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Purpose: To evaluate microvascular abnormalities in the macula and peripapillary area
in diabetic patients without clinical signs of diabetic retinopathy (DR) and compare them
with healthy control eyes, using optical coherence tomography angiography (OCTA).

Methods: A prospective study was performed of 49 eyes from 49 diabetic patients
without clinical signs of DR and a control group of 52 eyes from 52 healthy normal
individuals. The 3 x 3 mm macular scans and 4.5 x 4.5 mm optic disc scans were
obtained with the OCTA RTVue-XR Avanti system. Angiograms from the superficial capil-
lary plexus, the deep capillary plexus of the macula scans, and radial peripapillary capil-
lary plexus of the optic disc scans were analyzed with MATLAB. Multivariate binary logis-
tic regression and the least absolute shrinkage and selection operator (LASSO) regres-
sion were used to select ideal parameters that distinguish diabetic eyes without DR from
normal eyes. A receiver operating characteristic (ROC) curve was generated, and sensi-
tivity and specificity were calculated.

Results: Our final model identified FD-300 (foveal vessel density in a 300-um-
wide region around foveal avascular zone) as the only parameter selected by both the
LASSO regression and the final multivariate logistic regression model that significantly
differentiates diabetic eyes without clinical signs of DR from healthy normal eyes. The
area under the ROC curve of FD-300 was 0.685, and sensitivity and specificity were 65.3%
and 71.2%, respectively.

Conclusions: Quantitative evaluation of retinal microvascular abnormalities using OCTA
identified FD-300 as a useful biomarker versus the other macular and peripapillary OCTA
metrics in the early detection of preclinical diabetic retinal abnormalities.

Translational Relevance: OCTA may be useful in detecting early retinal microvascular
abnormalities in diabetic patients before the clinical findings of DR become visible.

Introduction and more than 20 million in China.! As the leading
cause of blindness in working-age adults, the preva-

Diabetes mellitus is one of the most common vascu-

lence of diabetic retinopathy (DR) was 6.6% in diabetic
patients afflicted with diabetes mellitus for less than

lar diseases worldwide, affecting 400 million globally 5 years, whereas the number increased to more than

Copyright 2022 The Authors
tvst.arvojournals.org | ISSN: 2164-2591

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND


mailto:zhouliang12@csu.edu.cn
https://doi.org/10.1167/tvst.11.4.20
http://creativecommons.org/licenses/by-nc-nd/4.0/

translational vision science & technology

OCTA Detection in Early Diabetic Patients

52.7% in those with the disease for more than 20 years.’

The retinal microvasculature is the main target of
high blood glucose, leading to microaneurysms, hard
exudates, retinal ischemia, and hemorrhages, which are
the clinical findings related to the diagnosis of diabetic
retinopathy.? Preclinical findings of DR are important
for early diagnosis and intervention, which may help
these patients avoid deterioration of the retinal condi-
tion.

As a novel, noninvasive imaging technology, optical
coherence tomography angiography (OCTA) can
demonstrate the retinal microvasculature without the
administration of exogenous dyes. Using commer-
cial OCTA devices, three retinal vascular networks
are automatically segmented: the superficial capillary
plexus (SCP), the deep capillary plexus (DCP), and the
radial peripapillary capillary plexus (RPCP), which
runs parallel with the retinal nerve fiber layer (RNFL).*
Several studies have reported abnormal vasculature
parameters including macular vessel density in the
SCP or the DCP, peripapillary RPCP density, and
RNFL thickness in diabetic eyes without clinical signs
of DR compared with normal controls.’> ® However,
there is a lack of a comprehensive view of the density
and the morphology of the retinal microvasculature
in the early stages of diabetic eyes, including both the
parafoveal and the peripapillary areas.

In this study, we quantified the retinal microvascu-
lature from both macular and optic disc OCTA scans
using an automated MATLAB program (MathWorks,
Inc., Natick, MA, USA). The foveal avascular zone
(FAZ) metrics include FAZ area, FAZ perimeter,
acircularity index (AI), and FD-300 (foveal vessel
density in a 300-um-wide region around FAZ). Vessel
density indexes include vessel density and extrafoveal
avascular area (EAA). Vessel morphology indexes
include vessel length fraction (VLF), fractal dimension
and vessel diameter index (VDI). The current study
compares the macular and peripapillary OCTA metrics
in diabetic patients without clinical signs of DR with
those of healthy individuals to determine the strongest
biomarkers that can be used to differentiate the two
groups.

Design

This is a prospective cross-sectional study compar-
ing OCTA data from diabetic patients without clini-
cal signs of DR and normal controls of compara-
ble age. The study protocol analyzed several modes of
the OCTA scans to produce metrics that were then
compared between the two groups. The angiography
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images were collected from the Affiliated Hospital of
Inner Mongolia University for the Nationalities. The
study protocol was approved by the Medical Ethics
Committee of Affiliated Hospital of Inner Mongolia
University for the Nationalities following the princi-
ples of the Declaration of Helsinki. Written informed
consent was obtained from all study participants.

Participants

Between 2018 and 2021, 49 patients with type 2
diabetes mellitus without clinical signs of DR and 52
healthy individuals from the clinics of the Ophthalmol-
ogy department in Affiliated Hospital of Inner Mongo-
lia University for the Nationalities were recruited.
Exclusion criteria included (1) eyes with any visible
retinal pathology findings such as microaneurysm,
hemorrhages, hard exudates or cotton-wool spots seen
on clinical examination and color fundus photogra-
phy; (2) patients with astigmatism, or moderate to high
refractive error (more than 3 diopters); (3) scan quality
score below 7 (10 as full score), inaccurate segmenta-
tion of retinal layer or slabs, significant image artifacts,
shadow or blur of the image, or poor centration;
(4) history of panretinal photocoagulation, intravitreal
injection or any ocular surgeries; and (5) intraocular
pressure higher than 21 mm Hg or glaucoma suspects.

All participants included in the study were checked
by two experienced retinal specialists. Best-corrected
visual acuity (BCVA), intraocular pressure, slit-lamp
and fundus examination were performed. Refrac-
tion was performed first with an auto refractometer
(Topcon KR-800; Topcon Optical Company, Tokyo,
Japan) and then checked by trained personnel for the
final refraction. BCVA was determined for all subjects
using Tumbling E charts and converted to the logMAR
as described previously.

OCTA Imaging

All of the participants underwent OCTA scanning
using the RTVue-XR Avanti system (Optovue, Inc.,
Fremont, CA, USA), which used a speed of 70,000 A-
scans per second. We obtained 3 x 3 mm scans centered
on the fovea and 4.5 x 4.5 mm scans centered on the
optic disc.

The SCP and the DCP of the macula and the RPCP
of the peripapillary retina were all segmented automat-
ically by the built-in software (RTVue XR, Version
2018.1.0.43). The SCP was defined as a retinal layer
between the inner limiting membrane and 10 um above
the inner plexiform layer. The DCP was defined as
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a retinal layer between 10 um above the inner plexi-
form layer and 10 um below the outer plexiform layer.
The RPCP was defined as the layer between the inner
limiting membrane and the posterior boundary of
the retinal nerve fiber layer. To avoid projections of
large vessels from the superficial layer of the retina,
and to make the analysis of the DCP more accurate
and reliable, the new algorithm of projection artifact
removal was used in the updated Optovue equipment.’

Quantification of Retinal

Microvasculature

All OCTA images were analyzed with the MATLAB
program. FAZ metrics, including the FAZ area, FAZ
perimeter, acircularity index and FD-300, were evalu-
ated in a combined SCP and DCP angiographic image.
Vessel density and morphology metrics, including VD,
EAA, VLF, fractal dimension and VDI, were assessed
for both SCP and DCP on 3 x 3 mm macular scans.
VD, VLF fractal dimension and VDI were assessed for
RPCP on 4.5 x 4.5 mm optic disc scans. Vessel density
(VD) for the 3 x 3 mm macular scans were assessed in
an annulus area with an inner and outer ring diameter
of 1 mm and 3 mm, both centered on the fovea. VD
for the 4.5 x 4.5 mm optic disc scan was assessed in
an annulus area with an inner and outer ring diame-
ter of 2 mm and 4 mm, both centered on the center of
the disc. VD in both the whole annulus area and four
different quadrants (inferior, nasal, superior, temporal)
were analyzed.

Acircularity index was defined as the ratio of the
perimeter of the FAZ to the perimeter of a circle equal
area, as

_ FAZ_perimeter
N 2w /S|

where Alis the acircularity index, FAZ_perimeter is the
perimeter of the FAZ, and S indicates the area of FAZ.

FD-300 is defined as the foveal vessel density of the
300 pm width ring surrounding the FAZ. To obtain
FD-300, the 300 um width ring must first be accurately
located; then, vessel density within the ring will be
calculated. The main steps are (1) localize FAZ bound-
ary as the inner boundary of the 300 um width ring by
an active contour method described in the reference.!”
In this step, the initial region of this active contour is a
20 x 20 box in the image center; (2) localize the outer
boundary of the 300 um width ring by extending the
inner boundary 300 um outward; (3) the 300 um width
ring is now located by the inner and outer boundaries.
Vessel density within this ring is obtained by dividing

Al
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the number of vessels pixels by the total number of
pixels.

VD is calculated as the percentage of vessels
within statistical zones. To do this, vessels are first
segmented by the Otsu thresholding method.!! The VD
is obtained as follows:

<Z"~ : V(f,j))
VD — (i,7)

(Zﬁ,n 1(::1))

where V|, jrepresents vascular pixels within statistical
zones and /; jrepresents pixels within statistical zones
(including vessel and non-vessel pixels).

Extrafoveal avascular area (EAA) is calculated as
the percentage of avascular area outside a 1-mm circle
with the same center point of the image, as previously
described.!? First, a binary vessel image is obtained
by the Local Otsu thresholding method, described in
the reference.'®> Then, Euclidean distance transform is
applied to the binary vessel image, producing the vessel
distance map. Next, erosion operations are applied to
the vessel distance map with a five-pixel-wide square
kernel. Finally, areas smaller than eight pixels in the
vessel distance map are eliminated, and dilation opera-
tions are applied by a seven-pixel-wide square kernel.

VLF measures retinal vessel length. VDI measures
the averaged vessel caliber. To analyze these two param-
eters, skeletonized images were obtained by extracting
the centerline of blood vessels, VLF is then calculated
by dividing vessel centerline pixels by total pixels as
follows:

(ZZ,/) C(i,j))
(Z?i,j) I(tl./'))

where C;jrepresents vascular centerline pixels within
statistical zones and /; jrepresents pixels within statis-
tical zones (including pixels of vessel centerlines and
non-vessel centerlines).

VDI is calculated by dividing total vascular pixels
by vessel centerline pixels. To do this, vessels are
first segmented by Otsu’s thresholding method,!! then
vascular centerlines are extracted from vessels by
thinning methodologies.'"* Next, the VDI is obtained
as follows:

VLF =

(Z’Zf,j) V(zl.i))
<ZZ~, 7 C(z;/))

whereV; jrepresents vascular pixels within statistical
zones and Cjrepresents vascular centerline pixels
within statistical zones.

Fractal dimension reflects the geometry and
complexity of retinal vessel branching architecture.

VDI =
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Figure 1.

Image processing procedure for the 3 x 3 mm macular scan (A-D) and 4.5 x 4.5 mm optic disc scan (E-H) in a left eye. (A) FAZ

(inner circle) and the ring area where FD-300 is measured (the region between the inner and outer circle which is 300-um-wide) in a combined
SCP and DCP image. (B) The region where FD-300 is measured is marked as pink, and the vessel network is marked as green. (C) Skeletonized
image of the parafoveal microvasculature in the superficial capillary plexus. (D) Binary vessel image for the vessel density analysis showing
five different sectors (C = central, S = superior, N = nasal, | = inferior, T = temporal). (E) OCTA image of the RPCP in the peripapillary area.
(F) Annulus area with an inner and outer ring diameter of 2 mm and 4 mm both centered on the center of the disc. The vessel network is
marked as green, large vessels are marked as pink. (G) Skeletonized image of peripapillary microvasculature with large vessels being masked.
(H) Binary vessel image for the vessel density analysis showing four different sectors (S = superior, N = nasal, | = inferior, T = temporal).

The fractal dimension was calculated over the skele-
tonized image using a box-counting technique, which
was reported in the literature.!?

It is noted that, for optic disc images, large vessels
are removed by the method described in the refer-
ence.'? Only the small vessels within 2 mm width ring
surrounding the image center will be calculated. In
contrast, for 3 x 3 mm macular images, no large vessels
are excluded from the calculation. The methods are
modified from previous publications.!3-16

Figure 1 demonstrates examples of the OCTA
processing procedure in the left eye of one 52-year-
old male diabetic patient who had been diagnosed
with diabetes mellitus for 3 years but without clinical
findings of DR.

Statistical Analysis

Statistical analysis was performed using SPSS (SPSS
for Windows, version 24.0, IBM Corp) and R software
(version 4.0.4). An independent z-test was used to
compare variables that followed a normal distribution.

The variables following a skewed distribution were
compared using a Mann-Whitney test. Selected param-
eters were then introduced as dependent variables
in a multivariate binary logistic regression model.
The least absolute shrinkage and selection opera-
tor (LASSO) regression was also applied to all the
variates to select significant parameters that distin-
guish the two groups. LASSO is a penalized regression
approach that penalizes the absolute value of a regres-
sion coefficient.!” The greater the penalization, the
greater the shrinkage of coefficients; with some coeffi-
cients reaching 0, LASSO automatically deletes unnec-
essary covariates.!” The receiver operating character-
istic (ROC) curves were generated for the parameters
that were significant in the final statistical model. The
area under the curve (AUC), sensitivity and specificity
were then calculated.

A total of 101 eyes were included in this study,
including 49 eyes of diabetic patients without clinical
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Table 1. Demographic Characteristics of Diabetic Patients Without Clinical Signs of Diabetic Retinopathy and
Healthy Control Individuals
Diabetic Eyes Without
Normal Controls (52 Clinical Signs of DR(49
Eyes, Mean +£ SD) Eyes, Mean = SD) P
Age (y) 50.37 + 10.98 51.59 £+ 10.99 0.627
Sex 0.337
Male 28 31
Female 24 18
Duration of DM (y) 5.82 + 4.58
BCVA, LogMAR (Snellen equivalent) 0.0346 (20/20) + 0.0520 0.0367(20/20) + 0.0528 0.833
3 mm-scan quality 8.46 £+ 0.67 8.55 = 0.91 0.368
4.5-scan quality 8.67 + 0.71 8.55 + 0.87 0.588
Central retinal thickness (um) 24575 + 16.92 246.24 + 19.72 0.892

SD, deviation; DM, diabetes mellitus.
A value of P < 0.05 was considered statistically significant.

retinopathy (49 patients, 31 male and 18 female) and
52 eyes of healthy age-matched individuals (52 subjects,
28 male and 24 female). The demographic characteris-
tics of the participants are reported in Table 1. There
was no statistical difference between the two groups in
the characteristics including age, sex, BCVA, intraocu-
lar pressure, 3 x 3 mm macular scan quality, 4.5 x 4.5
mm optic disc scan quality, or central retinal thickness
(all P > 0.05).

Table 2 shows the comparison of parameters
between the two groups in the parafoveal SCP, DCP,
and peripapillary RPCP using univariate analysis. In
the analysis, parameters in the SCP and DCP alone
did not show a significant difference between these
two groups. FD-300, which measures the vessel density
within a 300 pm wide region of the FAZ in a combined
network of both SCP and DCP, was significantly
decreased in the diabetic eyes without clinical signs
of DR when compared to normal controls (48.90% =+
3.45%vs. 51.18% =+ 3.16%, P =0.001). In the peripapil-
lary RPCP, vessel density in the inferior quadrant and
the fractal dimension of capillaries were significantly
different between these two groups (46.78% =+ 8.39%
vs. 50.09% =+ 8.16%, P = 0.047 and 1.67% =+ 2.72% vs.
1.68% + 2.03%, P = 0.024, respectively).

The three parameters were introduced as dependent
variables in a multivariate binary regression model.
FD-300 was still the only parameter that showed signif-
icance in the final multivariate model after adjusting for
age and sex (odds ratio 3.582, 95% confidence interval
1.455-8.817, P = 0.006, Table 3). LASSO regression
analysis also found FD-300 to be the only significant
parameter that distinguished the diabetic eyes without
DR from the normal controls (Fig. 2A). ROC curves

were generated for the FD-300 and the AUC, and
the sensitivity and specificity were calculated (0.685,
65.3%, and 71.2% respectively, Fig. 2B).

Discussion

This study compares demographic parameters and
OCTA metrics in both the parafoveal area (SCP and
DCP) and the peripapillary area (RPCP) between
diabetic patients without clinical signs of retinopathy
and healthy normal controls and provides a compre-
hensive view of the capillary network abnormalities in
diabetic eyes without clinical signs of DR. The FD-300
was significant in LASSO regression, as well as in the
final multivariate binary logistic model. The AUC of
the FD-300 was 0.685, with a sensitivity and specificity
of 65.3% and 71.2%, respectively. This indicates that
the FD-300 is a useful biomarker that may be superior
to other macular and peripapillary parameters in the
early detection of DR before clinical findings become
apparent.

In the center of the macula, the retinal capillary
plexus merges and forms a ring that surrounds a
vascular-free area called the FAZ.'® In 2015, de Carlo
et al.!” realized that the FAZ remodeling and capil-
lary nonperfusion were early OCTA findings in diabetic
patients who did not have retinopathy. An enlargement
of the FAZ was detected in the SCP and the DCP
in both diabetic children and adults without clinical
findings of DR.”?" Vujosevic et al.” found that the
FAZ area was significantly larger in the DCP in type 2
diabetes mellitus patients without DR when compared
to healthy controls. In our study, none of the FAZ area,
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Table 2. Comparison of OCTA Metrics Between Diabetic Eyes Without Clinical Signs of Diabetic Retinopathy and
Healthy Controls Using Univariate Analysis

Diabetic Eyes Without
Normal Controls Clinical Signs of DR
(52 Eyes, Mean +£ SD) (49 Eyes, Mean =+ SD) PValue
FAZ associated parameters (3 mm x 3 mm)
FAZ area, mm? 0.35 &+ 0.10 0.32 £ 0.11 0.211
FAZ perimeter, mm 2.38 £ 0.39 2.28 £ 040 0.197
Al 1.15 4+ 0.06 1.14 + 0.04 0.932
FD-300 51.18% =+ 3.16% 48.90% =+ 3.45% 0.001"
Superficial retinal layer (3 mm x 3 mm)
VD_all 45.70% + 4.96% 4437% + 4.24% 0.602
VD_central 29.30% + 4.46% 28.89% + 5.04% 0.160
VD_temporal 46.88% + 5.07% 45.80% + 4.49% 0.676
VD_superior 48.14% + 5.26% 46.54% + 0.04% 0.091
VD_inferior 47.42% + 6.05% 46.13% + 0.04% 0.267
VD_nasal 47.32% + 4.78% 45.87% + 0.04% 0.616
EAA, mm? 0.0009 + 0.0016 0.0032 + 0.0093 0.148
VLF 0.07 £ 0.01 0.07 £ 0.01 0.676
Fractal dimension 1.75 £ 0.01 1.75 £ 0.02 0.716
VDI 7.01 £ 0.241 7.08 £ 0.29 0.229
Deep retinal layer (3 mm x 3 mm)
VD_all 47.88% + 4.17% 47.41% + 4.76% 0.796
VD_central 20.36% + 4.72% 21.80% + 5.48% 0.160
VD_temporal 50.00% =+ 4.25% 49.61% + 5.04% 0.817
VD_superior 51.45% =+ 4.87% 50.85% =+ 5.89% 0.760
VD_inferior 51.55% £ 5.19% 50.37% =+ 5.46% 0.236
VD_nasal 49.67% + 4.72% 49.17% =+ 5.34% 0.957
EAA, mm? 0.0003 + 0.0014 0.0005 £ 0.0017 0.411
VLF 0.08 £ 0.01 0.08 £ 0.01 0.128
Fractal dimension 1.75 £ 0.01 1.75 £ 0.01 0.114
VDI 5.49 £ 0.10 551 £ 0.12 0.932
Peripapillary RPCP (4.5 mm x 4.5 mm)
VD-whole area 50.43% + 7.34% 47.64% + 7.99% 0.070
VD-temporal 55.20% =+ 6.75% 52.15% + 8.07% 0.065
VD-superior 49.12% =+ 8.31% 46.73% =+ 8.81% 0.164
VD-inferior 50.09% =+ 8.16% 46.78% =+ 8.39% 0.047"
VD-nasal 46.71% + 8.30% 44.29% + 8.64% 0.153
VLF 0.07 £+ 0.01 0.07 £+ 0.01 0.052
Fractal dimension 1.68 £+ 0.02 1.67 £+ 0.03 0.024"
VDI 8.05 + 0.41 8.21 4+ 0.48 0.053

SD, standard deviation; Al, acircularity index; VD, vessel density.
“P < 0.05 was considered a statistically significant difference between the groups.

FAZ perimeter or acircularity index show any differ-
ence between groups, which is in accordance with previ-
ous studies.®?! In addition, the FAZ area and the FAZ
perimeter had a great variation among normal healthy
individuals.?2 As a result, FD-300 as a metric reflect-
ing the capillary loss in the parafoveal area was recently

introduced in OCTA studies. Ragkousis et al.>} and
Li et al.* had reported that the FD-300 has a strong
inverse correlation with DR severity. In the studies
by Li et al.>® and Liu et al.,”® no difference in the
FD-300 was found between diabetic eyes without DR
and healthy control subjects. However, Yang et al.?’
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Table 3. Binary Logistic Regression Model for The Parameters That Selected by the Univariate Analysis

Variates b Sp Wald x? PValue Odds Ratio 95% Confidence Interval
No adjusting for age and sex, 101 eyes of 101 patients
FD-300 1.221 0.438 7.756 0.005" 3.391 1.436-8.007
RPCP-VD-inferior 0.159  0.595 0.071 0.790 1.172 0.365-3.764
RPCP-fractal dimension 0.588 0.613 0.920 0.337 1.800 0.541-5.987
Adjusting for age and sex, 101 eyes of 101 patients
FD-300 1.276  0.460 7.704 0.006" 3.582 1.455-8.817
RPCP-VD-inferior 0.126  0.601 0.044 0.834 1.134 0.349-3.685
RPCP-fractal dimension 0614 0619 0.984 0.321 1.847 0.549-6.212

VD, vessel density.

“P < 0.05 was considered a statistically significant difference between the groups.
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Parameter selection using the LASSO regression model

Figure 2.

1 - Specificity

ROC curve for the FD-300

LASSO was used to screen the parameters, and ROC curve was used to evaluate the diagnostic ability of the selected parameter.

(A) LASSO regression model selected FD-300 from the 32 candidate variables. (B) ROC curve for the FD-300.

found it significantly decreased in preclinical DR in
diabetes type 2 patients. Also, Inanc et al.”® found it
to be an early biomarker in type 1 diabetic children
without clinically detectable DR. After comparison
with a binary logistic regression model, as well as the
LASSO regression screening program, we found the
FD-300 to be the strongest parameter that differen-
tiates the preclinical diabetic group from the control
group.

Peripapillary RPCP is a layer containing long radial
capillaries that travel alongside the nerve fibers, and the
vessel density is correlated with the retinal nerve fiber
layer thickness. The loss of capillary network in the
RPCP had been reported in preclinical diabetic patients
before the drop out of capillaries in the macular
area.’?>?° Fractal analysis of the peripapillary vessels
has been introduced in detecting early retinal abnor-

malities in DR, using fundus color images and OCTA.
In a study based on the color fundus photographs,
lower fractal dimension is correlated with the presence
of diabetic neuropathy even with no or early DR.* In
our study, which was based on the OCTA images, the
fractal dimension in the peripapillary RPCP was not as
significant when compared with the FD-300 in the final
statistic models. This indicates that the decreased vessel
density in the foveal area may be more useful than the
microvascular abnormalities in the peripapillary RPCP
in differentiating diabetic patients without visible DR
from normal controls.

Other vessel density and morphology abnormalities
have been reported in diabetic patients without DR
when compared to normal eyes, such as vessel density
and fractal dimension in the DCP and the EAA of
the SCP.%-2%2° In our previous studies, the EAA of
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the SCP was found to be the most sensitive biomarker
in distinguishing diabetic eyes without clinical signs
of DR from nonproliferative DR with high sensitiv-
ity and specificity.’! However, in this study, none of
these parameters showed significance in differentiation
between the diabetic eyes without clinical findings of
DR and normal controls.

In this study, we found LASSO as a powerful statis-
tical method for determining the ideal parameter that
can distinguish with high efficiency the two groups
from a number of variates.

The limitations in this study include modest sample
size and small scan areas (3 x 3 mm for the macula
and 4.5 x 4.5 mm for the optic disc). A larger sample
size is needed in further studies. Furthermore, the
fractal dimensions of the RPCP are not available in the
commercial OCTA equipment and, hence, cannot be
observed in the clinic at present. Additionally, although
FD-300 is the most efficient parameter that we have
found in this study, the AUC value, sensitivity, and
specificity of this parameter are generally considered
acceptable.

In conclusion, we found that the FD-300 may
be the strongest biomarker among the macular and
peripapillary OCTA parameters in detecting preclinical
diabetic abnormalities in the retina. OCTA may serve
as a noninvasive technique for understanding the early
pathophysiology of DR.
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