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ABSTRACT

Introduction: Characterization of 2-year pro-
gression of different risk phenotypes in eyes
with mild and moderate nonproliferative dia-
betic retinopathy (NPDR) in type 2 diabetes
(T2D).

Methods: A 2-year prospective longitudinal
cohort study (CORDIS, NCT03696810) was
conducted. Ophthalmological examinations
were performed including best corrected visual
acuity, color fundus photography and optical
coherence tomography (OCT and OCTA). OCT
metrics, central retinal thickness and ganglion
cell layer + inner plexiform layer (GCL + IPL)
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thickness were analyzed. OCTA metrics, vessel
density (VD), perfusion density (PD) and area of
intercapillary spaces (AIS) were obtained from
superficial and deep capillary plexus (SCP,
DCP). Only phenotype C identified by
decreased VD > 2 SD of healthy controls and
phenotype B identified by subclinical macular
edema with decreased VD <2 SD of healthy
controls were included.

Results: One hundred twenty-two eyes from
T2D individuals were included in study; 65 eyes
(53%) were classified as phenotype B and 57
eyes (47%) as phenotype C. For phenotype B,
progression was associated with thinning of the
GCL + IPL (ETDRS 35, 1 year p = 0.013, 2 year
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p <0.001; ETDRS 43-47, 2 year p = 0.003) and
vessel closure involving mainly the DCP for
both ETDRS grades (ETDRS 35, 1 year p = 0.025,
2 vyear p=0.034; ETDRS 43-47, 1 year
p =0.011). For phenotype C there was also
progressive thinning of the GCL + IPL (ETDRS
35, in both years p < 0.001; ETDRS 43-47, 1
year p =0.002, 2 year p = 0.001), with vessel
closure involving mainly SCP (ETDRS 35, 1 year
p =0.012, 2 year p = 0.023 in full-retina), which
appeared to stabilize at maximal values in
ETDRS grade 43-47 at the end of 2 years. ETDRS
severity changes at the end of the 2-year period
showed that worsening was associated with
phenotype C with changes involving predomi-
nantly the SCP (VD, p = 0.005; PD, p = 0.008;
AlS, p = 0.005).

Conclusions: Association between ETDRS clas-
sification of NPDR severity and identification of
different risk phenotypes offers new perspective
to predict disease progression in T2D individu-
als with NPDR.
Keywords: Diabetes;

Retinopathy; Capillary

closure; Neurodegeneration

Key Summary Points

Why carry out this study?

Unmet need: identification of eyes of
individuals with nonproliferative diabetic
retinopathy (NPDR) and T2D under
acceptable metabolic control that are at
risk for DR progression.

The aim of the study was to characterize
disease progression in a 2-year period in
eyes with mild and moderate NPDR
comparing different phenotypes
identified by the predominance of two
major disease pathways: edema and
ischemia.

What was learned from the study?

Both risk phenotypes, B and C, showed
progression in retinal neurodegeneration,
but different involvement of the retinal
capillary circulation. Phenotype B disease
progression occurs mainly through
changes in the deep retinal capillary
plexus whereas phenotype C progress
mainly through changes in the superficial
retinal capillary plexus.

The baseline characterization of DR
phenotype in T2D individuals is an
indicator of DR progression, and the study
shows that in a 2-year period, individuals
identified as phenotype C are associated
with worsening of their retinopathy
severity.

INTRODUCTION

Diabetic retinopathy (DR) is a frequent com-
plication of diabetes that may lead to loss of
vision. Diabetes is now regarded as a global
epidemic. It is estimated that by 2045 there will
be 629 million people worldwide with diabetes.
Considering that a third of people with diabetes
develop signs of retinopathy with 10% devel-
oping some degree of vision loss, DR is a leading
cause of blindness [1, 2].

Nonproliferative DR (NPDR) progresses
silently from mild to moderate stages. However,
its progression to more advanced stages, prolif-
erative retinopathy and macular edema with
vision loss varies from individual to individual.
The cumulative occurrence of rates of progres-
sion from mild and moderate retinopathy to
vision-threatening complications has been
determined to be 14-16% [3, 4]. Therefore,
predicting which people with mild to moderate
NPDR are at risk of progression is of major
relevance.

The activity of retinal disease and its pro-
gression varies from patient to patient, making
identification of biomarkers of risk for progres-
sion of DR of great value. It is of particular note
that changes in the retina can regress indicating
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that there is also a real opportunity for drugs or
other treatments to stop retinal disease pro-
gression [5]. Considering that treatments direc-
ted at the initial stages of NPDR, particularly
treatments that can be administered outside of a
clinical setting, such as oral or topical formula-
tions, are particularly desirable, identification of
risk profiles for progression of NPDR is a major
goal.

Different phenotypes of NPDR progression
have been previously identified by our group, as
A, B and C, based on the predominance of dif-
ferent disease pathways. Phenotype A showed
only neurodegenerative changes, whereas phe-
notype B was characterized by the presence of
edema and phenotype C by the predominance
of microvascular changes. Over a S-year period
only phenotype B and C developed vision-
threatening complications [6-8].

This study is a 2-year analysis of the pro-
gression of a cohort of individuals with type 2
diabetes (T2D) with mild and moderate NPDR.
We have previously published the results of the
1-year follow-up, and in our initial characteri-
zation of phenotypes, the presence of
microvascular changes was identified by
increased microaneurysm turnover (MAT)
detected by a specific algorithm, the Retmarker
[9]. However, to facilitate comparison of our
results by other groups, considering that MAT is
not widely used, and to translate the informa-
tion into general clinical practice, in this 2-year
analysis we decided to replace MAT metrics with
definite microvascular nonperfusion in the
retinal superficial capillary plexus (VD < 2 SD of
healthy controls) to identify the presence of
microvascular changes and ischemia in pheno-
type C. Now, we are reporting on the results of
the full 2-year study focusing on progression of
microvascular changes considering Early Treat-
ment Diabetic Retinopathy Study (ETDRS)
grades and two different risk phenotypes,
ischemia (phenotype C) and subclinical macular
edema with minimal ischemia (phenotype B).

METHODS

We are reporting here the results of the CORDIS
2-year prospective longitudinal observational

cohort study (ClinicalTrials.gov Identifier
Number NCT03696810) in individuals with
T2D with NPDR (levels 20, 35, 43 and 47 of the
ETDRS severity scale) at demographic, systemic
and ophthalmological levels. The 1-year pro-
gression data were the subject of a previous
report [9]. The tenets of the Declaration of
Helsinki were followed, and the study was
reviewed and approved by the Association for
Innovation and Biomedical Research on Light
and Image (AIBILI) Ethics Committee for Health
with the number CEC/194/18 (CORDIS). Writ-
ten informed consent was signed by each par-
ticipant, agreeing to participate in the study,
after all procedures had been explained.

Individuals were included according to
specified inclusion criteria, being classified as
phenotype B or C, and followed for 2 years with
three annual visits: baseline (0), 12 month (1
year) and 24 month (2 year). The study exclu-
sion criteria comprised the presence of cataract
or other disease that might interfere with fun-
dus examinations, glaucoma, any eye surgery
within a 6-month period before the baseline
visit, other retinal vascular disease, any previous
laser treatment or intravitreal injections, or
dilation of pupil < 5 mm.

After inclusion/exclusion criteria and new
characterization of phenotypes, 122 eyes from
individuals with T2D who had completed
2-year follow-up were considered for data anal-
ysis. There were 93 men (76%) and 29 women
(24%) with diagnosed adult-onset T2D, aged
47-79 years. An age-matched healthy control
population of 65 individuals was used as refer-
ence for demographic and ocular
characteristics.

For each participant, demographics and sys-
temic characteristics were collected by an
experienced nurse at baseline visit, including
age, duration of diabetes, co-morbidities, con-
comitant medication, physical and biometric
measures (body weight and height), blood
pressure evaluation and blood analyses to assess
metabolic control, included plasma concentra-
tions of hemoglobin Alc (HbAlc) and lipid
fractionation identifying total cholesterol,
high-density lipoprotein (HDL), low-density
lipoprotein (LDL) and triglycerides. Exclusion
criteria also included glycated HbAlc level >
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10% (85.8 mmol/mol) and any other systemic
disease that could affect the eye, with special
attention to uncontrolled systemic hyperten-
sion and history of heart disease.

Participants underwent a complete ophthal-
mology examination, which included best cor-
rected visual acuity (BCVA), slit-lamp
examination, color fundus photography (CFP),
optical coherence tomography (OCT) and opti-
cal coherence tomography angiography
(OCTA).

During the period of the study and outside of
the study visits, participants were followed in
our institution in accordance with the usual
clinical practice.

Baseline characteristics of the study popula-
tion are presented in Tables 1 and 2.

Best Corrected Visual Acuity Evaluation

Best corrected visual acuity (BCVA) was evalu-
ated and recorded as letters read at 4m on
ETDRS charts. Final BCVA letter score was cal-
culated by adding the number of letters read at
4 m plus 30 (or the number of letters read at
1 m). BCVA was assessed using the Snellen scale
and converted into logarithm wunits of the
minimal angle of resolution (logMAR). The
presence of any visual loss was recorded.

Color Fundus Photography and ETDRS

Early Treatment Diabetic Retinopathy Study
(ETDRS) classification was performed based on
7-field CFP images obtained at 30°/35° using a
Topcon TRC 50DX camera (Topcon Medical
Systems, Tokyo, Japan) with a resolution of
3596 x 2448 pixels. ETDRS grading scale and
the DR severity score were classified at Coimbra
Ophthalmology Reading Center (CORC), using
a modified Airlie House classification
scheme according to the ETDRS protocol. Clas-
sification was performed by two graders, with
an inter-grader agreement of 93.7% [10].

Optical Coherence Tomography (OCT)
and OCT-Angiography

Central retinal thickness (CRT) and ganglion
cell layer + inner plexiform layer (GCL + IPL)
thickness at the inner ring were measured on
each participant at each visit using the Macular
Cube 512 x 128 (128 B-scans with 512 A-scans
each) acquisition protocol available on the
Cirrus Zeiss 5000 AngioPlex (Carl Zeiss Meditec,
Dublin, CA, USA). Decreases (thinning) in
GCL + IPL  were considered to identify
neurodegeneration.

OCTA vascular metrics were acquired in the
central macular area using the angiography
3 x 3 mm acquisition protocol. This acquisition
protocol consists of a set of 245 clusters of 4
B-scans repetitions, where each B-scan consists
of 245 A-scans. The Carl Zeiss Meditec Density
Exerciser (version: 10.0.12787; Carl Zeiss Medi-
tec, Inc., Dublin, CA, USA) was used to calculate
the perfusion density (PD), vessel density (VD)
and foveal avascular zone (FAZ), detected at the
superficial capillary plexus (SCP), deep capillary
plexus (DCP) and full retina (FR). The area of
intercapillary spaces (AIS) was calculated using
the method previously described by our group
[11]. Morphological operations that include the
bottom-hat transform were applied to the bin-
ary slab of the en-face slabs generated by the
Carl Zeiss Meditec Density Exerciser. AIS was
computed for the SCP, DCP and FR. Quality
check and normalization of signal strength were
accomplished in all OCTA examinations as
previously described [12].

Characterization of Diabetic Retinopathy
Phenotypes

Classification of DR phenotypes for each par-
ticipant was performed using the values of VD
in the SCP and CRT according to the following
rules: phenotype C was identified by decreased
values of VD of SCP > 2 SD of a reference
healthy population, and phenotype B was
characterized by increased values of CRT
(> 260 ym in women and > 275 pum in men)
and with no decreased VD of SCP values > 2 SD
of a reference healthy population. CRT
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2~ % qu reference values presented in this study are the
E & §“~ reference for Zeiss Cirrus 5000 SD-OCT for
= gn &5 subclinical macular edema [13, 14]. As men-
ﬁg & -_95? tioned above, only individuals classified with
E § \‘OB g 5 phenotype B or C were included in the study.
% || 23
! s L . . .
_% ;* 2 Statistical Analysis
& N g7
‘g ;; = § Si:? Data on each eye/patient are represented as
TLE] S £ 5 & means and corresponding standard deviations
AT 2|V %5 g for continuous variables and absolute and rela-
e 3= tive frequencies for categorical and ordinal
i 3 B g © variables. The comparisons of baseline ocular
: < i.:l —g —gn = characteristics between participants of each
g ‘I'I" o T‘i gb%a ETDRS severity group (ETDRS 20, ETDRS 35 and
=z S RS ETDRS 43-47) and healthy C‘ontrols were per-
= 3 _T_ g formed with the Mann-Whitney U test. The
| I 9 E Kruskal-Wallis test and all-pairwise post hoc
“ % S —§ 8 E comparisons with Bonferroni correction were
£ & e i 5 & used to compare systemic and ocular parame-
; ¢ v 5 E g ters among participants with different ETDRS
&= 8 levels (20, 35 and 43-47) and to compare char-
B> £ _; ; acteristics between different diabetic retinopa-
a_ 2 &, 5= thy phenotypes and healthy controls. Changes
2 s H % E S‘F in ocular characteristics at 1- and 2-year follow-
E ; 086 = g . up were assessed with the Wilcoxon signed rank
M= - e g test. A linear mixed model, using restricted
S = . é 50 maximum ‘likel‘ihood approach, was applied to
- = ~[2 8CR study longitudinal changes, where visit (base-
27 g \3/ =B g line, 12-month, and 24-month) was used as a
s f 3 -z ?g = continuous fixed variable and the ocular met-
&7 =i =N rics, age, gender, diabetes durations and HbA1lc
“ ; cg = % were inserted as fixed covariables. The partici-
S 3|E : 3 § pants were used as a random variable (int'e.rcept
RS H E 3 g 2 only). The model was repeated as an additional
E [ kS = % S § fixed variable, the different phenotypes (B and
=S I N C). To verify the linear mixed models’ assump-
& j“’ S tions, homoscedasticity and normality of
~ §D_§ é &b residuals in the models were visually inspected
R S g & with residuals vs. predicted and Q-Q plots,
5 H| 8 X-B respectively.
b é Q8T e = Data normality was assessed with the Sha-
TS 0| 2 = g% piro-Wilk test. All statistical analyses were per-
3 = g ;S*'i § = % formed with Stata 16.1 (StataCorp LLC, College
E = ?‘i g ‘é o 5\; Station, TX, USA), and p values < 0.05 were
§ ; E J;* < % 53 considered statistically significant.
z Z|Essisz
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= 2 =z 23T 5 E
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Table 2 Comparison of baseline demographic, systemic and ocular characteristics between different diabetic retinopathy

phenotypes and healthy controls

Healthy (N = 65)  Phenotype B Phenotype C p value
(N = 65) (N =57)
Demographic characteristics
Gender, male/female N (%) 35/30 (53.8%/ 52/13 (80.0%/20.0%) 41/16 (71.9%/28.1%) 0.005"
46.2%)
Age (years), mean & SD 67.26 &+ 2.72 67.57 &+ 6.53 66.61 & 6.84 0.410°
Diabetes duration (years), 19.75 + 8.15 19.44 + 651 0.908°
mean + SD
ETDRS levels
ETDRS level 20 9 (13.8%) 3 (5.3%)
ETDRS level 35 40 (61.5%) 34 (59.6%) 0.181°
ETDRS level 43-47 16 (24.6%) 20 (35.1%)
ETDRS changes
Improved 16 (25%) 8 (14%) 0.312*
Maintained 41 (63%) 40 (70%)
Worsened 8 (12%) 9 (16%)
Systemic characteristics, mean £ SD
Body mass index (kg/m?) 28.59 + 3.97 30.08 + 4.05 0.010°
HbAlc (%) 755 + 1.16 7.86 + 1.62 0.363°
Total cholesterol (mg/dl) 162.6 + 43.74 160.54 + 39.9 0.972°
LDL cholesterol (mg/dl) 89.98 + 34.4 9121 + 31.72 0.612°
HDL cholesterol (mg/dl) 47.08 + 10.17 43.35 + 12.68 0.023°
Triglycerides (mg/dl) 127.71 £ 62.52 130.11 + 64.38 0.873°
Systolic blood pressure (mmHg) 139.8 & 12.69 137.93 + 10.46 0.120°
Diastolic blood pressure (mmHg) 74.12 + 8.73 7133 + 821 0.090°
Ocular characteristics, mean £ SD
BCVA (logMAR) 0.00 + 0.08 0.03 £ 0.09 0.217°¢
CRT (um) 260.6 & 18.3 285.6 & 13.1 268.8 &+ 21.8 < 0.001°
GCL + IPL thickness (jm) 827 £5.5 814 + 6.9 787 + 7.7 0.017°
FAZ circularity 0.65 =+ 0.06 0.60 =+ 0.1 0.58 + 0.11 <0.001°
FAZ area (mm?) 0.24 % 0.10 022 + 0.1 0.25 % 0.09 0.110°
Vessel density-IR-SCP (mm ™) 22.35 + 0.87 21.63 £ 0.71 19.6 + 0.94 < 0.001°
Vessel density-IR-DCP (mm™") 17.26 + 2.16 1678 + 1.60 14.82 + 2.22 < 0.001°
Vessel density-IR-FR (mm ™) 23.75 + 0.9 23.25 4+ 0.73 2143 + 097 < 0.001°
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Table 2 continued
Healthy (N = 65) Phenotype B Phenotype C p value
(N = 65) (N =57)
Perfusion density-IR-SCP 0.40 + 0.02 0.40 £ 0.02 0.38 £+ 0.02 < 0.001°
Perfusion density-IR-DCP 0.33 + 0.04 0.32 £+ 0.03 0.29 £ 0.04 < 0.001°
Perfusion density-IR-FR 0.42 £+ 0.02 0.43 + 0.02 0.40 £ 0.02 < 0.001°
AIS-SCP (x 1000) 3.71 + 1.86 23.02 £ 10.06 34.35 £+ 8.61 < 0.001°
AIS-DCP (x 1000) 16.57 £+ 6.45 39.25 £ 14.11 48.43 + 14.36 < 0.001°
AIS-FR (x 1000) 2.37 £ 1.36 15.01 £ 7.56 21.86 + 691 < 0.001°

Bold values represent statistically significant alterations with p < 0.05

N number of participants, SD standard deviation, ETDRS Early Treatment Diabetic Retinopathy Study, HbAIc glycated
hemoglobin, LDL low-density lipoprotein, HDL high-density lipoprotein, BCVA best corrected visual acuity, CRT central
retinal thickness, GCL + IPL ganglion cell layer + inner plexiform layer, FAZ foveal avascular zone, IR inner ring, SCP
superior capillary plexus, DCP deep capillary plexus, FR full retina, AIS area of intercapillary space

*Chi-square test results for categorical variables

K ruskal-Wallis test and all-pairwise post hoc comparisons with Bonferroni correction for analysis between different DR

phenotypes and healthy controls

“Mann-Whitney U test for systemic characteristics between phenotypes

RESULTS

Of the 122 eyes analyzed, 12 (10%) were graded
as ETDRS level 20 at baseline, 74 (61%) as
ETDRS 35 and 36 (29%) as ETDRS 43-47.
Demographic and baseline systemic and ocular
parameters of these eyes are presented in
Table 1 and compared with ocular parameters of
65 age-matched healthy control eyes.

Of the systemic variables only body mass
index showed statistically significant differ-
ences between the different DR severity groups
(p = 0.032). Regarding the ocular parameters,
increased thinning of the GCL + IPL, indicating
neurodegenerative changes, was present in
ETDRS grades 35 and 43-47 but not in grade 20
when compared to healthy controls. Further-
more, variable CRT is increased in all ETDRS
grades when compared to healthy controls (p
< 0.001). FAZ area changes did not appear to
reach significant levels when comparing to the
healthy population but separated the three
ETDRS grades included well (p = 0.014). Pair-
wise comparisons indicated that the significant
difference was set between those with ETDRS 20

and ETDRS 43-47 (p = 0.010). The only other
variable that separated the three ETDRS grades
well was the changes in the AIS in the SCP
(p = 0.015) and the pairwise comparisons indi-
cating in this variable that ETDRS 20 presented
statistically lower than other ETDRS levels
(ETDRS 35 p = 0.043 and ETDRS 43-47 = 0.006).
Microvascular OCTA metrics such as skele-
tonized VD, PD and AIS showed highly signifi-
cant differences in all ETDRS grades when
compared to age-matched healthy controls.
Table 2 shows baseline characteristics of the
individuals classified with different DR pheno-
types and healthy controls. Phenotype C pre-
sents higher values of body mass index
(p = 0.010) and lower values of HDL cholesterol
(p = 0.023) when compared to phenotype B.
Progression over the 1- and 2-year periods of
follow-up, considering both ETDRS grades and
both phenotypes, also showed clear differences
in microvascular disease and neurodegenerative
changes (Table 3). In eyes with mild NPDR
(ETDRS grade 35) and classified as phenotype B,
the microvascular changes occurred preferen-
tially in the DCP in the first year of follow-up.
For the second year the microvascular changes
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Fig. 1 Example of capillary occlusion and preferential
vessels (shunts) in diabetic eyes. A OCT angiography
acquisition of the right eye of a phenotype C diabetic
retinopathy patient with the highlighted area represented
in B, capillary occlusion and enlarged preferential vessels.

remained predominantly in the DCP but
showed some degree of progression also in the
SCP. In eyes with ETDRS grade 35 but with
phenotype C, there is preferential involvement
of the SCP, demonstrated by a decrease in
skeletonized vessel density.

In the eyes with moderate NPDR (ETDRS
grade 43-47), a more severe stage of NPDR and
classified as phenotype B there is a decrease in
vessel and perfusion densities in the superficial
and deep retinal capillary plexus with stabiliza-
tion in the 2nd year of follow-up. In phenotype
C, there is also decrease in both vessel and
perfusion densities involving predominantly
the deep capillary plexus with later stabiliza-
tion. In ETDRS grades 43 and 47, there is evi-
dence of stabilization of the changes in VD, PD
and AIS at the end of 2-year follow-up (Fig. 1).

When analyzing ETDRS severity changes at
the 2-year follow-up (Table 4), 17 eyes (14%)
showed worsening, whereas 24 eyes (20%)
showed improvement. The eyes that showed
retinopathy severity worsening were associated
with phenotype C when compared with phe-
notype B and the differences were significant,
involving predominantly the SCP (VD,
p =0.005; PD, p = 0.008, AIS, p = 0.005).

Multiple linear regression analysis was per-
formed to evaluate the progression over the
2-year follow-up period, and our data showed
significant differences across the time for several
metrics; GCL + IPL thinning exhibited a

C A post-mortem digested diabetic retina from a different
individual injected with Indian ink showing similar
vascular patterns characterized by capillary occlusion and
enlarged preferential vessels

progression rate of — 0.372 pm/year
(p < 0.001); vessel density involving predomi-
nantly the DCP showed a progression rate
of — 0.131 mm'/year (p = 0.039), whereas
perfusion density showed a progression rate
of — 0.002 mm™!/year at SCP (p = 0.001); DCP
(p = 0.050) and FR (p = 0.012). Moreover, only
the GCL + IPL thinning was negatively associ-
ated with age (— 0.353 um/year, p < 0.001) and
with gender, with women showing less thin-
ning of GCL + IPL than men (p = 0.001).

The microvascular progression over 2 years
in patients with phenotype B differed from
phenotype C in skeletonized VD (2mm™!, p
< 0.001), PD (0.03 mm™*, p < 0.001) and AIS (—
10 x 1000/year, p < 0.001). Furthermore, only
age was negatively associated (p < 0.001).

DISCUSSION

This study showed that the combination of
OCT and OCTA examinations identifies the
different stages of NPDR well, and this was
demonstrated by the observations performed at
baseline. The study also showed that different
risk phenotypes for DR progression have differ-
ent patterns of disease progression in mild and
moderate NPDR, offering the opportunity for an
improved characterization of NPDR regarding
disease progression and establishment of risk
profiles for DR progression.

A\ Adis



Ophthalmol Ther (2023) 12:485-500

497

Table 4 Comparison of OCTA metrics at V4 (24 months) by phenotype, separated by DR severity step changes

ETDRS step worsening

ETDRS step improvement

Phenotype B Phenotype C  p value Phenotype B Phenotype C  p value
Vessel density-IR-SCP (mmfl) 2255 £ 1.06 20.03 £ 1.22  0.005 21.14 £ 145 2059 £0.77  0.267
Vessel density-IR-DCP (mm™")  17.59 + 1.19 1527 £226 0.029 1591 £2.09 1527 £ 1.75  0.44l1
Vessel density-IR-FR (mm™") 2391 +£ 128 22.02 + 124  0.036 22.69 + 1.34 2244 + 092 0482
Perfusion density-IR-SCP 042 +£0.02 038 = 0.02 0.008 0.39 £ 0.03 0.38 £ 0.01  0.267
Perfusion density-IR-DCP 0.34 £ 0.03 030 £ 0.04 0.081 0.31 £+ 0.04 0.30 £ 0.03 0.616
Perfusion density-IR-FR 044 £+ 0.02 041 &£ 0.02  0.066 0.41 £+ 0.03 0.41 £ 0.01 0.616
AIS-SCP (x 1000) 20.03 £ 420 33.32 + 1090 0.005 2622 £ 1539 2826 £ 829  0.267
AIS-DCP (x 1000) 4258 +9.77 53.13 £ 30.14 0456 4036 £ 13.21 4492 £+ 1047 0.570
AIS-FR (x 1000) 1320 + 4.85 21.16 £ 8.11 0.050 17.87 £ 1097 1797 £ 6.78  0.402

Bold values represent statistically significant alterations with p < 0.05 using the Mann-Whitney U test
ETDRS Early Treatment Diabetic Retinopathy Study, IR inner ring, SCP superior capillary plexus, DCP deep capillary

plexus, FR full retina, AIS area of intercapillary space

OCT and OCTA metrics offer important
information on the changes occurring in DR.
OCT allows the determination of the degree of
neurodegenerative changes and of its progres-
sion and identifies changes in CRT, indicating
the presence of absence of macular thickening.
OCTA allows the quantification of microvascu-
lar changes by determining skeletonized VD
and AIS, considered to be representative of
vessel closure and PD, which may represent
changes in blood flow. The information
obtained from these variables on the three main
disease pathways, neurodegeneration, edema
and ischemia, which characterize the progres-
sion of DR [15], may allow improved grading of
the severity of retinal disease and its progression
offering an opportunity to identify risk profiles
for DR progression. The characterization of
phenotypes in this analysis was based on VD of
the SCP obtained with OCTA. This choice was
due to the generalized access to an OCTA
device, the involvement of the retinal SCP since
the early stages of NPDR [12] and the robustness
of measurements performed on the SCP, which
are obtained directly from the OCTA device.

Retinal vascular disease progression in NPDR
showed different patterns in phenotypes B and
C in mild (ETDRS grade 35) and moderate

(ETDRS grade 43-47) cases over the 1- and
2-year follow-up periods. Progression of mild
and moderate NPDR (ETDRS grades 35 and
43-47) with phenotype B, characterized by the
presence of subclinical macular edema and
absence of definite ischemia, appears to occur
mainly by microvascular changes occurring in
the DCP, representing a milder form of NPDR.
Progression of mild and moderate NPDR
(ETDRS grades 35 and 43-47) with phenotype
C, identified at baseline by the presence of
advanced capillary closure in the SCP, appears
to occur mainly through involvement of the
SCP reaching maximal levels in the central
retina after 2 years of follow-up, probably
because of shifting of the progressive vascular
closure to more peripheral regions of the retina,
suggesting more rapid progression to a prolif-
erative stage [16].

DR is a complex disease associated with a
wide range of body alterations, and its progres-
sion has been shown to vary between different
individuals. Our studies have proposed three
major different phenotypes of progression, A, B
and C, with distinct risks for disease severity
progression and development of vision-threat-
ening complications [7]. Other studies have
shown that different groups of T2D individuals
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have different courses for disease progression. It
is important to realize also that it is necessary to
consider not only progression but also regres-
sion of the disease [17]. Our study shows that in
a 2-year period only 14% of the eyes with NPDR
and ETDRS grade 20, 35 and 43-47 showed
worsening characterized by at least one-step
change in ETDRS severity grading whereas 20%
showed improvement in ETDRS severity grad-
ing. It showed also that worsening of NPDR is
associated with the presence of phenotype C,
the ischemic phenotype. This finding has rele-
vance when trying to identify risk for progres-
sion of mild and moderate DR. Identification of
the risk phenotype and its presence at a specific
stage of disease, characterized by the ETDRS
severity grading, has the potential to establish a
risk profile for a specific patient with potential
value for the clinical management of diabetic
retinal disease [18].

Our study confirms also that phenotype C,
identified by the presence of advanced
microvascular closure and ischemia, progresses
through profound remodeling of the retinal
capillary circulation, probably associated with
the development of enlarged preferential vas-
cular channels bypassing the areas of capillary
closure [19, 20] (Fig.1). This is apparently
associated with progressive involvement of
more peripheral regions of the retina and may
explain the stabilization of the capillary closure
identified by the OCTA metrics of VD and AIS in
the central retina found in the 2nd year in this
study. These findings reinforce the need for
wide-field images using swept-source OCTA to
characterize properly the extent of ischemia in
moderate to severe NPDR [16].

We found also that variables that showed
progression at 1 year could stabilize in the
2-year follow-up period. This observation con-
firms the complexity of diabetic retinal disease
progression reinforcing the need to combine
risk markers of progression such as ETDRS
severity grading with phenotype characteriza-
tion to establish risk profiles that may identify
better disease progression in an individual
patient.

The data obtained in this 2-year longitudinal
study demonstrate the progression of
microvascular closure in NPDR well. Initially,

the capillary closure occurs in the SCP (ETDRS
grade 20, Table 1), with progression occurring
mainly through vessel closure in the DCP
(ETDRS grade 35, Table 3). Later, there is a
progressive increase in vessel closure in the DCP
until stabilization through development of
preferential  thoroughfare channels with
increased involvement of the peripheral regions
of retina.

In another two recent follow-up studies by
our group in different patient cohorts, one
performed during a S-year period using OCT
and another for a 3-year period using both OCT
and OCTA, we verified that the risk of
retinopathy progression, identified by ETDRS
gradings, is different between different individ-
uals with type 2 diabetes and that ocular imag-
ing risk markers (CRT and GCL + IPL thickness)
are stronger predictors of disease progression
than systemic markers of metabolism control
(6, 71].

The results reported here also confirm that
the alterations occurring in the diabetic retina
are reversible until relatively late in the disease
process and vary between individuals [5, 6].
There is indeed marked variability with changes
showing signs of regression at the 2-year
examination compared with the 1-year exami-
nation, confirming reversibility of the ocular
alterations identified by OCT and OCTA. The
reversibility of the microvascular alterations
opens the door for early interventions with the
possibility of stopping or delaying disease
progression.

A major limitation of this study is the focus
on the initial stages of DR, including only eyes
with ETDRS levels 20, 35 and 43-47 from indi-
viduals with T2D. These eyes are at a low risk of
progression and development of vision-threat-
ening complications. Another limitation is the
lack of wide-field imaging, restricting our con-
clusions to observations registered in the central
retina. The relatively small number of individ-
uals included in the study and the rather
restricting inclusion criteria, focusing on a rel-
atively well-controlled population, are also a
limitation of the study. However, this limita-
tion offers an added value, which is the possi-
bility of identifying risk profiles early in the

A\ Adis



Ophthalmol Ther (2023) 12:485-500

499

disease process and the development of timely
management strategies.

CONCLUSIONS

The results reported here offer promising per-
spectives for personalized management of DR.
After diagnosis of NPDR and still in the initial
stages of the disease, different phenotypes can
be identified based on ocular imaging proce-
dures, OCT and OCTA, which are non-invasive
and easy to perform. These phenotypes show
different patterns of disease progression. The
association of phenotype characterization and
severity staging of the retinopathy, establishing
risk profiles of NPDR, has the potential to con-
tribute to improved and timely management of
DR.
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