10.1016/j.ajo.2021.11.001


3436 Graefe's Archive for Clinical and Experimental Ophthalmology (2024) 262:3421–3436

growth. Am J Ophthalmol 236:249–260. https:// doi. org/ 10. 
1016/j. ajo. 2021. 10. 032

 110. Fleckenstein M, Schmitz-Valckenberg S, Lindner M et al (2014) 
The “diffuse-trickling” fundus autofluorescence phenotype in 
geographic atrophy. Investig Opthalmology Vis Sci 55(5):2911. 
https:// doi. org/ 10. 1167/ iovs. 13- 13409

 111. Dolz-Marco R, Balaratnasingam C, Messinger JD et al (2018) 
The border of macular atrophy in age-related macular degen-
eration: A clinicopathologic correlation. Am J Ophthalmol 
193:166–177. https:// doi. org/ 10. 1016/j. ajo. 2018. 06. 020

 112. Wang DL, Agee J, Mazzola M et al (2019) Outer retinal thickness 
and fundus autofluorescence in geographic atrophy. Ophthalmol 
Retina 3(12):1035–1044. https:// doi. org/ 10. 1016/j. oret. 2019. 07. 
016

 113. Gallagher D, Kalra G, Rasheed MA, Vupparaboina KK, Singh 
SR, Chhablani J (2022) Long-term retinal changes in progressive 
geographic atrophy. Eur J Ophthalmol 32(3):1687–1693. https:// 
doi. org/ 10. 1177/ 11206 72121 10356 36

 114 Ebneter A, Jaggi D, Abegg M, Wolf S, Zinkernagel MS (2016) 
Relationship between presumptive inner nuclear layer thick-
ness and geographic atrophy progression in age-related macular 
degeneration. Investig Opthalmology Vis Sci 57(9):OCT299. 
https:// doi. org/ 10. 1167/ iovs. 15- 18865

 115. Zhang Q, Shi Y, Shen M et al (2022) Does the outer retinal 
thickness around geographic atrophy represent another clinical 
biomarker for predicting growth? Am J Ophthalmol 244:79–87. 
https:// doi. org/ 10. 1016/j. ajo. 2022. 08. 012

 116. Pfau M, von der Emde L, de Sisternes L et al (2020) Progres-
sion of photoreceptor degeneration in geographic atrophy sec-
ondary to age-related macular degeneration. JAMA Ophthalmol 
138(10):1026–1034. https:// doi. org/ 10. 1001/ jamao phtha lmol. 
2020. 2914

 117. Lu J, Cheng Y, Hiya FE et al (2024) Deep-learning-based auto-
mated measurement of outer retinal layer thickness for use in the 
assessment of age-related macular degeneration, applicable to 
both swept-source and spectral-domain OCT imaging. Biomed 
Opt Express 15(1):413. https:// doi. org/ 10. 1364/ BOE. 512359

 118. Riedl S, Vogl WD, Mai J et al (2022) The effect of pegcetacoplan 
treatment on photoreceptor maintenance in geographic atrophy 
monitored by artificial intelligence-based OCT analysis. Oph-
thalmol Retina 6(11):1009–1018. https:// doi. org/ 10. 1016/j. oret. 
2022. 05. 030

 119. Harada N, Nagai N, Mushiga Y, Ozawa Y (2022) Choriocapil-
laris flow imbalance in fellow eyes in age-related macular degen-
eration. Investig Opthalmology Vis Sci 63(9):13. https:// doi. org/ 
10. 1167/ iovs. 63.9. 13

 120. Biesemeier A, Taubitz T, Julien S, Yoeruek E, Schraermeyer 
U (2014) Choriocapillaris breakdown precedes retinal degen-
eration in age-related macular degeneration. Neurobiol Aging 
35(11):2562–2573. https:// doi. org/ 10. 1016/j. neuro biola ging. 
2014. 05. 003

 121. Bhutto I, Lutty G (2012) Understanding age-related macular 
degeneration (AMD): Relationships between the photoreceptor/
retinal pigment epithelium/Bruch’s membrane/choriocapillaris 
complex. Mol Aspects Med 33(4):295–317. https:// doi. org/ 10. 
1016/j. mam. 2012. 04. 005

 122. Lutty GA, McLeod DS, Bhutto IA, Edwards MM, Seddon JM 
(2020) Choriocapillaris dropout in early age-related macular 
degeneration. Exp Eye Res 192:107939. https:// doi. org/ 10. 
1016/j. exer. 2020. 107939

 123. Grebe R, Mughal I, Bryden W et al (2019) Ultrastructural analy-
sis of submacular choriocapillaris and its transport systems in 
AMD and aged control eyes. Exp Eye Res 181:252–262. https:// 
doi. org/ 10. 1016/j. exer. 2019. 02. 018

 124. McLeod DS, Grebe R, Bhutto I, Merges C, Baba T, Lutty GA 
(2009) Relationship between RPE and choriocapillaris in age-
related macular degeneration. Investig Opthalmology Vis Sci 
50(10):4982. https:// doi. org/ 10. 1167/ iovs. 09- 3639

 125. Seddon JM, McLeod DS, Bhutto IA et al (2016) Histopathologi-
cal insights into choroidal vascular loss in clinically documented 
cases of age-related macular degeneration. JAMA Ophthalmol 
134(11):1272. https:// doi. org/ 10. 1001/ jamao phtha lmol. 2016. 
3519

 126. Edwards MM, McLeod DS, Shen M et al (2023) Clinicopatho-
logic findings in three siblings with geographic atrophy. Inves-
tig Opthalmology Vis Sci 64(3):2. https:// doi. org/ 10. 1167/ iovs. 
64.3.2

 127. Li M, Huisingh C, Messinger J et al (2018) Histology of geo-
graphic atrophy secondary to age-related macular degeneration: 
a multilayer approach. Retina 38(10):1937–1953. https:// doi. org/ 
10. 1097/ IAE. 00000 00000 002182

 128. Cabrera AP, Bhaskaran A, Xu J et al (2016) Senescence increases 
choroidal endothelial stiffness and susceptibility to complement 
injury: Implications for choriocapillaris loss in AMD. Investig 
Opthalmology Vis Sci 57(14):5910. https:// doi. org/ 10. 1167/ iovs. 
16- 19727

 129. Nassisi M, Shi Y, Fan W et al (2019) Choriocapillaris impairment 
around the atrophic lesions in patients with geographic atrophy: a 
swept-source optical coherence tomography angiography study. 
Br J Ophthalmol 103(7):911–917. https:// doi. org/ 10. 1136/ bjoph 
thalm ol- 2018- 312643

 130. Sacconi R, Corbelli E, Borrelli E et al (2021) Choriocapillaris 
flow impairment could predict the enlargement of geographic 
atrophy lesion. Br J Ophthalmol 105(1):97–102. https:// doi. org/ 
10. 1136/ bjoph thalm ol- 2019- 315800

 131 Alagorie AR, Corradetti G, Byon I et al (2023) Impact of slab 
selection on the relationship between choriocapillaris flow defi-
cits and enlargement rate of geographic atrophy. Eye. https:// doi. 
org/ 10. 1038/ s41433- 023- 02788-2

 132. Zheng F, Zhang Q, Shi Y et al (2019) Age-dependent changes in 
the macular choriocapillaris of normal eyes imaged with swept-
source optical coherence tomography angiography. Am J Oph-
thalmol 200:110–122. https:// doi. org/ 10. 1016/j. ajo. 2018. 12. 025

 133. You QS, Camino A, Wang J et al (2021) Geographic atrophy pro-
gression is associated with choriocapillaris flow deficits meas-
ured with optical coherence tomographic angiography. Investig 
Opthalmology Vis Sci 62(15):28. https:// doi. org/ 10. 1167/ iovs. 
62. 15. 28

 134. Sacconi R, Battista M, Borrelli E et al (2022) Choroidal vascu-
larity index is associated with geographic atrophy progression. 
Retina 42(2):381–387. https:// doi. org/ 10. 1097/ IAE. 00000 00000 
003305

 135. Vogl WD, Riedl S, Mai J et al (2023) Predicting topographic 
disease progression and treatment response of pegcetacoplan 
in geographic atrophy quantified by deep learning. Ophthalmol 
Retina 7(1):4–13. https:// doi. org/ 10. 1016/j. oret. 2022. 08. 003

 136 Borrelli E, Barresi C, Berni A et al (2024) OCT risk factors for 
2-year foveal involvement in non-treated eyes with extrafoveal 
geographic atrophy and AMD. Graefes Arch Clin Exp Ophthal-
mol Albrecht Von Graefes Arch Klin Exp Ophthalmol. https:// 
doi. org/ 10. 1007/ s00417- 024- 06399-9

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ajo.2021.10.032
https://doi.org/10.1016/j.ajo.2021.10.032
https://doi.org/10.1167/iovs.13-13409
https://doi.org/10.1016/j.ajo.2018.06.020
https://doi.org/10.1016/j.oret.2019.07.016
https://doi.org/10.1016/j.oret.2019.07.016
https://doi.org/10.1177/11206721211035636
https://doi.org/10.1177/11206721211035636
https://doi.org/10.1167/iovs.15-18865
https://doi.org/10.1016/j.ajo.2022.08.012
https://doi.org/10.1001/jamaophthalmol.2020.2914
https://doi.org/10.1001/jamaophthalmol.2020.2914
https://doi.org/10.1364/BOE.512359
https://doi.org/10.1016/j.oret.2022.05.030
https://doi.org/10.1016/j.oret.2022.05.030
https://doi.org/10.1167/iovs.63.9.13
https://doi.org/10.1167/iovs.63.9.13
https://doi.org/10.1016/j.neurobiolaging.2014.05.003
https://doi.org/10.1016/j.neurobiolaging.2014.05.003
https://doi.org/10.1016/j.mam.2012.04.005
https://doi.org/10.1016/j.mam.2012.04.005
https://doi.org/10.1016/j.exer.2020.107939
https://doi.org/10.1016/j.exer.2020.107939
https://doi.org/10.1016/j.exer.2019.02.018
https://doi.org/10.1016/j.exer.2019.02.018
https://doi.org/10.1167/iovs.09-3639
https://doi.org/10.1001/jamaophthalmol.2016.3519
https://doi.org/10.1001/jamaophthalmol.2016.3519
https://doi.org/10.1167/iovs.64.3.2
https://doi.org/10.1167/iovs.64.3.2
https://doi.org/10.1097/IAE.0000000000002182
https://doi.org/10.1097/IAE.0000000000002182
https://doi.org/10.1167/iovs.16-19727
https://doi.org/10.1167/iovs.16-19727
https://doi.org/10.1136/bjophthalmol-2018-312643
https://doi.org/10.1136/bjophthalmol-2018-312643
https://doi.org/10.1136/bjophthalmol-2019-315800
https://doi.org/10.1136/bjophthalmol-2019-315800
https://doi.org/10.1038/s41433-023-02788-2
https://doi.org/10.1038/s41433-023-02788-2
https://doi.org/10.1016/j.ajo.2018.12.025
https://doi.org/10.1167/iovs.62.15.28
https://doi.org/10.1167/iovs.62.15.28
https://doi.org/10.1097/IAE.0000000000003305
https://doi.org/10.1097/IAE.0000000000003305
https://doi.org/10.1016/j.oret.2022.08.003
https://doi.org/10.1007/s00417-024-06399-9
https://doi.org/10.1007/s00417-024-06399-9

	Structural OCT and OCT angiography biomarkers associated with the development and progression of geographic atrophy in AMD
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Retinal imaging in geographic atrophy
	Risk factors for the development of GA
	Drusen
	Subretinal drusenoid deposits
	Intraretinal hyperreflective foci
	Basal laminar deposits
	Incomplete RPE and outer retinal atrophy
	Persistent choroidal hypertransmission defects

	Risk factors for the progression of GA
	Retinal pigment epithelium to Bruch’s membrane distance
	Outer retinal layer thickness and photoreceptor abnormalities
	Choriocapillaris perfusion
	Involvement of the foveal region in patients with extrafoveal GA

	Conclusions
	References


