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Purpose: The purpose of this study was to evaluate the long-term rate of progression
and baseline predictors of geographic atrophy (GA) using complete retinal pigment
epithelium and outer retinal atrophy (cRORA) annotation criteria.

Methods: This is a retrospective study. Columns of GA were manually annotated by
two graders using a self-developed software on optical coherence tomography (OCT)
B-scans and projected onto the infrared images. The primary outcomes were: (1) rate of
area progression, (2) rate of square root area progression, and (3) rate of radial progres-
sion towards the fovea. The effects of 11 additional baseline predictors on the primary
outcomes were analyzed: total area, focality (defined as the number of lesions whose
area is >0.05 mm2), circularity, total lesion perimeter, minimum diameter, maximum
diameter, minimum distance from the center, sex, age, presence/absence of hyperten-
sion, and lens status.

Results:GAwas annotated in 33 pairs of baseline and follow-upOCT scans from 33 eyes
of 18 patients with dry age-related macular degeneration (AMD) followed for at least
6 months. The mean rate of area progression was 1.49 ± 0.86 mm2/year (P < 0.0001 vs.
baseline), and the mean rate of square root area progression was 0.33 ± 0.15 mm/year
(P < 0.0001 vs. baseline). The mean rate of radial progression toward the fovea was
0.07 ± 0.11 mm/year. A multiple variable linear regression model (adjusted r2 = 0.522)
revealed that baseline focality and female sex were significantly correlated with the rate
of GA area progression.

Conclusions:GAareaprogressionwasquantifiedusingOCTas an alternative to conven-
tional measurements performed on fundus autofluorescence images. Baseline focality
correlated with GA area progression rate and lesion’s minimal distance from the center
correlated with GA radial progression rate toward the center. These may be important
markers for the assessment of GA activity.

Translational Relevance: Advanced method linking specific retinal micro-anatomy to
GA area progression analysis.

Introduction

Geographic atrophy (GA) is a major cause of vision
loss secondary to age-related macular degeneration
(AMD) that currently has no treatment.1 Several tradi-
tional and recently developed imaging technologies can
be used to quantify morphological signs of atrophy in
the setting of AMD, including color fundus photog-

raphy (CFP), fundus autofluorescence (FAF), infrared
imaging (IR), and spectral-domain optical coherence
tomography (SD-OCT; hereafter referred to as OCT).
The earliest diagnosis can be obtained using OCT
imaging, as reported in a recent consensus paper by
retinal specialists worldwide.2 Specifically, these special-
ists proposed a classification system that includes
incomplete retinal pigment epithelium (RPE) and outer
retinal atrophy (iRORA) and complete RPE and outer
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retinal atrophy (cRORA), with increasing levels of
severity. The cRORA is defined as the complete loss
of photoreceptors and the RPE, providing a specific
anatomical measure of GA that will likely be critical
for clinical trials designed to prevent atrophy; impor-
tantly, cRORA can be detected only on OCT, but not
on FAF or CFP.2

Most studies that address the rate of GA progres-
sion are based on CFP or FAF. A meta-analysis
by Fleckenstein et al. found that a median rate of
GA progression of 1.78 mm2 /year.1 Multifocality of
baseline GA lesions has been shown to correlate with
faster GA area progression rate.3 In addition, baseline
foveal sparing has been associated with increased
overall radial progression of atrophy.4

In previous work, we developed a custom image
analysis software platform for measuring GA progres-
sion in OCT scans using cRORA criteria for GA
annotation.5 Here, we used this system to annotate
and quantify the rate of GA progression in patients
with GA secondary to AMD and to identify potential
baseline predictors of GA progression.

Methods

Study Design, Patient Selection, and Data
Collection

In this retrospective study, we collected the baseline
and follow-up data of eyes with advanced dry AMD
in patients who were followed during the years 2012
to 2020 at the Retina Service of the Department
of Ophthalmology at the Hadassah-Hebrew Univer-
sity Medical Center in Jerusalem, Israel. This study
was performed in accordance with the Declaration of
Helsinki and was approved by our Institutional Review
Board (IRB)/Ethics Committee (approval number
HMO-382-19). Informed consent was not required due
to the retrospective study design and anonymous data
analysis.

We included patients over 55 years of age who
presented with GA secondary to AMD on OCT and
were followed for at least 6 months. Additional inclu-
sion criteria included no signs or history of choroidal
neovascularization on fundoscopy or OCT in the study
eye(s) and suitable quality baseline and follow-up
images (defined subjectively by the graders as a high
signal-to-noise ratio, to prevent interfering with proper
annotation). We excluded patients with retinal atrophy
due to high myopia (spherical equivalent >6 diopters)
and/or macular dystrophy, as well as patients with
occluded ocular media (e.g. due to dense cataracts or
corneal scarring).

Patients underwent best-corrected visual acuity
(BCVA) testing (early treatment diabetic retinopa-
thy study [ETDRS] protocol at a distance of 4
meters), slit-lamp examination, bio-microscopy, and
OCT with simultaneous infrared imaging (Spectralis
OCT system; Heidelberg Engineering GmbH, Heidel-
berg, Germany). Patient demographics (e.g. sex and
age) and lens status (i.e. pseudophakia) were extracted
from the patients’ electronic medical records.

Retinal Imaging Protocol

The Spectralis HRA-OCT protocol includes 25 to
61 B-scan slices per cube scan (baseline and follow-
up; 20 pairs had 61 B-scans per cube scan, 5 pairs
had 49 B-scans per cube scan, 3 pairs had 37 B-scans
per cube scan, and 5 pairs had 25 B-scans per cube
scan), with a width and height of 20 degrees in each
direction. Different patients had different numbers of
slices; however, the same number of slices was used
for the baseline and follow-up scans in each patient.
Each scan was averaged using the automated real-time
mode of the Spectralis system, with 30 frames per
B-scan. The confocal scanning-laser ophthalmoscopy
device for infrared imaging in the SpectralisHRA-OCT
system uses a wavelength of 820 nm. Infrared images
were acquired simultaneously during the OCT proce-
dure with a frame size of 30 degrees × 30 degrees and a
resolution of 768× 768 pixels. The technical properties
of the infrared and OCT images and of the procedures
used are described elsewhere.6

Image Analysis and Annotation

Columns of GA lesions were manually annotated in
66 cube scans by 2 experienced graders (authors J.L.
and O.S.); 52 scans were annotated by one grader and
validated by the second grader, whereas the remain-
ing 14 scans were independently annotated by the
second grader. Lesion size was calculated as the average
of the two annotations made by the graders where
appropriate. Our custom software program was used
to manually annotate GA in the baseline and follow-
up OCT B-scans.5

The “Consensus Definition for Atrophy Associated
with Age-Related Macular Degeneration on OCT”
(CAM) criteria for cRORA were used to annotate
GA.2 Columns of cRORA were annotated on each B-
scan if all four of the following criteria for complete
RPE and outer retinal atrophy (cRORA) were met:
(1) choroidal hyper-transmission, (2) RPE attenuation
or disruption, (3) evidence of overlying photorecep-
tor degeneration, and (4) absence of scrolled RPE or
other signs of an RPE tear. However, unlike the CAM
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Figure 1. Annotation of GA using OCT scans. GA segments were annotated on OCT B-scans based on the presence of three specific
criteria of cRORA: (1) choroidal hyper-transmission; (2) RPE attenuation or disruption; and (3) photoreceptor degeneration, which manifests
as an absence of interdigitation zone, ellipsoid zone, and external limiting membrane, as well as thinning of the outer nuclear layer. Shown
is an example of GA annotation at baseline using the cRORA criteria on an OCT B-scan (A) and the projection on the corresponding infrared
image (B, C, D). The difference between the baseline B and follow-up C scans was used to calculate the rate of GA area progression and
the rate of radial progression indicated the yellow radial arrows in D. Red color = GA annotation using the cRORA criteria on an OCT B-scan
projected on the IR image on baseline; dark blue color=GA annotation using the cRORA criteria on anOCT B-scan projected on the IR image
on follow-up; light blue color = annotation of GA progression on the follow-up scan relative to baseline; yellow circles = 1, 3, and 6-mm
diameter distances from the foveal center (ETDRS grid); yellow arrow = radial progression in 8 radially equidistant directions at 45-degree
intervals.

definition—and because of the technical capabilities of
our custom image analysis program—we did not use
the minimum diameter criteria of 250 microns; rather,
we annotated lesions of any diameter greater than
200 microns provided they met the above-mentioned
cRORA criteria.

Our image analysis software was performed by the
graders for the manual annotation of GA columns in
OCTB-scans. Thesemanually annotated columns were
then automatically aggregated by the software to form
GA segments. Note that there can be more than one
GA segment per OCT slice (i.e. OCT B-scan). The GA
segments are then projected onto the corresponding IR
image to form GA lesions (Fig. 1).

Figure 2 shows an example of a comparison of GA
annotation with OCT using cRORA criteria, FAF and
CFP. Note that the areas in this single comparison of
GA annotation by cRORA criteria on OCT B-scan
versus FAF are close in magnitude but not equal.

Next, the software was used to automatically
compute the lesion area and the shape descriptive

features (e.g. focality, circularity, perimeter, diame-
ter, and distance of lesion from the center [see next
section]).

To prevent over-annotation of lesions not related to
AMD, the experts did not annotate any peripapillary
atrophic lesions, defined as atrophy surrounding the
disc and not connected to the macular GA. In areas in
which there is a connection, the radius of the peripap-
illary atrophy was determined using the first point of
disconnect from macular GA.

We compared the baseline and follow-up scans
(Fig. 3) using the software program’s registration
function, which spatially aligns consistent topographic
ocular features present on both scans.Our softwarewas
used to localize the foveal center and surround it with
an overlay of an ETDRS grid in each scan.

Measured Parameters

In this study, we measured GA progression and
shape-descriptive parameters with the self-developed
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Figure 2. Annotation of GA using the cRORA criteria projected on IR-OCT compared to GA annotation on FAF and CFP. The first
row shows (A) an IR image, (B) the corresponding GA annotation on FAF scan, and (C) the corresponding CFP scan. The second row shows
(D) GA annotation using the cRORA criteria on an OCT B-scan projected on the IR image, (E) aligned with the annotated FAF scan, and (F)
aligned with the CFP. The measured area of the manual annotation of the GA in the FAF scan is 9.82 mm2. The measured area of the manual
annotation of the GA using the cRORA criteria on the IR-OCT scans is 9.33 mm2. The areas in this single comparison of GA annotation by
cRORA criteria on OCT B-scan versus FAF are close in magnitude but not equal. IR-OCT = infra-red optical coherence tomography scan; FAF
= fundus autofluorescence; CFP = color fundus image.

software. The majority of these parameters were
assessed previously in the context of GA using FAF,7,8
CFP,9 or—less frequently—OCT.10

The GA area was measured 1, 3, and 6 mm from the
foveal center, with the 1- and 3-mm diameter included
in the 6-mm diameter area. These topographic markers
correspond to the overlay of the ETDRS grid present
in most OCT scans and have been used previously to
study the area of retinal atrophy using OCT scans.10

As reported previously for FAF scans,8 we also
measured four additional baseline shape-descriptive
factors: minimum and maximum lesion diameters
(referred to as Feretmin and Feretmax, respectively);
focality index (defined as the number of lesions with
an area >0.05 mm2); and circularity index defined as
4π × (area/perimeter2).

Finally, we also measured the total baseline lesion
perimeter,3 as well as theminimum lesion distance from
the fovea. In total, 14measures were computed for each
study.

Study Outcomes

The three primary outcomes of this study were:
(1) the rate of GA area progression (measured in

mm2/year); (2) the rate of GA square root area progres-
sion (measured in mm/year); and (3) the rate of radial
progression toward the fovea (measured in mm/year).
As a secondary outcome, we also measured the differ-
ence in radial progression in 8 radially equidistant
directions at 45-degree intervals. We also analyzed
the putative effects of various baseline factors on the
primary outcomes. These baseline factors included
the total lesion area, focality, circularity, total lesion
perimeter, Feretmin, Feretmax, the minimum distance
from the center, sex, age, presence of hypertension, and
lens status (pseudophakia).

Statistical Analysis

Differences in the primary outcome measurements
between baseline and follow-up were analyzed using
the paired Student’s t-test. In addition, we first
tested the effects of potential baseline factors on the
primary outcome measures using univariate regres-
sion analysis. Subsequently, additional factors that had
a significant effect on any of the primary outcome
measures in the univariate analysis were included in
a multivariate stepwise linear regression analysis. The
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Figure 3. A series of annotatedGAusing the cRORA criteria on IR-OCT showingGAprogression. Shown in the first row is an example
of a baseline IR image (2013); (A) and two follow-up IR images (2015 and 2018; B and C, respectively). shown in the second row is the
projection of the annotated GA using the cRORA criteria on the baseline (D), the progression of GA from baseline to follow-up one (E) and
the progression of GA from follow-up one to follow-up two (F). The GA area was 5.36mm2 in 2013 (baseline), 11.63mm2 on 2015 (follow-up
1) and 17.17 mm2 in 2018 (follow-up 2). Red color = GA annotation using the cRORA criteria on an OCT B-scan projected on the IR image
on baseline; purple color= the overlapping annotation between current and previous scan;magenta color= annotation of GA progression
on the current scan; blue color = GA area annotated on the previous but not the current scan. May represent the interobserver variability;
yellow circles = 1, 3, and 6-mm diameter distances from the foveal center (ETDRS grid).

difference in radial progression in 8 radially equidistant
directions at 45-degree intervals was compared using
the Kruskal-Wallis test. The data were analyzed using
SPSS software version 26 (IBM).

Results

A total of 33 pairs of baseline and follow-up OCT
cube scans from 33 eyes of 18 patients with dry AMD
were included in our analysis. Table 1 summarizes
the baseline demographics. The mean follow-up time
was 24.7 months (range = 7–59 months). Intergrader
variability was measured using a dataset containing
612 standalone OCT slices from this study, and the
resulting mean (±SD) dice coefficient was 0.73 ± 0.17,
indicating a moderate degree of intergrader variability.

Rate of GA Area Progression

Table 2 shows the GA atrophy outcome measures
for pairs of OCT scans of 33 eyes from 18 patients.

Table 1. Baseline Demographics of the Eyes Included
in This Study (N = 33 Eyes From 18 Patients)

Parameter Value

Left eyes/right eyes
Left eyes 16 (48.5%)
Right eyes 17 (51.5%)

Follow-up, months 24.69 ± 14.05 (range = 7–59)
Age, years 77.87 ± 8.06 (range = 62–88)
Sex

Male 17 (51.5%)
Female 16 (48.5%)

Pseudophakia 9 (39.1%)a

Hypertension 21 (63.6%)
Note:Data arepresentedas themean± standarddeviation

and range, or as N (%).
aData were available for 23 eyes.

The total GA area increased significantly from
4.25 ± 2.77 mm2 at baseline to 7.14 ± 4.14 mm2 at the
end of follow-up, with an annual progression rate of
1.49 ± 0.86 mm2/year.
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Table 2. Geographic Atrophy Outcome Measures (N = 33 Eyes From 18 Patients)

Factor Baseline Follow-Up Yearly Progression P Value

Total area, mm2 4.25 ± 2.77 (0; 9.28) 7.14 ± 4.14 (0.04; 14.76) 1.49 ± 0.86 (0.03; 3.36) <0.0001
1 mm diam. area, mm2 0.28 ± 0.29 (0; 0.78) 0.35 ± 0.30 (0; 0.78) 0.04 ± 0.06 (0; 0.21) 0.0025
3 mm diam. area, mm2 2.07 ± 1.70 (0; 5.97) 3.04 ± 1.96 (0.04; 6.61) 0.49 ± 0.38 (0.01; 1.38) <0.0001
6 mm diam. area, mm2 3.87 ± 2.64 (0; 8.57) 6.29 ± 3.76 (0.04; 14.76) 1.22 ± 0.69 (0.03; 2.57) <0.0001
Total sq. rt. area, mm 1.87 ± 0.87 (0; 3.05) 2.50 ± 0.96 (0.20; 3.84) 0.33 ± 0.15 (0.07; 0.70) <0.0001
1 mm diam. sq. rt. area, mm 0.405 ± 0.34 (0; 0.88) 0.50 ± 0.32 (0; 0.88) 0.06 ± 0.08 (0; 0.29) 0.0007
3 mm diam. sq. rt. area, mm 1.26 ± 0.70 (0; 2.44) 1.61 ± 0.66 (0.2; 2.57) 0.19 ± 0.16 (0.01; 0.83) <0.0001
6 mm diam. sq. rt. area, mm 1.77 ± 0.86 (0; 2.93) 2.34 ± 0.90 (0.2; 3.84) 0.30 ± 0.18 (0.05; 0.99) <0.0001
Perimeter, mm 24.34 ± 15.2 (0; 52.06) 33.73 ± 19.11 (0.58; 85.22) 4.40 ± 1.83 (0.27; 15.56) <0.0001
Focality 5.41 ± 4.04 (0; 15) 5.82 ± 4.42 (0.5; 16.5) 0.20 ± 0.32 (0.30; 0.86) 0.31
Circularity 0.14 ± 0.13 (0.03; 0.58) 0.12 ± 0.11 (0.02; 0.43) −0.01 ± 0.01 (−0.01; −0.03) 0.22
Feretmax, mm 4.95 ± 1.93 (0.5; 7.97) 5.47 ± 1.96 (0.62; 8.72) 0.79 ± 1.85 (0.2; 8.15) 0.0005
Feretmin, mm 3.44 ± 1.43 (0.3; 6.36) 4.11 ± 1.51 (0.52; 6.71) 0.84 ± 1.77 (0.1; 8.13) <0.0001
Minimum distance from center, mm 0.28 ± 0.35 (0; 1.23) 0.18 ± 0.25 (0; 0.87) −0.05 ± 0.08 (−0.07; 0) 0.0040

diam. = diameter; sq. rt = square root.

Table 3. Univariate Regression Analysis of Baseline Variables That Affect the Rate of GA Progression

GA Area Progression
Rate

GA Square Root Area
Progression Rate

GA Radial Growth Rate
Toward the Center

Variable N ra P Value ra P Value ra P Value

Total lesionb area 33 0.56 0.0006 – – 0.10 0.57
Total lesion square root areab 33 – – 0.09 0.60 0.03 0.86
Focality 33 0.74 <0.0001 0.51 0.0023 0.01 0.99
Circularity 33 −0.62 0.0002 −0.38 0.036 −0.15 0.42
Total lesion perimeter 33 0.76 <0.0001 0.32 0.069 0.04 0.84
Feretmax 33 0.65 <0.0001 0.13 0.48 0.04 0.82
Feretmin 33 0.66 <0.0001 0.18 0.32 0.06 0.79
Minimum distance from center 33 0.01 0.94 0.14 0.44 0.74 <0.0001
Female sex 33 0.36 0.038 0.29 0.09 0.37 0.033
Hypertension 33 −0.21 0.24 0.09 0.59 0.05 0.79
Pseudophakia 23 0.33 0.12 0.38 0.07 0.35 0.10
Age 33 0.06 0.72 0.20 0.25 0.13 0.45

Data are presented as the mean ± standard deviation (range).
aPearson correlation coefficient.
bBaseline area and baseline square root area were used for the univariate regression analysis of GA area progression rate

and square root area progression rate, respectively.

Table 3 shows the results of the univariate regres-
sion analysis. It revealed a significant correlation
among the rate of GA area progression and the
following variables: total area at baseline, baseline
focality, baseline circularity, baseline perimeter,
baseline Feretmax, baseline Feretmin, and female
sex.

These seven variables were analyzed in a stepwise
multivariate linear regression model. The multivari-
ate model had an adjusted r2 value of 0.522, and
only baseline focality and female sex were signifi-
cantly associated with the rate of GA area progression
(Table 4).

Rate of GA Square Root Area Progression

We found that the total square root area of GA
increased significantly from 1.87 ± 0.87 mm2 at
baseline to 2.50 ± 0.96 mm2 at follow-up, with a
progression rate of 0.33 ± 0.15 mm/year (see Table 2).
Moreover, a univariate regression analysis revealed a
significant correlation between the rate of GA square
root area progression and both baseline focality and
baseline circularity (see Table 3); however, neither of
these variables was significantly associatedwith the rate
of GA square root area progression in a multivariate
model (see Table 4).
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Table 4. Multivariate Regression Analysis of Baseline Variables Affecting the Rate of GA Progression

GA Areaprogression Rate
GA Square Root Area
Progression Rate

GA Linear Progression
Toward the Center

Variable Estimated β P Value Estimated β P Value Estimated β P Value

Total lesion area 0.176 0.221 NA NA NA NA
Baseline focality 0.138 <0.0001 0.018 0.09 NAa NA
Baseline circularity −1.11 0.552 −0.125 0.585 NA NA
Total lesion perimeter 0.299 0.201 NA NA NA NA
Feretmax 0.182 0.390 NA NA NA NA
Feretmin 0.226 0.258 NA NA NA NA
Baseline minimum
distance from center

NA NA NA NA 0.259 <0.0001

Female sex 0.419 0.045 NA NA 0.175 0.180
Adjusted r2 0.522 0.184 0.530

Variables that demonstrated a significant effect on either of the outcomemeasures in the univariate analysis were included
in the multivariate analysis using stepwise linear regression.

aNA = not analyzed in the multivariate regression due to lack of a significant correlation on univariate regression analysis
(see Table 3).

Rate of Radial GA Growth Toward the Center

The mean rate of radial GA growth toward the
center was 0.07 ± 0.11 mm/year. Univariate regres-
sion analysis revealed a significant correlation between
the rate of radial GA growth toward the center and
both the baseline minimum distance from the center
and female sex (see Table 3). Moreover, the multi-
variate model had an adjusted r2 value of 0.530 and
revealed that only the baseline minimum distance from
the center was significantly associated with the rate of
radial GA growth towards the center (see Table 4).

Growth in 8 Radially Equidistant Directions
at 45-degree Intervals Relative to the Center

The rates of radial progression in 8 radially
equidistant directions at 45-degree intervals were not
statistically different from each other (P = 0.09).
However, the most noticeable direction of GA growth
was toward inferior, infero-temporal, temporal, and
supero-temporal fields, which might be of interest for
future studies using more subjects.

Index Case Demonstrating Annotation of GA
Growth on Three Sequential Dates

Figure 3 shows a case of GA is that is analyzed to
demonstrate the change in GA area annotation using
cRORA criteria for two follow-up points. The annota-
tion was performed as described above. The GA area

was 5.36 mm2 on 2013 (baseline), 11.63 mm2 on 2015
(follow-up 1), and 17.17 mm2 on 2018 (follow-up 2).

Discussion

Here, we quantitatively analyzed the progression of
GA in patients with dry AMD using OCT scans and
the criteria for cRORA based on the latest system for
classifying atrophy.10 We found that the progression
of the GA area was correlated with baseline focality
on multivariate analysis. Moreover, radial progression
was correlated with the minimum distance between
the lesion and the center at baseline on multivariate
analysis.

Previous studies using CFP and/or FAF found that
the rate of GA progression ranged from 0.534 to 2.642
mm2/year, with a median rate of 1.78 mm2/year.1 In a
recent meta-analysis by Shen et al., over 3000 eyes were
imaged, most of them using FAF and CFP. Shen et
al. reported a mean GA area progression ranging from
1.499 mm2/year when involving the macular center to
1.995 mm2/year when sparing the center.7

Other reports4,10 on GA annotation on OCT
scans found GA progression between 1.42 and 2.11
mm2/year. However, the latest, updated OCT consen-
sus classification system11 was not used. In another
study, atrophy—although not specifically cRORA—
measured using OCT scans of 48 eyes yielded a mean
rate of 2.11 mm2/year.12

In our study, we measured a mean rate of area
progression of 1.49 ± 0.86 mm2/year, which is within
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the range mentioned above but slightly lower than the
median value reported byFleckenstein et al.1 This small
difference could be due in part to the more specific and
less sensitive end point of atrophy used in our study—
namely, cRORA—compared to themore general forms
of retinal atrophy measured with CFP, FAF, and even
OCT when cRORA is not used as the outcome.

Moreover, this slightly slower GA progression
measured on OCT B-scans as compared to FAF
may be explained by the report of RPE dysmor-
phia surrounding GA on histology of retina
from donor eyes.13 RPE dysmorphia alone may
allow for light to penetrate through RPE and
manifest as hyper-autofluorescence.14 However, it
does not fulfill the CAM criteria for GA on OCT
B-scans.

Interestingly, Cleland et al. recently followed 70 eyes
with GA using OCT with cRORA criteria for GA,
as well as OCT with hyper-transmission criteria alone,
FAF, CFP, and infrared imaging.15 The authors found
that the mean annual rate of GA growth was 1.6 mm2

using the OCT scans with cRORA criteria, which is a
bit faster than the rate found in our study. They found
no significant difference between GA annotated using
cRORA criteria and GA annotated using any of the
other imaging modalities.

In our study, we found a significant correlation
between focality at baseline and the rate of GA area
progression. Similarly, Cleland et al.15 evaluated GA
progression using OCT annotation with cRORA crite-
ria and found a significant correlation between multi-
focality at baseline and the rate of GA area progres-
sion. These findings are also consistent with the results
of a meta-analysis of 3489 eyes, which included cases
of atrophy imaged using CFP, FAF, and/or OCT.3
The authors of this study suggested that this corre-
lation between multifocality and GA area progres-
sion is related to the proportional increase in the total
lesion perimeter being associated with a higher focality
index.3

A recent work by this group (Shen et al.) demon-
strated GA area growth rate to be strongly associ-
ated with baseline lesion perimeter. Importantly, they
found GA perimeter-adjusted growth rate to be uncor-
related with focality, circularity, or total lesion size at
baseline.16

A significant correlation between the lesion perime-
ter and GA area progression was demonstrated in our
univariate analysis, but not in the multivariate analysis.
Nonetheless, the findings of Shen et al. described above
suggest that the greater baseline lesion perimeter corre-
lated with multifocal GA lesions may be the cause of
the associated higher rate of GA growth. This might
be explained by the larger numbers of RPE cells that
are exposed in the border of GA with greater lesion

perimeter. This exposure at the border of healthy and
atrophic retina may promote cellular events driving the
atrophic process, such as apoptosis or immune-related
cell death. However, further research is needed to better
clarify the mechanisms explaining this finding.

We found a significant correlation between circu-
larity at baseline and the rate of GA area progression
on univariate analysis, but not in a multivariate model.
Such a correlation was also reported by Cleland et al.15
and in a previous study by Domalpally et al. involving
593 eyesmeasured usingCFP.17 In their report, Domal-
pally et al. suggested that low circularity may be associ-
ated with a larger lesion perimeter for a given lesion
area17; it is worth mentioning that in a recent work
by Shen et al., it was shown that the GA perimeter-
adjusted growth rate is uncorrelated with circularity.16
The greater lesion perimeter relatedwith lower circular-
itymay allowmoreRPE cells at the border of the lesion
to be exposed to healthy retina. This may promote GA
progression through the induction of certain cellular
events, although this needs to be proven by further
research. Although this explanation is plausible, our
multivariate analysis showed that lesion perimeter was
not correlated with GA area progression.

The average rate of square root area progression
measured in our study (0.33 mm/year) is similar to
previous measurements obtained with other imaging
modalities, including CFP (0.30mm/year),17 FAF (0.31
mm/year),8 and OCTwithout specifying cRORA crite-
ria as the outcome (0.252 mm/year).10 In agreement
with the work of Domalpally et al.,17 we found that
both focality and circularity of the lesions were corre-
lated with the square root area progression of GA
on univariate analysis, but were not correlated on
multivariate analysis. The possible explanation for this
finding, as indicated for GA area progression, is the
greater baseline perimeter of multifocal and noncircu-
lar lesions, involving more RPE cells at the border of
the GA process.

In addition, previous studies have shown that using
square root transformationmakes the datamore linear,
decreasing the effect of baseline area on growth rate.18
In concordance with this finding, the baseline area
square root was not correlated with square root area
progression in our work.

Interestingly, we found that the radial
progression of GA toward the center was correlated
with the minimum distance from the center at baseline
(e.g. GA progressed more slowly toward the center
when the lesion was closer to the center at baseline).
This finding supports previous data showing initial
preferential foveal sparing in select patients with dry
AMD-related atrophy19 and increased overall radial
progression of atrophy with foveal sparing.20 However,
we found no published studies that specifically reported
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a correlation between progression toward the center
and minimum distance from the center at baseline.
Nevertheless, both Curcio et al.14 and Owsley et al.15
previously speculated that the phenomenon of prefer-
ential foveal sparing may reflect the relatively higher
resilience of cone cells against cell death compared rod
cells.

In the present study, female sex was correlated with
GA area progression rate on multivariate analysis and
with radial progression towards the center only in the
univariate analysis, but not in the multivariate analy-
sis. In their 2018 meta-analysis, Fleckenstein et al.
examined 6 studies that evaluated the putative corre-
lation between sex and the rate of GA progression.1
Although five of these six studies did not find a signif-
icant correlation, the study by Caire et al.21 found
that female sex was a risk factor for GA progres-
sion, with an adjusted odds ratio of 7.31. Patnaik
et al. found that administration of exogenous estro-
gen to postmenopausal women had a protective effect
against GA development.22 The authors proposed
that dysregulation of vascular and immune signaling
pathways in the presence of lower levels of estrogen in
postmenopausal women may be attenuated by exoge-
nous estrogen replacement. This may suggest estrogen
decline in postmenopausal women might promote GA
development.

In our study, we used OCT scans to annotate GA
based on the CAM criteria for classifying cRORA. In
contrast, the majority of previous studies used FAF
to detect and measure GA. However, the signal on
FAF is susceptible to the effects of media opacities and
optical aberrations. Moreover, quantifying absolute
FAF signal intensity and comparing the results—either
between subjects or within a given subject over time—is
relatively complicated and remains a challenge in FAF
imaging.23 On the other hand, measuring GA using
specific OCT criteria—as in our study—may provide
more accurate results, as they rely on specific anatomic
changes rather than signal intensity. In this respect,
it is interesting to note that a recent study measur-
ing the rate of GA growth over 12 months in 70 eyes
found no difference between OCT with cRORA crite-
ria and FAF imaging.15 Nevertheless, studies including
larger cohorts and longer follow-up times are needed
in order to evaluate the difference between OCT and
other imaging modalities, such as FAF, particularly
given that increasing the accuracy of GA classification
and GA measurements may provide an important tool
for determining the inclusion of patients with GA in
clinical trials and for measuring the rate of GA growth.

Our study has several limitations that warrant
discussion. First, we included a relatively small patient
cohort; thus, a larger cohort may have increased

the precision of our calculations of progression and
the resulting correlations. Second, we used only two
graders in our study and the second grader annotated
only 27% (14/52) of the scans independently; using
additional independent graders may have reduced
interobserver variability and increased the precision of
our measurements. Third, the software that we devel-
oped for annotating GA in our study has not been
independently validated. Fourth, the minimum diame-
ter used to annotate GA lesions in our study was 200
microns and not 250 microns as specified by the CAM
criteria.11 Finally, the low scanning density (25 and
37 B-scans per cube scan) used for the imaging of
some of the eyes may have a negative impact on the
results due to insufficient imaging of the total area
of GA.

On the other hand, a strength of our study is that
the mean follow-up time was 24.7 months. Moreover,
we quantitatively measured GA growth using OCT
B-scans, thus assessing retinal anatomy during the
annotation process.

In conclusion, we quantitatively measured the rate
of GA area progression in patients with dry AMD
using OCT B-scans rather than traditional FAF
measurements, thus assessing retinal anatomy during
the annotation process. We found that the rate of GA
area progressionwas correlatedwith focality at baseline
and female sex. In addition, we found that the radial
rate of progression towards the center increased with
increasing minimum distance between the lesion and
the center.
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