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Purpose: To quantify morphological changes of the photoreceptors (PRs) and retinal pigment epithelium
(RPE) layers under pegcetacoplan therapy in geographic atrophy (GA) using deep learningebased analysis of
OCT images.

Design: Post hoc longitudinal image analysis.
Participants: Patients with GA due to age-related macular degeneration from 2 prospective randomized

phase III clinical trials (OAKS and DERBY).
Methods: Deep learningebased segmentation of RPE loss and PR degeneration, defined as loss of the

ellipsoid zone (EZ) layer on OCT, over 24 months.
Main Outcome Measures: Change in the mean area of RPE loss and EZ loss over time in the pooled sham

arms and the pegcetacoplan monthly (PM)/pegcetacoplan every other month (PEOM) treatment arms.
Results: A total of 897 eyes of 897 patients were included. There was a therapeutic reduction of RPE loss

growth by 22% and 20% in OAKS and 27% and 21% in DERBY for PM and PEOM compared with sham,
respectively, at 24 months. The reduction on the EZ level was significantly higher with 53% and 46% in OAKS and
47% and 46% in DERBY for PM and PEOM compared with sham at 24 months. The baseline EZ-RPE difference
had an impact on disease activity and therapeutic response. The therapeutic benefit for RPE loss increased with
larger EZ-RPE difference quartiles from 21.9%, 23.1%, and 23.9% to 33.6% for PM versus sham (all P < 0.01)
and from 13.6% (P ¼ 0.11), 23.8%, and 23.8% to 20.0% for PEOM versus sham (P < 0.01) in quartiles 1, 2, 3, and
4, respectively, at 24 months. The therapeutic reduction of EZ loss increased from 14.8% (P ¼ 0.09), 33.3%, and
46.6% to 77.8% (P < 0.0001) between PM and sham and from 15.9% (P ¼ 0.08), 33.8%, and 52.0% to 64.9% (P
< 0.0001) between PEOM and sham for quartiles 1 to 4 at 24 months.

Conclusions: Deep learning-based OCT analysis objectively identifies and quantifies PR and RPE degen-
eration in GA. Reductions in further EZ loss on OCT are even higher than the effect on RPE loss in phase 3 trials of
pegcetacoplan treatment. The EZ-RPE difference has a strong impact on disease progression and therapeutic
response. Identification of patients with higher EZ-RPE loss difference may become an important criterion for the
management of GA secondary to AMD.
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One of themajor unresolved challenges in ophthalmology and a
cause of severe visual loss globally, geographic atrophy (GA)
due to age-related macular degeneration (AMD) has been
untreatable until recently.Positive outcomesof phase III clinical
trials have led to hopes for widespread availability of GA
treatment.1,2 Accordingly, regulatory approval by the Food and
Drug Administration (FDA) was granted, and the substances
used for intravitreal therapy have become accessible for clinical
use in the United States and are under review in Europe.
ª 2024 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license (http://creativeco
mmons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
This marks a major advance after years of research into
the role of the complement system, particularly the inhi-
bition of complement factor 3 (C3), in the pathogenesis of
GA. Complement-induced biological interactions at the
macular location of GA include effects on neurosensory
components such as glial cells and photoreceptors (PRs) as
well as the retinal pigment epithelium (RPE) and the
supporting choriocapillary layer.1e3 All these compart-
ments are known locations of disease activity in AMD,
1https://doi.org/10.1016/j.ophtha.2024.08.017
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particularly in GA, and may likely contribute to disease
activity and progression in an interactive multifactorial
manner.4

In the absence of therapy, GA has been largely under-
diagnosed because of a lack of referrals to a retina service
and unsatisfactory assessment with standardized imaging
techniques.5 With regulatory approval of 2 therapies for GA
in the United States in 2023, this deficiency is changing
drastically, and GA now has to be rapidly referred into an
adequate standard of care. Accordingly, physicians need to
develop a robust risk/benefit assessment and
reimbursement strategies are required.6 Previously, fundus
autofluorescence (FAF) was introduced because of the
ability to visualize the presence of fluorescent metabolites
in healthy RPE cells and nonfluorescence in atrophic
areas.7 Indeed, FAF-based determination of RPE loss in
observational studies demonstrated progressive lesion
expansion in GA and was used to follow the average speed
of growth with a large variability in GA progression seen.8

However, OCT is the preferred method to diagnose and
monitor GA in the clinical routine of AMD and represents
the critical features of GA activity and variability at the
neurosensory level.9

With the rapid advances in OCT technology, spectral-
domain OCT has become the state-of-the-art diagnostic tool
in the management of AMD.10 The high-resolution properties
of a current standard OCT scan allow an unprecedented
insight into the neurosensory morphology of the retina, the
RPE layer, and the choroidal vasculature.11 The focus of
diagnostic imaging in AMD, and OCT in general as the
most frequent diagnostic measure in all medicine, has from
its beginning been tightly associated with therapeutic
interventions. It combines high precision and practicality
for optimal image acquisition, which is needed for an
efficient evaluation of GA because the technology is able
to capture 2 major anatomic components, namely, the PR
and the RPE layers on a pixel base.12

Another technological advance that has recently spread
through OCT image analyses with much emphasis is arti-
ficial intelligence (AI) for OCT-based image analysis.
Artificial intelligence techniques such as deep learning have
provided proof-of-principle to visualize integrity and
pathology at the level of the PR and RPE layer in a quan-
titative manner.13,14 The PR layer is the morphological
correlate of retinal function and therefore of major interest
for the clinical evaluation of any GA therapy.15,16 It is
represented on an OCT scan by the ellipsoid zone (EZ)
with the mitochondrial center and the outer PR segments.
Automated and objective diagnostic tools and the related
biomarkers, such as the RPE and EZ layer, yet have to
undergo rigorous scrutiny to qualify for consideration as
adequate outcome parameters in clinical trials and even
more so regarding their promise in clinical practice.
Photoreceptor loss is defined in our article as EZ layer
loss on the OCT image. This is in line with the FDA’s
approval of EZ loss as a primary outcome marker in
another degenerative macular disease, macular
telangiectasis,17,18 and the recent FDA acknowledgment of
EZ loss for clinical GA trials.19
2

The study population and imaging data of the phase 3
clinical trials of OAKS and DERBY represent the largest
data set in a successful GA therapy program to date and
offer a unique perspective for evaluating the potential of
state-of-the-art AI-based OCT analysis. The deep-learning
tools that we are applying have previously undergone
extensive validation and achieve a performance that does
not require manual correction. It has been shown that the
performance of the algorithms lies within the intergrader
agreement of expert graders.20,21 The aim of the present
analyses is to examine on the critical PR/RPE level
whether clinical mechanisms of GA disease can be
elucidated beyond current knowledge, which OCT-related
parameters may objectively reflect disease activity, and
which type of therapeutic response can be expected and
objectively monitored.

Methods

Inclusion and Treatment Arms

This investigation is an analysis of OCT data from 2 identical
prospective 24-month, multicenter, randomized, double-masked,
sham-controlled, phase 3 trials (OAKS, NCT03525613; DERBY,
NCT03525600). Written informed consent was obtained from all
patients before any study-related procedure, and both studies
adhered to the tenets of the Declaration of Helsinki. This post hoc
analysis was approved by the Ethics Committee of the Medical
University of Vienna.

For both OAKS and DERBY, patients were randomized 2:2:1:1
to receive pegcetacoplan 15 mg/0.1 mL monthly (PM), pegceta-
coplan 15 mg/0.1 mL every other month (PEOM), sham monthly,
or sham every other month over a 24-month follow-up period. In
the first year, all patients were scheduled for monthly study visits,
whereas in the second year, patients in any “every other month”
treatment arm were scheduled for bimonthly study visits.

Inclusion criteria were > 60 years of age, best-corrected visual
acuity (BCVA) of � 24 letters on the ETDRS chart (Snellen
equivalent 20/320, 0.06 decimal), and a diagnosis of GA secondary
to AMD. Only eyes with a GA area of 2.5 to 17.5 mm2 were
eligible for inclusion. If GA configuration was multifocal, at least 1
lesion had to be larger than 1.25 mm2. All GA characteristics for
inclusion were measured by FAF, and a perilesional pattern of
hyperautofluorescence was mandatory. If both eyes were eligible,
the eye with the worse BCVA was designated as the study eye.
Eyes with active macular neovascularization (MNV), defined as
exudative MNV showing retinal fluid, were excluded as potential
study eyes. Nonexudative MNV has not been excluded in this
study. Macular neovascularization in the fellow eye was not an
exclusion criterion. Both subfoveal and nonsubfoveal GA lesions
were eligible for inclusion. Full details of the inclusion/exclusion
criteria have been published previously.22

OCT Imaging

Patients included in this analysis underwent OCT imaging with the
Spectralis HRAþOCT (Heidelberg Engineering). The acquisition
included a macula-centered volumetric raster scan, covering a
20� � 20� field of view (FOV), consisting of 49 B-scans with 120
mm spacing, with each containing 512 A-scans, and with an ART
(frame averaging) setting of 16. The scans were acquired with a
follow-up function available on the Spectralis device to keep the
anatomic consistency of the FOV over the visits. Longitudinal
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imaging data up to month 24 were used with a consistent and
continuous bimonthly imaging pattern to match the “every other
month” imaging protocol. All OCT volumes were quantified using
validated and precise AI algorithms. Participants who underwent
OCT imaging with devices other than Spectralis were not included
in this analysis, because AI-based algorithms must be trained and
validated in a device-specific manner to reach high performance.
OCT image quality per se was not evaluated in addition because
the quality was high because the images were acquired as part of a
clinical trial according to a tight protocol and following certifica-
tion of the operators controlled by an independent reading center.

Artificial Intelligence Methods Used for RPE
Loss and EZ Layer Loss

Artificial IntelligenceeBased RPE Loss Measurements. The
volumetric OCT scan was provided as input to a deep learning
algorithm trained for the task of RPE loss segmentation, where all
the A-scans found to contain absence of RPE cells were auto-
matically identified. The algorithm is based on a specialized
convolutional neural network designed to delineate 2-dimensional
en face GA areas, as described previously.23 The design enables
parallel processing of the A-scans, taking a few seconds to
process an entire OCT volume in a context-based approach. It
was trained and previously validated on multiple datasets, most
notably on the FILLY clinical trial, the phase II predecessor to
DERBY and OAKS, showing that it can segment GA areas on
OCT coming from clinical trials with high accuracy and within
inter-grader variability.21 Finally, an en face RPE loss map was
derived for each volumetric OCT scan, and the area of RPE loss
was used for subsequent analyses.

Artificial IntelligenceeBased Ellipsoid Zone Layer Loss
Measurements. The PR layer, defined as EZ layer on OCT, was
delineated on every B-scan using a composite convolutional neural
network for pixel-level segmentation specifically trained to
segment a specific retinal layer defined to lie between the upper
boundary of EZ and the upper boundary of RPE (the outer
boundary of the interdigitation zone), as described previously.24

The resulting EZ layer thickness in patients with GA originating
from the FILLY trial was validated previously and shown to
have a mean precision within the resolution of the OCT
scanner.20 To detect the A-scans exhibiting EZ loss, an EZ
thickness of � 4 mm was considered. Finally, an en face EZ
integrity loss map was derived for each volumetric OCT scan.

OCT ScaneDerived Measurements. The 2 segmented en face
maps were brought in direct correspondence, and the areas of RPE
loss were automatically designated to contain EZ loss as well. An
ETDRS grid was then placed at the center of the OCT scan, and the
RPE loss and EZ integrity loss areas within the 20� � 20� FOV
were calculated and expressed in mm2.

End Points

In both studies, the end points assessed were the change from
baseline in EZ layer loss area and RPE loss area in the total FOV.

Statistical Analysis

Patients in the sham monthly and sham every-other-month groups
were pooled into a single control group for all analyses (henceforth
referred to as “sham”). All efficacy analyses were done using the
modified in intention-to-treat population, which was defined as all
patients who received 1 or more injections of pegcetacoplan or
sham and had a baseline and at least 1 postbaseline value of GA
lesion area measured by FAF in the study eye and used for the
primary efficacy analyses in the DERBY and OAKS studies, with
at least 1 quantifiable EZ integrity loss area or RPE loss area
measurement from a Spectralis HRAþOCT image.

To assess the therapeutic effect on EZ and RPE layer mainte-
nance, a mixed-effect model for repeated measures was used to
measure the least-squares mean change from baseline to month 24
for each end point. The variables in the model included treatment
(PM, PEOM, sham), stratification factors (history or presence of
fellow eye MNV at baseline and baseline GA lesion area (< 7.5
mm2 or � 7.5 mm2), baseline loss area of end point assessed (RPE
or EZ layer), time as a factor, time by treatment interaction term,
and baseline loss area by time interaction term. An unstructured
covariance matrix was used to model the within-patient errors.

To assess the impact of the baseline EZ-RPE loss difference on
future disease progression as well as differences in therapeutic
response, the 2 studies were pooled, and patients were split into
quartiles of baseline EZ-RPE loss difference. Descriptive statistics
were used to assess the progression rates for RPE loss on OCT as
well as GA lesion growth on FAF over time in the sham patients.
Therapeutic response was assessed within each quartile using the
same analysis as described above for all patients with the addition of
an indicator variable for study as a covariate. Additional analyses
were done to evaluate the progression rate based on FAF mea-
surements as well as therapeutic response between OCT-based EZ-
RPE difference quartiles performing a square root transformation.25

This is a post hoc analysis of imaging data from the OAKS and
DERBY studies, P values are not controlled for multiplicity
(nominal).

Results

A total of 897 eyes from 897 patients (74.1% of entire trial)
were included in this analysis that were imaged with a
Spectralis OCT from both trials together. Baseline charac-
teristics were well balanced between the groups regarding
age, sex, and ethnicity (Table 1). Mean lesion size in mm2

on FAF was 8.2, two-thirds of lesions were subfoveal,
approximately 80% were bilateral GA, and 20% of study
eyes demonstrated MNV in the fellow eye. In the PM,
PEOM, and sham arms, 276, 281, and 293 eyes, respec-
tively, completed the 12-month follow-up and 237, 255, and
265, respectively, were analyzed at 24 months. The flow-
chart of the study population is shown in Figure S1
(available at www.aaojournal.org).

Artificial IntelligenceeBased Therapeutic Effect
on EZ and RPE Maintenance on OCT

Treatment with pegcetacoplan reduced RPE loss growth
versus sham, consistent with the lesion seen clinically on
FAF. In OAKS, the reduction in RPE loss growth between
PM and sham was 22% (P ¼ 0.0002) and between PEOM
and sham was 20% (P ¼ 0.0002) at 24 months. In DERBY,
the reduction between PM and sham was 27% (P < 0.0001)
and between PEOM and sham was 21% (P ¼ 0.0005) over
24 months of follow-up. This difference became manifest
from the beginning of the study. The therapeutic effect on
absolute values of RPE loss growth increased over time
(Fig 1). Of note, the reduction in the growth of the mean
area demonstrating EZ loss over time was substantially
more pronounced, reaching a difference between PM and
sham of 53% (P < 0.0001) and between PEOM and sham
of 46% (P < 0.0001) in OAKS at 24 months. In DERBY,
3
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Table 1. Patient Demographics and Disease Characteristics of the Study Population

Variable PM PEOM Sham

Age, mean (yrs) 78.2 78.4 78.1
Female, n (%) 176 (60.9) 169 (57.3) 196 (63.8)
White, n (%) 264 (91.3) 270 (91.5) 285 (92.8)
Study eye GA lesion size (FAF), mm2 8.3 8.3 8.1
Study eye GA lesion size (FAF), square root (mm) 2.8 2.8 2.8
Study eye GA lesion location (FAF), n (%)
Subfoveal involvement, n (%) 178 (61.6) 181 (61.4) 205 (66.8)
Without subfoveal involvement, n (%) 111 (38.4) 114 (38.6) 102 (33.2)

Study eye laterality
Bilateral GA, n (%) 240 (83.0) 240 (81.4) 240 (78.2)
Study eye GA only, n (%) 49 (17.0) 55 (18.6) 67 (21.8)

Fellow eye advanced AMD status
GA only, n (%) 209 (72.3) 215 (72.9) 210 (68.4)
Any MNV, n (%) 58 (20.1) 56 (19.0) 62 (20.2)
GA with MNV, n (%) 31 (10.7) 25 (8.5) 30 (9.8)
MNV only, n (%) 27 (9.3) 31 (10.5) 32 (10.4)
Neither GA nor MNV, n (%) 22 (7.6) 24 (8.1) 35 (11.4)

FAF ¼ fundus autofluorescence; GA ¼ geographic atrophy; MNV ¼ macular neovascularization; PEOM ¼ pegcetacoplan every other month;
PM ¼ pegcetacoplan monthly.
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the reduction of EZ loss between PM and sham was 47% (P
< 0.0001) and between PEOM and sham was 46%
(P < 0.0001) at 24 months. The progression rate was
lower for both pegcetacoplan treatment groups than for
the sham pooled group starting at initiation of treatment.

Figure 2 visualizes the progression of an exemplary GA
lesion for both layers, RPE and EZ, over time in the
untreated fellow eye and the treated study eye (PM arm)
of the same patient. The video representation captures the
biologic dynamics of GA progression in an exemplary
Figure 1. Artificial intelligence (AI)-based measurement of treatment effect
epithelium (RPE) loss (right) on OCT between sham and treatment groups in O
square; PEOM ¼ pegcetacoplan every other month; PM ¼ pegetacoplan mont

4

manner, shown in Video 1 (study eye) and Video 2
(fellow eye) (available at www.aaojournal.org): PR
thinning due to EZ loss proceeds as the primary event and
consistently precedes and exceeds RPE loss that follows
the PR attenuation zone. At baseline, the RPE defects are
located within the larger area of EZ loss in both eyes
(Fig 2A, C). At the end of follow-up, in the treated eye
enhanced maintenance of EZ integrity leads to a markedly
smaller total lesion, particularly regarding the RPE loss
defined clinically as GA lesion (Fig 2D). The fellow eye
of pegcetacoplan on ellipsoid zone (EZ) loss (left) and retinal pigment
AKS (upper row) and DERBY (lower row). FOV ¼ field of view; LS ¼ least
hly; SE ¼ standard error.

http://www.aaojournal.org


Figure 2. OCT-based evaluation of therapeutic efficacy. Comparison of retinal pigment epithelium (RPE) (blue) and ellipsoid zone (EZ) loss (green) growth
in fellow eye (upper row) and study eye (lower row) in the PM arm. Both eyes show a high EZ-RPE loss difference at baseline (A, C). The fellow eye shows
an extensive growth at month 24 (B), whereas the study eye shows reduced growth and protection of the fovea at month 24 (D).

Schmidt-Erfurth et al � Pegcetacoplan for GA by Deep Learning Analysis of OCT
shows an extensive growth over 24 months, including
foveal involvement of the atrophic process (Fig 2B).

Impact of EZ-RPE Loss Difference on Disease
Activity

When the lesions were split into quartiles of respective
baseline EZ-RPE difference throughout the pooled sham
arms of OAKS and DERBY, the impact of the EZ-RPE
difference became manifest in a systematic manner (Fig 3).
The quartiles based on EZ-RPE difference at baseline were
as follows: quartile 1 (< 1.31 mm2); quartile 2 (� 1.31) and ,
< 2.82 mm2); quartile 3 (� 2.82 and < 5.97 mm2); and
quartile 4 (� 5.97 mm2). Geographic atrophy lesion growth
(i.e., RPE loss growth) was strongly dependent on the
baseline EZ-RPE difference, with the smallest quartile
expanding least and progressively greater baseline EZ-RPE
quartiles progressing faster (Figure 3). In lesions with a
small difference (i.e., a low EZ-RPE quartile), the expan-
sion of the individual lesions over time was markedly slower
than the OCT-based RPE loss and FAF-based GA lesion
growth in eyes with a large difference at baseline
(Tables S2eS4, available at www.aaojournal.org). The
baseline EZ-RPE relationship assessed on OCT is also
transferrable to FAF image grading (Fig S2, available at
www.aaojournal.org). The quartiles showed similar
separation between Q1 and Q4 to the trends seen in
Figure 3, including square rootetransformed assessment of
GA lesion growth on FAF. The videos in the Supplementary
Material (available at www.aaojournal.org) impressively
reveal this pathognomonic growth pattern (Video 3 low
quartile, Video 4 high quartile): The GA lesion in
Figure 4A started with a small EZ-RPE difference at first
presentation and demonstrated only minimal growth over
time (Fig 4B). In contrast, the lesion shown in Figure 4C
demonstrated a large difference of the EZ loss area with
small islands of RPE loss at baseline but enlarged rapidly
with the RPE loss progressively filling into the preceding
area of EZ loss (Fig 4D).

Impact of EZ-RPE Difference on Therapeutic
Response

The same quartiles for baseline EZ-RPE differences were
used to explore the effect on the therapeutic response at the
level of both the EZ and RPE layer for both studies pooled.
In the quartile with the lowest difference at baseline, the
therapeutic effect on the RPE lesion was less pronounced
5
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Figure 3. Disease activity by baseline ellipsoid zone (EZ)-retinal pigment epithelium (RPE) loss difference quartiles in sham patients pooled from OAKS
and DERBY. Patients in the lowest quartile 1 show a slower progression, whereas patients in quartile 4 show a faster progression for RPE loss growth over 24
months. FOV ¼ field of view; SE ¼ standard error.
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but increased proportionally with higher quartiles in the PM
treatment group and was greater in quartile 4 (Fig 5). The
reduction in RPE lesion growth at 24 months between
sham and PM and PEOM was 21.9% (P < 0.01) and
13.6% (P ¼ 0.11) in quartile 1; 23.1% (P < 0.01) and
23.8% (P < 0.01) in quartile 2; 23.9% (P < 0.01) and
23.8% (P < 0.01) in quartile 3; and 33.6% (P < 0.0001)
and 20.0% (P < 0.01) in quartile 4, respectively (Fig 5).
The same dependence of the treatment effect on EZ-RPE
Figure 4. OCT-based evaluation of disease activity. The disease activity in geog
pigment epithelium (RPE) loss difference as shown in this example (blue ¼ RPE
loss difference at baseline. The central B-scan as well as 1 B-scan above and 1 B
row) and month 24 (lower row), highlighting the progression of RPE loss grow

6

difference quartiles becomes manifest when evaluating GA
lesiongrowth onFAF for both untransformed (Fig S3, available
at www.aaojournal.org) and square rootetransformed (Fig S4,
available at www.aaojournal.org) GA growth assessment.

Regarding the effect of treatment on maintenance of EZ
integrity, the therapeutic response dependent on the baseline
EZ-RPE difference was more pronounced (Fig 6). Minimal
difference between the sham and treatment arms was seen in
the lowest quartile 1 with a steady increase in benefit over
raphic atrophy (GA) lesions is dependent on the ellipsoid zone (EZ)-retinal
loss, green ¼ EZ loss). The example shows a GA lesion with a high EZ-RPE
-scan below are shown with and without segmentation for baseline (upper
th in previously segmented EZ loss areas.
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Figure 5. Difference of treatment effect for retinal pigment epithelium (RPE) loss growth between ellipsoid zone (EZ)-RPE loss difference quartiles. The
treatment effect between pegcetacoplan monthly (PM)/pegcetacoplan every other month (PEOM) and sham increases from quartile 1 (upper left) over quartile
2 (upper right) and quartile 3 (lower left) and is most pronounced in quartile 4 (lower right). FOV ¼ field of view; LS ¼ least square; SE ¼ standard error.
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quartiles 2 and 3 and a most prominent improvement by
therapeutic intervention in quartile 4. The reduction in EZ loss
growth between sham and PM/PEOM in quartile 1 was
14.8% (P ¼ 0.09) and 15.9% (P ¼ 0.08), increasing to 33.3%
(P < 0.0001) and 33.8% (P < 0.0001) in quartile 2 and
further to 46.6% (P < 0.0001) and 52.0% (P < 0.0001) in
quartile 3. The treatment benefit was largest in the quartile
with the highest baseline EZ-RPE difference with a reduction
of growth by 77.8% (P < 0.0001) and 64.9% (P < 0.0001).
Statistical testing of the treatment effect between the quartiles
revealed no nominally significant difference in untransformed
and square rootetransformedGAgrowth on FAF andRPE loss
on OCT (Tables S5, S6, S8, and S9, available at
www.aaojournal.org). An effect was observed for
untransformed and square rootetransformed OCT-based EZ
loss between Q1 versus Q3, Q1 versus Q4, Q2 versus Q4, for
PM and PEOM and for Q3 versus Q4 in the PM group and Q2
versus Q3 in the PEOM group (Tables S7 and S10, available at
www.aaojournal.org).

Figure 7A and B show an overview of the quartiles of
lowest and highest EZ-RPE difference in their change
from baseline over 24 months for the pooled arms. With
increasing quartiles, the difference in change in RPE loss
becomes more pronounced (Fig 7A). The impact of the
baseline EZ-RPE difference is most pronounced regarding
the gain in therapeutic maintenance compared with the
untreated progression of EZ loss in the sham arms (Fig 7B).
Discussion

In these analyses, we have applied 2 complementary and
previously validated deep learningebased algorithms for GA
evaluation to the largest phase 3 imaging set available from a
successful therapeutic trial program. The unique combination
allowed us to contribute in 3 clinically relevant ways to the
state-of-the-art in the management of GA: identify pathogno-
monic patterns of GA progression, reveal mechanisms of
complement inhibition as a therapeutic strategy, and provide
prognostic features for disease activity and therapeutic
response. All of those insights are novel and became accessible
by the introduction of OCT-based, high-resolution segmenta-
tion identifying and quantifying subclinical biomarkers rele-
vant in the process of GA disease. Most important, the
described tools will be widely usable and practical after regu-
latory approval in a changing clinical routine that is about to
arrive in a substantial dimension in retina practices worldwide.

First, a detailed and time-resolved visualization of the path
of GA lesion progression could be derived from the sham
groups of OAKS and DERBY. The relentless expansion of
GA lesions in the affected macula of elderly individuals is
well known. However, the individual variability of anatomic
and functional progression is extremely high. Introducing
deep learningebased segmentation of well-defined morpho-
logical features for PR detection and objective markers of PR
degeneration such as EZ layer loss on OCT in GA enables a
comprehensive visualization of pathognomonic patterns of
lesion growth in GA over time. Correlation of the growth
dynamics of the GA lesion in its 2 major components, PR and
RPE, unveils the sequence of events with EZ loss preceding
consecutive RPE loss in time and location. The size of the
dataset in OAKS and DERBY with more than these 897
participants with available images for the present analysis
allows us to translate this hypothesis to confirmatory evidence.

Second, our results shed innovative light on therapeutic
mechanisms in GA, particularly complement inhibition as a
7

http://www.aaojournal.org
http://www.aaojournal.org


Figure 6. Difference of treatment effect for ellipsoid zone (EZ) loss growth between EZ-retinal pigment epithelium (RPE) loss difference quartiles. The
treatment effect between pegcetacoplan monthly (PM)/pegcetacoplan every other month (PEOM) and sham increases from quartile 1 (upper left) over
quartile 2 (upper right) and quartile 3 (lower left) and is most pronounced in quartile 4 (lower right). FOV ¼ field of view; LS ¼ least square; SE ¼ standard
error.
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promising strategy. Complement as a therapeutic target
received significant attention throughout recent years of
scientific activities, yet even large trials failed despite being
grounded on solid pathophysiological concepts.26 The 2
substances, pegcetacoplan and avacincaptad pegol, were
able to provide significant levels of inhibition of GA
lesion growth measured on FAF.22,27 However, the trial
design based on FAF, a late marker of complete RPE loss,
did not allow a more in-depth insight into the biological
impact of complement inhibition. Moving toward a diag-
nostic approach such as OCT-based deep learning targeting
PR changes offers a wealth of additional information.
Inhibition of PR integrity loss seen as EZ loss on OCT is
more pronounced than the reduction in RPE loss by peg-
cetacoplan treatment. Compared with the demarcation on
2D FAF images, which are also compromised by macular
pigment shadowing such cellular detection, methods by
volumetric OCT imaging should be more sensitive to
identify cellular integrity or damage and its defined border.
Histology of GA lesion borders reveals a transitional zone of
multiple types of cellular alteration including neurosensory
degeneration as well as different grades of increasing RPE
dysmorphia and choriocapillary rarification.28 The borders
of the GA lesion in histology were best correlated with
high-quality OCT B-scans.

For identification of the PR condition, our ensemble-based
algorithm annotates the top of the EZ to the outer boundary of
the third hyperreflective outer retinal band.24

Immunohistochemistry characterization of this outer OCT
zone identified the hyperreflective mitochondria-rich outer
segments of cones and the hyporeflective band of fragments of
cone outer segments and conephagosomes located on top of the
8

RPE.29 Morphological analysis further demonstrated that PR
loss and alteration as indicated by such an EZ loss on OCT
reaches outside the GA margin in the majority of cases.29

Complement factor 3 inhibition is a promising strategy as
complement activation by any pathway leads to cleavage of
C3 and amplification of the complement response.2

Complement is activated on PR outer segments in the retina
peripheral to atrophic lesions associated with GA.30

Activation of the classic and alternative pathway in an
experimental model of GA contributed to loss of PR function
by progressive degeneration of rods and cones.30

Photoreceptor loss and thinning as represented by our
definition of the corresponding EZ band on OCT consistently
have been demonstrated using the identical algorithm in
multiple populations.13,20,24,31,32 In FILLY, EZ loss and
thinning correlated consistently with pegcetacoplan therapy
versus sham.20 In an observational study, GA growth rates
correlated significantly with the EZ loss area, and recent
converters had significantly higher EZ/RPE loss ratios at all
time points compared with patients in a more advanced
disease status.13 Other groups have applied different
algorithm architectures mostly based on a single U-net to
identify biomarkers for GA progression on OCT imaging
similarly concluding that OCT-based AI analyses may have
substantial advantages to FAF and be recommended for use in
future clinical trials.33,34Most important, 3D layer segmentation
on OCT by AI achieved the best metrics on en face heatmaps
and B-scan grading tasks, as well as explainable visualizations
in the detection of GA as suggested by retina experts.35

The third contribution of our analysis focusses on providing
prognostic features for disease activity and therapeutic
response. Genetic analysis failed as a predictive method as



Figure 7. Treatment effect between ellipsoid zone (EZ) loss growth be-
tween EZ-retinal pigment epithelium (RPE) loss difference quartiles (1-4)
and treatment arms. A, The treatment effect on RPE loss growth between
quartiles. B, The treatment effect on EZ layer maintenance between
quartiles. Note that the treatment effect between pegcetacoplan monthly
(PM)/pegcetacoplan every other month (PEOM) treatment arms and sham
gets more pronounced in higher quartiles and particularly on the EZ layer
integrity. FOV ¼ field of view.
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genetic subtypes indicated a risk, but not the progression over
time.36 Morphological changes in the macula are obvious
prognostic targets. By OCT, local GA progression speed
correlated positively with local increase of hyper-reflective
foci.37 Global progression speed did not correlate with
hyper-reflective foci concentrations. Subclinical features
such as neurosensory layer thinning attract much interest with
the ability of quantification by AI-based measurement. Artifi-
cial intelligenceebased visualization of lesion growth over
time at the level of EZ and RPE demonstrates a consistent
pattern of faster and wider expansion of lesions with high EZ
loss outside RPE loss, that is, a high EZ-RPE difference at
baseline. With this biomarker, disease activity is objectively
predicted by a morphological parameter that can be visualized
at the first visit. In irreversible disease such as GA, this is
clinically relevant information because it provides a decision
criterion for the physician to evaluate treatment options and for
the patient to recognize an imminent risk of vision loss. Most
important, the ability to recognize individual disease activity at
baseline presentation should allow timely treatment decisions
without waiting for more loss of functional retinal tissue. In
contrast to an estimation of lesion growth on a population
base,6,8 this approach is highly personalized and indicates in an
en face representation the future location of lesion extension
(e.g., subfoveal versus nonsubfoveal). Prediction of future
GA growth speed was not within the scope of the presented
analysis. The novel finding in our work is the impact of the
EZ-RPE difference on disease activity compared between the
different quartiles of EZ-RPE loss and a similar influence on
the therapeutic response to C3 inhibition. However, the results
of the relationship between EZ-RPE loss difference quartiles
and disease activity and therapeutic response should be inter-
preted with caution because the number of patients in the
groups is small. This is because of a division by the 3 treatment
arms and a division by quartiles. Additional studies and
longitudinal testing will be needed to further evaluate these
findings, yet the signals found for a role of the EZ-RPE loss
difference in respect to disease progression and therapeutic
response are consistent and have been noted in smaller studies
and various analyses by other investigators20,38e41 but never in
such an exemplary therapeutic trial as the phase III trials of
DERBY and OAKS.

Availability of the first efficient therapeutic options in GA as
one of themost relevant causes for visual disability globally is a
promising horizon. However, the burden of disease equals the
challenge of diagnostic and therapeutic care by lifelong intra-
vitreal injections in millions of individuals. Moreover, the
conventional parameter for determining treatment success,
which is improvement in vision, does not easily apply to GA
given its progressive, irreversible nature.42Although therewas a
higher treatment effect on the PR condition, the OAKS study
could not show any significant treatment-related difference on
mean visual sensitivity on microperimetry but a significant ef-
fect on the number of scotomatous points at the junctional zone.
However, PR thickness does correlate with sensitivity, which is
the general state of knowledge to date.16,43 To date, GA trials
have focused on BCVA change, which has never been
reached in any phase 3 GA trial, particularly not one with a
large proportion of subfoveal lesions. Therefore, additional
MP was performed in one of the trials, OAKS. However, the
type of lesions in the trial in combination with the fixed grid
resulted in the positioning of MP spots in the center of the
OCT where most of the RPE loss areas were observed. This
resulted in a spatial bias with respect to the lesion and MP
spot distribution. Although most areas without EZ and RPE
loss are in the periphery of the FOV, most MP spots were
already irreversibly damaged, without the possibility of a
treatment effect, with only a few points remaining to observe
a treatment effect, that is, areas with EZ loss alone. The
percentage of more than 26 000 analyzed points from the
OAKS study located within EZ loss areas alone (without
underlying RPE loss) was approximately 13% at baseline and
10% at month 24. A total of 10% to 13% of “targeted” test
points, targeted referring to a location directly on the area of
PR alteration cannot be powered to provide evidence of
therapy-induced change. Particularly, the variability between
the spot number in individual lesions varied highly and was not
evenly distributed. Also, large FAF, that is, RPE loss lesions (�
17.5 mm2), were included where the surrounding zone of EZ
loss grew far outside of the MP grid. Smaller lesions in the
lowest EZ-RPE quartile did not progress and could not show
significant changes in the sensitivity around the GA lesion. By
usingFAFor scanning laser ophthalmoscopy imaging, the zone
of EZ loss could not be visualized and MP spots could not be
placed directly on the areas of interest, that is, the EZ loss area.
Moreover, the EZ loss zone is irregular around each individual
lesionwhich further prevents aiming at this area with a test spot
invariably placed aroundafixed 250-mmperilesional belt.More
9
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correlation spotswere lost because offixationdeficits in patients
with subfoveal lesions. All of these aspects contributed to a lack
of signal in prespecifiedMPmeasurement.With the capacity of
today’s image analysis visualizing the location and extension of
EZ loss accurately, a targeted structure/function analysis can be
performed resulting in a systematic functional scanning of the
area of interest, that is, EZ loss using a morphology-driven
approach.

In the report from the NEI/FDA Endpoints Workshop on
Age-Related Macular Degeneration, the panel suggested to
accept EZ area loss as a surrogate marker with the notion
that although an anatomic end point might be considered
clinically significant, the critical factors are the extent and
location of the change.42 In our analysis of OAKS and
DERBY, we are able to quantify and localize the
therapeutic effect on standard OCT images. The FDA
experts also suggested the use of AI-based methods to
achieve reliability and precision in the PR measurements, a
path that we are following closely. Most important, we can
provide clinically relevant guidance for predicting the level
of therapeutic benefit based on the individual EZ-RPE dif-
ference. This is an important paradigm shift in the contro-
versial discussion of the risk/benefit ratio in GA therapy
based on average values by FAF imaging. Preservation of
RPE alone is a late effect but can be reinforced by adequate
patient selection. Preservation of EZ integrity might be a
relevant factor in respect to its role as an anatomic correlate
for retinal function and correlate of future GA growth.15,16

Because the PR condition is not deducible for the human
expert using OCT images alone, this evaluation
necessarily requires AI-based technology that is now
becoming available. There were no safety concerns during
the study period of OAKS and DERBY; however, a reliable
risk/benefit assessment is mandatory in clinical routine
regarding the potential complications of therapeutic inter-
vention such as new-onset retinal exudation.44 Until now,
reports of severe inflammatory reactions or retinal vascular
occlusion are sparse, but may and often do occur with any
therapeutic intervention and the burden of decision-
making is significant for physicians.45 Artificial
intelligenceebased tools as suggested by our analyses are
substance-independent and can be applied in real-world
routine by the cloud and in clinical trials to differentiate
fast from slow progressors and monitor the therapeutic
efficacy in an objective and precise manner.

Study Limitations

Limitations of our study include the retrospective nature in a
post hoc approach that is a consequence of the recent
availability of deep learning technology after the initiation
of the OAKS and DERBY trials. Also, most lesions were
already large at study initiation, with a mean of 8 mm2, and
> 24 months a proportion of lesions have expanded beyond
the OCT field available for analyses. OCT volumes that
expanded outside the FOV were not excluded in this anal-
ysis to avoid any bias. However, we believe that the number
of scans outside the FOV balances out between the treat-
ment arms and should not affect the statistical analysis. This
aspect applies particularly to the areas of EZ loss that result
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in a ceiling effect mostly during the second year simulating
no further growth. Peripapillary atrophy continuous with the
GA lesion on FAF was an exclusionary criterion at baseline.
However, confluent peripapillary atrophy at later time points
has not been excluded because the exact border to the GA
lesion cannot be distinguished. Moreover, we expect that
peripapillary atrophy presence and area were randomly
distributed throughout the treatment arms and would be
unlikely to impact overall findings. The results regarding
RPE and EZ lesion growth patterns are obviously descrip-
tive and do not refer to causal relationships. For instance,
complement activation is most abundant within the chorio-
capillary layer and flow voids have been suggested as a
cause of PR degeneration.46 More features will become
accessible to quantified AI-based imaging and will
contribute to the identification of clinically relevant bio-
markers. However, PR-related features such as EZ loss are
likely the layer of major interest.42 Future studies are needed
to evaluate the impact of the EZ-RPE difference as a pre-
dictor of future GA growth characteristics. Another impor-
tant consecutive step is to provide a distinct structure/
function correlation that relates the specific EZ values to
retinal performance. In our analysis, there was a decrease in
EZ loss area initially. When evaluating these results, it is
important to consider that OCT imaging is not histology, but
a light reflectance image and the algorithm therefore seg-
ments a reflectivity signal, which can change over time due
to a biological change in the ultrastructure of the feature or
due to reflectivity changes by the orientation of the OCT
scan.47 It is possible that PR may recover under therapy in
their OCT appearance, which is substantiated by the fact
that this “improvement” occurred in the treatment groups
and not in sham. OCT provides image-based biomarkers,
such as DRIL, intraretinal cystoid changes, or in general any
layer-related parameter. The FDA approval of EZ layer loss
on OCT as a primary outcome marker has been a ground-
breaking step toward recognition of image-based bio-
markers, accepting that biology and imaging may be
consistent categories. A promising manner is a point-to-
point registration of OCT morphology and microperimetry
test locations. Microperimetry has been performed in OAKS
but not in a targeted manner that compromises correlations
in subgroups. The analyses focused on Spectralis OCT
imaging that represents the majority of images obtained in
OAKS and DERBY to keep the data set homogenous but
the method is device independent.
Conclusions

Our analyses of a large population from 2 prospective ran-
domized clinical trials phase 3 using OCT-based AI
methods were able to identify and quantify PR degeneration,
defined as EZ loss, and RPE loss in a plausible and clini-
cally relevant manner. Meaningful and innovative results
were obtained to assess individual disease activity and
therapeutic maintenance in complement-inhibitory therapy
in GA. Robust evidence could be provided on the patho-
mechanisms of GA progression with PR degeneration seen
as EZ loss on OCT driving the progression in GA lesions
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and RPE loss following as a consecutive event. With
determination of the role of the EZ-RPE loss difference for
the first time, an objective parameter defining individual
progression during the natural course of disease and under
therapy could be defined. The EZ-RPE difference had an
impact on disease progression and therapeutic response. The
analysis also highlights the full potential of C3 inhibition in
a comprehensive manner revealing that reductions in PR
degeneration are potentially higher than the effect on RPE
loss. Identification of patients with higher EZ-RPE differ-
ence may become an important criterion for the manage-
ment of GA secondary to AMD and allow objective
assessment of the risk/benefit ratio of the novel therapy
optimizing outcomes on a large scale. Recently, EZ thinning
has obtained regulatory approval as a primary outcome
measure in the first degenerative macular disease, macular
telangiectasia.17 Artificial intelligenceebased clinical tools
will become widely available via cloud-based technology,
which further facilitates real-time and ubiquitous access to a
therapeutic option for one of the most severe diseases in our
societies. Our research effort undertaken in this context may
add another step for envisioning clinical end points and
medical devices that eventually will benefit providers, health
care systems, and patients.
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