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Purpose: To evaluate the 6-month progression of retinal capillary perfusion in eyes with advanced stages of
nonproliferative diabetic retinopathy (NPDR).

Design: RICHARD (NCT05112445), 2-year prospective longitudinal study.

Participants: Sixty eyes with Diabetic Retinopathy Severity Scale (DRSS) levels 43, 47, and 53 from 60
patients with type 2 diabetes. Fifty-one patients completed the 6-month evaluation.

Methods: Eyes were evaluated on Optos California (Optos plc) ultrawidefield fundus fluorescein angiography
(UWF-FFA), swept-source OCT angiography (SS-OCTA) (PLEX Elite 9000, ZEISS) and spectral-domain OCTA
(SD-OCTA) (CIRRUS HD-OCT 5000 Angioplex, ZEISS). DRSS classification was performed based on 7-field color
fundus photographs (CFPs) complemented with Optos California UWF-fundus imaging.

Main Outcome Measures: Ischemic index was obtained from Optos. Vascular quantification metrics,
namely foveal avascular zone, skeletonized vessel density (SVD), and perfusion density (PD) metrics, were ac-
quired on OCTA in the superficial and deep capillary plexuses (SCP and DCP). Microaneurysm assessment was
automatically performed based on CFP images using the RetmarkerDR (Retmarker SA, Meteda Group).

Results: Swept-source-OCTA metrics showed statistically significant differences between the advanced
stages of NPDR. Differences between DRSS levels 47 and 53 were found at baseline in the inner ring (SVD, SCP:
P = 0.005 and DCP: P = 0.042 and PD, SCP: P = 0.003) and outer ring (SVD, SCP: P = 0.007 and DCP: P = 0.030
and PD, SCP: P = 0.020 and DCP: P = 0.025). No significant differences were observed at baseline between
DRSS levels 43 and 47. In SD-OCTA, the differences were similar but did not reach statistical significance. The
total ischemic index showed an increase in association with diabetic retinopathy (DR) severity, but the differences
between DRSS levels did not reach statistical significance. The number of microaneurysms also increased
significantly with DR severity (P = 0.033). Statistically significant 6-month progression was detected with SS-
OCTA in eyes with DRSS levels 47 and 53 but not in DRSS level 43. In eyes with DRSS level 53, 6-month
progression was identified using a combination of metrics of capillary nonperfusion and microaneurysm counts.

Conclusions: In a 6-month period, significant microvascular disease progression can be identified in eyes
with DRSS levels 47 and 53 by performing OCTA examinations and microaneurysm counting using CFP.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2025;5:100632 © 2024 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Diabetic retinopathy (DR), the most common microvascular
complication of diabetes, is the leading cause of vision loss in
adults." The International Diabetes Federation estimated that
by 2045 there will be 783 million people worldwide with
diabetes.” Approximately one third of people with diabetes
develop signs of DR, with 10% developing vision-threatening
<:0mplications.2’4’J It is, therefore, crucial to identify the eyes
of people with diabetes that are at high risk of vision loss.
Retinal capillary hypoperfusion in the central retina is a
key hallmark of rapid progression of nonproliferative DR
(NPDR) to sight-threatening complications, clinically

© 2024 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
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significant macular edema (CSME) and proliferative DR
(PDR)."” However, peripheral changes need to be
considered and may be predominant in some eyes.'*'" It is
particularly important to identify eyes with increased levels
of hypoperfusion, corresponding to the ischemia phenotype
characterized by decrease of skeletonized vessel density
(SVD) in the retinal superficial capillary plexus (SCP),
that is, decreased values of SVD in SCP >2 SD of
healthy controls values. Our group has previously
proposed the ischemic phenotype associated with risk for
severity progression.®'*"?
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Multiple imaging modalities such as dilated fundus ex-
amination, color fundus photography (CFP), ultrawidefield
color fundus photography (UWEF-FP), fundus fluorescein
angiography (FFA), OCT, and OCT angiography (OCTA)
are currently used for diagnosing and staging DR. The most
informative and gold standard method for diagnosing DR
over the years was FFA, offering detailed information about
retinal vascular integrity.'* However, this imaging
procedure requires the administration of fluorescent dye-
based invasive test presenting several risks and contraindi-
cations and does not allow visualization of the deep capil-
lary plexus (DCP)."

Examination techniques without the use of injectable
dyes are becoming more widely available. In recent years,
noninvasive imaging modalities have been introduced into
the clinical practice, allowing improved visibility of the
retinal vascular structures.'® Swept-source OCT angiog-
raphy (SS-OCTA) provide noninvasive 3-dimensional
mapping of the retinal microvasculature allowing the
quantification of retinal capillary hypoperfusion over larger
field of view with deeper light penetration,'” thus offering
additional information to spectral-domain OCTA. In fact,
although OCTA devices rely on the common principle that
erythrocytes could be used as a motion contrast to differ-
entiate vessels from static tissues, they use different algo-
rithms for image acquisition and processing and different
methods for layer segmentation. Furthermore, OCTA im-
ages provide for the first-time identification of the deep
retinal capillaries, allowing a better understanding of the
pathophysiological changes in DR. A multimodal imaging
approach allows examination of the prevalence of different
disease pathways in the initial stages of the disease and can
potentiallg clarify the risk of progression in different
patients.'

Associated with disease progression and ischemia, other
lesions such as microaneurysms (MAs) and intraretinal
microvascular abnormalities (IRMAs) are considered to play
an important role and need to be further evaluated in asso-
ciation with ischemic changes. Automated image analysis of
MA turnover, performed on CFP images with RetmarkerDR
software, is a noninvasive technique with proven ability to
identify eyes that are at risk of DR progression.'®'” To
address these changes with potential effective therapies, it
is crucial to understand disease progression and identify
the metrics that can be used to plan the necessary clinical
trials.

The aim of this study is to evaluate the initial 6-month
progression of retinal capillary perfusion in eyes with
advanced stages of NPDR focusing on Diabetic Retinopathy
Severity Scale (DRSS) levels 43, 47, and 53 using a
multimodal approach by combining different examination
procedures.

Methods

The RICHARD study (NCT05112445, clinicaltrials.gov identifier)
is a noninterventional prospective cohort study with 2 years of
follow-up period and adheres to the tenets of the Declaration of
Helsinki. This study was reviewed and approved by the Associa-
tion for Innovation and Biomedical Research on Light and Image
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Ethics Committee and was conducted in accordance with the
legislation and institutional requirements. The participants pro-
vided their written informed consent to participate in this study.

Inclusion and Exclusion Criteria

Eligible patients met the following inclusion criteria: (1) type 2
diabetes according to World Health Organization; (2) patients over
18 years of age; (3) DRSS levels between 43 and 53 based on the
ETDRS criteria complemented with UWF-FP imaging; (4)
refraction with a spherical equivalent <5 diopters; and (5) able to
provide informed consent. Exclusion criteria were as follows: any
retinal vascular disease that may interfere with study results
(including CSME), glaucoma, age-related macular degeneration,
vitreomacular disease, any eye surgery within a period of 6 months
before the baseline visit, previous laser treatment or intravitreal
injections, dilation of pupil <5 mm and uncontrolled glycated
hemoglobin A1C level >12% (107.66 mmol/mol). Only 1 eye per
patient was included. The eye with more severe DRSS grading was
chosen. However, when both eyes had the same DRSS level, the
eye with the higher ischemic index on UWF-FFA was chosen.

Subjects

Sixty eyes with advanced stages of NPDR (DRSS levels 43, 47,
and 53) from 60 patients with type 2 diabetes were considered
eligible for baseline analysis. However, only 51 patients/eyes
completed the 2 examinations with an interval of 6 months (6-
month), because 1 developed PDR, 1 developed CSME, 5
missed the second visit, and 2 withdrew consent.

Clinical and Ophthalmological Examinations

Demographic and clinical information for all participants including
age, sex, diabetes duration, vital signs (height, weight, body mass
index, systolic and diastolic blood pressure, and heart rate) and
laboratory characteristics (glycated hemoglobin, cholesterol, and
triglycerides) were recorded at baseline. All participants underwent
comprehensive ophthalmological examination, including best-
corrected visual acuity (BCVA) evaluation, slit-lamp bio-micro-
scopy, indirect ophthalmoscopy, intraocular pressure measurement
and fundus imaging. OCT angiography images were acquired with
2 different devices (swept-source OCTA [SS-OCTA] and spectral-
domain OCTA [SD-OCTA]).

BCVA Evaluation

Best-corrected visual acuity was evaluated at 4 meters distance
using the ETDRS chart.” Best-corrected visual acuity letters score
was calculated by adding the number of letters read at 4 meters plus
the 30 letters read at 1 meter. Best-corrected visual acuity was
evaluated both at baseline and at 6 months.

DRSS

Diabetic Retinopathy Severity Scale grading was performed at
baseline based on the grading of standard 7-field CFP images
obtained with 35° field of view using the Topcon TRC 50DX
mydriatic retinal camera (Topcon Medical Systems), with a reso-
lution of 3596 x 2448 pixels. Adequate dilation of the pupil of at
least 6 mm was ensured using mydriasis (0.5 % tropicamide and
0.5% phenylephrine hydrochloride topical drops) to obtain good
quality images.”' In addition, we complemented the classification
with the UWF-FP images captured using the UWF Optos Cali-
fornia (Optos plc). This device’s software automatically places a
grid to outline the 7 ETDRS fields.”>** Retinal photographs were
evaluated by 2 certified graders at the Coimbra Ophthalmology
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Reading Centre and were classified according to DRSS. In the case
of a discrepancy between the 2 retinal specialists, a senior grader
provided adjudication. The DRSS was classified as moderate
NPDR DRSS level 43, moderately severe NPDR DRSS level 47,
and severe NPDR DRSS level 53.

UWF-FFA

Ultrawidefield FFA images were captured using the Optos Cali-
fornia device (Optos plc). This system is a confocal scanning laser
ophthalmoscope with an ellipsoidal mirror able to capture 130° of
the retinal fundus in a single image without requiring bright illu-
mination lighting or a contact lens and, in some patients, pupillary
dilation. This device uses a blue argon laser at 488 nm to excite
sodium fluorescein and captures a 4000 x 4000-pixel image
through a 500-nm barrier filter. This single scan takes 0.25 seconds
to provide approximately 20-pixel resolution per degree.”*
Fundus fluorescein angiography requires the intravenous
injection of the fluorescein dye. Patients were injected with 1.5
ml of 100 mg/ml (20%) sodium fluorescein and early phase
images were analyzed to calculate the percentage of total
ischemic index and leakage index and also to identify IRMA.
Ischemic index percentage is obtained by the total area of retinal
ischemia divided by total area of visible retina.”® Fundus
fluorescein angiography was performed only at baseline visit.

OCT

Structural metrics such as central retinal thickness and ganglion
cell layer plus inner plexiform layers (GCL + IPL) thickness were
measured on each participant at each visit (baseline and 6-month
visit) using OCT acquisition protocol Macular Cube 512 x 128.
This acquisition protocol, available on the Cirrus HD-OCT 5000
Angioplex (ZEISS), consists of 128 B-scans with 512 A-scans
each. Central retinal thickness, defined as the average of retinal
thickness in the central subfield, is an objective quantification of
edema. The GCL + IPL thickness, defined as the average layer
thickness in the 0.5-mm to 2-mm annulus centered on fovea, is an
objective quantification of neurodegenerative changes.

SD-OCTA

All participants were imaged with Cirrus Zeiss 5000
AngioPlex (ZEISS) SD-OCTA device using the Angiog-
raphy 3 X 3 mm and Angiography 6 X 6-mm acquisition
protocols at each visit (baseline and 6 month visit). The
Angiography 6 x 6 mm acquisition protocol, consisting of
350 clusters of 2 B-scans repetitions with 350 A-scans,
provides wider field of view but lower digital sampling
when comparing to the Angiography 3 x 3 mm acquisition
protocols which consists of 245 clusters of 4 B-scans rep-
etitions with 245 A-scans.

Acquisition data were exported from the ophthalmolog-
ical device and processed through the Carl Zeiss Meditec
Density Exerciser (version:10.0.12787; Carl Zeiss Meditec,
Inc) to compute slab images and numerical data for the
foveal avascular zone, the SVD and perfusion density (PD)
metrics at the SCP and DCP. Perfusion density metrics and
images are the result of the binarization of the en face
angiography images and represent changes in vessel perfu-
sion, namely, capillary vasodilation or vasoconstriction. A
skeletonization of the binary images generates the SVD
metrics and images to represent the number of individual

capillaries that are carrying red blood cells. Its decrease
indicates capillary closure.”’*"

Skeletonized vessel density and PD were measured in the
macular area (20° of the retina): central subfield (0—0.5-mm
radius ring centered at the fovea), inner ring (0.5—1.5-mm
radius ring centered at the fovea) and outer ring (1.5—3.0-
mm radius ring centered at the fovea).

SS-OCTA

Images from patients were acquired using the Angio 6-mm x
6-mm acquisition protocol available in the PLEX Elite 9000
(ZEISS) at each visit (baseline and 6-month visit). This SS-
OCTA operates a tunable 1060-nm laser to provide an axial
resolution of 6.3 [tm. Angio 6-mm X 6-mm acquisition pro-
tocol is able to scan 20° of the retina and provides angiography
slabs images based on 2 repetitions of 500 B-scans with 500
A-scans with an acquisition rate of 100 000 A-scans/second.
Although with a lower axial resolution than the SD-OCTA,
this device provides increased definition of the DCP
because of higher penetration of the laser source.”” '
Acquired data from this device were then processed using
the “Macular Density v0.7.3.3” analysis protocol available on
the Advanced Retina Imaging Network Hub (https:/ari-
networkhub.com). This analysis algorithm provides slabs
images for the SCP, DCP, and total retinal slabs, and SVD and
PD numerical data similar to those reported for the SD-OCTA
device.”” Skeletonized vessel density and PD were also
measured in the inner and outer rings of the retina.

OCTA Quality Images

All OCT and OCTA examinations were reviewed for quality
assessment. Foveal avascular zone measurements with poor
delimitation were discarded from the analysis. In addition, the
grader reviewed each inner/outer ring quadrants for the SCP
and DCP to ensure reliable metrics. Criteria for measurement
reliability for SD-OCTA were well-focused capillary net-
works and absence of cropped scans, vessel duplication, and
opaque artifacts. Single low-quality inner/outer ring quad-
rants were not considered in the analysis. If >1 inner ring
quadrant was classified as low-quality, then corresponding
ring measurements for that slab were discarded. For SS-
OCTA, the vascular metrics were considered if no defocus
or other artifacts were absent in >80% of the image.

Microaneurysm Detection

Microaneurysm identification was automatically performed
on CFP images (50° of the retina - field F2) using the
RetmarkerDR software (Retmarker SA, Meteda Group), a
computer-aided diagnostic software that performs MA ear-
marking and identification of macular red dot-like vascular
lesions.”*** It allows the comparison of lesions within the
same retinal location between different visits. Likewise,
this algorithm computes the number and localization of
MA in each visit (baseline and 6-month visit) and the
number of MA that appear and disappear from one visit to
the other, allowing the calculation of the MA disappearance
and MA formation rates between visits. Microaneurysm
turnover is computed as the sum of the MA formation rate
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and MA disappearance rate. RetmarkerDR has been used
since 2011, and RetmarkerDR Biomarker is currently
certified as a class ITA medical device in Europe. Retmar-
kerDR software is highly conservative to reduce variability.

IRMA Identification

Intraretinal microvascular abnormalities were defined by
ETDRS Research Group in 1991 as tortuous intraretinal
vascular segments, varying in caliber from barely visible to
31 pm per the ETDRS.”' In this analysis, IRMAs were
identified as capillary tortuosities covering a minimum
equivalent circular area of 300 um calculated to
correspond to ETDRS standard photo 8A. Multimodal
imaging was performed at baseline to identify IRMA,
including CFP (up to 50° of the retina), UWF-FFA (up to
130° of the retina), and SS-OCTA devices (up to 50° of the
retina). In addition, we compare the presence of IRMAs in
the 6-month interval identified only by SS-OCTA. Three
different zones of the retina were examined: central macula
(up to 20° of the retina), posterior pole (up to 50° of the
retina), and mid- and far-periphery (up to 130° of the retina).

Statistical Analysis

Statistical analyses of the data were performed using
STATA software, version 16.1 (StataCorp LLC). P values
<0.05 were considered statistically significant different.

Distribution of data normality was assessed using the
Kolmogorov—Smirnov test. Numerical variables were
expressed as the average and standard deviation. Percent-
ages were reported for categorical variables, and the chi-
square test were used to compare differences between the
DRSS groups.

The Mann-Whitney U test, a nonparametric statistical test,
was performed to compare the differences between DRSS
groups for clinical and ophthalmological characteristics
(DRSS level 43 vs. DRSS level 47 vs. DRSS level 53). The
Wilcoxon signed rank test, a nonparametric paired test, was
used to evaluate the progression of microvascular metrics
between an interval of 6-month (baseline vs. 6-month).

Linear mixed models were applied to evaluate the cor-
relation between microaneurysm turnover and microvas-
cular related variables. Visit, DRSS levels, and
microvascular related variables were used as continuous
fixed variables. The estimated effects of the predicting
variables were described by beta coefficients with 95%
confidence intervals. The patients were used as a random
effect (intercept only).

Results

Sixty eyes with moderate to severe NPDR (DRSS levels 43,
47, and 53) from 60 patients with type 2 diabetes were
included in the RICHARD study. The mean age of all pa-
tients was 67.78 £ 8.64 years, with 78% being male. At the
baseline visit, there were 12 eyes (20%) classified as DRSS
level 43 (moderate NPDR), 36 eyes (60%) classified as
DRSS level 47 (moderately severe NPDR), and 12 eyes
(20%) classified as DRSS level 53 (severe NPDR).
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Of the 60 eyes included at baseline, all eyes classified as
DRSS level 43 at baseline completed the 6-month evalua-
tion. Six eyes classified at baseline as DRSS level 47 (6 out
of 36 eyes) were not available for the 6-month visit due to
development of PDR (1), 4 missed the second visit and 1
withdrew consent. Three eyes classified at baseline as DRSS
level 53 (3 out of 12 eyes) were not available for the second
visit because 1 developed CSME, 1 missed the second visit,
and 1 withdrew consent.

Baseline Analysis

Demographic characteristics, vital signs, and laboratory
characteristics of the 60 patients at baseline according to DR
severity levels are described in Table 1. No statistically
significant differences were found between DRSS levels,
except for the diastolic blood pressure (43 vs. 53: P =
0.044 and 47 vs. 53: P = 0.011).

Ophthalmological examinations at baseline according to
DRSS levels are also reported in Table 1. No statistically
significant differences for BCVA and intraocular pressure
were observed between the eyes with advanced stages of
NPDR. However, the total ischemic index obtained from
UWEF-FFA showed an increase in association with DR
severity although the differences between them did not
reach statistical significance (DRSS level 43: 2.97 £+ 2.61;
DRSS level 47: 3.69 £ 4.86; DRSS level 53: 3.95 £ 2.80).
In addition, the GCL + IPL thickness obtained from SD-
OCT also showed a decrease in association with DR
severity but did not reach statistical significance (DRSS
level 43: 81.08 + 10.16; DRSS level 47: 76.28 + 11.11;
DRSS level 53: 72.00 £ 15.33).

When evaluating the microvascular metrics using the SS-
OCTA (6 x 6-mm acquisition protocol), differences be-
tween DRSS levels 47 and 53 were found in the inner ring
(SVD, SCP: P = 0.005 and DCP: P = 0.042 and PD, SCP:
P = 0.003) and in the outer ring (SVD, SCP: P = 0.007 and
DCP: P = 0.030 and PD, SCP: P = 0.020 and DCP: P =
0.025). No statistically significant differences were observed
in SS-OCTA metrics between DRSS levels 43 and 47. In the
SD-OCTA, the microvascular changes between DR severity
levels were similar but did not reach statistical significance,
suggesting that SD-OCTA may have less discriminatory
power between DRSS levels.

Our results also show that the number of MAs increased
with increased DR severity (43 vs. 53: P = 0.002 and 47
and 53: P = 0.033, Table 1). Multimodal imaging was
performed to identify IRMAs at baseline, including UWF-
FFA (up to 130° area), CFP (up to 50° area), and 2
different OCTA devices (SS-OCTA: up to 50° area and SD-
OCTA: up to 20° area). Intraretinal microvascular abnor-
malities were identified throughout the retina in DRSS
levels 47 and 53, whereas in DRSS level 43 IRMAs were
detected only in areas outside the central macula (FoV
>20°). Furthermore, UWF-FFA was capable of detecting
IRMAs in the mid- and far-periphery (FoV >50°). In
addition, the number of IRMAs identified by different mo-
dalities are present in increased numbers with increased DR
severity.
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Table 1. Clinical and Ophthalmological Characteristics at Baseline According to DR Severity Levels

Demographic characteristics

Sex

Male
Female

Age (yrs), mean + SD

Diabetes duration (yrs), mean £+ SD
Vital signs, mean + SD

Height (cm)

Weight (kg)

Body mass index (kg/mz)

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Heart rate (bpm)
Laboratory characteristics, mean + SD

HbAlc (%)

Total cholesterol (mg/dL)

LDL cholesterol (mg/dL)

HDL cholesterol (mg/dL)

Triglycerides (mg/dL)
Ophthalmological examinations, mean + SD

Best-corrected visual acuity (letters)

Intraocular pressure (mmHg)
UWE-FFA

Ischemic index, %

Leakage index, %
SD-OCT

CRT — average CSF (pm)

GCL + IPL thickness (ptm)
SS-OCTA (6 x 6 mm acquisition protocol)

FAZ area (mm?)

FAZ length (mm)

FAZ circularity (a.u.)

Skeletonized vessel density — MAC — SCP (mm™)
Skeletonized vessel density — MAC — DCP (mm™")
Skeletonized vessel density — InR — SCP (mm™)
Skeletonized vessel density — InR — DCP (mm")
Skeletonized vessel density — OutR — SCP (mm™)
Skeletonized vessel density — OutR — DCP (mm™)

Perfusion density — MAC — SCP (a.u.)
Perfusion density — MAC — DCP (a.u.)
Perfusion density — InR — SCP (a.u.)
Perfusion density — InR — DCP (a.u.)
Perfusion density — OutR — SCP (a.u.)
Perfusion density — OutR — DCP (a.u.)
RetmarkerDR from CFP images (Field 2)

Number of microaneurysms

DRSS Level 43
n=12

11 (91.7%)
1 (8.3%)
66.33 £+ 8.99
21.67 £+ 7.05

164.42 + 6.88
80.79 £ 11.16
30.07 £ 5.34

137.67 £ 12.17
70.75 £ 8.96
73.50 £ 11.09

7.62 £ 1.01
148.17 + 41.13
77.58 £ 31.64
47.75 £ 12.49
117.00 & 33.26

84.92 £ 5.26
17.00 % 2.89

2.97 £ 2.61
1.70 + 2.50

275.00 + 24.68
81.08 + 10.16

0.36 + 0.25
2.63 £ 1.19
0.65 + 0.14
17.89 + 2.46
10.41 + 3.58
17.57 £ 3.33
10.21 + 4.11
18.33 + 2.21
10.85 % 3.66
0.40 £+ 0.06
0.21 + 0.07
0.38 + 0.07
0.20 £ 0.08
0.41 + 0.05
0.22 £ 0.08

2.924+2.54

DRSS Level 47
n = 36

27 (75.0%)
9 (25.0%)
68.69 £ 7.88
2242 £9.27

164.92 +9.13
80.15 £ 13.05
2949 £ 4.26

138.78 £ 12.74
72.94 £ 6.67
70.92 £ 11.32

7.59 £ 0.90
167.58 + 40.32
89.67 + 33.70
48.83 + 14.72
145.42 &+ 67.58

82.08 + 5.07
16.81 &+ 3.28

3.69 £+ 4.86
2.11 £+ 4.61

275.69 + 28.68
76.28 £ 11.11

029 £0.14
2.27 £ 0.67
0.69 £+ 0.10
17.68 &+ 1.64
9.64 + 3.28
17.90 &+ 1.80
10.44 + 3.54
17.92 £+ 1.68
9.75 + 3.42
0.39 + 0.04
0.20 £+ 0.07
0.39 £+ 0.04
0.21 £ 0.07
0.40 £+ 0.04
0.20 £+ 0.07

6.61£6.54

DRSS Level 53
n=12

9 (75.0%)

3 (25.0%)
66.50 £ 11.04
20.67 £ 1.29

162.17 £ 3.71
76.42 £+ 13.27
29.03 £4.75

142.58 + 7.57
71.67 £ 4.10
75.83 £8.73

721 £ 147
171.83 £ 71.06
92.75 £ 55.20
48.33 + 14.08
154.83 &+ 74.91

84.58 + 5.09
17.08 + 4.70

3.95 +£2.80
2.36 £ 2.53

27592 £ 17.36
72.00 + 15.33

0.24 £ 0.11
2.10 £ 0.55
0.68 £ 0.11
19.08 + 1.10
12.13 £+ 2.60
19.46 + 1.14
12.73 £ 2.03
19.28 £+ 1.17
12.37 £ 2.90
0.42 £+ 0.02
0.25 £ 0.06
0.42 £ 0.02
0.26 &+ 0.04
0.43 £ 0.02
0.25 + 0.06

13.25+11.77

43 vs. 47

0.212

0.608
0.818

0.800
0.694
0.949
0.600
0.668
0.576

0.828
0.113
0.380
0.874
0.254

0.067
0.782

0.799
0.729

0.521
0.167

0.681
0.810
0.364
0.283
0.403
0.597
0.860
0.252
0.242
0.305
0.488
0.630
0.769
0.262
0.214

0.053

P Value
43 vs. 53

0.295

0.943
0.854

0.123
0.310
0.619
0.353
0.044*
0.504

0.417
0.478
0.442
0.599
0.340

0.674
1.000

0.449
0.418

0.640
0.075

0.347
0.410
0.977
0.079
0.211
0.079
0.134
0.169
0.347
0.151
0.211
0.044*
0.079
0.316
0.379

0.002*

47 vs. 53

0.638

0.399
0.755

0.139
0.313
0.576
0.600
0.011*
0.160

0.130
0.902
0.883
0.948
0.874

0.110
0.719

0.319
0.212

0.651
0.318

0.233

0.441

0.716

0.007*
0.026*
0.005*
0.042%
0.007*
0.030%
0.007*
0.026*
0.003*
0.051

0.020%
0.025%

0.033*

a.u. = arbitrary units; CFP = color fundus photography; CRT = central retinal thickness; CSF = central subfield; DCP = deep capillary plexus; DRSS =
Diabetic Retinopathy Severity Scale; FAZ = foveal avascular zone; GCL + IPL = ganglion cell layer + inner plexiform layer; HbAlc = glycated he-
moglobin; HDL = high-density lipoprotein; InR = inner ring; SD = standard deviation; LDL = low-density lipoprotein; MAC = macular area (20°);
OutR— outer ring; SCP = superficial capillary plexus; SD = standard deviation; SD-OCT = spectral-domain OCT; SS-OCTA = swept-source OCT
angiography; UWF-FFA = ultrawide field fundus fluorescein angiography.
*Values represent statistically significant alterations with P value <0.05 using Mann-Whitney U test. Swept-source-OCTA metrics were acquired using

Angio 6 x 6-mm acquisition protocol.

Six-Month Progression

Only 51 eyes completed the 2 examinations with an interval
of 6 month. Twelve eyes (23.5%) were classified as DRSS
level 43, 30 eyes (58.8%) classified as DRSS level 47, and 9

eyes (17.7%) as DRSS level 53.

Results showing the progression of retinal capillary
hypoperfusion (ischemia) during the 6-month period follow-
up using the SS-OCTA and the SD-OCTA are presented in

Table 2.

Swept-source-OCTA metrics showed statistically signifi-
cant differences in the foveal avascular zone metrics (area:
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Table 2. Six-month Progression in Eyes with Advanced Stages of NPDR

SD-OCTA SS-OCTA
Baseline 6 Mo P Value Baseline 6 Mo P Value
n=>5I n=>5I 0 mo—6 mo n=>5I n=>5] 0 mo—6 mo
Ophthalmological examination 6 x 6-mm
acquisition protocols, mean 4+ SD
FAZ area (mm?) 0.28 £ 0.11 0.27 £ 0.12 0.272 0.31 £ 0.17 0.46 £+ 0.59 0.004*
FAZ length (mm) 2.21 + 0.50 2.23+0.56 0.098 2.38 £ 0.82 3.13 +£3.02 0.007*
FAZ circularity (a.u.) 0.70 + 0.07 0.67+0.08 0.113 0.68 + 0.11 0.61 + 0.17 0.011*
Skeletorllized vessel density — InR — SCP 16.48 £ 1.71 16.13 £+ 1.57 0.068 18.10 £ 2.27 17.54 £ 1.76 0.001*
(mm™)
Skeletorllized vessel density — InR — DCP 9.20 + 3.04 8.25 + 2.98 0.033* 10.79 + 3.66 9.86 + 3.40 0.084
(mm™)
Skeletm}ized vessel density — OutR — SCP 16.62 + 1.34 16.09 + 1.38 0.029% 18.30 + 1.82 1792 + 1.54 0.003*
(mm™)
Skeletorllized vessel density — OutR — DCP 10.58 + 2.94 9.53 £ 3.01 0.022% 10.63 + 3.57 9.57 £ 3.18 0.017*
(mm™)
Perfusion density — InR — SCP (a.u.) 0.40 £+ 0.04 0.39 + 0.04 0.063 0.39 £+ 0.05 0.38 £ 0.04 0.001*
Perfusion density — InR — DCP (a.u.) 0.19 £ 0.07 0.17 £ 0.07 0.024* 0.22 £ 0.08 0.20 £ 0.07 0.074
Perfusion density — OutR — SCP (a.u.) 0.42 + 0.03 0.40 £+ 0.04 0.022% 0.41 £+ 0.04 0.40 + 0.03 0.011*
Perfusion density — OutR — DCP (a.u.) 0.22 + 0.07 0.20 + 0.07 0.022% 0.22 + 0.07 0.19 + 0.07 0.024*

a.u. = arbitrary units; DCP = deep capillary plexus; FAZ = foveal avascular zone; InR = inner ring; OutR = outer ring; SCP = superficial capillary plexus;
SD = standard deviation; SD-OCTA = spectral-domain OCT angiography; SS-OCTA = swept-source OCT angiography.
*Values represent statistically significant alterations with P value <0.05 using Wilcoxon signed rank test.

P =0.004, length: P = 0.007 and circularity: P = 0.011) and
in both SVD and PD metrics for the inner ring (SCP, SVD:
P = 0.001 and PD: P = 0.001) and outer ring areas (SCP,
SVD: P =0.003 and PD: P =0.011; DCP, SVD: P = 0.017
and PD: P = 0.024). Spectral-domain OCTA also showed
similar statistically significant differences but only in SVD
and PD metrics for the inner and outer ring areas. It is note-
worthy that the progression of capillary hypoperfusion during
the 6-month period was identified by the SS-OCTA in eyes
with DRSS levels 47 and 53 but not in DRSS level 43. These
results are shown in Table 3 and Figure 1.

Discrimination between DRSS levels 43 from 47 was
achieved when considering the MA formation rate in a 6-
month interval (P = 0.047). In addition, differences be-
tween DRSS levels 47 and 53 for MA formation rate, MA
disappearance rate, and MA turnover with 6-month interval
were also identified but did not reach statistical significance
Six-month progression was also identified, in eyes with
more severe stages of NPDR (DRSS levels 47 and 53),
using a combination of capillary nonperfusion (SVD and
PD) by performing SS-OCTA and MA counts using CFP
images (Table 4).

No statistically significant differences were found in
BCVA over the 6-month period of follow-up in the 3 DRSS
levels included (baseline: 83.12 + 5.29 letters vs. 6-month:
83.24 £ 5.29 letters, P = 0.262). Furthermore, no changes
were also detected in structural metrics over the 6 months in
central retinal thickness (baseline: 273.90 4 25.68 {im vs. 6-
month: 276.29 + 30.60 pm, P = 0.326) and GCL + IPL
thickness (baseline: 77.04 £ 11.15 pm vs. 6-month: 77.75
£ 10.59 pum, P = 0.702).

Finally, the number of IRMAs identified by SS-OCTA in
the 6-month interval did not show significant differences.

6

Similar numbers were identified in the 6-month interval
(baseline: 106 IRMA and 6-month: 98 IRMA).

Discussion

The results here reported show that OCTA can discriminate
eyes with advanced stages of NPDR (DRSS levels 43, 47, and
53) and that, at this stage of the disease, it is possible to identify
statistically significant differences within 6 months of retinal
microvascular metrics while visual function remains stable.
There is a progressive increase in capillary hypoperfusion
(ischemia) identified using OCTA and in the most severe stage
(DRSS level 53) there is a clear increase in the number of MAs
identifiable by CFP. It is relevant that OCTA and fundus
photography are both noninvasive imaging methods.

In previous studies, we have shown that in preclinical stage
of retinopathy (eyes without visible lesions), the hypo-
perfusion stage is present in the central macula and predom-
inantly in the SCP.”> DR disease progression appears,
therefore, to be characterized by an initial stage of
increasing hypoperfusion involving initially the SCP with
progressive involvement of the DCP and extending from
the centre to the periphery (early stages of NPDR),''°
followed by dominant hyperperfusion possibly because of
the development of more dilated shunt vessels and finally
IRMA which characterize DRSS levels 47 and 53
(advanced stages of NPDR).

Our results show that the capillary hypoperfusion in the
DRSS levels 43 and 47 progresses by involving preferentially
the DCP in the outer ring of the central retina until it appears to
stabilize in the DRSS level 53. In contrast, the number of
microaneurysms increases progressively through DRSS



Ophthalmological examination SS-OCTA
6 X 6-mm acquisition protocol, mean +
SD

FAZ area (mm?)

FAZ length (mm)

FAZ circularity (a.u.)

Skeletonized vessel density — MAC — SCP
(mm™)

Skeletorluzed vessel density — MAC — DCP
(mm™)

Skeletorllized vessel density — InR — SCP
(mm™)

Skeletorllized vessel density — InR — DCP
(mm™)

Skeletor}ized vessel density — OutR — SCP
(mm™)

Skeletor}ized vessel density — OutR — DCP
(mm™)

Perfusion density — MAC — SCP (a.u.)

Perfusion density — MAC — DCP (a.u.)

Perfusion density — InR — SCP (a.u.)

Perfusion density — InR — DCP (a.u.)

Perfusion density — OutR — SCP (a.u.)

Perfusion density — OutR — DCP (a.u.)

Table 3. Six-month Progression by DR Severity Levels Using SS-OCTA

Baseline

n=12

0.36 £ 0.25
2.63 £ 1.19
0.65 £ 0.14
17.89 + 2.46

10.41 &+ 3.58
17.57 £ 3.33
10.21 £+ 4.11
18.33 £ 2.21
10.85 + 3.66
0.40 £ 0.06
0.21 £ 0.07
0.38 &+ 0.07
0.20 + 0.08

0.41 £+ 0.05
0.22 £+ 0.08

DRSS Level 43

6 Mo
n=12

0.27 £ 0.09
2.24 + 0.44
0.67 = 0.09
18.31 £ 1.02

11.25 + 1.60
18.43 £ 1.22
11.57 £ 2,57
18.59 £+ 1.05
11.56 + 1.43
0.41 +£0.02
0.23 £ 0.03
0.40 £ 0.03
0.23 £ 0.05

0.42 £ 0.02
0.23 £ 0.03

P Value

0 mo—6 mo

0.204
0.339
0.622
0.765

0.898
0.638
0.240
0.365
0.831
0.898
0.765
0.413
0.278

0.638
1.000

Baseline

n = 30

031 +£0.14
2.36 + 0.67
0.69 £+ 0.10
17.66 £+ 1.67

9.65 &+ 3.37
17.87 £ 1.85
10.27 &+ 3.67
17.92 £+ 1.69

9.80 + 3.51

0.39 £+ 0.04

0.20 + 0.07

0.39 £+ 0.04

0.21 £ 0.08

0.40 & 0.04
0.20 + 0.07

DRSS Level 47

6 Mo
n = 30

0.60 + 0.74
3.79 £+ 3.80
0.56 £ 0.19
17.09 £+ 1.63

8.51 £ 3.36
16.94 + 1.89
9.13 £3.73
17.50 + 1.62
8.62 + 3.43
0.38 £+ 0.04
0.17 £ 0.07
0.37 = 0.04
0.19 £+ 0.08

0.40 + 0.04
0.17 £ 0.07

P Value

0 mo—6 mo

<0.001*
<0.001*
<0.001*

0.004*

0.056
0.002*
0.084
0.024*
0.067
0.020%
0.067
0.002*
0.067

0.123
0.063

Baseline

n=9

0.25 £0.13
2.09 + 0.62
0.68 £ 0.11
19.30 £ 1.10

12.79 + 2.36
19.61 + 1.20
13.32 + 1.68
19.52 £ 1.15
13.08 + 2.68
0.43 £ 0.02
0.26 + 0.05
0.42 +0.02
0.27 £ 0.04

0.44 £+ 0.02
0.27 £+ 0.06

DRSS Level 53
6 Mo
n=9

0.26 £ 0.16
2.09 + 0.76
0.69 + 0.08
18.09 £ 1.38

9.64 + 2.79
18.25 + 1.19
9.87 + 2.68
18.41 + 1.54
9.92 +2.98
0.40 £+ 0.03
0.19 £ 0.06
0.39 £+ 0.02
0.20 £+ 0.05

0.41 £ 0.03
0.20 £+ 0.06

P Value

0 mo—6 mo

0.359
0.652
0.652
0.039*

0.039%
0.023*
0.023*
0.039*
0.055

0.016*
0.055

0.016*
0.016*

0.016*
0.055

a.u. = arbitrary units; DCP = deep capillary plexus; DRSS = Diabetic Retinopathy Severity Scale; FAZ = foveal avascular zone; InR = inner ring; MAC = macular area (20°); OutR = outer ring;

SCP = superficial capillary plexus; SS-OCTA = swept-source OCT angiography.

*Values represent statistically significant alterations with P value <0.05 using Wilcoxon signed rank test.
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Table 4. Combination of Microvascular Metrics Using SS-OCTA with MAT over a 6-month Period

DRSS Level 43 DRSS Level 47 DRSS Level 53 Pairwise Comparison

Combing MAT with n=12 n =30 n=9 DRSS Level 43 vs. DRSS Level 47 DRSS Level 47 vs. DRSS Level 53

SS-OCTA metrics B-value (CI) P Value B-value (CI) P Value B-value (CI) P Value Mean Change (CI) P Value Mean Change (CI) P Value
SVD — SCP — inner 0.065 (—0.154 t0 0.285)  0.559  0.040 (-0.012 t0 0.092)  0.132  —0.021 (-0.037 to —0.006)  0.005*  —0.022 (-0.210 to 0.167)  0.822  —0.063 (—0.117 to —0.008)  0.024*
SV[fl)nngﬁDIC\,‘/lI?I inner 0.074 (—0.241 t0 0.388)  0.645  0.028 (—0.074 t0 0.131) ~ 0.591  —0.024 (—0.054 to 0.007) 0.131 —0.038 (—0.370 t0 0.293)  0.822  —0.052 (—0.159 to 0.055) 0.340
SV%nigg’Ajouter 0.025 (-0.118 t0 0.168) ~ 0.735  0.019 (—0.028 to 0.065)  0.427  —0.026 (-0.041 to —0.011) ~ 0.001*  —0.004 (—0.154 to 0.146)  0.960  —0.045 (—0.094 to 0.003) 0.068
SV%HEJB?I?I outer  —0.059 (—0.272 t0 0.155)  0.591  0.036 (—0.053 to 0.125)  0.422  —0.040 (—0.074 to —0.006)  0.022* 0.099 (—0.174 t0 0.371) 0478  —0.076 (—0.171 to 0.019) 0.115
PDrthEII’VIé_il;mer 0.002 (—0.003 to 0.006)  0.546  0.001 (0.000 to 0.002) 0.087 0.000 (—0.001 to 0.000) 0.034* 0.000 (—0.005 to 0.004)  0.847  —0.001 (—0.003 to 0.000) 0.024*
PDrthJEJ?’/ié]iﬂnner 0.002 (—0.005 to 0.008)  0.646  0.001 (—0.001 to 0.003)  0.538 0.000 (—0.001 to 0.000) 0.168 —0.001 (—0.008 to 0.006)  0.847  —0.001 (—0.003 to 0.001) 0.322
PDrthEII’VIéZuter 0.001 (—0.003 to 0.004)  0.733  0.001 (0.000 to 0.002) 0.255 0.000 (—0.001 to 0.000) 0.017* 0.000 (—0.003 to 0.004)  0.945  —0.001 (—0.002 to 0.000) 0.066
PDrlEgnggguter —0.001 (—0.006 to 0.003)  0.586  0.001 (—0.001 to 0.003)  0.429  —0.001 (—0.001 to 0.000) 0.034* 0.002 (—0.004 to 0.008)  0.477  —0.002 (—0.003 to 0.000) 0.133

ring +

CI = confidence interval; DCP = deep capillary plexus; DRSS = Diabetic Retinopathy Severity Scale; MAT = microaneurysm turnover; PD = perfusion density; SCP = superficial capillary plexus; SS-
OCTA = swept-source OCT angiography; SVD = skeletonized vessel density.

*Values represent statistically significant differences with P value <0.05 using linear mixed models to evaluate longitudinal changes (6-month) combining MAT with SS-OCTA metrics for each DRSS level
and the post hoc analysis, where visit (0 month—6 month), DRSS levels (43, 47, and 53) and OCTA microvascular variables were used as fixed variables. SS-OCTA results were obtained from Angio 6 x 6-
mm acquisition protocol.
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get

DCP

6-Month Baseline

Baseline

DRSS level 47 - 47A

DRSS |evel 53 - 53B

6-Month

6-Month Baseline

Figure 1. Superficial and deep capillary plexuses en face images acquired using swept-souce OCT angiography PLEX Elite (6 x 6-mm acquisition protocol)
from patients with diabetic retinopathy severity levels 43, 47, and 53 in 6-month interval. DCP = deep capillary plexus; DRSS = Diabetic Retinopathy

Severity Scale; SCP = superficial capillary plexus.

levels 43, 47, and 53 apparently in association with the
presence of IRMA in DRSS levels 47 and 53.The observed
pattern of disease progression from this study follows along
the progression of DR suggested by Curtis et al.’’ A
hypoperfusion stage followed by a hyperperfusion response.

Our baseline results show that when comparing different
DRSS levels in this preproliferative stage of the disease, it is
possible to discriminate them by using a combination of SS-
OCTA metrics with MA counts. OCTA metrics identifying
the progression in capillary closure (hypoperfusion —
capillary occlusion) and the increase in MAs functioning as
a surrogate for the development of dilated preferential
shunts and IRMA (hyperperfusion — vasodilatation).'**

Our study also showed that the ischemic index obtained
using UWF-FFA demonstrates the presence of capillary
closure and hypoperfusion but is much less discriminative
than the OCTA metrics obtained using the noninvasive SS-
OCTA.® Furthermore, demarcating nonperfusion in FFA
images is subjective, whereas OCTA metrics are
automatically extracted.

In the preproliferative stage of DR, it is crucial to be able
to identify eyes at high risk of progression to vision loss.
Curtis et al’’ have proposed that in DR an initial phase of
microvascular hypoperfusion (capillary occlusion) is
followed by a shift to microvascular hyperperfusion
(capillary occlusion). In this study, we were able to
identify specific eyes/patients, where the predominant
pathology is progressive ischemia and hypoperfusion,
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