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Purpose: Complete retinal pigment epithelium (RPE) and outer retinal atrophy (cRORA) on OCT imaging has
recently been proposed to describe end-stage atrophy in age-related macular degeneration (AMD) by interna-
tional consensus and expected to be associated with a dense scotoma, but such functional evidence is lacking.
This study sought to examine the visual sensitivity defects associated with cRORA and to determine OCT fea-
tures associated with deep defects.

Design: Observational study.
Participants: Sixty eyes from 53 participants, including 342 microperimetry tests over 171 study visits.
Methods: Participants underwent targeted high-density threshold-based microperimetry testing of atrophic

lesions (with at least incomplete RPE and outer retinal atrophy [iRORA]) with a 3.5� diameter grid. The maximum
extent of signs of atrophy for all lesions was graded on OCT imaging.

Main Outcome Measures: Number of deep visual sensitivity defects (threshold � 10 decibels [dB]).
Results: Presence of choroidal signal hypertransmission � 500 mm, complete RPE loss �250 mm, and inner

nuclear layer and outer plexiform layer subsidence, and hyporeflective wedge-shaped band (defined as nascent
geographic atrophy [nGA]) � 500 mm (P � 0.020), but not RPE attenuation or disruption (P � 0.192), were all
independently associated with a significant increase in the number of deep visual sensitivity defects � 10 dB.
Only cRORA lesions with hypertransmission � 500 mm or complete RPE loss � 250 mm, or with both of these
features (P < 0.001), but not lesions with only hypertransmission 250e499 mm (P ¼ 0.303), had significantly more
deep visual sensitivity defects � 10 dB compared with iRORA lesions. Lesions with nGA � 500 mm, irrespective of
the presence of hypertransmission � 500 mm and/or complete RPE loss � 250 mm, also showed a higher number
of deep visual sensitivity defects � 10 dB compared with lesions without nGA � 500 mm (P � 0.011).

Conclusions: Not all cRORA lesions show a difference in the number of deep visual sensitivity defects
compared with iRORA. Instead, hypertransmission � 500 mm, complete RPE loss � 250 mm, and nGA � 500 mm
are all OCT features independently associated with deep visual sensitivity detects that could help inform the
definition of end-stage atrophy on OCT imaging.
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OCT is a technique that enables depth-resolved imaging of
the retina at near-cellular resolution, allowing the charac-
teristic features of retinal pigment epithelium (RPE) loss and
overlying photoreceptor degeneration associated with
geographic atrophy (GA)1e5 in age-related macular degen-
eration (AMD) to be visualized.6e9 In recent years, an in-
ternational group of AMD and retinal imaging experts,
called the Classification of Atrophy Meetings group, was
formed and sought to provide a lexicon to describe OCT-
defined features of atrophy through international
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consensus.10,11 This OCT-based classification was intended
to unite the field moving forward by providing common
nomenclature and to provide a more granular classification
system by describing both end-stage atrophy and its
precursors.

The Classification of Atrophy Meetings group proposed
an OCT classification system wherein end-stage atrophy
was defined as complete RPE and outer retinal atrophy
(cRORA), based on the presence of choroidal signal
hypertransmission � 250 mm, associated with RPE
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attenuation or disruption � 250 mm and evidence of over-
lying photoreceptor degeneration.10 The OCT changes
presumed to portend the development of cRORA were
defined as incomplete RPE and outer retinal atrophy
(iRORA), which were defined as regions with the same
features that defined cRORA but where the choroidal
signal hypertransmission and/or the RPE attenuation or
disruption were < 250 mm.11 The Classification of
Atrophy Meetings group suggested that “one might expect
to have a dense scotoma if it were possible to test only
the area of cRORA, [and] that one might expect that areas
of iRORA would retain some degree of retinal sensitivity
(relative scotoma).”10

Fundus-tracked perimetry (or microperimetry) is a tech-
nique that enables measurements of visual sensitivity at
specific retinal locations,12,13 and previous studies in eyes
with GA have reported that visual sensitivity loss at
specific locations sampled on microperimetry was
associated with changes in the RPE and/or photoreceptors
seen on OCT imaging.14e18 However, no studies to date
have specifically examined whether regions with cRORA
are characterized by the presence of dense scotoma(s) or
deep visual sensitivity defect(s) or determined the associa-
tion between the presence and extent of OCT signs of at-
rophy with such deep visual sensitivity defects.

This study thus sought to comprehensively evaluate re-
gions with at least iRORA using a high-density, targeted
microperimetry testing approach to understand the associa-
tion between the presence and extent of OCT signs of at-
rophy with deep visual sensitivity defects. This evaluation
will provide evidence for whether regions with cRORA are
characterized by having deep visual sensitivity defect(s)10

and also determine what OCT-defined changes are present
when such deep visual sensitivity defect(s) are observed.
One such OCT-defined change of interest is nascent
geographic atrophy (nGA),19e21 specific features of
photoreceptor degeneration associated with a high risk of
progression to end-stage GA,22e24 which was also exam-
ined for its association with deep visual sensitivity defects in
this study.
Methods

This study included individuals who were enrolled in a prospective
observational study of early OCT atrophic changes undertaken at
the Centre for Eye Research Australia. This study was conducted in
accordance with the tenets of the Declaration of Helsinki and the
International Conference on Harmonization Guidelines for Good
Clinical Practice. Institutional review board approval was obtained
for this study, and all the enrolled participants provided informed
consent.

Participants

This study included individuals who were aged � 50 years who
had at least iRORA secondary to AMD and a best-corrected visual
acuity of 20/100 or better, without evidence of neovascular AMD
or having undergone treatments previously, in � 1 eye. Addi-
tionally, individuals with any ocular, systemic, or neurologic
condition(s) that may prohibit a reliable assessment of the retina
and/or visual function (such as significant media opacities or
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glaucoma) were excluded from this study. As per previous re-
ports,11,24 iRORA was defined by the presence of choroidal signal
hypertransmission associated with RPE attenuation or disruption,
either of which is < 250 mm, and with evidence of overlying
photoreceptor degeneration. The evidence of photoreceptor
degeneration included the presence of ellipsoid zone (EZ) or
external limiting membrane (ELM) disruption, outer nuclear
layer (ONL) thinning, subsidence of the inner nuclear layer
(INL) and outer plexiform layer (OPL), or presence of a
hyporeflective wedge-shaped band within Henle’s fiber layer.11,24

Participants with iRORA were included in this study to serve as
a reference group when evaluating the associations with deep
visual sensitivity defects in regions with more progressed
atrophic changes.

Participants in the prospective observational study were first
seen at 1 visit to perform microperimetry testing of 1 eligible study
eye, and those deemed to also have nGA19e21,23 or more
progressed atrophic changes in the eligible eye(s) at baseline
were also offered an opportunity to undergo longitudinal follow-
up testing at 3-monthly intervals for up to 12 months, due to our
interest in further understanding progressive visual function loss in
regions with nGA. As described in previous studies,19e21,23 nGA is
defined by the presence of subsidence of the INL and OPL, and/or
presence of a hyporeflective wedge-shaped band within Henle’s
fiber layer. Note that these features that define nGA represent only
a subset of all the possible features that could be used to define the
presence of photoreceptor degeneration required in the criteria for
iRORA, as defined here. This means that it is not mandatory for
features of nGA to be present when defining the presence of
iRORA, and vice versa, although a lesion could meet the definition
of having both iRORA and nGA. Note, however, that there were
no cases in this study with nGA without iRORA, as all eyes were
required to have iRORA in this study. All participants were offered
an opportunity to undergo microperimetry testing of both eyes
during different study visits if both eyes met the eligibility criteria
of this study.

Retinal Imaging

Macular-centered OCT volume scans sampling a 20� � 20� region
were acquired on the Spectralis HRAþOCT device (Heidelberg
Engineering GmbH) and consisted of 97 B-scans (1024 A-scans
each, with an automatic real-time averaging of 16 frames).
Macular-centered color fundus photographs were also acquired
using the Canon CR6-45NM device (Canon), covering a 45�
diameter region.

Microperimetry Testing

Microperimetry testing was performed using the Macular Integrity
Assessment (MAIA) device (CenterVue) before any assessments
that could bleach the retina or affect the ocular surface and after
pupillary dilation. The MAIA device captures 36.5� � 36.5�
fundus images at 25 frames per second using a line-scanning laser
ophthalmoscope (central wavelength ¼ 850 nm) to perform
fundus-tracking during testing. Visual sensitivities were measured
using Goldman Size III stimuli (0.43� diameter; luminance range ¼
1.35e318 cd/m2) against an achromatic background (luminance ¼
1.27 cd/m2; dynamic range ¼ 36 decibels [dB] of differential
contrast), using a 4-2 staircase threshold strategy and with a 1�
diameter red central fixation target.

Testing was performed using an isotropic stimulus pattern
consisting of 37 points that sampled a 3.5� diameter region (1000
mm approximately; interstimulus spacing ¼ 0.5�), manually repo-
sitioned and centered on an atrophic lesion of interest. Only lesions
that were smaller than the stimulus pattern (approximately � 750



Figure 1. Example of an eye with complete retinal pigment epithelium (RPE) and outer retinal atrophy that underwent high-density targeted micro-
perimetry testing in this study, with the region tested outlined by a dashed box (A) and shown with a magnified view with the stimulus pattern overlaid on
the near-infrared reflectance image (B); numbers shown represent visual sensitivity in decibels). An OCT B-scan taken through this atrophic lesion
(location as outlined by the black dashed horizontal lines on the (A) is also shown (C). The extent of atrophic changes that were measured in this study are
shown on this B-scan, including the choroidal signal hypertransmission (white double arrows), RPE attenuation or disruption (green double arrows),
complete RPE loss (red double arrows), and subsidence of the inner nuclear layer and outer plexiform layer and/or hyporeflective wedge-shaped band within
Henle’s fiber layer (yellow double arrows; i.e., the extent of this feature was defined by the limits of either of these features).
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mm in diameter, so that the stimulus pattern also sampled non-
atrophic regions) were included in this study. When multiple
atrophic lesions were present in an eye, only the lesion(s) that were
isolated from other lesions were considered eligible (so that the
stimulus pattern only sampled 1 atrophic lesion), and the lesion
with the most definite features of nGA was chosen for testing. An
example of the stimulus pattern used in this study is shown in
Figure 1. All tests were manually reviewed after the completion of
the first microperimetry test to ensure that the atrophic lesion was
sampled entirely by the stimulus grid.

Testing with this high-density targeted microperimetry
approach was performed � 3 times at the first visit, with each
subsequent test from the first test performed using the “follow-up”
function at the same visit. This was performed to minimize po-
tential learning effects25 and/or the systematic underestimation of
visual sensitivity losses on the first test,26 which was excluded
from the analyses in this study. For participants who were seen
at subsequent visit(s), the “follow-up” function was also used so
that testing was performed at the same retinal location at
baseline, and � 2 tests were performed at these subsequent
visits. Participants were always offered a few minutes of rest
between each microperimetry test to minimize the potential effect
of fatigue. The reliability of each test at all visits was assessed
by false-positive catch trials through presenting suprathreshold
stimuli at the optic nerve head, and tests with > 25% false-positive
errors were considered unreliable and repeated where possible.

The primary aim of this study was to understand if regions of
cRORA are characterized by the presence of dense scotoma(s), and
also determine the OCT imaging features associated with the
presence of such dense scotoma(s). However, dense scotomas, or
absolute scotomas, are typically defined as locations of non-
response to the brightest presentable stimuli (or 0 dB),27 and the
luminance of this brightest stimuli depends on the physical
dynamic range of the device used.28,29 However, this physical
dynamic range does not always correspond to the limits of
human perception or the effective dynamic range.30 A previous
study has shown that the floor of the effective dynamic range of
the MAIA device used in this study, defined as locations where
5% of the retest values include 0 dB (i.e., deemed to be
indistinguishable from the floor of the physical dynamic range
statistically), was 10 dB.31 We thus sought to evaluate the
number of test locations with a visual sensitivity threshold of �
10 dB and � 0 dB, and termed locations with such values as
having “deep visual sensitivity defects.” They represent locations
3
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that fall well outside the range of normal visual sensitivities31 and
correspond to values at the floor of the effective and physical
dynamic range, respectively.

Image Grading

The atrophic lesions that underwent high-density targeted micro-
perimetry testing were graded on the OCT B-scans by 2 senior
graders together (R.H.G. and Z.W., who resolved any disagree-
ments immediately through open adjudication) while masked to the
microperimetry testing results. Each lesion was first independently
assessed to confirm the presence of at least iRORA.11,24 The
maximum width, along any of the horizontal OCT B-scans that
sampled the atrophic lesion that underwent microperimetry
testing, of the following features used to define RPE and outer
retinal atrophy were then measured: (1) choroidal signal
hypertransmission (based on its full extent that was attributable
to a single lesion, irrespective of the degree of interruption[s] in
its continuity), (2) RPE attenuation or disruption, (3) complete
RPE loss (defined when there was a bare Bruch’s membrane,
without overlying debris or dysmorphic RPE), and (4)
subsidence of the INL and OPL, and/or hyporeflective wedge-
shaped band (meeting the definition of having nGA). Note that
measurements of the extent of RPE attenuation or disruption
included regions with complete RPE loss. An example of the extent
of these 4 features measured along an OCT B-scan is also shown in
Figure 1.

Statistical Analyses

The association between the number of test locations (from the 37
locations tested) with a deep visual sensitivity defect (i.e., locations
with a sensitivity of � 10 dB or � 0 dB) and the extent of the OCT
features of atrophy were measured using multivariable linear mixed
models to account for the correlations between 2 tests that were
performed at a visit, multiple testing visits for an eye, and 2 eyes
within each participant. The extent of the abovementioned 4 OCT
features of atrophy was grouped into approximately 250-mm bins
(1e249 mm, 250e499 mm, etc.) for the analyses, and any cate-
gories with few observations (n � 5) were collapsed with an
adjacent category. These multivariable models were adjusted for
the confounder of participant age.

The OCT features identified as being associated with deep vi-
sual sensitivity defects were then used in different combinations
that produced different categories of atrophic lesions, as described
in the Results section. The differences in the number of deep visual
sensitivity defects across these categories within each combination
were also compared using similar linear mixed models, also
adjusting for the age of the participants. These analyses were all
conducted using Stata/IC (software version 16; StataCorp).

Results

A total of 60 eyes from 53 participants were included in this
study, and these participants were on average 75 � 8 years
old (range, 53e86 years), and 39 (74%) participants were
female. These eyes underwent testing over a median of 2
visits (interquartile range ¼ 1e5 visits). As such, a total of
171 study visits were included in this study from all par-
ticipants, consisting of 342 high-density targeted micro-
perimetry tests (as 2 tests from each visit were included). At
the first visit of each eye, 15 (25%) and 45 (75%) lesions
tested had iRORA and cRORA, respectively. There were
4

also a total of 47 (78%) lesions tested with nGA, which were
present in 12 (80%) and 35 (78%) of the eyes with iRORA
and cRORA, respectively.
Association between OCT Signs of Atrophy with
Deep Visual Sensitivity Defects

The associations between the number of deep visual sensi-
tivity defects � 10 dB and � 0 dB separately with each
individual OCT feature of atrophic AMD, evaluated in 250-
mm bins, are presented in Table 1. It showed that the
presence of hypertransmission 500e1000 mm (P � 0.033),
but not 250e499 mm (P � 0.584), was associated with a
significantly larger number of locations with deep visual
sensitivity defects that were � 10 dB and � 0 dB when
compared with the presence of hypertransmission 1e249
mm. Neither the presence of RPE attenuation or disruption
500e750 mm or 750e1000 mm was associated with a
significantly larger number of locations with deep visual
sensitivity defects � 10 dB or � 0 dB compared with the
presence of RPE attenuation of disruption 1e499 mm (P
� 0.192). However, the presence of complete RPE loss
250e750 mm (P < 0.001), but not 1e249 mm (P �
0.239), was associated with a significantly larger number
of locations with deep visual sensitivity defects that were
� 10 dB and � 0 dB when compared with the absence of
complete RPE loss. Finally, it showed that the presence of
subsidence of the INL and OPL, or hyporeflective wedge-
shaped band(s) within HFL (2 features that define nGA),
with an extent of 500e749 mm and 750e1000 mm (P �
0.020), but not 1e249 mm and 250e499 mm (P � 0.635)
was significantly associated with a larger number of test
locations � 10 dB compared with their absence. In addition,
the presence of INL and OPL subsidence, or hyporeflective
wedge-shaped band(s), with an extent of 750e1000 mm was
significantly associated with a larger number of deep visual
sensitivity defects that were � 0 dB compared with when
they were absent (P ¼ 0.002) but not when their extents
were 1e249 mm, 250e499 mm, and 500e749 mm
(P � 0.501).

These findings suggest that the presence of hyper-
transmission � 500 mm, complete RPE loss � 250 mm, and
nGA (subsidence of the INL and OPL, or hyporeflective
wedge-shaped band) � 750 mm are all OCT features that
were independently associated with deep visual sensitivity
defects � 10 dB and � 0 dB, and nGA � 500 mm was also
significantly associated with deep visual sensitivity defects
� 10 dB. Differences in the extent of deep visual sensitivity
defects present, based on combinations of these 3 features
were thus explored. The first set of combinations explored,
involved 4 categories using features that relate to the defi-
nition of RPE and outer retinal atrophy (noting that the le-
sions were always assigned the highest category that it met
the criteria for):
1. Category 1: any hypertransmission associated with
any RPE attenuation or disruption and evidence of
overlying photoreceptor degeneration (meeting the
definition of iRORA)



Table 1. Association between the Extent of Individual OCT Signs of Atrophy and the Number of Test Locations on Microperimetry with
Deep Visual Sensitivity Defects (Examined Separately for Sensitivity of � 10 dB or � 0 dB)

Parameter n

No. Locations £ 10 dB No. Locations £ 0 dB

Coefficient (95% CI) P Value Coefficient (95% CI) P Value

Choroidal signal hypertransmission
1e249 mm 28 Reference e Reference e
250e499 mm 107 0.1 (e0.7 to 0.8) 0.827 e0.1 (e0.5 to 0.3) 0.584
500e750 mm 32 2.3 (1.2 to 3.4) < 0.001 0.6 (0.0 to 1.1) 0.033
750e1000 mm 4*

RPE attenuation or disruption
1e249 mm 2* Reference e Reference e
250e499 mm 26
500e750 mm 43 e0.1 (e0.9 to 0.7) 0.749 0.0 (e0.4 to 0.4) 0.904
750e1000 mm 100 0.5 (e0.3 to 1.3) 0.192 0.1 (e0.3 to 0.5) 0.579

Complete RPE lossy

None 88 Reference e Reference e
1e249 mm 63 0.4 (e0.2 to 0.9) 0.239 0.1 (e0.2 to 0.4) 0.511
250e499 mm 16 3.9 (2.8 to 4.9) < 0.001 1.4 (0.8 to 1.9) < 0.001
500e750 mm 4*

Subsidence of the INL and OPL,
or hyporeflective wedge-shaped band

None 22 Reference e Reference e
1e249 mm 8 e0.1 (e1.5 to 1.3) 0.924 e0.2 (e0.9 to 0.5) 0.542
250e499 mm 58 0.3 (e0.8 to 1.3) 0.635 e0.2 (e0.6 to 0.3) 0.501
500e750 mm 57 1.3 (0.2 to 2.5) 0.020 0.2 (e0.3 to 0.7) 0.517
750e1000 mm 26 2.6 (1.2 to 4.0) < 0.001 1.1 (0.4 to 1.7) 0.002

CI ¼ confidence interval; dB ¼ decibels; INL ¼ inner nuclear layer; n ¼ number of visits; No. ¼ number; OPL ¼ outer plexiform layer; RPE ¼ retinal
pigment epithelium.
*Collapsed with the adjacent category due to small number of visits with this feature present (n � 5).
yResulting in the clear visibility of Bruch’s membrane and without overlying dysmorphic RPE or debris present. Note that all analyses were adjusted for the
age of the participant.
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2. Category 2: as per category 1, but with hyper-
transmission � 250 mm associated with RPE atten-
uation or disruption � 250 mm and evidence of
overlying photoreceptor degeneration (meeting the
definition of cRORA)

3. Category 3: as per category 2, but with either
hypertransmission � 500 mm or complete RPE loss
� 250 mm

4. Category 4: as per category 3, but with both
hypertransmission � 500 mm and complete RPE
loss � 250 mm
With this first set of combinations, the number of loca-
tions with deep visual sensitivity defects that were � 10 dB
or � 0 dB was significantly higher for lesions in categories 3
and 4 (P < 0.001 for all), but not category 2 (P � 0.303),
when compared with category 1. Lesions in categories 3 and
4 also had a significantly higher number of deep visual
sensitivity defects � 10 dB and � 0 dB compared with
lesions in categories 2 and 3, respectively (i.e., their lower
neighboring category; P < 0.001 for all). These findings are
all presented graphically in Figure 2A. Note that
hypertransmission � 500 mm was present more frequently
than complete RPE loss � 250 mm for lesions in category
3 (adjusted prevalence ¼ 76% and 24%, respectively).

The second set of combinations explored also involved 4
categories, but instead corresponded to the number of the 3
features reported here associated with deep visual sensitivity
defects that were � 10 dB (i.e., hypertransmission � 500
mm, complete RPE loss � 250 mm, and nGA � 500 mm). In
other words, categories 1, 2, 3, and 4 correspond to
requiring none, 1 of any, 2 of any, and all 3 of these features
to be present, respectively. With this second set of combi-
nations, the number of locations with deep visual sensitivity
defects that were � 10 dB or � 0 dB also was significantly
higher for lesions in categories 3 and 4 when compared with
category 1 (P < 0.001 for all). Lesions in categories 3 and 4
also had a significantly higher number of deep visual
sensitivity defects � 10 dB and � 0 dB compared with
lesions in categories 2 and 3, respectively (P < 0.001 for
all). For lesions in category 2, there was a significantly
higher number of locations � 10 dB (P ¼ 0.022), but not �
0 dB (P ¼ 0.204), when compared with category 1. These
findings are presented graphically in Figure 2B.

Note that with the aforementioned second set of combi-
nations, nGA � 500 mm was one of the 3 features most
frequently present in category 2 lesions (adjusted
prevalence ¼ 92%), followed equally by hypertransmission
� 500 mm and complete RPE loss � 250 mm (adjusted
prevalence ¼ 4% for both). For category 3 lesions, the 2
pairs of features most frequently present were nGA � 500
mm and hypertransmission � 500 mm (adjusted
prevalence ¼ 73%), followed by nGA � 500 mm and
complete RPE loss � 250 mm (adjusted prevalence ¼ 27%).
5



Figure 2. Differences in the mean number of microperimetry test locations (from 37 locations tested) with a deep visual sensitivity defect (based on being �
10 decibels [dB] or � 0 dB; black and gray markers, respectively), based on 3 different sets of combinations of OCT features (left). Each set of combinations
(A, B, and C) involved 4 categories, and the criteria for meeting each category are indicated in their respective tables (right; “U” ¼ required feature);
lesions were always assigned the highest category that it met the criteria for. * ¼ statistically significant at P < 0.05 compared with category 1 or each
category compared with their lower neighboring category (e.g., category 4 compared with category 3). INL ¼ inner nuclear layer; OPL ¼ outer plexiform
layer; PR ¼ photoreceptor; RPE ¼ retinal pigment epithelium.
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As such, this second set of combinations could be simplified
into the following 4 categories based upon the much higher
prevalence of nGA in the sample (with lesions always
assigned the highest category that it met the criteria for):
1. Category 1: any lesion not meeting the criteria for
the other categories

2. Category 2: presence of nGA � 500 mm
3. Category 3: as per category 2, but with either

hypertransmission � 500 mm or complete RPE loss
� 250 mm

4. Category 4: as per category 3, but with both
hypertransmission � 500 mm and complete RPE
loss � 250 mm
Findings for this third set of combinations were similar to
those for the second set of combinations, where the number
of locations with deep visual sensitivity defects that were
� 10 dB or � 0 dB also was significantly higher for lesions
in categories 3 and 4 when compared with category 1
(P < 0.001 for all). Similarly, lesions in categories 3 and 4
had a significantly higher number of deep visual sensitivity
defects � 10 dB and � 0 dB compared with lesions in
categories 2 and 3, respectively (P < 0.001 for all).
However, lesions in category 2 also showed a significantly
higher number of locations � 10 dB (P ¼ 0.011), but not
� 0 dB (P ¼ 0.168), when compared with category 1. These
findings are presented graphically in Figure 2C.

These aforementioned findings for the differences in the
number of locations with deep visual sensitivity defects �
10 and � 0 dB based on the 3 different set of combinations
of OCT features were also seen when evaluating the mean
sensitivity (MS) of all the microperimetry test locations
(Supplementary Materials, available at www.ophtha
lmologyscience.org.).
Examples of Study Findings

Six examples from this study of the high-density targeted
microperimetry testing results of atrophic lesions that
differed in their presence and extent of the OCT signs of
atrophy are shown in Figure 3. The first example (Fig 3A)
shows a lesion with iRORA, where deep visual sensitivity
defects were absent, although some localized functional
loss was present. The second example (Fig 3B) shows a
lesion with cRORA without definite evidence of INL and
OPL subsidence or a hyporeflective wedge-shaped band,
where the choroidal signal hypertransmission was between
250e499 mm. Deep visual sensitivity defects � 10 dB were
also absent in association with this lesion, although local
visual sensitivity losses were observed (2 locations � 14
dB).

The third example (Fig 3C) shows a lesion with nGA,
where the subsidence of the INL and OPL and/or
hyporeflective wedge-shaped band, was between 500e749
mm, but this lesion did not have choroidal signal hyper-
transmission � 250 mm (and would thus not have met the
criteria for cRORA). There were 3 locations of deep visual
sensitivity defects � 10 dB associated with this lesion but
no locations that were � 0 dB. The fourth example (Fig 3D)
shows a lesion with cRORA, also satisfying the criteria for
nGA, with both choroidal signal hypertransmission between
250e499 mm and subsidence of the INL and OPL, and/or
hyporeflective wedge-shaped band that was between
500e749 mm. There were also 3 locations of deep visual
sensitivity defects � 10 dB but no locations that were
� 0 dB, associated with this lesion.

The fifth example (Fig 3E) shows a lesion with cRORA,
also satisfying the criteria for nGA, that had a larger extent
of choroidal signal hypertransmission between 500e749
mm, along with subsidence of the INL and OPL, and/or
hyporeflective wedge-shaped band, that was between
500e749 mm and also complete RPE loss that was between
0e250 mm. For this lesion, there were also 3 locations with
deep visual sensitivity defects � 10 dB, where 1 was �
0 dB. The sixth example (Fig 3F) shows a lesion with
cRORA and also satisfying the criteria for nGA that had
more extensive signs of atrophy, including choroidal
signal hypertransmission between 750-1000 mm,
subsidence of the INL and OPL, and/or hyporeflective
wedge-shaped band, that was between 750-1000 mm and
complete RPE loss that was between 500e750 mm. This
lesion had 8 locations with deep visual sensitivity defects �
10 dB, where 3 were � 0 dB.
Discussion

This study revealed that choroidal signal hypertransmission
� 500 mm, complete RPE loss � 250 mm, and nGA � 500
mm, but not RPE attenuation or disruption, were all inde-
pendently associated with a significant increase in the
number of locations with deep visual sensitivity defects that
were � 10 dB. When considering RPE and outer retinal
atrophy, not all cRORA lesions exhibit a significant differ-
ence in the number of deep visual sensitivity defects
compared with iRORA lesions, where only lesions with
choroidal signal hypertransmission � 500 mm and/or com-
plete RPE loss � 250 mm showed a significantly higher
number of deep visual sensitivity defects compared with
iRORA lesions. This study also observed that lesions with
only OCT features that define nGA that were � 500 mm in
extent, irrespective of the presence of hypertransmission �
500 mm and/or complete RPE loss � 250 mm, also had a
significantly higher number of locations � 10 dB than re-
gions without. These findings provided the much-needed
functional evidence to inform the development of a more
granular OCT classification of atrophy in AMD, especially
when considering how to define a lesion considered as end-
stage atrophy.

The findings of this study build on previous studies
suggesting that photoreceptor changes in OCT imaging are
associated with reduced visual sensitivity on microperimetry
in eyes with GA.14e18 Specifically, 2 previous studies re-
ported that regions with EZ disruption showed significantly
reduced visual sensitivities when compared with regions
without, although EZ disruption was the only parameter
examined on OCT imaging.14,17 Another study also reported
that EZ disruption, along with decreasing full retinal
thickness and outer retinal thickness, but not inner retinal
7
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Figure 3. (A-F) Examples of the high-density, targeted microperimetry testing results (right column; region tested indicated by the dashed black boxes on
the left column) of lesions that differed in the presence and extent of atrophy seen on OCT B-scans (middle column; location as outlined by horizontal
dashed lines in the left column), including choroidal signal hypertransmission, subsidence of the inner nuclear layer and outer plexiform layer and/or
presence of a hyporeflective wedge-shaped band within Henle’s fiber layer, and complete retinal pigment epithelium loss (resulting in clear visibility of
Bruch’s membrane and without overlying dysmorphic retinal pigment epithelium or debris present). These examples are described in detail in the Results
section.
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thickness, was associated with reduced visual sensitivities.15

Similarly, a recent study reported that ONL thickness, full
retinal thickness, and inner retina thickness showed the
highest feature importance when predicting mesopic visual
sensitivities using a machine learning approach.18 Finally,
one previous study by Sayegh et al16 examined
differences in visual sensitivity threshold and the number
of absolute scotomas (using MP-1 device [Nidek Technol-
ogies, Inc.], which has a more limited dynamic range
compared with the device used in this study28,29) across 9
OCT parameters associated with atrophy. They reported
that visual sensitivity was only significantly reduced at
test locations with ELM disruption compared with those
without but that there was no significant difference in
visual sensitivity in areas of intense or moderate choroidal
signal hypertransmission, complete absence or attenuation
of the RPE, intense or moderate RPE thickening at the
junctional zone, or OPL thinning or loss. In addition, they
reported that the prevalence of absolute scotomas was
only significantly higher at test locations with RPE
absence or attenuation, ELM loss, or intense thickening of
the RPE at the junctional zones of the atrophic lesion. The
lack of a significant difference in visual sensitivity and
prevalence of absolute scotomas at test locations with
choroidal signal hypertransmission reported by Sayegh
et al16 may be due to the lack of quantification of the size
of such changes in their analyses because we observed
that only regions with choroidal signal hypertransmission
� 500 mm were associated with a significantly higher
number of deep visual sensitivity defects compared with
lesions without hypertransmission between 1e249 mm.
The findings by Sayegh et al16 that both regions with only
RPE attenuation, as well as those with complete RPE loss,
were associated with an increased prevalence of scotomas
also differed from the findings of this study and could be
potentially attributable to difference in the level of
attenuation of the RPE required for this parameter to be
deemed present. As we did not quantify the extent of EZ
or ELM disruption and ONL thinning (because this was
not required when defining the presence of iRORA or
cRORA), our study is unable to determine if the number
of test locations with deep visual sensitivity defects would
vary based on the extent of these OCT parameters of
photoreceptor degeneration.14e18 However, we observed,
for the first time to our knowledge, that the number of deep
visual sensitivity defects that were � 10 dB was signifi-
cantly higher in regions with subsidence of the INL and
OPL, and/or hyporeflective wedge-shaped band within
Henle’s fiber layer, that was � 500 mm compared with re-
gions without. These findings build upon our previous ob-
servations that regions with nGA, defined by the presence of
either of these 2 OCT features, were associated with reduced
visual sensitivities compared with the neighboring non-
atrophic regions, but we did not previously examine the
association between the extent of the INL and OPL subsi-
dence and/or hyporeflective wedge-shaped band and deep
visual sensitivity defects.20

The findings of this study suggest that only regions with
cRORA that had choroidal signal hypertransmission � 500
mm or complete RPE loss � 250 mm, or these 2 features
together, but not cRORA lesions that only had hyper-
transmission between 250e499 mm, are associated with a
significantly higher number of locations with deep visual
sensitivity defects on high-density threshold microperimetry
testing compared with regions with iRORA. These findings
are especially important when considering how to define a
lesion considered as end-stage atrophy and provide func-
tional evidence that not all cRORA lesions will have a dense
scotoma.11

Instead, this study observed that hypertransmission �
500 mm, complete RPE loss � 250 mm, and features that
define nGA � 500 mm on OCT imaging were all indepen-
dently associated with a significant increase in the number
of deep visual sensitivity defects � 10 dB. A set of com-
binations based on an increasing number of each of these 3
features was associated with a progressive increase in the
number of deep visual sensitivity defects � 10 dB. How-
ever, this set of combinations can be simplified by a set of
combinations defined based on the presence of nGA � 500
mm, with or without choroidal hypertransmission � 500 mm,
and/or complete RPE loss � 250 mm, and these 2 different
sets of combinations were near-identical. This simplification
could be achieved as nearly all lesions with only one out of
the 3 features associated with deep visual sensitivity defects
had nGA � 500 mm, and because all lesions with 2 out of
these 3 features also had nGA � 500 mm. Based on this
simplified set of combinations, regions with nGA � 500 mm
with either choroidal signal hypertransmission � 500 mm or
complete RPE loss � 250 mm, or both features, showed a
significantly higher extent of deep visual sensitivity defects
that were � 10 dB and � 0 dB than regions without nGA �
500 mm. This was a similar finding to those based on the
presence of cRORA described here. However, we also
observed that regions with only nGA � 500 mm, and
without choroidal signal hypertransmission � 500 mm and
complete RPE loss � 250 mm, showed a significantly higher
number of deep visual sensitivity defects that were � 10 dB,
but not � 0 dB, when compared with regions without nGA
� 500 mm.

The evaluation of the number of locations that were � 10
dB provides a more sensitive measure of deep visual
sensitivity defects at the floor of the effective dynamic range
of the microperimeter used in this study,31 rather than �
0 dB at the floor of its physical dynamic range28,29 (which
is how dense or absolute scotomas are typically
defined27). This is because the large degree of
measurement variability for locations with such low visual
sensitivities26,31 would result in fewer test locations with
deep visual sensitivity defects that would be considered
statistically indistinguishable from absolute scotomas30

(i.e., � 10 dB) to be captured using the cut-off of �
0 dB. These aforementioned findings thus suggest that nGA
� 500 mm often represents one of the earliest OCT features
of an atrophic lesion that is associated with deep visual
sensitivity defects �10 dB.

Limitations of this study include its sample size of 60
eyes from 53 participants, but a strength of this study was
the inclusion of a large number of high-density targeted
microperimetry tests (n ¼ 342) and study visits (n ¼ 171)
from these participants. Another limitation is the possible
9
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imperfection in the placement of the high-density micro-
perimetry grid on the center of the atrophic lesion, which
could be challenging when assessing such localized
changes. However, this study only included atrophic lesions
that were smaller than the stimulus grid (approximately
� 750 mm), and all tests were reviewed to ensure that the
entire atrophic lesion was sampled by the stimulus grid. The
use of such a novel high-density targeted microperimetry
testing approach was a key strength of this study, providing
a highly detailed and comprehensive characterization of the
presence of deep visual sensitivity defects of the atrophic
lesions that would not be possible with conventional
microperimetry testing. Although the findings of this study
provide insights into the OCT features in an atrophic lesion
that are associated with deep visual sensitivity defects at a
global level, future studies are now needed to further
examine these associations at a pointwise, local level.
Finally, another limitation of this study was the evaluation
of deep visual sensitivity defects that were � 10 dB based
on the raw threshold values, rather than using age- and
eccentricity-adjusted values. The latter was not possible due
to the lack of a well-established normative database,
10
especially one that is applicable to individualized test lo-
cations required for the targeted testing of atrophic lesions
performed in this study. However, a previous study showed
that locations � 10 dB represent those at the floor of the
effective dynamic range of the microperimetry device used
in this study,31 and variations in age and eccentricity may
thus have a minimal impact on the presence of such deep
visual sensitivity defects.

In conclusion, this study demonstrated that not all cRORA
lesions exhibit a significant difference in the number of deep
visual sensitivity defects when compared with iRORA le-
sions, and only those with choroidal signal hypertransmission
� 500 mm and/or complete RPE loss � 250 mm showed a
significantly greater number of deep visual sensitivity defects.
It also revealed that lesions with nGA � 500 mm in extent,
irrespective of hypertransmission � 500 mm and complete
RPE loss� 250 mm, showed a significantly higher number of
deep visual sensitivity defects � 10 dB when compared with
lesions where it was absent. These findings thus provide the
much-needed functional evidence to help define an end-stage
atrophic lesion that would be associated with deep visual
sensitivity defects.
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