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Abstract

Purpose: The appearance and growth of persistent choroidal hypertransmission defects
(hyperTDs) detected on en face swept-source OCT (SS-OCT) images from eyes with intermediate
AMD (iAMD) were studied to determine if they could serve as novel clinical trial endpoints.

Design: Post-hoc subgroup analysis of a prospective study.

Methods: Subjects with iIAMD underwent 6 x 6 mm SS-OCT angiography (SS-OCTA) imaging
at their baseline and follow-up visits. The drusen volumes were obtained using a validated
SS-OCT algorithm. Two graders independently evaluated all en face structural images for the
presence of persistent hyperTDs. The number and area of all hyperTDs along with drusen
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volume were obtained from all SS-OCTA scans. Eyes were censored from further follow-up once
exudative AMD developed.

Results: A total of 171 eyes from 121 patients with iIAMD were included. Sixty-eight eyes
developed at least one hyperTD. Within one year after developing a hyperTD, 25% of eyes
developed new hyperTDs for an average of 0.44 additional hyperTDs. Over two years, as
hyperTDs appeared, enlarged, and merged, the average area growth rate was 0.220 mm/yr using
the square-root transformation strategy. A clinical trial design utilizing the onset and enlargement
of these hyperTDs for the study of disease progression in eyes with iAMD is proposed.

Conclusions: The appearance and growth of persistent choroidal hyperTDs in eyes with iIAMD
can be easily detected and measured using en face OCT imaging and can serve as novel clinical
trial endpoints for the study of therapies that may slow disease progression from iAMD to late
AMD.

Graphical Abstract

The onset and progression of persistent choroidal hypertransmission defects (hyperTDs) detected
with en face OCT imaging of eyes with intermediate AMD (iIAMD) demonstrates how geographic
atrophy begins by the formation of these focal defects, which grow and coalesce over time. The
initial development and growth of these hyperTDs can serve as a novel clinical trial endpoint for
testing therapies that may slow disease progression from iAMD to late AMD.

INTRODUCTION

Age-related macular degeneration (AMD), a leading cause of irreversible vision loss and
blindness among the elderly worldwide,! has been classified into three progressive stages
using color fundus (CF) imaging.2 These stages are referred to as early, intermediate, and
late AMD. Early AMD is defined by the presence of numerous small (diameter < 63 pum)
or medium size drusen (diameter = 63 um but < 125 pm). Intermediate AMD (iIAMD)

is characterized by the appearance of at least one large druse (diameter = 125 pm) or a
medium size druse with the presence of pigmentary abnormalities. Finally, late AMD is
characterized by the presence of exudative macular neovascularization (MNV) or geographic
atrophy (GA), also known as complete retinal pigment epithelium and outer retinal atrophy
(cCRORA).3# While these stages of disease progression are based on the use of CF imaging,
other imaging modalities such as fundus autofluorescence (FAF), near-infrared reflectance
(NIR), and optical coherence tomography (OCT) imaging have recently taken on more
prominent roles in clinical practice and clinical trials.* However, for the detection and
characterization of macular atrophy in AMD, the Classification of Atrophy Meeting (CAM)
group developed a consensus recommendation that OCT should be the preferred imaging
strategy.34 This CAM consensus report relied primarily on the use of averaged individual
B-scans for the grading of macular atrophy. Another promising OCT strategy shown to be
useful for the detection of macular atrophy in AMD is en face OCT imaging using closely
spaced raster B-scans.>? One of the advantages of en face OCT imaging is its ability to use
all the information contained within the raster scan volume to provide a three-dimensional
view of the disease. This is achieved by combining cross-sectional imaging from B-scans
with en face images generated using boundary specific segmentations. The en face OCT
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imaging strategy is similar to viewing the fundus on color, NIR, and FAF images with the
added value of B-scan depth information. This enables the detection of atrophy at a single
glance, without having to scroll through the entire volume of individual B-scans.

Both spectral domain (SD) and swept-source (SS) OCT imaging can be used to generate
en face images derived from closely spaced cross-sectional B-scans. OCT angiography
(OCTA) uses a dense raster of repeated B-scans to generate vasculature contrast in addition
to structural information. Acquiring OCTA at every stage of AMD can detect and measure
drusen area and volume, 10 the presence of persistent choroidal hypertransmission defects
(hyperTDs) and cRORA, 39 the extent of hyperpigmentation,! the presence of calcified
drusen,12 the presence of nonexudative MNV,1314 and the presence of exudation that
arises from MNV.15 All of this information can be acquired from the same OCTA scan
pattern. An especially important advantage of using en face OCTA imaging in iAMD is

its ability to identify the initial appearance and subsequent growth of persistent choroidal
hyperTDs, which are defined as bright regions having a greatest linear dimension (GLD)
that is = 250 um in any en face direction. The hyperTD appears bright compared to the
surrounding area on the en face image due to the increased light transmission into the
choroid where the retinal pigment epithelium (RPE) is absent or attenuated. Of note, bright
regions with a GLD < 250 um were more likely to be transient.16 These persistent hyperTDs
are similar to cRORA lesions. However, cRORA lesions are defined only on horizontal
B-scans.? It is also important to appreciate that persistent hyperTDs might correspond to
lesions that would be classified as incomplete RORA (iRORA) on individual horizontal
B-scans, but might measure 250 um or greater in another transverse dimension using en
face OCT imaging. This calls into question the validity of using individual B-scans rather
than assessing multiple closely spaced adjacent B-scans to distinguish between iRORA
and cRORA.47:17 To demonstrate that clinicians and graders can easily detect persistent
choroidal hyperTDs using en face OCT imaging, we performed an exercise in which graders
were trained to diagnose hyperTD lesions and then were given a test-set of cases. Overall,
the graders detected these lesions with high sensitivity, accuracy, positive predictive value,
and intergrader agreement.”

Another advantage of using en face imaging in eyes with iAMD is that the appearance

of persistent hyperTDs can be detected and their enlargement rates measured in a manner
that is similar to how GA growth is measured using FAF, NIR, and other en face imaging
modalities. By contrast, using individual horizontal B-scans to detect the appearance and
growth of cRORA only measures changes in the horizontal (nasal-temporal) direction, and
the B-scan must be positioned over the hyperTD when it first appears and reproducibly
positioned on follow-up examinations. We found that en face OCT imaging can reliably
detect the appearance and measure the two-dimensional growth of hyperTDs once an eye
develops its first atrophic lesion. With the goal of using en face imaging to characterize
disease progression in eyes with iAMD, we designed a protocol to study the appearance and
growth of persistent hyperTDs.

In this report, we present our protocol using the 6 x 6 mm volumetric SS-OCTA scans to
measure the progression of drusen volume over time and to detect the onset and growth of
persistent hyperTDs in eyes with iIAMD. Based on these observations, we propose a novel
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clinical trial design that detects the onset and growth of persistent hyperTDs that can be
used as clinical trial endpoints for studies investigating novel therapies that may slow the
progression of iAMD to late AMD.

Patients with AMD were enrolled in a prospective, observational, SS-OCT imaging study

at the Bascom Palmer Eye Institute. The institutional review board of the University of
Miami Miller School of Medicine approved the study, and all patients signed an informed
consent for this prospective SS-OCT study. The study was performed in accordance with the
tenets of the Declaration of Helsinki and complied with the Health Insurance Portability and
Accountability Act of 1996.

A post-hoc retrospective review of this prospective observational SS-OCT imaging study
included eyes from patients followed from April 2016 to May 2022. Patients did not receive
any active therapy in the study eye and all of them had the diagnosis of iIAMD defined by
the presence of at least one large druse with a minimal diameter of 125 pm (equivalent to

an approximate minimal volume of 0.001 mm3) in a 5 mm circle centered on the fovea.

To be included in this study, patients had to have at least one-year of follow-up between
their baseline visit, when they qualified for this retrospective review study, and their last
available follow-up visit. Exclusion criteria at baseline included a history of exudative MNV,
a persistent hyperTD, cRORA (GA), diabetic retinopathy, or any concomitant retinal disease
associated with drusen-like deposits, such as Stargardt disease or vitelliform dystrophy. In
addition, patients were excluded if their eyes contained any vitreoretinal interface disease
that caused marked distortion of the macular anatomy.

Imaging Protocols

All eyes underwent SS-OCT imaging (PLEX® Elite 9000, Carl Zeiss Meditec, Dublin, CA)
at baseline and during follow-up visits, and scans were acquired by one of two trained
imaging technicians. The SS-OCT light source had a central wavelength of 1050 nm and

a bandwidth of 100 nm, corresponding to a full width at half-maximum axial resolution in
tissue of approximately 5 um. The transverse optical resolution at the retinal surface was
approximately 20 um. The instrument operated at a scanning speed of 100,000 A-scans per
second. All patients were imaged using the SS-OCT angiography (SS-OCTA) 6 x 6 mm
scan pattern centered on the fovea. This scan pattern consisted of 500 A-scans per B-scan,
with each B-scan repeated twice at each position to generate the angiographic signal,

and 500 B-scan positions along the perpendicular slow scan axis, resulting in a uniform
spacing of 12 um between A-scans. Each A-scan spanned a depth of 3 mm consisting of
1536 pixels per A-scan. The angiographic contrast was obtained using the complex optical
microangiographic algorithm known as OMAGEC that generates flow signals from variations
in both OCT signal magnitude and phase between repeated B-scans acquired at the same
position.18:19 Each volumetric data set was reviewed for quality and signal strength, and
scan with a signal strength less than 7 based on the instrument’s output, as well as those
with significant motion artifacts were excluded. If more than one scan of a given type was
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available at a visit, the best quality data was chosen. The drusen volume (mm?3) and RPE
elevation maps were generated and validated using the Advanced RPE Analysis Algorithm
version 0.10 (Carl Zeiss Meditec, USA) as described by Jiang et a/10

All eyes were screened for the presence of non-exudative MNV by using two SS-OCTA
en faceslabs. One slab extended from the outer retina to the choriocapillaris, known as the
ORCC slab that was used primarily as an overview to detect all types of MNV. Evidence
of non-exudative type 3 MNV was obtained by reviewing the en face ORCC slab and

the OCTA cross-sectional B-scans, especially in suspicious areas with increased retinal
thickening. The second slab extended from the RPE to Bruch’s membrane (BM), and this
slab was used primarily to detect type 1 MNV. In addition, corresponding structural and
OCTA B-scans were used to further identify low-lying irregular RPE elevations consistent
with the presence of non-exudative type 1 MNV. All images were reviewed to assess for
evidence of exudation, which was defined as the appearance of any subretinal or intraretinal
fluid on structural OCT B-scans and on the retinal thickness maps.

Grading of Persistent Choroidal HyperTDs

Persistent hyperTDs were identified as areas of increased focal brightness, corresponding to
the hypertransmission of light into the choroid, measuring at least 250 um in GLD. These
persistent choroidal hyperTDs were detected by using an en face image from a sub-RPE slab
positioned from 64 to 400 pm beneath BM, as previously reported.”9:16 Two independent
graders (J.L., M.S.) evaluated all the en face images for the presence of these lesions

in the eyes with iIAMD that only had drusen at baseline. Once identified in a follow-up

visit, the graders measured the GLD for each hyperTD using the software caliper from

the instrument. Multiple hyperTDs could be identified in an eye at a follow-up visit. After
hyperTDs = 250 um were identified on the en face sub-RPE OCT slabs, B-scans through

the lesions were reviewed to confirm the presence of hyperTDs. The two graders tried to
reach a consensus agreement for the manual outlines of each lesion, and any remaining
disagreement was adjudicated by a senior grader (P.J.R.). The area measurements for each of
the hyperTD lesions were obtained by using a proprietary, validated algorithm that identified
and measured the areas of each persistent hyperTD.20 Any discrepancy between the outlines
of the hyperTD lesions from the automated algorithm and manual outlines was adjusted

in the algorithm using a built-in editing tool. For each eye, all the available visits were
reviewed and annotated for the development of the first persistent hyperTD with a GLD

= 250 pm and for all subsequent persistent hyperTDs. After they were identified, each
hyperTD was labelled with a unique number, and they were followed over time as the
lesions enlarged and merged into larger persistent choroidal hyperTDs (Figure 1). Eyes
were also graded for the formation of exudative MNV and after symptomatic exudation

was detected and treated with intravitreal injections of a vascular endothelial growth factor
(VEGEF) inhibitor, these eyes were no longer followed in this natural history study.

After the first persistent hyperTD was identified in each eye, additional persistent hyperTDs
soon developed, and their growth and convergence to form larger hyperTDs were tracked.
The areas of the hyperTDs were measured at each visit, and their growth characteristics
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were studied by using the square-root transformation strategy for the total area of the
hyperTDs.2!

To validate the growth characteristics of small, persistent hyperTDs that formed in the
primary dataset consisting of eyes with iAMD that started with only drusen at baseline,

a secondary independent dataset of eyes with small hyperTDs having a total area of <

0.5 disc area or < 1.25 mm? at the baseline visit was analyzed. Using the previously
described protocol, at least two independent graders (G.H., J.L., Y.S.) evaluated each of the
en face images and measured the GLD for each hyperTD. The graders reached a consensus
agreement for the manual outlines of each lesion, and any remaining disagreement was
adjudicated by a senior grader (P.J.R.). The area measurements for each of the hyperTD
lesions was obtained by using the algorithm previously mentioned.2% Any discrepancy
between the outlines of the hyperTD lesions from the automated algorithm and manual
outlines were adjusted in the algorithm using the built-in editing tool.

Statistical Analysis

RESULTS

Kaplan-Meier survival methods were used to summarize the initial onset and appearance
of additional persistent choroidal hyperTDs. Data were censored at the last available

visit date or when exudation occurred. For hyperTD area measurements, the square-root
transformation (mm) was used while drusen volume was measured in mm3. The influence
of drusen volume on the incidence and growth rate of hyperTDs were investigated by
mixed-effect models, accounting for the within-eye and within-subject correlations among
the longitudinal data. The receiver operating characteristic (ROC) approach was applied
on drusen volume to guide the selection of an enhanced study population with a higher
likelihood of developing persistent hyperTDs in a year. Statistical analyses were performed
with SAS Version 9.4 (SAS Institute, Cary, NC) with a p-value of < 0.05 being considered
statistically significant.

Baseline Characteristics

A total of 171 eyes with only drusen at baseline from 121 patients with iAMD in at least
one eye were enrolled. Of the 121 patients, the mean age was 74.0 + 7.3 years and 64%
were women. The follow-up intervals were variable since most patients were imaged as part
of their routine clinical care. Eyes were followed for a mean of 43 + 16.5 months (median:
42.7; range 12.0 to 72.0), with 89% of eyes being followed for at least 24 months, 64% for
at least 36 months, and 37% for at least 48 months. The average number of follow-up visits
per year was one for 20% of eyes, between 2 and 3 for 48% of eyes, and = four for 32%

of eyes. Fifteen eyes (8.8%) from 13 patients (10.7%) developed exudative AMD during the
study period and were censored after exudation was detected.

Prevalence of Persistent Choroidal HyperTDs

By the time of the last available follow-up visit at 72 months, 68 eyes (39.8%) had
developed at least one persistent hyperTD. Figure 2 shows an example of how multiple
hyperTDs formed, enlarged, and merged over time. Figure 3A shows the Kaplan-Meier
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cumulative proportion of iIAMD eyes that developed at least one hyperTD over time. By one
year, 10% of eyes had developed at least one persistent hyperTD. After the first hyperTD
was detected, 27 eyes (15.8%) developed additional hyperTDs. Figure 3B shows the Kaplan-
Meier cumulative proportion of iIAMD eyes that developed additional hyperTDs after the
detection of the first lesion. The median time to develop an additional hyperTD was 19.7
months (95%Cl: 15.6 to 27.9). Within a year after developing a hyperTD, 25% of eyes
developed new hyperTDs for an average of 0.44 additional hyperTDs.

Growth Characteristics of Persistent Choroidal HyperTDs

Of the 68 eyes that developed hyperTDs, 55 eyes from 51 patients had additional follow-up
after the onset of a hyperTD (for at least 1 year in 50 eyes, at least 2 years in 23 eyes,

and at least 3 years in 13 eyes). The mean baseline hyperTD area using the square root
transformation was 0.389 + 0.207 mm (median: 0.30; range: 0.22 to 1.45). From our
observations, one to several small hyperTDs would develop on the en face OCT image.
Over time, these hyperTDs would gradually enlarge and new hyperTDs would emerge.
Eventually, individual hyperTDs would merge together to form one or more larger areas

of atrophy that would gradually encompass the macula. Examples of this progression is
shown in Figures 2 and 4. These figures show eyes starting with only drusen at baseline that
developed multiple hyperTDs over time that grow and merge together to form larger areas
of GA. Using the square-root transformation strategy, we found that the average area growth
rates over 1 and 2 years since the onset of a hyperTD were 0.266 + 0.289 mm/yr and 0.220 +
0.200 mm/yr, respectively.

As previously mentioned, to validate the growth characteristics of hyperTDs that formed in
the primary dataset consisting of eyes with iIAMD that started with only drusen at baseline,
a second independent dataset of eyes was analyzed that contained small hyperTDs having

a total area measurement of < 0.5 disc area or < 1.25 mm? at their baseline visit. This
supplemental dataset contained 59 eyes from 50 patients. The baseline hyperTD area using
the square-root transformation was 0.583 + 0.262 mm (median 0.52; range: 0.23 to 1.12).
The average growth rates over 1 and 2 years were 0.267 + 0.300 mm/yr and 0.221 + 0.207
mm/yr, respectively. These rates are very similar to the primary dataset containing hyperTDs
that formed from eyes with only drusen at the baseline visit.

Drusen Volume as a Risk Factor for Persistent Choroidal HyperTD Development

Drusen volume was explored as a risk factor for the formation of persistent hyperTDs. The
average baseline drusen volume within the 3 mm and 5 mm circles centered on the fovea
for all eyes were 0.141 + 0.173 mm?3 and 0.169 + 0.204 mm3, respectively. The average
baseline drusen volume within the 3 mm and 5 mm circles for eyes that developed hyperTDs
were 0.201 + 0.212 mm3 and 0.249 + 0.249 mm3, respectively. The average drusen volumes
within the 3 mm and 5 mm circles at the last visit prior to the appearance of a hyperTD
were 0.263 + 0.356 mm?3 and 0.332 + 0.405 mm3. In contrast, the average baseline drusen
volumes within the 3 mm and 5 mm circles for eyes that did not develop hyperTDs were
0.101 + 0.131 mm3 and 0.114 + 0.150 mms3, respectively. The average drusen volumes
within the 3 mm and 5 mm circles at the last visit of eyes that did not develop hyperTDs
were 0.161 + 0.179 mm3 and 0.189 + 0.212 mm?, respectively.
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In both the 3 mm and 5 mm circles, the eyes that developed hyperTDs had a significantly
higher drusen volume at baseline (p = 0.0014 and p = 0.0004, respectively) and at the last
visit prior to the onset of a hyperTD (p = 0.025 and p = 0.008, respectively) compared with
eyes that did not develop a hyperTD at the last visit.

Clinical Trial Design Using Drusen Volume and Persistent Choroidal HyperTD Growth Rate

Based on the above results, a clinical trial can be designed that enrolls patients that are
likely to develop hyperTDs using drusen volume as a risk factor. We used the drusen
volume within a 5 mm circle centered on the fovea since early hyperTDs could be found

to develop outside the 3 mm circle, but within the 5 mm circle. Moreover, the algorithm
that determined drusen volume showed greater reproducibility with the 5 mm circle since

it was less dependent on the precise automated localization of the foveal center.10 Figure 5
shows the ROC curve used to find the best drusen volume cutoff for an eye that is likely

to develop a hyperTD within 12 months. The drusen volume within a 5 mm circle centered
on the fovea at 9 to 15 months prior to the onset of hyperTDs or the censored timepoint
comprised the analysis dataset for the ROC. The drusen volume nearest to 12 months was
used if there were multiple visits within 9 to 15 months. The average drusen volume within
the 5 mm circle at one year preceding the formation of the first hyperTD was approximately
0.18 mm3. From the ROC plot, a drusen volume = 0.20 mm3 or = 0.25 mm3 within the 5 mm
circle centered on the fovea would predict that about 58.3% or 68.2% of cases starting with
only drusen at baseline would develop a hyperTD within one year, respectively.

Table 1 shows the sample sizes needed in each arm of a clinical study at a given power

and statistical significance to show a reduction of the hyperTD growth rate by 50%, 40%,
30%, and 20% based on the natural history growth rate of small persistent hyperTDs. Prior
to following the growth of hyperTDs, Table 2 shows the baseline number of subjects with
iAMD and a minimum drusen volume in at least one eye that is needed to have the required
number of subjects that will develop at least one hyperTD by one-year of follow-up. These
subjects with hyperTDs can then be followed in the second year of the study to determine if
a given therapy slows the growth rate of hyperTDs by a given percentage over that second
year. Based on these tables, if we want to run a two-year study that has an 80% power at a
significant alpha level of 0.05 to detect a treatment effect that slows the growth rate by 50%
(control growth rate: 0.220 mm/yr) when hyperTDs first appear, we need to enroll at least 91
subjects per group with baseline drusen volumes = 0.20 mm? in at least one eye. This will
allow us to have at least 53 subjects per group to follow the growth of the hyperTDs in the
second year of the study.

DISCUSSION

In this study, we analyzed the onset and growth of persistent hyperTDs using en face
SS-OCT images of eyes with iIAMD. About 40% of eyes developed at least one hyperTD
over the study period. After the hyperTDs formed, the average area growth rate over 2

years was 0.220 mm/yr. This growth rate was determined from eyes with only drusen at
baseline that developed hyperTDs during the study period and was confirmed in a secondary
sample of eyes that already had small hyperTDs at baseline. Our growth rates are slower
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than previous reports investigating the growth of GA in eyes with late AMD using en face
OCT, CF, or FAF imaging.16:21-33 The growth rates for those studies using the square root
transformation strategy ranged from 0.27 to 0.40 mm/yr. However, these previous studies
had a mean baseline GA size of at least 2.20 mmZ, with the majority of them having a

mean baseline GA size of > 7.00 mmZ2.22 This is significantly larger than our mean baseline
hyperTD area of about 0.19 mm? (square root transformation: 0.389 mm). Thus, these
previous studies were analyzing lesions that were considerably more advanced than those

in our study. In addition, many of the previous studies used either CF or FAF imaging to
measure GA area in contrast to our study using en face OCT imaging.22 Also, to validate
the growth rate of hyperTDs developing from eyes with only drusen at baseline, we analyzed
a second independent sample of eyes beginning with small hyperTDs at the baseline visit.
The average growth rate over 2 years in this secondary sample was 0.221 mm/yr, which is
very close to the rates from the primary dataset with iAMD eyes starting with only drusen.
Thus, to the best of our knowledge, this is the first study to investigate the onset and growth
of small persistent hyperTDs in eyes with iAMD as they progress into larger areas of GA or
CRORA.

From our observations, small persistent hyperTDs appear as bright areas on the en face
OCT image measuring at least 250 um in GLD. They usually develop in areas preceded by
either soft or calcified drusen and/or hyperpigmentation, which appear as dark foci on the
en face OCT image, known as hypotransmission defects (hypoTDs).11:12 Over time, these
hyperTDs would enlarge and new lesions would appear, grow, and merge with the original
lesion. Eventually, as multiple hyperTDs grow and coalesce, a larger area of typical GA or
cRORA becomes apparent (Figures 2 and 4). One advantage of using en face OCT imaging
is its ability to use the same volumetric dataset to assess drusen volume, the appearance

of hyperTDs, and the growth of these lesions in any en face transverse dimension versus
individual B-scans which can only assess changes in the horizontal direction.” For B-scan
assessment to approach the sensitivity of en face imaging, the B-scans need to be closely
spaced as in our current SS-OCTA raster scan pattern. It is noteworthy that the scan pattern
used in this study had 500 horizontal B-scans in a 6 x 6 mm raster scan pattern, which
corresponds to a spacing of 12 um between B-scans. Since the growth of atrophic lesions
do not necessarily occur along the horizontal meridian, the use of dense B-scans to generate
these en face images provides a powerful strategy for the detection and measurement of
hyperTDs as shown in Figures 2 and 4. In addition, en face imaging provides an easier and
faster strategy for identifying and measuring hyperTDs compared with previous strategies
that require tedious examination of every B-scan to identify nascent GA, iRORA, and
CRORA.3:17:34.35 Ag 3 result, en face OCT imaging provides an accurate and convenient
method to monitor the onset and progression of persistent hyperTDs, a precursor lesion to
typical GA.°

In addition to investigating the onset and progression of hyperTDs, drusen volume was
explored as a risk factor for the formation of these lesions. As previously mentioned, the
eyes that developed hyperTDs had a significantly greater drusen volume at baseline and at
the last visit prior to the onset of a hyperTD compared with eyes that did not develop a
hyperTD during the study period. This is consistent with a study by Abdelfattah et al.3¢,
which showed that eyes that developed late AMD had a significantly larger baseline drusen
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volume than eyes that did not progress, which is also supported by other studies.37-39 In
addition, Abdelfattah et al.3® reported that eyes with a drusen volume > 0.03 mm3 had a
greater than 4-fold increased risk for developing late AMD compared to those with lower
drusen volumes. We originally identified this drusen volume of > 0.03 mm3 in an earlier
study that we performed to investigate if a systemic complement inhibitor could slow drusen
growth and perhaps even decrease the drusen volume by 50%.40 We chose this drusen
volume as a mid-range value that could be reliably followed to determine if there was an
increase or decrease in drusen volume and not as a predictor of disease progression. Thus,

it is not surprising that a drusen volume to identify eyes that will likely develop hyperTDs
within one year of enroliment would be larger than the mid-range drusen volume previously
studied. Furthermore, it was reassuring that the average baseline drusen volume within the
5 mm circle for eyes that did not form hyperTDs was 0.114 mm3, which was less than

the drusen volume of > 0.20 mm? identified on the ROC plot to predict the formation of
hyperTDs within 12 months (Figure 5). Also, other risk factors such as hyperpigmentation
and calcified drusen are likely to serve as important predictors of disease progression

to hyperTDs3941 and are currently being investigated in ongoing studies using the same
SS-OCT scan patterns.

We intended to use this natural history study to design a clinical trial to test therapies that
may slow disease progression from iAMD to late AMD, with a focus on the formation

and growth of hyperTDs. The primary objectives of such a clinical trial would be to enroll
patients with iIAMD at high risk of disease progression and then randomize these subjects
into active treatment and placebo. This study has two primary endpoints that not only
involve the formation of hyperTDs, but also a slowing of their enlargement once they
develop. Since it may be impossible to prevent the formation of any hyperTDs in these
high-risk eyes, the benefit of our clinical trial design is that we will be able to determine

if a potential therapy not only slows the formation of these hyperTDs but also slows their
enlargement. Therefore, the study is designed in two phases. The first phase aims to enroll
high risk iAMD eyes that are likely to develop hyperTDs within one year. This will allow
a sufficient number of eyes that develop a hyperTD to be included in the second phase of
the study that will involve following these eyes in the second year to determine if a potential
therapy slows the enlargement of the hyperTDs. This novel clinical trial design satisfies the
requirement of regulatory bodies that want a randomized trial to demonstrate if a potential
therapy slows disease progression while being able to enroll eyes without any evidence of
late stage AMD, since these late stage eyes with nonexudative AMD may be candidates for
treatment with emerging novel therapies that may be approved to prevent the enlargement
of GA.3242 |n our clinical trial design, we plan to enroll at least 91 subjects per group

with drusen volumes = 0.20 mm?3 in at least one eye at baseline. This will allow us to have
approximately 53 subjects per group to follow in the second year, so that with an assumed
hyperTD growth rate of 0.220 mm/yr for the control, we will have an 80% power to detect a
50% slowing of hyperTD growth with a significant alpha level of 0.05 (Tables 1 and 2).

A strength of our study includes our use of a novel, accurate, and reproducible imaging
method along with a unique study design to monitor the formation and growth of hyperTDs
in eyes with drusen. To the best of our knowledge, this is the first report utilizing en

face SS-OCT imaging to investigate the onset and progression of persistent hyperTDs in
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eyes with iIAMD starting with only drusen at baseline. In addition, the use of a secondary
independent dataset to validate the growth rate of the hyperTDs strengthens our findings.
Finally, the results from this report are applicable to design a clinical trial to prevent the
formation and progression of persistent hyperTDs in eyes with iAMD.

Limitations of this study include the use of en face SS-OCT images from a specific
instrument that generated dense volumetric scans and is not yet widely available. However,
the availability of SS-OCT is growing and the more accessible SD-OCT instruments

are capable of producing en face images that can be used to detect and monitor
hyperTDs.16:43.44 |n addition, other risk factors, such as hyperpigmentation and calcified
drusen, are likely to serve as predictors of disease progression, but were not included in this
study. In the future, the addition of these risk factors should enable a broader recruitment of
subjects into a clinical trial that may not meet the drusen volume criterion for enrollment.

In conclusion, this study describes the use of en face SS-OCT imaging to detect the
formation and growth of persistent choroidal hyperTDs in eyes with iIAMD. In addition,

it provides natural history data on hyperTD formation based on drusen volume and their
rate of enlargement as these lesions grow. Together, the onset and progression of persistent
hyperTDs can serve as novel clinical trial endpoints for the study of therapies that may slow
disease progression from iAMD to late AMD.
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Figure 1:
Detection and monitoring of persistent choroidal hypertransmission defects (hyperTDs) on

en face swept-source OCT (SS-OCT) structural images from the left eye of an 85-year-old
woman with 72 months of follow up. Panels A-C represent the 24-month follow-up visit and
panels D-F represent the 32-month follow-up visit. Panels A,D show the en face SS-OCT
structural images that were created using a slab positioned from 64 to 400 pm under Bruch’s
membrane. Panels B,E show the outlines of the hyperTDs generated by the algorithm and
were manually adjusted if needed. Panels C,F show how each hyperTD was identified by
assigning a unique number to them once a lesion appeared for a given follow-up visit.

(A-C) At the 24-month follow-up visit, four individual hyperTDs are present on the en face
SS-OCT image (A) with their respective outlines created by the algorithm (B). In addition,
each lesion is assigned a number based on when the hyperTD was identified in the prior
visits (C). (D-F) At the 32-month follow-up visit, all four lesions enlarge with hyperTDs #2
and #3 merging together (D,E). As a result, the merged lesion was labelled hyperTD #2,3
while hyperTD #1 and #4 remained as individual lesions (F).
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Figure 2:
Swept-source OCT (SS-OCT) imaging of the left eye from an 85-year-old woman beginning

with intermediate age-related macular degeneration (iIAMD) and progressing to persistent
choroidal hypertransmission defects (hyperTDs) over a 72-month period. Column A
represents the baseline visit, column B represents the 16-month follow-up visit, column

C represents the 24-month follow-up visit, column D represents the 36-month follow-up
visit, column E represents the 48-month follow-up visit, column F represents the 57-month
follow up visit, and column G represents the 72-month follow-up visit. Row 1 shows the

en face SS-OCT structural images that were created using a slab positioned from 64 to 400
um under Bruch’s membrane. Rows 2 and 3 show the respective B-scans identified by the
color-coded lines on the en face SS-OCT images. Row 4 shows the outlines of the hyperTDs
that were generated by the algorithm and were manually edited if needed. (A1-A4) At the
baseline visit, hyperpigmentation which are seen as hypotransmission defects (hypoTDs) or
dark areas on the en face SS-OCT image are present. This is confirmed on the respective
B-scan (A2) showing intraretinal hyperreflective foci. No hyperTDs are present at this visit
(Al and A4). (B1-B4) At the 16-month follow-up visit, three individual hyperTDs are seen
on the en face SS-OCT image (B1) and are confirmed with their respective B-scans showing
hypertransmission below the choroid and attenuation of the outer nuclear layer (B2-B3).
The outlines of the three hyperTDs are shown (B4). (C1-C4) At the 24-month follow-up
visit, the three individual hyperTDs have enlarged with an additional hyperTD appearing on
the en face SS-OCT image (C1). The outlines of the four individual hyperTDs are shown
(C4). (D1-D4) At the 36-month follow-up visit, the hyperTDs continue to enlarge with two
of the lesions merging together on the en face SS-OCT image (D1) and respective outline
(D4). (E1-E4) At the 48-month follow-up visit, all four hyperTDs have grown and merged
together to form one large hyperTD surrounding the fovea, as seen on the en face SS-OCT
image (E1) and respective outline (E4). (F1-F4) At the 57-month follow-up visit, the large
combined hyperTD continues to grow toward the foveal center. In addition, a fifth hyperTD
appears as shown on the en face SS-OCT image (F1) and respective outline (F4). (G1-G4)
At the 72-month follow-up visit, the fifth hyperTD combines with the merged lesions and
form one large hyperTD that has encompassed the foveal center as shown on the en face
SS-OCT image (G1) and respective outline (G4).
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Kaplan-Meier curves showing the cumulative proportion of iIAMD eyes that started with
only drusen at baseline and developed at least one persistent choroidal hypertransmission
defect (hyperTD) over time (A), and eyes that developed additional hyperTDs after the
detection of the first hyperTD (B). Eyes that did not develop any hyperTD were censored
at the last follow-up visit. Of the 171 eyes being followed, 68 eyes (39.8%) had developed
at least one hyperTD and 27 eyes (15.8%) had developed additional hyperTDs after the
first lesion was detected. The median time to hyperTD onset was 59.1 months (95%Cl:
46.6 to 68.6). Among the 68 eyes that developed hyperTDs, the median time to developing
new hyperTDs was 19.7 months (95%CIl: 15.6 to 27.9) with 25% of eyes developing new

hyperTDs within a year of the onset.
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Figure 4:
Swept-source OCT (SS-OCT) imaging of the left eye from a 79-year-old woman beginning

with intermediate age-related macular degeneration (iIAMD) and progressing to persistent
choroidal hypertransmission defects (hyperTDs) over a 60-month period. Column A
represents the baseline visit, column B represents the 18-month follow-up visit, column C
represents the 24-month follow-up visit, column D represents the 28-month follow-up visit,
column E represents the 48-month follow-up visit, and column F represents the 60-month
follow-up visit. Row 1 shows the drusen volume maps. Row 2 shows the en face SS-OCT
structural images that were created using a slab positioned from 64 to 400 pm under Bruch’s
membrane. Row 3 shows the B-scans corresponding to the color-coded lines in the en face
SS-OCT images. Row 4 shows the outlines of the hyperTDs that were generated by the
algorithm and were manually edited if needed. (A1-A4) At the baseline visit, drusen are
present as shown by the drusen volume map (A1) and respective B-scan (A3). There are

no hyperTDs present at this visit (A2 and A4). (B1-B4) At the 18-month follow-up visit, a
hyperTD appears on the en face SS-OCT image (B2) and is confirmed with the respective
B-scan showing hypertransmission below the choroid (B3). The respective outline of the
hyperTD is shown (B4). In addition, hypotransmission defects (hypoTDs) or dark areas on
the en face image are present which represents hyperpigmentation, and some are shown on
the respective B-scan as a thickened RPE layer (B3). (C1-C4) At the 24-month follow-up
visit, a second hyperTD emerges on the en face SS-OCT image (C2) and is shown on

the respective outline (C4). In addition, some of the drusen have collapsed at this visit

as shown by the drusen volume map (C1). (D1-D4) At the 28-month follow-up visit, the
existing hyperTDs have enlarged with two more hyperTDs appearing as shown on the en
face SS-OCT image (D2) and respective outline (D4). In addition, most of the drusen have
disappeared at this visit (D1). (E1-E4) At the 48-month follow-up visit, the hyperTDs have
continued to enlarge with two of them merging together. In addition, a fifth hyperTD appears
at this visit and is shown on the en face SS-OCT image (E2) and respective outline (E4).
(F1-F4) At the 60-month follow-up visit, the hyperTDs have continued to enlarge toward the
foveal center (F2 and F4).
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Figure 5:

Receiver operating characteristic (ROC) curve using drusen volume as a risk factor to
determine the proportion of cases that would develop persistent choroidal hypertransmission
defects (hyperTDs) within 12 months. The gray diagonal line connecting (0,0) to (1,1) is the
ROC curve corresponding to random chance (area under the curve [AUC] = 0.5). The blue
line represents the ROC curve using drusen volume within the 5 mm circle centered on the
fovea as a factor to determine the proportion of cases that would develop hyperTDs in 12
months. The orange dots mark the points on the blue line that are furthest away from the
gray diagonal line and identify the optimal drusen volume cutoffs. The chance of developing
hyperTDs within 12 months was 58.3% for eyes with a drusen volume = 0.20 mm? and
63.2% for eyes with a drusen volume > 0.25 mm3. The drusen volume within a 5 mm circle
centered on the fovea at 9 to 15 months prior to the onset of hyperTDs or the censored
timepoint comprised the analysis dataset for the ROC. The drusen volume nearest to 12
months was used if there were multiple assessments within 9 to 15 months.
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Number of subjects needed with new onset persistent choroidal hypertransmission defects (hyperTDs) in at
least one eye to identify a predicted decrease in growth rate over one year for a given therapy

Table 1:

Power/Alpha

Number of subjects with new onset hyperTDs needed for each treatment
group to demonstrate a decrease in the annual growth rate®

50% decrease
in growth rate

40% decrease
in growth rate

30% decrease
in growth rate

20% decrease
in growth rate

80%/0.10 42 65 115 257
80%/0.05 53 83 146 325
90%/0.10 58 90 158 355
90%/0.05 71 110 194 435

aBased on 2-sided t-test with an estimated control growth rate (SD) of 0.22 (0.20) mm/year using the square-root transformation strategy for new
onset hypertransmission defects (hyperTDs) when comparing the subjects in the highest dose group with the subjects in the placebo-control group

at one year.
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Table 2:

Baseline number of subjects with intermediate AMD and a minimum drusen volume in at least one eye needed
to have the required number of eyes with at least one persistent choroidal hypertransmission defect (hyperTD)
by one year of follow-up to determine if a given therapy slows the growth rate of hyperTDs by 50% over one
year

Number of subjects needed in each treatment group at baseline to

. achieve the target number of eyes with any hyperTDs by one year&
Minimum Drusen

Volume at Baseline

80% Power/

80% Power/

90% Power/

90% Power/

(mm?3) Alpha 0.10 Alpha 0.05 Alpha 0.10 Alpha 0.05
0.200 72 91 99 121
0.250 67 84 92 113

aBased on an estimated treatment effect that slows the growth rate of hypertransmission defects (hyperTDs) by 50% (Table 1) assuming different
statistical powers and alphas to detect the difference between the highest dose group and the placebo group.
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