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Purpose: To determine the interreader agreement for incomplete retinal pigment epithelium (RPE) and outer
retinal atrophy (iRORA) and complete RPE and outer retinal atrophy (cRORA) and their related features in age-
related macular degeneration (AMD).

Design: Interreader agreement study.
Participants: Twelve readers from 6 reading centers.
Methods: After formal training, readers qualitatively assessed 60 OCT B-scans from 60 eyes with AMD for 9

individual features associated with early atrophy and performed 7 different annotations to quantify the spatial
extent of OCT features within regions of interest. The qualitative and quantitative features were used to derive the
presence of iRORA and cRORA and also in an exploratory analysis to examine if agreement could be improved
using different combinations of features to define OCT atrophy.

Main Outcome Measures: Interreader agreement based on Gwet’s first-order agreement coefficient (AC1)
for qualitatively graded OCT features and classification of iRORA and cRORA, and smallest real difference (SRD)
for quantitatively graded OCT features.

Results: Substantial or better interreader agreement was observed for all qualitatively graded OCT features
associated with atrophy (AC1 ¼ 0.63e0.87), except for RPE attenuation (AC1 ¼ 0.46) and disruption (AC1 ¼ 0.26).
The lowest SRD for the quantitatively graded horizontal features was observed for the zone of choroidal hyper-
transmission (� 190.8 mm). Moderate agreement was found for a 3-category classification of no atrophy, iRORA,
and cRORA (AC1 ¼ 0.53). Exploratory analyses suggested a significantly higher level of agreement for a 3-category
classification using (1) no atrophy; (2) presence of inner nuclear layer and outer plexiform layer subsidence, or a
hyporeflective wedge-shaped band, as a less severe atrophic grade; and (3) the latter plus an additional require-
ment of choroidal hypertransmission of 250 mm or more for a more severe atrophic grade (AC1 ¼ 0.68; P ¼ 0.013).

Conclusions: Assessment of iRORA and cRORA, and most of their associated features, can be performed
relatively consistently and robustly. A refined combination of features to define early atrophy could further
improve interreader agreement. Ophthalmology Retina 2021;-:1e11 ª 2021 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyretina.org.
Geographic atrophy (GA) is a common, late-stage disease
manifestation of age-related macular degeneration (AMD),
traditionally defined on color fundus photography and more
recently on fundus autofluorescence imaging. Geographic
atrophy as defined on both of these imaging methods is
� 2021 by the American Academy of Ophthalmology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/). Published by Elsevier Inc.
accepted as a primary efficacy end point in nonneovascular
AMD clinical trials.1e3

Although no effective treatment currently exists to halt or
slow the progression of GA lesions, the number of trials that
test potential novel interventions have recently increased
1https://doi.org/10.1016/j.oret.2021.03.008
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rapidly, and several Phase 2 and 3 trials are currently
underway.4e8 However, although a highly sought-after goal
is to intervene at an earlier point in the disease process, very
few clinical trials are designed to prevent the progression of
intermediate AMD to GA. The feasibility and appetite to
evaluate early interventions has been limited by the neces-
sity for large and lengthy clinical trials because of the slowly
progressive nature of AMD. However, this limitation could
be addressed by establishing robust and reliable early clin-
ical biomarkers of atrophy development. Such early atrophic
features could identify individuals at a higher risk of pro-
gression, providing enriched populations to reduce the size
and costs of such trials, providing new, earlier trial efficacy
end points, or both. These features will also enable better
risk stratification for progression in clinical practice.

Recent advances in multimodal imaging have provided
an extraordinary opportunity to define AMD stages in more
granular detail than has been previously possible. Enormous
clinical research efforts have been underway to characterize
anatomic features, especially those seen on OCT B-scans,
that better depict disease severity and confer an increased
risk of progression to sight-threatening late-stage dis-
ease.9e15 A summary of many of these features has been
described in the Classification of Atrophy Meetings (CAM)
Report 5 publication.16 In addition, characteristic OCT
changes seen in the outer retina, which occur before the
development of GA, have also been described.17,18

The CAM group, an international group of AMD and
retinal imaging experts whose aim is to arrive at consensus
around new multimodal imaging definitions of AMD, have
worked to provide a naming framework for these anatomic
features that will provide a consensus nomenclature to help
unify the field as it moves forward. The CAM group rec-
ommended that the atrophic stages of AMD should be
named according to the affected anatomic layers on
OCT.19e21 As such, the terms complete retinal pigment
epithelium (RPE) and outer retinal atrophy (cRORA) and
incomplete RPE and outer retinal atrophy (iRORA) were
proposed as terms representing a combination of early OCT
features of retinal cell death in eyes with drusen. Complete
RPE and outer retinal atrophy was defined by the following
criteria: (1) a region of choroidal hypertransmission of 250
mm or more in diameter; and (2) a zone of attenuation or
disruption of the RPE of 250 mm or more in diameter; and
(3) evidence of overlying photoreceptor degeneration, all
occurring in the absence of signs of an RPE tear.20 The term
iRORA was introduced to describe a stage of AMD at which
these OCT signs are present but do not fulfill all the size
criteria for cRORA.19

These OCT-defined terms were intended to allow the
AMD clinical and research community, as well as industry
and regulatory agencies, to become familiar with the fea-
tures that were associated with the development and initial
progression of AMD-associated atrophy. The intent of the
CAM group was for these OCT features to provide the
backbone of a new, more refined grading system for AMD
and provide additional biomarkers that could facilitate early
intervention clinical trials in the early stages of AMD.

However, the CAM publications stressed that further
work was required to determine, through a rigorous and
2

robust process, whether cRORA and iRORA, as well as the
features used to define them, could be determined reliably in
a reading center setting before they could be put forward as
potential biomarkers of disease severity and structural
clinical trial end points. Accordingly, it is necessary to
determine the ability of readers to identify and, where
relevant, reliably measure the features associated with these
anatomic changes if they are adopted into AMD clinical
trials.

We therefore trained readers at 6 established reading
centers on the anatomic features that define cRORA and
iRORA and thereafter assessed the value of this training.
We then assessed the level of agreement among these
readers in the qualitative evaluation of 9 features and
quantitative measurements of 7 features associated with
early atrophy. The results of this report provide a strong
foundation to move forward when considering the re-
quirements for more granular AMD grading schemes, robust
biomarkers of disease severity, and OCT-defined atrophy
end points.
Methods

Six established reading centers were invited to participate in this
exercise to examine interreader agreement for features associated
with atrophy. From the United States, these included the Doheny
Imaging Reading Center, Duke Reading Center, Utah Retinal
Reading Center, and Wisconsin Fundus Photograph Reading
Center. Further, the Cologne Imaging Reading Center and Labo-
ratory, Cologne, and GRADE Reading Center, Bonn, both in
Germany, participated. At each reading center, the medical di-
rectors were asked to assign 2 experienced readers (n ¼ 12 in total
from all sites) to participate in the study, with the selection left to
the medical directors’ discretion. Before performing the actual
grading task, readers participated in a formal and standardized
training on iRORA and cRORA definitions and how to identify
these features on OCT B-scans.
Reader Training

First, readers were asked to read the 2 previous CAM Reports 3
and 4.19,20 Second, they completed a web-based pretest that
assessed their general knowledge about the definition and features
of atrophy based on the CAM articles. Further, readers were also
asked to indicate the presence of the following 7 features associ-
ated with atrophy on OCT B-scans in test cases: (1) region of
choroidal signal hypertransmission; (2) zone of disruption or
attenuation of the RPE; (3) ellipsoid zone (EZ) disruption; (4)
external limiting membrane (ELM) disruption; (5) outer nuclear
layer thinning; (6) outer plexiform layer (OPL) subsidence; and (7)
hyporeflective wedge-shaped band within the limits of Henle’s fi-
ber layer. Third, 2 senior authors (R.H.G. and S.S.-V.) gave 2 web-
based tutorials, each 1 hour long, to the readers (1 for United
States-based reading centers and 1 for European-based reading
centers), during which they reviewed and discussed 20 cases to
illustrate the presence of features associated with iRORA or
cRORA. These web conferences provided the readers an oppor-
tunity to clarify the definitions of each feature and discuss ques-
tions that arose from the pretest. Readers were then asked to
perform the pretest again to examine changes in their assessments
that were informed by these web conferences.
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Grading Task

After the training was completed, all 6 reading centers received de-
identified imaging data that contained combined near-infrared
reflectance and spectral-domain OCT volume scan data (Spec-
tralis HRAþOCT; Heidelberg Engineering GmbH, Heidelberg,
Germany) of 60 eyes of 60 individuals with AMD. These imaging
data had been obtained as part of natural history studies undertaken
at the Centre for Eye Research Australia, Royal Victorian Eye and
Ear Hospital, East Melbourne, Australia, and the Department of
Ophthalmology, University of Bonn, Bonn, Germany. These
studies adhered to the tenets of the Declaration of Helsinki and
were approved by the local ethics committees. Written informed
consent was obtained from each participant before enrollment.

For each case, the region of interest to be evaluated was out-
lined on a single B-scan and provided to the readers as an image
file. Readers were also provided with the entire corresponding
OCT volume scan that could be reviewed using the review soft-
ware of the imaging device (Heidelberg Eye Explorer; Heidelberg
Engineering). The image samples from the 60 eyes (selected by 2
authors [Z.W. and S.S.-V.]) illustrated a variety of anatomic pre-
cursors and early AMD-related atrophic changes; approximately
one third each consisted of cRORA, iRORA, and drusen lesions
without any signs of atrophy. Note that the readers were masked to
the severity distribution of the cases selected. These cases formed
an image set that were to be graded in what we refer to as the
grading task.

Each reader was provided with a grading manual that contained
comprehensive predefined grading instructions as a guide to the
grading task. Readers were asked to grade the preselected single B-
scan image from each of the eyes. At the discretion of the reader,
the entire OCT volume scan could also be reviewed. For each
region of interest, readers were asked to determine the presence of
9 different qualitative features associated with atrophy, as outlined
in Supplemental Figure 1 (available at www.ophthalmology
retina.org). Compared with the pretest, subsidence of the inner
nuclear layer (INL) was added to OPL subsidence, and the
attenuation and disruption of the RPE were assessed as 2
separate features. Response options for each feature included
“yes,” “no,” “questionable,” or “cannot grade.”

Readers were also asked to annotate 7 different features to
assess their ability to quantify the spatial extent of different features
associated with atrophy, if present (Supplemental Fig 2, available
at www.ophthalmologyretina.org). These annotations were used
to define the 250-mm cutoff in extent of choroidal
hypertransmission and RPE attenuation or disruption that
differentiated iRORA from cRORA. A custom-written tool in
FIJI (an extension of the image processing software ImageJ,
available at http://fiji.se/; National Institutes of Health, Bethesda,
MD) was used to annotate the images.

Statistical Analysis

For the first part of the pretest (assessment of general knowledge
about the definitions and features of atrophy), appropriate re-
sponses were determined based on a consensus among 3 senior
authors (S.R.S., R.H.G., and S.S.-V.). The difference in the pro-
portion of correct responses by each of the 12 readers before and
after the training web conference was determined using a mixed-
effects logistic regression model (to account for the repeated-
measures nature of the data and correlation between the
responses to multiple questions for a given reader). For the second
part of the pretest (identification of features based on provided
OCT B-scan data), the responses were binarized into 2 categories:
(1) absent or questionable or (2) definitely present. The differences
between the interreader agreement among the 12 readers before
and after the web conference was determined based on Gwet’s
first-order agreement coefficient (AC1),

22 with statistical
significance determined using a bootstrap procedure (n ¼ 1000
resamples). The AC1 was used in this study over the widely used
k coefficient because the latter exhibits a well-known limitation
of being affected by the prevalence of the trait being measured. For
instance, k coefficients can have low values despite high levels of
agreement when the prevalence of the trait is either very high
or low.23 The AC1 instead is a robust, chance-corrected measure of
agreement that is more stable for variations in trait prevalence.22

The AC1 values were interpreted as follows: poor agreement
(< 0), slight agreement (0e0.20), fair agreement (0.21e0.40),
moderate agreement (0.41e0.60), substantial agreement
(0.61e0.80), and almost perfect agreement (0.81e1.0).24 A
P value of less than 0.05 was considered statistically significant.

For the grading task (consisting of the n ¼ 60 cases), the
qualitative grading for each of the features associated with atrophy
was also binarized into the 2 categories described above. The
prevalence of these features was determined based on the per-
centage of readings of whether a feature was present. The AC1

statistic and percentage of readings in agreement was calculated to
assess the interreader agreement for each of these 9 features
evaluated.

For the quantitative parameters, the smallest real difference
(SRD; also termed repeatability coefficient) was calculated for each
feature.25 The SRD denotes the upper limit (95% probability) for
the absolute differences between 2 measurements attributable to
chance and is derived from the average interreader variability
within each B-scan as: 1:96 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � varw
p

. To allow for
comparison among SRD values, nonparametric bootstrap
confidence intervals were generated. Intraclass correlation
coefficients (2-way random, single measures, absolute agreement)
were also calculated to assess the level of agreement for the
quantitative features. To assess whether the measurement error
increased with larger absolute values, Spearman’s r was calculated
to assess the relationship between the interreader variability and
mean measurement across all cases.

Results from qualitative and quantitative grading parameters of
the main test were also used to determine the presence of iRORA
and cRORA in each case. The number of cases meeting these
definitions was also presented based on the consensus response of
the 12 readers. The interreader agreement between a 2-category
classification of the atrophic grade (i.e., presence or absence of at
least iRORA or presence or absence of cRORA) and 3-category
classification (i.e., no atrophy vs. iRORA vs. cRORA) was also
assessed using the AC1 statistic.
Results

Pretest Results

The percentage of correct responses of the 12 readers improved
slightly, but not statistically significantly, after the web-based tu-
torials for the first part assessing knowledge about the definitions
and features of atrophy (n ¼ 18 items; range, 81%e83%; P ¼
0.522). For the second part, involving the actual assessment of the
OCT features associated with atrophy (n ¼ 98 items), the inter-
reader agreement improved significantly after the web conference
(from AC1 ¼ 0.59 to AC1 ¼ 0.79; P ¼ 0.004).

Grading Task Results

Table 1 presents the prevalence of each feature examined based on
the consensus among the 12 readers, highlighting how choroidal
3
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Table 1. Prevalence of Features Associated with Atrophy among the Cases Evaluated in This Study (n ¼ 60) and Interreader Agreement
among the 12 Readers

Feature Present

Reading Prevalence

Agreement Rate (%) Gwet’s First-Order Agreement Coefficient (AC1)Yes (%) No (%)

Choroidal hypertransmission 66 34 80 0.63
RPE attenuation 71 29 68 0.46
RPE disruption 44 56 63 0.26
EZ disruption 89 11 89 0.87
ELM disruption 87 13 87 0.83
ONL thinning 86 14 81 0.75
OPL subsidence 60 40 82 0.65
INL subsidence 47 53 85 0.70
Hyporeflective wedge-shaped band* 27 73 86 0.77

ELM ¼ external limiting membrane; EZ ¼ ellipsoid zone; INL ¼ inner nuclear layer; ONL ¼ outer nuclear layer; OPL ¼ outer plexiform layer;
RPE ¼ retinal pigment epithelium.
*Present within Henle’s fiber layer.
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hypertransmission, RPE attenuation, EZ and ELM disruption, and
outer nuclear layer thinning were present in approximately two
thirds or more of the cases. It also showed that RPE disruption
and OPL and INL subsidence were present in approximately half
of the cases, whereas the hyporeflective wedge-shaped band were
present in approximately one quarter of cases.

All features showed substantial interreader agreement (AC1 ¼
0.63e0.87), except for RPE disruption (AC1 ¼ 0.26) and attenu-
ation (AC1 ¼ 0.46). These findings are also summarized in Table 1.
Supplemental Figure 3 (available at www.ophthalmology
retina.org) shows 1 example illustrating challenges in the
determination of the zone of RPE attenuation and ELM disruption.

Agreement and Reliability of Quantitative Image
Annotation

The SRD varied markedly among the horizontal features. The SRD
estimates were the smallest for choroidal hypertransmission
(� 190.8 mm [95% confidence interval (CI), 130.8e272.6 mm]),
followed by ELM disruption (� 745.2 mm [95% CI, 593.1e929.9
mm]), then by EZ disruption (� 869.1 mm [95% CI, 763.5e1017.6
mm]), and finally by RPE disruption (� 1094.9 mm [95% CI,
930e1264 mm]; Fig 1). The SRD estimates for the vertical
measurements were more uniform with � 56.8 mm (95% CI,
44.5e72.8 mm) for the outer retinal thickness at the left margin,
� 46.8 mm (95% CI, 34.8e58.8 mm) for the outer retinal
thickness at the right margin, and � 54.8 mm (95% CI,
41.4e76.9 mm) for the outer retinal thickness at the thinnest
location (Supplemental Fig 4, available at www.ophthalmology
retina.org).

With adjustment for multiple testing, a significant relationship
was observed between the measurement variability (variance be-
tween readers) and lesion size (mean value across readers) for RPE
disruption (Spearman’s r ¼ 0.56; P ¼ 0.01), EZ disruption (r ¼
0.40; P¼ 0.04), and ELM disruption (r ¼ 0.65; P < 0.001) but not
for choroidal hypertransmission (r ¼ 0.31; P ¼ 1.0). Further,
analysis of the intraclass correlation coefficient, which considers
measurement variability in relationship to the underlying vari-
ability of the lesion of interest in this cohort, revealed that mea-
surements of choroidal hypertransmission showed a much better
interreader agreement compared with the other horizontal lesions
4

(Supplemental Table 1, available at www.ophthalmology
retina.org).

Interreader Agreement for Derived Presence of
Incomplete Retinal Pigment Epithelium and
Outer Retinal Atrophy and Complete Retinal
Pigment Epithelium and Outer Retinal Atrophy

The qualitatively and quantitatively graded parameters were com-
bined to derive the presence of iRORA or cRORA. Moderate
interreader agreement (AC1 ¼ 0.58) was found for a 2-category
classification of the atrophic features based on the presence or
absence of at least iRORA, and substantial agreement (AC1 ¼
0.68) was found based on the presence or absence of cRORA. Also
moderate agreement (AC1 ¼ 0.53) was found for a 3-category
classification of atrophy (no atrophy vs. iRORA vs. cRORA).
These findings are summarized in Supplemental Table 2 (available
at www.ophthalmologyretina.org), along with the prevalence of
each atrophic classification stage. Figure 2 shows 3
representative examples with full consensus for the different
classification stages of OCT-defined atrophic AMD.

The impact of the region-of-interest retinal location was also
examined, because anecdotally concern has arisen regarding some
of the OCT features associated with atrophy being more difficult to
identify close to the fovea, given the difference in anatomic fea-
tures in this region. Eight of the 60 cases (13%) had the region of
interest falling within the central 1000 mm of the foveal center.
Statistical analysis revealed no difference in the level of interreader
agreement for a 3-category classification of atrophy (no atrophy vs.
iRORA vs. cRORA) between cases within (AC1 ¼ 0.47) and
outside (AC1 ¼ 0.54) 1000 mm of the foveal center (P ¼ 0.743).
Supplemental Figure 5 (available at www.ophthalmology
retina.org) shows 1 example demonstrating a high level of
agreement for the determination of atrophic features for a region
of interest at the foveal center.

Exploratory Analyses

Based on the findings of the qualitative and quantitative graded
results, we explored additional combinations of features and
measurement cutoffs to define an alternative staging system for
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Figure 1. Bland-Altman plots showing the interreader agreement for the 4 horizontal quantitative imaging features. The y-axis shows the difference from
the mean measurement (of all 12 readers) and the x-axis shows the mean measurement. Different reading centers are highlighted by different colors. The
solid red lines denote the mean difference, and the dashed red lines denote the 95% limits of agreement with the mean for all readers. All points were plotted
semitransparently to illustrate each point. Notably, the zone of choroidal hypertransmission constituted the most reliable horizontal measure of disease extent
across, both overall and on a reading center level. Note that the 95% limits of agreement with the mean (i.e., agreement between an individual reader and
mean values across readers) describe the upper limit of measurement variability of an individual reader. Hence, the smallest real difference estimates shown
in Supplemental Table 1, which describe the upper limit for the absolute difference between 2 individual readers, are higher by a factor of O2.

Wu et al � Assessment of Early Atrophy in AMD
OCT atrophy to determine if interreader agreement could
be improved (Supplementary Table 3, available at
www.ophthalmologyretina.org).

Considering the features indicative of photoreceptor loss, we
considered a classification of early atrophy that required either (1)
only EZ or ELM disruption or (2) only the subsidence of the OPL
and INL, or hyporeflective wedge-shaped band, but did not
require other features to define photoreceptor loss. When these
features of photoreceptor degeneration were combined with the
definitive presence of RPE attenuation or disruption, choroidal
hypertransmission, or both to consider the presence or absence of
at least a less severe grade of OCT atrophy, nonsignificant
improvements in interreader agreement were achieved
(AC1 ¼ 0.58e0.67; all P > 0.05) compared with the original
features required for at least iRORA presence or absence
(AC1 ¼ 0.58). A larger improvement in agreement among readers
was seen if only the presence of subsidence of the OPL and INL,
or a hyporeflective wedge-shaped band, was used to consider the
presence or absence of at least a less severe grade of OCT atrophy
(AC1 ¼ 0.75; P ¼ 0.010).
In another exploratory analysis, we also examined whether
defining photoreceptor loss based on the 2 approaches above, as
well as excluding the requirement for RPE attenuation or disrup-
tion, choroidal hypertransmission, or both can improve interreader
agreement when considering the presence or absence of a more
severe grade of OCT atrophy in a 2-category classification. When
compared with a classification based on the presence or absence of
cRORA, interreader agreement was not significantly different for
all alternative combinations (AC1 ¼ 0.45e0.71; all P > 0.05), but
the highest agreement was observed for the combination based on
the presence of (1) choroidal hypertransmission of 250 mm or more
and (2) the subsidence of the OPL and INL, or the hyporeflective
wedge-shaped band (AC1 ¼ 0.71).

When considering 2 different combinations for an earlier and
later grade of the atrophic features in a 3-category classification
scheme (no atrophy vs. stage 1 based on presence of subsidence of
the OPL and INL, or hyporeflective wedge-shaped band, vs. stage
2 based on stage 1 plus choroidal hypertransmission of � 250 mm),
the interreader agreement (AC1 ¼ 0.68) was significantly better
compared with a 3-category classification scheme based on no
5
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Figure 2. Three examples showing excellent agreement among readers for the absence or presence of atrophic features according to Classification of
Atrophy Meetings definitions, with the near-infrared confocal scanning ophthalmoscopy image and corresponding spectral-domain OCT B-scan at the
region of interest (green line through the white box) shown for each example. The white scaling bars at each left lower corner represent 250 mm in both
lateral and vertical dimensions. A, B, Full consensus for absence of incomplete retinal pigment epithelium (RPE) and outer retinal atrophy (iRORA) and
complete RPE and outer retinal atrophy (cRORA) among all readers (“no atrophy”). At the same time, a relatively high level of disagreement occurred for
the individual feature of disruption of the ellipsoid zone: 7 readers determined that it was present, and 5 readers believed that it was absent. C, D, Full
consensus for presence of iRORA among all readers. Highest disagreement occurred for the individual feature of inner nuclear layer subsidence; an equal
number of readers considered this feature to be present or absent. E, F, Full consensus for presence of cRORA among all readers, with high agreement for the
presence of all individual atrophic features.
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atrophy versus iRORA versus cRORA (AC1 ¼ 0.53; P ¼ 0.013;
Supplemental Table 3). A similar 3-category classification scheme
based on the 2 different combinations above, except requiring (1)
EZ or ELM disruption rather than (2) subsidence of OPL and INL,
or hyporeflective wedge-shaped band, for defining photoreceptor
degeneration, performed similarly to the classification based on no
6

atrophy versus iRORA versus cRORA (AC1 ¼ 0.57; P ¼ 0.349;
Supplemental Table 3).

Figure 3 shows 2 representative examples with low agreement
when using iRORA and cRORA, but full consensus among readers
when only the features of subsidence of the OPL and INL, or a
hyporeflective wedge-band, was included.



Figure 3. Two examples illustrating the lack of consensus among readers when applying the Classification of Atrophy Meetings definitions, with the (A, E)
en face near-infrared reflectance (NIR) image, (B, F) OCT B-scan obtained through the region of interest (location on the NIR image indicated by the
green line through the white box), and (C, D and G, H) its 2 neighboring B-scan sections (distance between individual B-scans is approximately 120 mm)
shown. The white scaling bars at each left lower corner of the NIR and OCT B-scan of the region of interest represent 250 mm in both lateral and vertical
dimensions. For the first example (AeD), 6 of 12 readers determined that choroidal hypertransmission and retinal pigment epithelium (RPE) attenuation or
disruption was either present or absent. This disagreement on choroidal hypertransmission resulted in a lack of consensus in the determination of the
presence of an atrophic stage derived from the qualitative and quantitative gradings, because incomplete RPE and outer retinal atrophy (iRORA) would
have been considered to be present by 6 readers and absent by the other 6 readers. In contrast, the atrophic grade including only the presence of outer
plexiform layer (OPL) and inner nuclear layer (INL) subsidence or the presence of a hyporeflective wedge-shaped band reached full consensus. For the
second example shown on the right (EeH), 3 readers would not have identified both iRORA and complete RPE and outer retinal atrophy (cRORA) when
these atrophy grades were derived from their combined qualitative and quantitative grading (triggered by grading the absence of choroidal hyper-
transmission), whereas another 3 readers would have identified iRORA and 6 readers would have identified cRORA. The disagreement between presence of
iRORA and cRORA was caused by the determination of the diameter of the zone of choroidal hypertransmission. Although some readers concluded that the
zone was continuous with a diameter of 250 mm or more, 3 others identified 2 separate zones, leading to a measurement of less than 250 mm. Based again on
an atrophic grade derived from only the presence of OPL and INL subsidence, or the presence of a hyporeflective wedge-shaped band, full consensus of
absence of atrophy was reached.
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Note also that for the above-mentioned 3-category classification
scheme based on the different combination of OCT features, there
was no evidence of a significant difference in agreement between
cases that were within (AC1 ¼ 0.76) and outside (AC1 ¼ 0.71)
1000 mm of the foveal center (P ¼ 0.282).
Discussion

This study showed a moderate to substantial level of
agreement (AC1 ¼ 0.53e0.68) among 12 readers for the
assessment of 2- and 3-category classification schemes of
atrophic grades based on iRORA and cRORA criteria.
These findings indicate that evaluation of high-resolution
OCT B-scans allow for a relatively consistent and robust
assessment of structural changes in early atrophic AMD in a
reading center setting. This study also revealed that all
features associated with atrophy showed substantial or better
agreement, except for the assessment of RPE attenuation or
disruption. The exploratory analyses also suggest that sub-
stantial agreement for the 2- and 3-category classification of
atrophic features (AC1 ¼ 0.68e0.75) could be achieved by
using alternative combinations of features for defining at-
rophy where photoreceptor loss was defined based on the
presence of subsidence of the OPL and INL, or a hypore-
flective wedge-shaped band.

The ability to detect structural changes in features seen
on OCT imaging likely depends in large part on the training,
background, and experience of readers and the robustness of
the definitions and guidelines for their interpretation. Thus,
we sought to minimize these confounding factors by per-
forming a formal and intensive training, selecting 12 readers
from 6 established reading centers, and providing detailed
instructions for performing the grading task. The observed
7
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improvement of interreader agreement in the pretest after
formal and intensive training (to ensure that readers under-
stood and were able to apply the iRORA and cRORA def-
initions, including the grading of their associated features)
highlights the value and importance of such training. This
also supports the anecdotal feedback we received from the
readers on the helpfulness of the virtual web conferences to
clarify of the grading strategy.

After reader training, in the grading task, we observed
substantial agreement for all qualitative features associated
with atrophy, except for the assessment of RPE attenuation
or disruption. These observations are consistent with feed-
back by readers during the web conferences, at which the
edges of RPE disruption and attenuation were often chal-
lenging to define. These observations are supported by the
quantitative grading results, which showed that RPE
disruption or attenuation showed the lowest level of
agreement.

The results from the quantitative grading also revealed
that determination of the zone of choroidal hyper-
transmission was the most robust quantitative horizontal
feature, and the level of agreement did not vary based on the
average absolute size (e.g., smaller areas of hyper-
transmission did not show poorer interreader agreement than
larger areas). This level of performance was observed
despite the fact that the continuity of hypertransmission may
sometimes be interrupted, particularly by blockage of ma-
terial anterior in the light path (Fig 3EeH), resulting in a so-
called “barcode” appearance. This performance level may
have been achieved because we included clear examples and
descriptions in the grading instructions of how to measure
the extent of hypertransmission when such an appearance
was present. Nonetheless, we observed in a minority of
cases within the atrophic disease spectrum that it was
difficult for readers to detect and measure choroidal hyper-
transmission consistently. Despite these exceptions, the
relatively robust nature of this quantitative measurement
could provide a potentially sensitive and meaningful
biomarker to assess the progression of atrophic lesions. The
potential usefulness of this measure is supported further by
ours and others’ previous findings that the extent of
choroidal hypertransmission is associated highly with the
extent of atrophy measured on fundus autofluorescence
imaging,26e28 which is currently accepted as an anatomic
outcome measure by international regulatory agencies.29

Strategies that could improve the reliability of these
measurements to explore in the future include: (1)
requiring a minimum of 2 neighboring B-scans meeting
the size criterion, instead of relying on single B-scan
quantification for the zone of choroidal hypertransmission;
(2) requiring 2 independent measurements of 2 readers
within a certain tolerance level; or (3) using artificial
intelligence-based automated image analysis methods to
improve consistency in quantification of the choroidal
hypertransmission zone.

We combined the qualitatively and quantitatively graded
parameters to determine whether iRORA or cRORA was
present in each case and showed that the level of interreader
agreement for a 2-category classification of cRORA pres-
ence versus absence was substantial (AC1 ¼ 0.68), whereas
8

agreement was moderate (AC1 ¼ 0.58) for a classification of
the presence of at least iRORA versus its absence. It is
conceivable that the interreader agreement was better for
cRORA because it represents a more advanced and well-
defined lesion, thus being easier to assess. The moderate
level of agreement (AC1 ¼ 0.53) for the 3-category classi-
fication of atrophic features based on no atrophy versus
iRORA versus cRORA is reasonable, given that k co-
efficients for interobserver agreement in the assessment of
other ophthalmic and nonophthalmic imaging-based fea-
tures have been reported to range from 0.13 to 0.96.30e33 In
the field of retina, for example, fair agreement for interob-
server variations (main pairwise k ¼ 0.37e0.40) have been
reported for classifying types of choroidal
neovascularization.30

This study provided an opportunity to examine whether
different combinations of features associated with the early
structural OCT atrophic changes may lead to improved
interreader agreement of atrophic AMD severity. The
exploratory analyses demonstrated that significantly higher
levels of agreement for an arbitrary, less severe stage of
atrophy could be achieved by including only the presence of
subsidence of the OPL and INL, or a hyporeflective wedge-
shaped band, with the inclusion of a zone of choroidal
hypertransmission as a criterion for defining a more severe
stage of atrophy. These alternative definitions showed better
agreement when excluding the requirement for RPE
disruption or attenuation, which were the features that
showed the lowest level of interreader agreement in this
study, despite attempts to maximize agreement through
careful training and instructions. However, improved inter-
reader agreement could not be achieved when using similar
definitions for a less and more severe stage of atrophy and
basing the definition of photoreceptor degeneration on EZ or
ELM disruption, despite the fact that these individual fea-
tures showed the highest level of agreement. This is likely
because of the very high prevalence of these features (91%
of readings had either EZ or ELM disruption), meaning that
the resulting classification of atrophy would be relatively
similar whether EZ or ELM disruption was required to be
present. Notably, it was the presence of (1) subsidence of the
OPL and INL; (2) a hyporeflective wedge-shaped band; or
(3) both that were the only features required for the original
description of nascent GA.17 These features were recently
shown to confer a 78-fold increased risk of progression to
color fundus photography-defined GA in a prospective
longitudinal study, underscoring its predictive validity.18

The findings of this study will help the field move toward
a robust granular staging system for AMD by demonstrating
that it is possible to discern different severities of atrophy on
OCT imaging with robust levels of interreader agreement.
These findings will also help to clarify the features that may
best serve to establish earlier end points and inclusion or
exclusion criteria for earlier-stage interventional trials in
AMD. The choice of features to include in defining atrophic
biomarkers and end points will vary depending on the aims
of the studies being undertaken.

A strength of this study is its design, which sought to be
as representative of a real-world reading center scenario as
possible. This was achieved by providing the readers with
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the full OCT volume scan, in addition to the OCT B-scan
with an outlined region of interest. Thus, readers had the
opportunity to use information from the neighboring B-
scans for assessments of the region of interest. It is possible
that the availability of other imaging methods, such as color
fundus photography or fundus autofluorescence imaging,
could improve the level of interreader agreement, but this
warrants further investigation. Note that although the as-
sessments in this study were limited to regions of interest,
they can be extrapolated to the assessment of the presence of
atrophy in the entire OCT volume scan of an eye in a
clinical trial scenario.

Although we sought in this study to select a set of AMD
cases that comprised the entire spectrum of changes seen in
regions where atrophy develops (that ranged from no atrophic
changes to an established area of atrophy), it is important to
note that the prevalence of individual features associated with
atrophy varied in the cases. Such variability likely does not
represent selection bias but rather largely reflects the variability
of the disease manifestation of atrophy itself. For example, the
high prevalence of outer nuclear layer thinning and EZ and
ELMdisruption seen in 86% ormore of readings indicates that
these features commonly occur in eyes bothwith andwithout a
full suite of atrophic changes. In contrast, a hyporeflective
wedge-shaped band was present in only approximately one
quarter of the readings.

The limitations of this study include the number of cases
assessed in the grading task. This study also only assessed
interreader agreement with just 1 of the widely used OCT
instruments, and the generalizability of these findings to
OCT scans obtained with other devices remains to be
determined. It is also possible that interreader agreement for
the different features assessed in this study may vary based
on the image quality, but this factor could not be assessed
because we excluded all poor-quality images for this exer-
cise. Finally, the level of interreader agreement may also
have differed if the cases selected spanned a different range
of disease severity. We chose to include an approximately
equal proportion of cases with cRORA, iRORA, and no
atrophy to provide a sufficiently large number of cases to
assess the features associated with them. This limitation
should be considered when attempting to generalize the
findings of this study to the assessment of these features to
other scenarios, such as in the assessment of these features
more generally in a cohort with intermediate AMD.

In conclusion, this study demonstrated that a moderate to
substantial level of interreader agreement could be achieved
for iRORA and cRORA. It revealed a substantial or better
agreement for the assessment of individual features associ-
ated with atrophy, except for RPE attenuation or disruption.
We demonstrated in an exploratory analysis that the agree-
ment for early atrophic stages could be improved signifi-
cantly when the presence of INL and OPL subsidence, a
hyporeflective wedge-shaped band, or both were determined
for an earlier atrophic stage and when the presence of the
zone of choroidal hypertransmission (� 250 mm) was
included to define a more advanced atrophic stage. This
study also highlighted the potential value of quantitative
measurements of choroidal hypertransmission as a measure
of disease progression, a concept that warrants further
investigation in prospective longitudinal studies. The eval-
uation of interreader agreement in a reading center setting
represents an important step toward a more detailed classi-
fication system for atrophic AMD and helps to inform the
design and analysis of early intervention clinical trials in
AMD.
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