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Purrosk. In diabetic macular edema (DME), hyper-reflective foci (HRF) has been linked to
disease severity and progression. Using an automated approach, we aimed to investigate
the baseline distribution of HRF in DME and their co-localization with cystoid intraretinal
fluid (ORPF).

MerHops. Baseline spectral-domain optical coherence tomography (SD-OCT) volume
scans (N = 1527) from phase III clinical trials YOSEMITE (NCT03622580) and RHINE
(NCT03622593) were segmented using a deep-learning-based algorithm (developed
using B-scans from BOULEVARD NCT02699450) to detect HRF. The HRF count and
volume were assessed. HRF distributions were analyzed in relation to best-corrected
visual acuity (BCVA), central subfield thickness (CST), and IRF volume in quartiles, and
Diabetic Retinopathy Severity Scores (DRSS) in groups. Co-localization of HRF with IRF
was calculated in the central 3-mm diameter using the en face projection.

Resuts. HRF were present in most patients (up to 99.7%). Median (interquartile range
[IQR]) HRF volume within the 3-mm diameter Early Treatment Diabetic Retinopathy Study
ring was 1964.3 (3325.2) pL, and median count was 64.0 (IQR = 96.0). Median HRF
volumes were greater with decreasing BCVA (nominal P = 0.0109), and increasing CST
(nominal P < 0.0001), IRF (nominal P < 0.0001), and DRSS up to very severe nonprolif-
erative diabetic retinopathy (nominal P < 0.0001). HRF co-localized with IRF in the en
face projection.

Concrusions. Using automated HRF segmentation of full SD-OCT volumes, we observed
that HRF are a ubiquitous feature in DME and exhibit relationships with BCVA, CST, IRF,
and DRSS, supporting a potential link to disease severity. The spatial distribution of HRF
closely followed that of IRF.

Keywords: co-localization, deep learning, diabetic macular edema (DME), hyper-reflective
foci (HRF), spectral-domain optical coherence tomography (SD-OCT)

iabetic macular edema (DME)
with a significant inflammatory compo-

disease,! 3

is a multifactorial the pathophysiology of DME and to evaluate the benefit
of additional modes of action that address factors beyond

VEGFE.

nent.*7 Although treatment with antivascular endothelial
growth factor (VEGF) has improved outcomes consider-
ably,®? the initial gains in visual acuity decline over time,!°
and a significant proportion of patients show persistent
retinal thickening and fluid accumulation despite consis-
tent long-term treatment.!' In order to improve patient
outcomes, disease-specific biomarkers linked to disease
severity and progression are needed to better understand
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Hyper-reflective foci (HRF) have been proposed as a
biomarker of disease severity and progression in DME.!2~15
HRF are small, distinct objects that generate a highly reflec-
tive signal on spectral-domain optical coherence tomog-
raphy (SD-OCT).'® They are present in multiple retinal
diseases, including DME, neovascular age-related macu-
lar degeneration, retinal vein occlusion, and uveitic macu-
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lar edema,'”'® but likely have differing, disease-specific
origins.'?

In DME, there are two main hypotheses on the morpho-
logical correlate of HRF detected by SD-OCT. The first
proposes that HRF are activated microglia or infiltrat-
ing leukocytes, thus representing a retinal inflammatory
response.’??? The second hypothesis suggests that HRF
are protein and/or lipid exudates resulting from the break-
down of the blood-retinal barrier.'®17:232% There have also
been studies showing co-localization of intraretinal hyper-
reflective material with intraretinal fluid cysts.”> Because
these hypotheses are not mutually exclusive, and are
both related to vascular instability, some groups have also
discussed the potential of both hypotheses applying concur-
rently, with smaller HRF (<30 pm) proposed to correspond
to inflammatory cells and larger objects (>30 pm) repre-
senting macromolecular exudates.'¥?° Histological studies
on HRF are currently still lacking in DME, and are neces-
sary to confirm these hypotheses.

Past studies, all using manual assessment, have come
to inconsistent conclusions on whether the presence or
number of HRF are predictive of visual outcome following
treatment, although a greater number of studies found that
HRF at baseline were predictive of a poor visual outcome.?’
Better consensus exists for response to treatment, with stud-
ies largely agreeing that treatment with either intravitreal
anti-VEGF or steroids reduces the number of HRF in patients
with DME; some studies showed a greater reduction with
steroids versus anti-VEGF, whereas others did not find a
difference.”’

The aim of this work was to develop and assess the
performance of a deep-learning-based algorithm to quan-
tify HRF, investigate the baseline distribution of HRF within
the retina and whether there is a link to disease severity,
and determine whether HRF co-localize with cystoid IRF in
patients with DME.

MATERIALS AND METHODS
Patient Population

YOSEMITE (ClinicalTrials.gov identifier, NCT03622580) and
RHINE (NCT03622593) were identical, randomized, double-
masked, phase III clinical trials that assessed the safety,
efficacy, and durability of faricimab compared with afliber-
cept in treatment-naive and previously treated eyes with
center-involving DME.?®%? For the current post hoc analy-
sis, baseline data from all arms of YOSEMITE and RHINE
were pooled.

BOULEVARD (ClinicalTrials.gov identifier, NCT02699450)
was a randomized, double-masked, phase II clinical trial,
which compared the safety and efficacy of faricimab
to ranibizumab in treatment-naive and previously treated
patients with center-involving DME.*

For all three studies, the study protocols were approved
by respective institutional review boards, and the trials
were conducted in accordance with Good Clinical Practice
guidelines and the tenets of the Declaration of Helsinki.
All patients provided written informed consent, including
consent for secondary data use, before they enrolled in the
study.

Data Selection

Study eyes of participants from phase III YOSEMITE and
RHINE studies with Spectralis (Heidelberg Engineering,
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Heidelberg, Germany) volume scans (97 B-scans, with scan
areas of 32.2 mm?, 34.5 mm?, and 37.4 mm? for the 10th,
50th, and 90th percentile, respectively) at the baseline visit
were included in the analysis NV = 1527) and segmented
with the model described below. Volumes acquired on Zeiss
(V = 150) and Topcon (N = 3) devices were excluded in
order to obtain a homogenous data set.

HRF Segmentation Model

Overview. We used a subset of manually annotated
SD-OCT retinal B-scans (Spectralis) acquired from eyes of
participants included in the BOULEVARD study to develop
the HRF-segmentation model described in detail below.
This algorithm was subsequently used on the baseline SD-
OCT volume scans (Spectralis) from participants in the
YOSEMITE and RHINE studies to automatically segment
HRF across all B-scans (see Supplementary Fig. S1).

HRF Definition. HRF were defined as distinct bright
dots of similar reflectivity to the retinal pigment epithelium
(RPE) on SD-OCT. A range of upper size limits have been
reported in the literature, ranging from 30 to 50 pm.!420,31-37
We selected 50 pm as the upper limit in order to also capture
HRF that may be aggregated into hyper-reflective objects
larger than 30 pm.

Dataset and Annotation. SD-OCT volumes (Spec-
tralis) from BOULEVARD were selected post hoc and anno-
tated on the B-scan level by two trained readers from
the Liverpool Ophthalmic Reading Centre. Each B-scan
was annotated by a single grader. In cases that presented
uncertainty at initial grading, the image was referred to a
senior clinician for adjudication, who made a final decision.
Per volume, 2 to 9 B-scans were annotated by overlaying
ellipses over HRF up to 50 pm in diameter, and manually
outlining larger objects of intraretinal hyper-reflective mate-
rial JHRM). Owing to the transverse resolution of 14 pm
on SD-OCT, objects smaller than 20 pm were not anno-
tated, due to the difficulty in differentiation. The following
retinal-layer boundaries were also annotated, using single
lines across each B-scan: internal limiting membrane (ILM),
boundary of outer plexiform layer-Henle’s fiber layer (OPL-
HFL), and center of RPE. Per protocol, annotations were only
performed for objects with similar reflectivity as RPE.

Postprocessing of Annotations. Ellipses, shapes,
and boundaries drawn on the B-scans were stored in raster
format, then converted to label maps of the original image
dimension. Disrupted layers were filtered out. Subsequently,
ellipses were shrunk to the most hyper-reflective center
using adaptive thresholding,*® and combined with the THRM
shapes to form a single label of hyper-reflective material. For
the layers, each space between a pair of adjacent boundaries
was filled with a distinct label.

Model Training. The BOULEVARD study data were
split on the patient level into training (1355 B-scans) and
validation (155 B-scans) sets. Training images and corre-
sponding annotation masks were used to train the algorithm
to recognize HRF and IHRM. Specifically, the multiclass
U-Net,*® a convolutional neural network for biomedical
image segmentation, was trained for pixel-level semantic
segmentation using 250 epochs, categorical Sgrensen—Dice
coefficient scores loss,* and the Adam optimizer.* Similarly,
the layers were trained with 50 epochs.

Postprocessing of Predictions. Objects detected by
the model were categorized on the B-scan level by fitting
an ellipse to each object (Supplementary Fig. S2), and those
below 50 pm in diameter (long axis) were classified as HRF,



Investigative Ophthalmology & Visual Science

Intraretinal HRF and IRF Colocalize in DME

J.Y Baseline CST: 537 ym
Baseline BCVA: 39 letters

IOVS | May 2024 | Vol. 65 | No.5 | Article 26 | 3

Ficure 1. Example of automated hyperreflective foci (HRF) segmentation. Example spectral-domain optical coherence tomography image
from one patient (age 67 years, female) at baseline (A) without and (B) with segmentation of layers, HRF (red; <50 pm), and larger intraretinal
hyper-reflective objects (green; >50 nm and <100 pm). The algorithm filtered out objects >100 pm; hence, these objects are not colored in
the figure. Early Treatment Diabetic Retinopathy Study rings are indicated with green vertical lines (center, 1- and 3-mm-diameter rings).
Inner retina (between the internal limiting membrane and the outer plexiform layer-Henle’s fiber layer [OPL-HFL]; purple) and outer retina
(between the OPL-HFL and the retinal pigment epithelium; green). BCVA, best-corrected visual acuity; CST, central subfield thickness.

with the remainder discarded. A subset of HRF predictions
was reviewed by two clinicians with expertise in retinal
imaging (authors I.B. and C.G.) to ensure that no noise was
classified as HRF. Predicted layers were converted back to
layer boundaries and stored in elevation-map format. Contin-
uous layers were predicted regardless of potential disrup-
tions. Example scans showing the automated prediction of
HRF and layers are shown in Figure 1.

Feature Extraction. Using the B-scan-level predic-
tions, two types of features were automatically extracted
on the SD-OCT-volume level: counts of distinct HRF objects
across B-scans, and total HRF volume. Slice thickness, that
is, the space between the centers of two adjacent B-scans,
was used as depth information to calculate volumes.

HRF counts and volumes were assessed in the 1-mm and
3-mm Early Treatment Diabetic Retinopathy Study (ETDRS)
rings, which were also separated into the inner and outer
retina. The inner retina was defined as ILM to OPL-HFL, and
the outer retina as OPL-HFL to RPE. The total retina was
defined as ILM to RPE. We excluded the 6-mm diameter from
the analysis due to significant variability in the scan area for
Spectralis volume scans, despite identical parameter settings.
This variability may lead to incomplete data at the perimeter,
thus potentially making volume-wide measurements unreli-
able.

Model Validation. Model performance for HRF and
IHRM was evaluated against the annotations on the vali-
dation set using Dice scores,’?> measuring the overlap
between annotations and model predictions, as well as
volume difference, sensitivity, and specificity. Performance
for layers was evaluated using Chamfer distance,** which
measures the average distance (in pixels) between the anno-
tated and predicted elevation of layers across A-scans.
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Co-Localization of HRF and Cystoid IRF

Overview. Co-localization of HRF with cystoid IRF was
assessed within the 3.0-mm diameter ETDRS ring by compar-
ing the spatial distribution of each biomarker in the en
face projection of the SD-OCT volumes. Cystoid IRF was
segmented using a deep-learning-based algorithm devel-
oped for the quantification of IRF and SRE* To ensure the
presence of a significant volume of HRF, enabling the assess-
ment of a potential correlation, analysis was limited to the
top 10% of volume scans that contained the greatest HRF
volumes at baseline (z = 159).

En Face Projection. IRF and HRF of the selected
volumes were projected onto the en face plane (Fig. 2). To
render distributions of IRF (cystoid pockets) and HRF (indi-
vidual small objects) comparable and increase the robust-
ness of the co-localization, Gaussian blurring was applied
to the en face projections of both HRF and cystoid IRF to
ensure a more stable and comparable result.

Statistical Analysis

Prior to feature extraction and statistical analysis, HRF had
been prespecified as a biomarker of interest. Baseline HRF
volume distributions were assessed in a treatment-agnostic
manner by pooling all treatment arms and splitting the data
into quartiles for BCVA (quartile 1: <57 letters; quartile 2:
58 to 65 letters; quartile 3: 66 to 70 letters; and quartile
4: >70 letters), central subfield thickness (CST) measured
from ILM to Bruch’s membrane (quartile 1: <382 pm; quar-
tile 2: >382 pm and <455 pm; quartile 3: >455 pm and
<552 pm; and quartile 4: >552 pm), and cystoid IRF volume
(1-mm-diameter ETDRS ring [quartile 1: <60,040 pL; quar-
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A-Scans

B-Scans

A-Scans

FIGURE 2.

A-Scans

(A) Volumetric segmentation and (B) en face projection of intraretinal fluid (IRF [bluel; first column) and hyper-reflective foci

(HREF [red]; second column). The opacity of the segmented pixels in the projection is proportional to the height of the IRF in that location

(i.e. a brighter color indicates a greater IRF thickness).

tile 2: >60,040 pL and <106,250 pL; quartile 3: >106,250
pL and <166,349 pL; and quartile 4: >166,349 pL], 3-mm-—
diameter ETDRS ring [quartile 1: <216,903 pL; quartile 2:
>216,903 pL and <409,728 pL; quartile 3: >409,728 pL and
<671,259 pL; and quartile 4: >671,259 pL]).

To assess HRF volume distribution by disease sever-
ity, Diabetic Retinopathy Severity Score (DRSS) levels were
grouped as follows: (1) diabetic retinopathy (DR) absent
or questionable (DRSS 10 to 20); (2) mild and moderate
nonproliferative DR (NPDR; DRSS 35 and 43); (3) moder-
ately severe, severe, and very severe NPDR (DRSS 47 and
53); and (4) mild, moderate, and high-risk proliferative DR
(PDR; DRSS 60 to 85).

Statistical significance of differences between the quar-
tiles described above was assessed using Kruskal-Wallis
tests, followed by pairwise comparison using Wilcoxon Rank
Sum tests. Co-localization of HRF and cystoid IRF, as well as
the null hypothesis with IRF, were evaluated using Pearson’s
correlation.

No adjustment to the significance level was made to
account for multiple treatment comparisons or analyses at
multiple time points; P values are nominal and should be
interpreted in an exploratory context.

For IRF and HRF co-localization, a null hypothesis of
HRF distribution, as well as three alternative distribu-
tions informed by statistical variables, were generated as
comparators, each with the equivalent number of objects
as measured in the actual HRF distribution. The null
hypothesis consisted of a uniform distribution of dots.
The three alternative distributions were: (1) a Gaussian
distribution with the same mean as the observed HRF
distribution, and axis-specific standard deviations equal
to the observed HRF standard deviations; (2) a Gaussian
distribution with the same mean as the observed HRF
distribution, but with a uniform standard deviation; and
(3) a Gaussian distribution with a mean equal to the
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center of the image, and with a uniform standard devia-
tion.

RESULTS

Good Performance of HRF Segmentation
Algorithm

The performance of the HRF segmentation algorithm was
assessed using the validation set of manually annotated
B-scans. Median and average Dice scores on the validation
set were 71% and 65%, respectively, which are considered to
be good scores, given the variability of Dice scores for small-
size objects, such as HRE.*® Median and average specificity
on the validation set were 76% and 69%, respectively. We
also compared median and average ground-truth volumes
on the B-scan level with the segmented volumes in the vali-
dation set. These were 30 and 50 nL for the ground-truth
volumes, respectively, and 20 and 40 nL for the segmented
volumes, respectively. A scatter plot comparing ground-truth
and segmented volumes is shown in Figure 3, with the corre-
sponding Bland Altman plot.

To assess layer-segmentation performance, Chamfer
distances were calculated, which measure the distance in
pixels between two objects. The median (standard error)
Chamfer distances across B-scans in the validation set for
ILM, OPL-HFL, and RPE were —0.98 (0.05), 0.53 (1.66), and
—1.0 (0.08) pixels, respectively, which are below the opti-
cal resolution of SD-OCT machines. Boxplots are shown in
Supplementary Figure S4.

In DME, HRF Are Almost Universally Present at
Baseline

At baseline, prior to treatment initiation, the quantitative
assessment of HRF volumes and counts in SD-OCT volume
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Ficure 3. (A) Scatterplot of holdout ground-truth versus segmented hyper-reflective foci and intraretinal hyper-reflective material volumes,
including a linear best-fit line. The outliers on the top left of the scatterplot, which are not detected by the segmentation model, represent
large objects less hyper-reflective than the retinal pigment epithelium (e.g. see Supplementary Fig. S3). (B) Bland Altman plot of holdout
ground-truth versus segmented hyper-reflective foci and intraretinal hyper-reflective material volumes. As estimated by bootstrapping (1000
repetitions), the mean value for annotated minus segmented volume (y axis) was at 0.0047 nl (95% CI = —0.0009 to 0.0103). The upper limit
of agreement (LOA) was at 0.0777 nl (95% CI = 0.0489 to 0.1065) and the lower LOA was at —0.0683 nl (95% CI = —0.0395 to 0.0971).

TasLe 1. HRF Volume, Count, and Presence at Baseline

Pooled Treatment

Location Groups

Measure

Inner retina, 1 mm Median (IQR) volume, pL
Median (IQR) count
HRF present

Median (IQR) volume, pL

126.0 (270.2)
5.0 (8.0)
1369/1527 (89.7%)

Inner retina, 3 mm 825.4 (1443.4)

Median (IQR) count 29.0 (43.0)

HRF present 1520/1527 (99.5%)
Outer retina, 1 mm Median (IQR) volume, pL 69.2 (201.7)

Median (IQR) count 3.0 (6.0)

HRF present

Median (IQR) volume, pL
Median (IQR) count

HRF present

Median (IQR) volume, pL
Median (IQR) count

HRF present

Median (IQR) volume, pL
Median (IQR) count

HRF present

1189/1527 (77.9%)
784.6 (1930.4)

26.0 (56.0)
1489/1527 (97.5%)
242.5 (454.7)

9.0 (14.0)
1455/1527 (95.3%)
1964.3 (3325.2)

64.0 (96.0)
1523/1527 (99.7%)

Outer retina, 3 mm

Total retina, 1 mm

Total retina, 3 mm

HREF, hyper-reflective foci; IQR, interquartile range; pL, picoliters;
1 mm, 1-mm diameter Early Treatment Diabetic Retinopathy Study
(ETDRS) ring; 3 mm, 3-mm diameter ETDRS ring.

scans showed that HRF are almost universally present (up to
99.7%) within the retinas of patients with DME. Specifically,
looking at the central subfield, 89.7% of patients had HRF
in the inner retina, and 77.9% in the outer retina. For the
central 3-mm diameter, 99.5% had HRF in the inner retina,
and 97.5% in the outer retina (Table 1). Few to none were
detected in an external control group of patients without
retinal conditions (inner and outer retina at both diame-
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ters; unpublished data). An example SD-OCT scan with and
without HRF segmentation is shown in Figure 1. The base-
line demographic and ocular characteristics of the patients
included in this analysis are shown in Table 2.

HREF Distribution Inner Versus Outer Retina and
1-mm Versus 3-mm-Diameter ETDRS Ring

HRF counts and volumes at baseline were non-normally
distributed for both ETDRS diameters and both retinal loca-
tions (Supplementary Fig. S5). Median (interquartile range
[IQR]) HRF volumes and counts are shown in Table 1.

Within the central subfield, approximately double the
volume of HRF was observed in the inner retina (median
= 126.0, IQR = 270.2 pL) versus the outer retina (median =
69.2, IQR = 201.7 pL). Conversely, in the 3-mm-diameter
ETDRS ring, similar HRF volumes were measured in the
inner (median = 825.4, IQR = 1443.4 pL) and outer retina
(median = 784.6, IQR = 1930.4 pL). Similar ratios were also
observed for HRF counts (Table 3).

Greater Median HRF Volumes Were Seen With
Increasing CST, Cystoid IRF Volume, and Disease
Severity, and With Lower BCVA Score

In order to assess HRF distributions in the total retina (i.e.
inner and outer retina combined) in relation to several
disease parameters, patients were split into quartiles of
BCVA, CST, and cystoid IRF volume, and by the four DRSS
severity groups (Fig. 4). For BCVA, higher median HRF
volumes were seen with decreasing BCVA score in the
3-mm-diameter ETDRS ring (nominal P = 0.0109), but not in
the 1-mm diameter ring where median HRF volumes were
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TasLE 2. Baseline Demographic and Ocular Characteristics

Pooled Treatment

Characteristic Groups (N = 1527)
Age, y, mean (SD)" 62.1 (9.8)
Sex, n (%)
Female 606 (39.7%)
Male 921 (60.3%)

Geographic region, 7 (%)
United States and Canada
Asia’

Rest of the world*

Race, n (%)%

785 (51.4%)
167 (10.9%)
575 (37.7%)

White 1185 (77.6%)
Asian 142 (9.3%)
Black or African American 116 (7.6%)
American Indian or Alaska Native 18 (1.2%)
Native Hawaiian or other Pacific Islander 6 (0.4%)

Hispanic or Latinx 275 (18.0%)

Nonocular characteristics

BMI, kg/m?, mean (SD) 30.8 (6.46)
HbAlc, %, mean (SD) 7.6 (1.14)
Type 2 diabetes, 1 (%) 1443 (94.5)

Systolic blood pressure, mm Hg, 137.3 (15.80)
mean (SD)

Ocular characteristics

BCVA (ETDRS letters), mean (SD) 62.2 (9.5)

CST, um, mean (SD) 479.3 (128.4)

Macular ischemic nonperfusion, n (%) 630 (44.6)

Macular leakage, 7 (%) 1459 (99.9)

Time since DME diagnosis (months), 18.2 (32.3)
mean (SD)

Anti-VEGF treatment naive, 7 (%) 1198 (78.5)

Previously anti-VEGF treated, n (%) 329 (21.5)

Time since last anti-VEGF treatment 18.6 (18.09)
(months), mean (SD)

Phakic, 7 (%) 1143 (74.9)

ETDRS-DRSS status, 72 (%)'
DR absent/questionable (ETDRS-DRSS 39 (2.6%)

level 10/12, 14/20)

Mild to moderate NPDR (ETDRS-DRSS
level 35, 43)

Moderately severe to very severe NPDR
(ETDRS-DRSS level 47, 53)

PDR (ETDRS-DRSS level 61, 65, 71/75)

Cannot grade (ETDRS-DRSS level 90)

816 (53.8%)
515 (34.0%)

121 (8.0%)
25 (1.6%)

BCVA, best-corrected visual acuity; BMI, body mass index;
CST, central subfield thickness; DME, diabetic macular edema;
DR, diabetic retinopathy; DRSS, Diabetic Retinopathy Severity
Scale; ETDRS, Early Treatment Diabetic Retinopathy Study; HbAlc,
glycated hemoglobin; NPDR, nonproliferative diabetic retinopa-
thy; PDR, proliferative diabetic retinopathy; SD, standard deviation;
VEGEF, vascular endothelial growth factor.

" Age at randomization.

T Asia includes China, Hong Kong, Japan, Singapore, South
Korea, Taiwan, and Thailand.

fRest of the world includes Argentina, Australia, Austria,
Belgium, Brazil, Bulgaria, Czech Republic, Denmark, France,
Germany, Hungary, Israel, Italy, Mexico, The Netherlands, New
Zealand, Peru, Poland, Portugal, Russia, Slovakia, South Africa,
Spain, Switzerland, Turkey, Ukraine, and the United Kingdom.

§ Not all race categories are listed; therefore, the sum of propor-
tions shown may not equal 100%.

'N = 1516.

largely comparable across quartiles (nominal P = 0.3633;
see Figs. 4A, 4B). For CST, increasing median HRF volumes
were observed with increasing retinal thickness in the
3-mm-diameter ring (nominal P < 0.0001). Similar results
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TaBLE 3. Ratios (Inner/Outer Retina) of HRF Count and Volume

Median HRF Volume (pL) Median HRF Count

1-mm Ring 3-mm Ring 1-mm Ring 3-mm Ring

Inner retina 126.0 825.4 5.0 29.0
Outer retina 69.2 784.6 3.0 26.0
Ratio 1.8 1.1 1.7 1.1

Ratio is calculated as value for inner retina/value for outer retina.
HRE, hyper-reflective foci; 1-mm ring, 1-mm-diameter Early Treat-
ment Diabetic Retinopathy Study (ETDRS) ring; 3-mm ring, 1-mm-
diameter ETDRS ring; pL, picoliters.

were seen in the 1-mm-diameter ring (nominal P < 0.0001),
with the exception of the last quartile, which was slightly
lower (see Figs. 4C, 4D). Greater cystoid IRF volumes corre-
sponded to greater median HRF volumes in the 3-mm-
diameter ring (nominal P < 0.0001), and in the 1-mm-
diameter ring but to a lesser extent (nominal P < 0.0001;
see Figs. 4E, 4F). In both the 1- and 3-mm diameter rings,
median HRF volumes were higher with increasing disease
severity except in eyes with PDR (see Figs. 4G, 4H), in which
marginally lower median HRF volumes were found. A simi-
lar pattern was observed when assessing the distribution
of CST measurements in the same four DRSS groups (see
Fig. 4D).

HRF and Cystoid IRF Co-Localize in the En Face
Projection of the SD-OCT Volume

We looked at HRF and IRF co-localization in the en
face projection within the 3-mm-diameter ETDRS ring
(see Fig. 2). In order to ensure the presence of a significant
volume of HRF to effectively test the hypothesis that HRF
and IRF co-localize, the analysis was performed using the
top 10% of volume scans that contained the greatest HRF
volumes at baseline (n = 159). Examples of the distribu-
tion of HRF and cystoid IRF in en face images are shown
in Figure 5, in which both fovea-centered and off-center HRF
distributions are visible. The null hypothesis that HRF are
distributed randomly across the imaged area was compre-
hensively rejected (» = 0.00). The IRF coordinates corre-
lated more strongly with the measured HRF coordinates
(mean r = 0.33) than with the three alternative, artificial HRF
distributions, with mean 7 values of 0.19, 0.18, and 0.14 for
alternative distribution 1, 2, and 3, respectively. In addition,
the small difference between alternative distributions 1 and 2
versus the larger difference between alternative distributions
2 and 3 indicate that the removal of shape-of-distribution
information has a lesser impact compared to removing the
information regarding the HRF’s distribution’s center of grav-
ity. Thus, the analysis showed that HRF and cystoid IRF co-
localize in the en face view.

Di1scussION

In DME, HRF represent a potential biomarker for disease
severity and progression.'>"!> The aim of this post hoc anal-
ysis was to assess the baseline distribution of HRF within
the retina, and whether HRF co-localize with cystoid IRF
in patients with DME. The large data set, the fully auto-
mated detection and volumetric quantification of HRF, and
the objective nature of the algorithmic approach make this
a robust analysis of a potentially key biomarker in DME.
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Baseline hyper-reflective foci (HRF) distribution in the total retina (i.e. inner and outer retina combined) in the 1-mm- and
3-mm-diameter Early Treatment Diabetic Retinopathy Study (ETDRS) rings by quartiles of (A, B) best-corrected visual acuity (BCVA), (C, D)
central subfield thickness (CST), and (E, F) intraretinal fluid (IRF), as well as (G, H) groups of Diabetic Retinopathy Severity Score (DRSS).
In addition, (I) shows CST distribution by DRSS groups. Nominal P values, derived from pairwise Wilcoxon Rank Sum tests, are indicated
as: *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001.
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AD 2 AD 3 NULL

Correlation to IRF Actual HRF AD 1

coordinates

AD 2 AD 3 NULL

Mean (SD) r-value 0.33 (0.14)

0.19 (0.08)

0.18 (0.08) 0.14 (0.07) 0.00 (0.00)

Ficure 5. Correlation of hyper-reflective foci (HRF) and intraretinal fluid (IRF) coordinate distributions in the en face projection of SD-OCT
volumes (upper 10% of the data distribution for baseline HRF volume). Three example cases (one row per case) of HRF and IRF co-localization
in the en face projection are shown. The observed distributions for IRF (first column) and HRF (second column), the alternative artificial
distributions (AD; columns 3-5), and the artificially generated null hypothesis of HRF distribution (column 6) are shown. AD 1: Gaussian
distribution with mean and standard deviations (SD) equal to the observed HRF distribution; AD 2: as for AD 1, but with uniform SD equal
to the mean of SDs along the 2 axes; AD 3: as for AD 2, but with mean equal to the center of the image; NULL: uniform distribution. Below:
Mean and SD of Person’s correlation 7 values obtained from comparison of IRF coordinates to the actual HRF distribution, as well as to the

four hypotheses.

Past publications on intraretinal HRF in DME have relied
on manual counting, which has inherent limitations: manual
HRF assessments are often limited to a subset of scans
and not the entire SD-OCT volume, assessments of HRF are
performed in a small number of patients due to the labori-
ous nature of manual counting, and HRF cannot be assessed
volumetrically. As seen in Figure 5, HRF distributions are
not necessarily centered on the fovea, thus assessing only a
subset of central B-scans does not provide a reliable repre-
sentation of HRF load. The discrepancies seen in the liter-
ature regarding HRF presence or count as a predictor of
vision outcomes?” may be due to the biases introduced by
manual counting. Another factor that makes comparison of
past studies challenging is the use of variable HRF defini-
tions, which are not consistently reported.?’

The use of artificial intelligence to automate HRF quan-
tification eliminates such biases, by enabling rapid, objec-
tive, and comprehensive assessment of all B-scans within
the SD-OCT volume, thus making it possible to perform a
robust analysis with large patient numbers, consistent iden-
tification of HRF based on the grading criteria selected, and
extraction of volumetric HRF data. Nevertheless, comparison
of analyses performed by different algorithms will remain
challenging for as long as no consensus definition of HRF
has been reached in regard to size, back shadowing, loca-
tion, and relative reflectivity. Here, we have presented a
deep-learning-based algorithm with a robust performance
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for the segmentation of HRF in DME. We used a combina-
tion of DICE score, absolute volume difference, sensitivity,
and specificity for model validation on the holdout set. The
specificity metric, together with expert review of algorithm
output, ensured that the model did not detect noise. A limita-
tion of the current algorithm is that it cannot track individual
objects in a full three-dimensional segmentation; this would
require denser B-scans to achieve better resolution. Never-
theless, to the best of our knowledge, this is the first time that
a volumetric assessment of HRF in DME has been performed
on images from a large clinical trial data set, thus provid-
ing a reference for future studies of this nature. However,
the algorithm will require testing and validation prior to its
application to images from acquisition systems other than
the Spectralis.

As the regions defined by the 1 and 3 mm ETDRS circles
on the retina may vary due to variability in eye axial length
in the sample, a weakness of the current approach is the
potential for volume measurement errors arising due to the
lack of axial length information for correct lateral scaling
of the OCT scans.” This may have resulted in apparent
differences between individuals that may not have been
true differences. As noted by Llanas and colleagues in their
systematic review on correcting of OCT image scaling,*’
“while many devices report scan dimensions in absolute
retinal distance units (millimeters), few disclose the axial
length of the model eye assumed by their system (which
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varies across manufacturers).” This issue warrants further
investigation.

Our analysis showed that at baseline, HRF are almost
universally present in eyes with DME (up to 99.7% depend-
ing on ETDRS ring and retinal location). This is in accord
with previous reports on the prevalence of HRF, where
approximately 90% of eyes with DME were shown to exhibit
this feature on SD-OCT.'34® Although the quantity of HRF in
the inner versus outer retina was comparable in the 3-mm
diameter, twice as many HRF were present in the inner retina
of the central subfield compared with the outer retina. This
imbalanced distribution may suggest a greater rate of HRF
removal in the outer retina of the central subfield, or may be
due to the topography of Henle’s fiber layer in the central
subfield.

We observed higher HRF volumes with increasing DRSS,
CST, and cystoid IRF. Furthermore, we noted a trend for
worse BCVA with greater HRF volumes. These findings
suggest that HRF are markers for disease severity. However,
the median HRF volume, as well as the median CST, was
slightly lower in eyes with PDR than with severe NPDR.
This may be due to one third of study eyes in the PDR
group (33 out of 121) receiving panretinal photocoagula-
tion (PRP) more than 3 months prior to study enrollment
(PRP within 3 months of enrollment was a study exclusion
criterion), an intervention known to cause retinal thinning
and result in reduced severity of retinopathy. Consequently,
prior PRP may have confounded the relationship between
DR severity and HRF in study eyes with PDR.

In addition to the above-mentioned potential relationship
between cystoid IRF and HRF volumes, the shape distribu-
tion of HRF in the en face projection of SD-OCT volumes
followed the distribution of cystoid IRF. This finding is in
line with that reported by Kashani et al.,> who showed
co-localization with intraretinal hyper-reflective material,
in particular hyper-reflective fluid. We recognize that the
correlation between HRF distribution and IRF localization
is modest; however, given that the shape distribution of
the former follows that of the latter, we therefore believe
that these OCT features are linked and hypothesize that
the HRF in DME may originate within IRF cysts. Further
exploration is warranted to determine the exact location of
and relationship between HRF and IRF cysts, including an
assessment of co-localization in three dimensions and over
time.

In addition to the null hypothesis, alternative, artificial
HRF distributions were generated to reflect the statistical
characteristics of the actual HRF distribution to varying
degrees. The correlation coefficients of these artificial HRF
distributions in comparison to cystoid IRF were lower, and
reduced as the artificial HRF distributions became less char-
acteristic of the actual HRF distribution. Thus, artificial HRF
distributions that mimicked the actual HRF distribution less
stringently correlated less with cystoid IRF. Comparison of
the three artificial HRF distributions showed that IRF and
HRF were quite often located off-center in relation to the
fovea, and that, on average, the shape of the IRF and HRF
distribution had no distinct pattern.

In conclusion, our analysis showed that HRF are almost
universally present within the retina of DME patients, and
may be linked to disease severity, thus highlighting them as
a potential biomarker of interest in this condition. For future
studies, we recommend the use of automated approaches
to analyze full SD-OCT volume scans to minimize bias.
Whereas volumetric analyses constitute the most robust
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approach, incorporating size differences into the measure,
similar results can also be obtained with the more tangi-
ble measure of HRF counts, providing the number of
B-scans is consistent throughout the study population.
Because the link with measures of disease severity is greater
in the 3-mm-diameter ETDRS ring, this may be the more
relevant area of assessment.
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