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Abstract: Purpose Using a wide-field, high-resolution swept-source optical coherence tomographic
angiography (OCTA), this study investigated microvascular abnormalities in patients with pre-
and early-stage diabetic retinopathy. Methods 38 eyes of 20 people with diabetes mellitus (DM)
type 2 without diabetic retinopathy (DR) and 39 eyes of 21 people with DR were enrolled in this
observational and cross-sectional cohort study, and a refractive error-matched group consisting of
42 eyes of 21 non-diabetic subjects of similar age were set as the control. Each participant underwent a
wide-field swept-source OCTA. On OCTA scans (1.2 cm × 1.2 cm), the mean central macular thickness
(CMT), the vessel density of the inner retina, superficial capillary plexus (SCP), and deep capillary
plexus (DCP) were independently measured in the whole area (1.2 cm diameter) via concentric
rings with varying radii (0–0.3, 0.3–0.6, 0.6–0.9, and 0.9–1.2 cm). Results Patients whose eyes had
pre-and early-stage DR showed significantly decreased vessel density in the inner retina, SCP, DCP
and CMT (early-stage DR) compared with the control. In addition, compared with the average
values upon wide-field OCTA, the decreases were even more pronounced for concentric rings with
a radius of 0.9–1.2 cm in terms of the inner retina, SCP, DCP and CMT. Conclusions Widefield
OCTA allows for a more thorough assessment of retinal changes in patients with pre- and early-stage
DR.; retinal microvascular abnormalities were observed in both groups. In addition, the decreases
in retinal vessel density were more significant in the peripheral concentric ring with a radius of
0.9–1.2 cm. The application of novel and wide-field OCTA could potentially help to detect earlier
diabetic microvascular abnormalities.

Keywords: diabetes mellitus; diabetic retinopathy; wide-field optical coherence tomographic angiog-
raphy; retinal vascular changes

1. Introduction

The number of patients with diabetes mellitus (DM) has quadrupled in the last three
decades, and DM is the ninth major cause of death worldwide [1–3]. Current evidence
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suggests that about 1 in 11 adults worldwide now have DM, 90% of whom have type 2
DM (T2DM). Diabetes affects around 366 million people globally, and DR is one of the
severe complications of the disease [4–7]. DR is the leading cause of blindness in the
working-age population and is characterized by microaneurysms, hemorrhages, and hard
exudates. As a result, early detection and accurate staging of DR are critical to avoid
vision-threatening complications [8–10]. The progression of pathophysiologic changes of
DR may result in diabetic macular edema (DME) and proliferative diabetic retinopathy
(PDR), which accounts predominantly for DR-related vision loss [11–14]. Ophthalmoscopy
and color fundus photography are well-established as the golden reference for diagnosing
and staging DR. Nonetheless, microvascular damage, including pericyte loss, capillary
leakage and nonperfusion, is known to happen before findings of retinopathy become
apparent on clinical examination or fundus imaging [1,2,15,16] A growing body of evidence
from recently published studies revealed that ophthalmoscopy could detect microvascular
changes that manifest prior to the classical features of DR [17–21].

Although fundus fluorescein angiography (FFA) remains the mainstay diagnostic tool
for retinal vascular pathology evaluation and the second pillar for diagnosing DR, it is
not time efficient, not quantitative, and can bring about dye-related adverse events, and
is not practical as a regular follow-up tool [15,18,22]. Moreover, FFA could only detect
two-dimensional vascular information, and the depth of investigation does not include
deep capillaries [22,23]. OCTA, on the other hand, is a new imaging modality that can be
combined with en-face OCT-based techniques to allow visualization of the retina layer
without the need for exogenous dyes [12,14,18,24]. OCTA can be used to measure the
dimensions of the retinal capillary networks in a non-invasive manner. Several studies that
used OCTA revealed that microvascular changes could manifest before the characteristic
features of DR are detectable using ophthalmoscopy [8,25]. However, relatively few in-
vestigations have focused on a comprehensive quantitative assessment of both pre-and
early-stage retinal vascular abnormalities in diabetic patients.

Moreover, the rapid development of OCT and OCTA technologies has provided us
with higher-resolution images as well as quantitative tools to investigate vascular changes
in the retina more precisely [8,12,25]. Previous OCTA findings in DM and DR patients
were limited to specific areas and were primarily macular scans of 0.3 cm × 0.3 cm and
0.6 cm × 0.6 cm. To date, only a handful of reports have investigated vascular disturbances
and structural alternations using wide-field imaging with a scan area of 1.2 cm × 1.2 cm
(Examples of OCTA images with different ranges are shown in Figure 1) [8,18,26]. In
addition, with the development of technology, the miniaturization of equipment and
the improvement of information acquisition speed, OCTA, as a more sensitive screening
method, will have broad prospects in the field of telemedicine.Therefore, the purpose of
this study was to comprehensively evaluate the retinal changes in pre-and early-stage DR
using a bigger field of view. Wide-field OCTA with a 1.2 cm × 1.2 cm scanning protocol
was used to reach the fundus’ posterior pole.
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2. Method

This cross-sectional observational study included T2DM patients who visited the
Department of Ophthalmology and Department of endocrinology, Qilu Hospital, Cheeloo
College of Medicine, Shandong University, and Department of Ophthalmology, Aier Eye
Hospital, Jinan, China, from 1 April 2021, to 1 March 2022. Written informed consents
(Version 1.0, 20210605001) were requested from all participating subjects. The study was
conducted per the Declaration of Helsinki and approved by the Medical Ethics Committee
of Qilu Hospital and Aier Eye Hospital (Ethical code: KYLL-202111-024-1 and JALL2022-1).

2.1. Inclusion and Exclusion Criteria

Subjects with a random plasma glucose concentration of ≥200 mg/dL, a fasting
plasma glucose concentration of ≥126 mg/dL or a 2-h plasma glucose concentration of
≥200 mg/dL after drinking 75-g oral glucose were diagnosed with Type 2 Diabetes. The
following criteria were used to determine inclusion: (1) Patients with a definite diagnosis
of T2DM, (2) Patients aged over 18, (3) Patients with no DR (NDR) or early-stage DR,
(4) Patients with best-corrected visual acuity (BCVA) ≥ 80 letters or better in each eye
and (5) OCTA and blood tests were performed between 1 April 2021, to 1 March 2022.
The following were the exclusion criteria: (1) clinically significant DME, (2) previous
diagnosis of glaucoma and presence of myopia and chorioretinal atrophy and other ocular
diseases which might influence the chorioretinal capillaries in the posterior pole, (3) ocular
hypertension, (4) use of medications that may have an impact on the vasculature, (5) history
of other retinal diseases and vitreoretinal surgery, (6) severe non-proliferative DR, (NPDR)
or proliferative DR (PDR) and (7) patients with insufficient medical data.

The participants were assigned to two cohorts, the pre-DR group and the early-stage
DR group, based on the pathological features of DR as revealed by fundus photogra-
phy. According to the severity scale standard approved by the Early Treatment Diabetic
Retinopathy Study (ETDRS), pre-DR was defined as the absence of all DR features, and
early-stage DR was defined as the presence of a microaneurysm [27,28]. Moreover, an
age- and a refractive error-matched control group of 42 eyes from 21 non-diabetic subjects
were enrolled.

2.2. Ophthalmic Examinations and Blood Test

Each patient and healthy subject underwent a detailed ophthalmic examination and
blood test; the ophthalmic examinations included BCVA measurement, intraocular pressure
by non-contact tonometer, slit lamp-based biomicroscopy of the anterior segment, and
dilated fundus biomicroscopy after full dilation of the pupil. OCTA images were collected
using a commercial wide-field OCTA instrument from SVision Imaging with a 1050 nm
wavelength and a 200,000 A-scans/s scanning rate. The device had a full width at half
maximum axial resolution of around 5 µm in tissue and an estimated lateral resolution
of around 15 µm at the retinal surface. OCTA was performed using raster scanning
(512 (horizontal) × 512 (vertical)) and B-scans (1024 × 1024), which covered an area of
1.2 cm × 12 cm centered on the fovea. The built-in software determined the OCTA’s image
quality from Q1 to Q10. Eyes images that were of low grade (quality index < 6) due to poor
transparency and fixation were not included. To avoid possible diurnal variation in the
retinal capillaries, all images were taken between 8:00 AM and 11:00 AM by experienced
technicians blinded to the subjects’ clinical status. Blood tests included routine blood tests,
fasting blood glucose tests, hemoglobin a1c, blood lipids, etc.

3. OCTA Image Analysis

For the quantitative analysis of OCTA scans, retinal parameters, which include central
macular thickness (CMT), vessel density of inner retina, superficial capillary plexus (SCP),
and deep capillary plexus (DCP), were independently quantified centrally and peripherally,
accompanied the central fovea area (0.3 cm in diameter) and the perifoveal concentric
ring (0.3–0.6 cm), pararetinal concentric ring (0.6–0.9 cm), and periretinal concentric ring
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(0.9–1.2 cm) using software version 1.32.9 (VG200; SVision Imaging, Ltd., Luoyang, China)
(Figure 2). Besides, layer segmentation and quantification analyses of vessel density of
the inner retina, SCP, and DCP were also conducted using the same software. Manual
manipulation of segmentation was also done when needed to ensure accuracy. CMT was
defined as the outer surface of the line formed by the RPE to the outer surface of the retinal
nerve fiber layer in the 1.2 cm × 1.2 cm scans area (Figure 3). In addition, vessel density was
measured in terms of the percentage of pixels with a flow signal higher than the threshold
(%) [9,18]. A panel of two licensed Chinese retinal specialists (Fabao Xu and Zhiwen Li)
extracted the OCTA measurement data using the built-in VG200 SVision Imaging software.
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Figure 2. Examples of quantitative measurement using Wide-field OCTA. The left column represents
en face images (12 mm × 12 mm) of color code for vessel density. The following columns represent
en face images of the corresponding layer of the inner retina, SCP, and DCP of color code for
perfusion. The vessel density of the inner retina, SCP, and DCP were separately calculated in the
whole area (diameter of 12 mm) and concentric rings with different radii (0–3, 3–6, 6–9, and 9–12 mm).
OCTA, optical coherence tomographic angiography; SCP, superficial capillary plexus; DCP, deep
capillary plexus.

Outcome Measures

The study’s primary outcome measures were the alterations in vessel density of the
inner retina measured by OCTA. Moreover, the secondary outcomes were the differences in
vessel density of SCP, DCP, and CMT and the comparison of capillaries changes in different
retinal zones (Circlex-y—Average density/CMT).



J. Clin. Med. 2022, 11, 4332 5 of 12

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 5 of 12 
 

 

en face images of the corresponding layer of the inner retina, SCP, and DCP of color code for perfu-
sion. The vessel density of the inner retina, SCP, and DCP were separately calculated in the whole 
area (diameter of 12 mm) and concentric rings with different radii (0–3, 3–6, 6–9, and 9–12 mm). 
OCTA, optical coherence tomographic angiography; SCP, superficial capillary plexus; DCP, deep 
capillary plexus. 

 
Figure 3. Examples of quantitative measurement of CMT using Wide-field optical coherence tomog-
raphy in patients with early-stage diabetic retinopathy, diabetes mellitus without ophthalmoscopic 
signs of diabetic retinopathy and non-diabetic subjects of the control group. The left column was En 
face infrared photography (12 × 12 mm) images, the yellow circle at the lower left showed fundus 
hemorrhage of early-stage DR. The following columns were quantitative measurements of the 
whole area (diameter of 12 mm) and in concentric rings with different radii (0–3, 3–6, 6–9, and 9–12 
mm) of CMT. CMT, central macular thickness. 

Outcome Measures 
The study’s primary outcome measures were the alterations in vessel density of the 

inner retina measured by OCTA. Moreover, the secondary outcomes were the differences 
in vessel density of SCP, DCP, and CMT and the comparison of capillaries changes in 
different retinal zones (Circlex-y—Average density/CMT). 

4. Statistical Analysis 
All statistical analysis in this study was conducted using SPSS software (version 19.0 

SPSS, Inc, Chicago, IL, USA). For normality testing, the Kolmogorov-Smirnov test was 
used. Non-parametric variables are represented by the median and interquartile range, 
while normal variables are represented by mean values and standard deviation (SD) 
(IQR). A paired-sample t-test was used to compare the number of patients enrolled, mean 
ages, BCVA, durations, and other demographic and baseline characteristics between DM 
patients and healthy controls. Binocular data were included in all groups of this study. A 
generalized estimating equation (GEE) statistical method was used to compare normally 

Figure 3. Examples of quantitative measurement of CMT using Wide-field optical coherence tomog-
raphy in patients with early-stage diabetic retinopathy, diabetes mellitus without ophthalmoscopic
signs of diabetic retinopathy and non-diabetic subjects of the control group. The left column was
En face infrared photography (12 mm × 12 mm) images, the yellow circle at the lower left showed
fundus hemorrhage of early-stage DR. The following columns were quantitative measurements of
the whole area (diameter of 12 mm) and in concentric rings with different radii (0–3, 3–6, 6–9, and
9–12 mm) of CMT. CMT, central macular thickness.

4. Statistical Analysis

All statistical analysis in this study was conducted using SPSS software (version 19.0
SPSS, Inc, Chicago, IL, USA). For normality testing, the Kolmogorov-Smirnov test was
used. Non-parametric variables are represented by the median and interquartile range,
while normal variables are represented by mean values and standard deviation (SD) (IQR).
A paired-sample t-test was used to compare the number of patients enrolled, mean ages,
BCVA, durations, and other demographic and baseline characteristics between DM patients
and healthy controls. Binocular data were included in all groups of this study. A generalized
estimating equation (GEE) statistical method was used to compare normally distributed
quantitative variables. A two-tailed p-value < 0.05 was deemed statistically significant.

5. Results
5.1. Baseline Demographic Data

A total of 77 eyes from 41 DM patients (38 eyes from 20 patients in the pre-DR
group and 39 eyes from 21 subjects in early-stage DR group) and 42 eyes from 21 age-
and refractive error-matched control subjects were enrolled in this study. The demo-
graphic data of three groups are shown in Table 1. Five diabetic subjects’ eyes were
excluded due to clinical signs of NPDR on fundography and optical media opacity caused
by cataracts. The study and control groups did not differ significantly in the num-
ber of subjects (p = 0.953 in the pre-DR group, p = 1 in the early-stage DR group, re-
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spectively), age (54.21 ± 9.18 years vs. 56.56 ± 10.87 years, p = 0.809; 54.21 ± 9.18 years
vs. 57.20 ± 12.07 years, p = 0.743), BCVA (82.24 ± 2.31 letters vs. 81.34 ± 1.98 letters,
p = 0.962; 82.24 ± 2.31 letters vs. 82.41 ± 1.93 letters, p = 0.984), CMT (198.34 ± 11.36 µm
vs. 202.46 ± 12.17 µm, p = 0.904; 198.34 ± 11.36 µm vs. 192.37 ± 10.95 µm, p = 0.837), ChT
(267.36 ± 29.55µm vs. 261.30 ± 30.11 µm, p = 0.914; 267.36 ± 29.55µm vs. 256.07 ± 33.47 µm,
p = 0.722) and other blood test values (Table 1).

Table 1. Demographic characteristics and baseline features of DM patients and healthy controls.

Normal Control Pre-DR p Values Early-Stage
DR p Values

Patients (Female) 21 (12) 20 (11) 0.953 21 (11) 1.000
Ages 54.21 ± 9.18 56.56 ± 10.87 0.809 57.20 ± 12.07 0.743
Eyes 42 38 0.825 39 0.864

Duration of DM (months) N/A 8.14 ± 5.65 N/A 26.02 ± 12.34 N/A
BCVA (ETDRS) 82.24 ± 2.31 81.34 ± 1.98 0.962 82.41 ± 1.93 0.984

GLU N/A 8.80 ± 7.63 N/A 9.01 ± 8.32 N/A
HbA1c N/A 6.59 ± 4.06 N/A 8.78 ± 3.21 N/A

CMT (µm) 198.34 ± 11.36 202.46 ± 12.17 0.904 192.37 ± 10.95 0.837
ChT (µm) 267.36 ± 29.55 261.30 ± 30.11 0.914 256.07 ± 33.47 0.722

Image Quality Index 8.39 ± 1.56 8.58 ± 1.49 0.964 8.57 ± 1.63 0.959
Values are shown as means ± SDs. DM, diabetes mellitus; DR, diabetic retinopathy; BCVA, best correct visual acu-
ity; ETDRS, Early Treatment Diabetic Retinopathy Study; GLU, Glucose; HbA1c, Hemoglobin A1C; CMT, central
macular thickness; ChT, choroidal thickness. N/A, not applicable. A p-value < 0.05 was statistically significant.

5.2. Quantitative Evaluation of the Inner Retina

The study and control groups exhibited no significant differences in average vessel
density of the inner retinal vascular layer. However, the study group was associated with
significantly lower vessel density during subgroup analysis based on the central fovea
area (diameter of 3 mm) and the perifoveal concentric ring (3–6, 6–9 and 9–12 mm). The
central fovea area with a diameter of 0–3 mm (p = 0.016) and concentric ring of 9–12 mm
(p = 0.008) was associated with a significantly decreased vessel density between the control
and pre-DR groups. The central fovea area (p = 0.002) and all concentric rings (p = 0.007,
p = 0.015, p < 0.001, respectively) showed significant decreases in vessel density between
the control and early-stage DR groups (Table 2 and Figure 4).
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with early-stage diabetic retinopathy, diabetes mellitus without ophthalmoscopic signs of diabetic
retinopathy and non-diabetic subjects of the control group. * indicates a statistically significant
difference (p < 0.05).
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Table 2. Findings of optical coherence tomographical angiography in subjects with early-stage
diabetic retinopathy, DM without ophthalmoscopic signs of DR and non-diabetic control subjects.

Layers Location Normal Control Pre-DR p Values Early-Stage DR p Values

Inner retina

Average density 70.75 ± 2.28 70.26 ± 3.37 p = 0.765 68.09 ± 3.00 p = 0.210
Ring 0–3 75.06 ± 3.01 71.81 ± 6.33 p = 0.016 * 70.96 ± 4.65 p = 0.002 *
Ring 3–6 79.99 ± 2.48 78.71 ± 4.57 p = 0.542 75.02 ± 4.75 p = 0.007 *
Ring 6–9 75.32 ± 2.85 74.34 ± 3.37 p = 0.461 72.50 ± 3.52 p = 0.015 *

Ring 9–12 65.25 ± 3.24 63.44 ± 3.81 p = 0.008 * 60.22 ± 3.63 p < 0.001 *

SCP

Average density 51.27 ± 3.67 50.48 ± 4.55 p = 0.410 48.94 ± 7.87 p = 0.041 *
Ring 0–3 52.28 ± 4.31 48.77 ± 7.57 p = 0.021 * 43.67 ± 6.96 p < 0.001 *
Ring 3–6 57.28 ± 4.10 57.08 ± 5.40 p = 0.823 52.15 ± 5.81 p < 0.001 *
Ring 6–9 57.38 ± 4.62 56.12 ± 4.40 p = 0.548 54.13 ± 9.62 p = 0.037 *

Ring 9–12 46.42 ± 7.49 43.25 ± 6.64 p = 0.002 * 42.16 ± 6.94 p < 0.001 *

DCP

Average density 41.36 ± 2.64 39.20 ± 4.45 p = 0.143 36.23 ± 8.34 p < 0.001 *
Ring 0–3 52.76 ± 4.03 49.22 ± 6.09 p = 0.033 * 44.21 ± 8.02 p < 0.001 *
Ring 3–6 55.14 ± 6.52 50.58 ± 6.72 p < 0.001 * 46.12 ± 7.63 p < 0.001 *
Ring 6–9 38.19 ± 3.81 36.69 ± 6.27 p = 0.260 33.09 ± 6.24 p < 0.001 *

Ring 9–12 36.28 ± 2.78 35.08 ± 5.92 p = 0.614 30.43 ± 6.92 p < 0.001 *

Average CMT

Average thickness 265.73 ± 8.36 263.74 ± 14.40 p = 0.754 261.08 ± 10.12 p = 0.716
Ring 0–3 325.74 ± 14.98 318.99 ± 15.01 p = 0.219 325.12 ± 13.68 p = 0.890
Ring 3–6 289.70 ± 10.54 285.39 ± 16.67 p = 0.754 286.83 ± 15.62 p = 0.773
Ring 6–9 268.88 ± 10.69 263.70 ± 13.16 p = 0.684 263.05 ± 19.98 p = 0.681

Ring 9–12 254.45 ± 9.38 245.54 ± 16.28 p = 0.072 240.60 ± 24.39 p = 0.024 *

Values are shown as means ± SDs. DM, diabetes mellitus; DR, diabetic retinopathy; SCP, superficial capillary
plexus; DCP, deep capillary plexus; CMT, central macular thickness. p values represent the comparisons between
the Pre-DR and Early-stage DR groups and the normal control group. * indicates a statistically significant
difference (p < 0.05).

5.3. Quantitative Evaluation of SCP

The early-stage DR group showed a significantly lower average SCP than the control
group (p = 0.041). During the subgroup analysis of different areas, the central fovea
area with a diameter of 0–3 mm (p = 0.021) and concentric ring at 9–12 mm (p = 0.002)
exhibited significantly decreased vessel density between the normal control and pre-DR
group. The central fovea area (p < 0.001) and all concentric rings (p < 0.001, p = 0.037,
p < 0.001, respectively) showed significantly decreased vessel density between the control
and early-stage DR groups (Table 2 and Figure 4).

5.4. Quantitative Evaluation of DCP

The early-stage DR group was linked to a markedly lower average DCP in comparison
to the control group (p < 0.001). During the subgroup analysis of different areas, the central
fovea area with a diameter of 0–3 mm (p = 0.033) and concentric ring at 3–6 mm (p < 0.001)
showed significantly decreased vessel density between the control and pre-DR groups;
the central fovea area (p < 0.001) and all concentric rings (p < 0.001, respectively) showed
significantly decreased vessel density between the control and early-stage DR groups
(Table 2 and Figure 4).

5.5. Quantitative Evaluation of CMT

During subgroup analysis, the retinal thickness decreased significantly only in the
concentric ring of 9–12 mm in the early-stage DR group compared to the control group
(p = 0.024) (Table 2 and Figure 4 in detail).

5.6. Qualitative Evaluation of the Concentric Ring Area

To compare the influence of the retinal structure in different areas away from the
central fovea, we calculated the differences in vessel density between the concentric rings
and average values of different retinal layers such as inner retina, SCP and DCP and the
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differences in retinal thickness between the concentric rings and average retinal thickness.
The 9–12 mm concentric ring significantly decreased when comparing the inner retina and
SCP between the pre-DR and control groups. Moreover, the peripheral retinal ring of 9–12
mm showed a significant decrease in all parameters (inner retina, SCP, DCP and CMT)
between the early-stage DR and control groups (Table 3 and Figure 5).
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Figure 5. Capillary and CMT changes in different retinal zones. Capillary and CMT changes in
different retinal zones (Circlex-y vs. Average density) in patients with early-stage diabetic retinopathy,
diabetes mellitus without ophthalmoscopic signs of diabetic retinopathy and non-diabetic subjects of
the control group. * indicates a statistically significant difference (p < 0.05).

Table 3. Comparison of capillaries changes in different retinal zones (Circlex-y vs. Average density)
in patients with early-stage diabetic retinopathy, diabetes mellitus without ophthalmoscopic signs of
diabetic retinopathy and non-diabetic subjects of the control group.

Layers Location Normal Control Pre-DR p Values Early-Stage DR p Values

Inner retina

Average density 70.75 ± 2.28 70.26 ± 3.37 N/A 68.09 ± 3.00 N/A
Circle 0–3 4.89 ± 3.54 1.95 ± 4.36 p = 0.021 * 2.62 ± 3.84 p = 0.105
Circle 3–6 9.45 ± 4.32 7.69 ± 4.29 p = 0.483 7.25 ± 3.51 p = 0.427
Circle 6–9 5.61 ± 2.84 3.96 ± 2.85 p = 0.491 3.87 ± 3.19 p = 0.465

Circle 9–12 −5.81 ± 3.67 −7.41 ± 3.74 p = 0.038 * −9.02 ± 3.42 p < 0.001 *

SCP

Average density 51.27 ± 3.67 50.48 ± 4.55 N/A 48.94 ± 7.87 N/A
Circle 0–3 0.93 ± 3.47 1.75 ± 6.54 p = 0.338 4.36 ± 6.81 p = 0.013 *
Circle 3–6 6.28 ± 4.14 6.81 ± 5.83 p = 0.851 4.21 ± 6.23 p = 0.230
Circle 6–9 6.85 ± 3.86 5.92 ± 6.02 p = 0.705 6.03 ± 7.28 p = 0.861
Circle 9–12 −4.96 ± 6.43 −7.06 ± 7.32 p = 0.009 * −7.09 ± 5.36 p = 0.008 *

DCP

Average density 41.36 ± 2.64 39.20 ± 4.45 N/A 36.23 ± 8.34 N/A
Circle 0–3 9.65 ± 7.02 9.45 ± 6.63 p = 0.921 9.65 ± 7.10 p = 0.987
Circle 3–6 13.28 ± 7.74 12.36 ± 7.80 p = 0.893 11.96 ± 6.90 p = 0.765
Circle 6–9 −3.53 ± 3.56 −3.62 ± 5.39 p = 0.950 −1.86 ± 7.52 p = 0.460
Circle 9–12 −4.36 ± 2.96 −4.85 ± 4.31 p = 0.864 −7.01 ± 5.86 p = 0.038 *
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Table 3. Cont.

Layers Location Normal Control Pre-DR p Values Early-Stage DR p Values

Average CMT

Average thickness 265.73 ± 8.36 263.74 ± 14.40 N/A 261.08 ± 10.12 N/A
Circle 0–3 56.34 ± 12.69 53.41 ± 14.03 p = 0.854 60.21 ± 15.11 p = 0.783
Circle 3–6 33.08 ± 11.24 27.02 ± 15.81 p = 0.420 27.31 ± 14.63 p = 0.601
Circle 6–9 3.61 ± 12.80 2.01 ± 11.08 p = 0.813 3.01 ± 17.32 p = 0.882

Circle 9–12 −9.66 ± 10.20 −12.05 ± 15.08 p = 0.082 −19.33 ± 20.52 p = 0.002 *

Values are shown as means ± SDs. DR, diabetic retinopathy; SCP, superficial capillary plexus; DCP, deep capillary
plexus; CMT, central macular thickness; N/A, Not Applicable. * indicates a statistically significant difference (p < 0.05).

6. Discussion

This study conducted a cross-sectional analysis of OCTA-derived parameters in T2DM
patients with pre- or early-stage DR. Importantly, we found that micro-retina vascular
changes can be detected before the characteristic findings of DR can be seen upon ophthal-
moscopy or fundography. The vessel density of the inner retina, SCP and DCP in patients
with pre-and early-stage DR were significantly thinner in contrast to the control group.
Moreover, the vessel density of the peripheral retinal ring of 9–12 mm was significantly
decreased compared to the concentric rings near the fovea.

It is widely acknowledged that OCTA scanning is increasingly fast with a broader
scope. With significant inroads achieved in recent years, different OCTA devices have been
developed to visualize retinal and subretinal vascular abnormities in DM patients [26,29–31].
The scan pattern of 12 mm × 12 mm is the maximum range currently available for a single
scanning of all OCTA devices [29–32]. Overall, the present study findings were consistent
with the literature. Indeed, DM patients with no or mild DR signs show lower retinal
vessel density on OCTA in comparison to non-diabetics. In 2017, Simonett and colleagues
reported a remarkable decrease in parafoveal vessel density in the DCP of T1DM patients
without DR in contrast to non-diabetic controls. In that study, the range of the OCTA device
acquisition pattern adopted was only 3 mm × 3 mm [11], which was in agreement with
previous reports that investigated DR patients. Additionally, Durbin et al. reported in a
prospective cross-sectional study on 50 eyes obtained from 26 diabetic participants and
50 healthy eyes obtained from 25 non-diabetic participants that the retinal vessel density of
the SCP showed the highest area under the receiver operating characteristic (ROC) curve
when differencing between DR and non-DR groups, followed by the foveal avascular zone
(FAZ) area and finally the vessel density of the DCP. These findings indicated that SCP
is the optimal parameter for differentiating healthy eyes from eyes with DR [33]. OCTA
imaging was performed using a pattern of 3 mm × 3 mm (Carl Zeiss Meditec, Inc., Dublin,
CA, USA). However, it should be borne in mind that most previous studies used OCTA
devices with a small scanning range. Importantly, the present study provided a more
comprehensive assessment with a wide-field OCTA of 12 mm × 12 mm.

We discovered the peripheral features of pre- and early-stage DR eyes using a
1.2 cm × 1.2 cm protocol to scan a wide-field image of the posterior pole. To compare
variations in retinal vessel density at different distances away from the central fovea in the
12 mm × 12 mm scanning range, we divided the retinal capillaries into four concentric rings
with different diameters (Figure 2) and calculated the differences in vessel density/CMT
between the concentric rings and average values of different retinal layers. The results
suggested that the 9–12 mm concentric ring decreased most in the early-stage DR group.
This phenomenon suggests that the influence of DM on retinal microvascular existed before
the appearance of DR and that peripheral retinal involvement may be more evident than
that near the central fovea.

Taken together, wide-field OCTA is more appropriate for early screening and monitor-
ing of microvascular abnormalities in diabetic patients. This cutting-edge technology allows
a thorough examination of structural and vascular alterations in the central and peripheral
retinal areas, expanding our understanding of pre- and early-stage DR pathophysiology.
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Interestingly, we found that the peripheral retinal thickness in the early-stage DR
group was significantly lower than in the control group. It is well-established that the CMT
of early-stage DR is not significantly different from normal subjects [8,9,18]; our results
indicate that the peripheral retina may be a more sensitive area, prone to retinal atrophy
under the influence of DM. However, the difference may be due to the limited range of
OCT scans used in previous studies.

Nevertheless, our study has several limitations. Firstly, the study’s cross-sectional
nature restricted the dynamic assessment of retinal alterations to a certain extent with
disease progression. Additional longitudinal prospective studies on wide-field OCTA and
experimental studies are required to substantiate the current. Besides, this study only
enrolled a small sample size of young patients. More research is required to apply our
findings to people of all ages. Moreover, we focused on retinal vascular changes in patients
with pre-and early-stage DR, while patients with NPDR and PDR were not analyzed,
warranting further research to understand the long-term alteration in retinal characteristics
with the progression of DR.

In conclusion, we provide a hitherto undocumented report of wide-field OCTA to eval-
uate retinal microvascular changes in pre-and early-stage DR patients with a 12 cm × 12 cm
field of view. The findings revealed that retinal vessel density significantly decreased in
both groups, and the decrease was more pronounced in the peripheral concentric ring of
9–12 mm. This study adds to the body of knowledge and offers new insights into pre- and
early-stage DR pathophysiology, demonstrating that wide-field OCTA can be a promising
and effective modality for clinically assessing retinal abnormalities.

Author Contributions: Conception and design: F.X., Z.L. (Zhiwen Li) and J.L. Administrative
support: S.W., X.H. and J.L. Provision of study materials or patients: F.X., Z.L. (Zhiwen Li), Z.H. and
X.Y. Collection and assembly of data: Z.L. (Zhiwen Li), X.Y., Z.L. (Zhiwei Li) and R.Z. Data analysis
and interpretation: F.X. and Z.L. (Zhiwen Li). Manuscript writing: All authors. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of Qilu Hospital
and Aier Eye Hospital (Ethical code: KYLL-202111-024-1 and JALL2022-1).

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper (Version 1.0, 20210605001).

Data Availability Statement: The data and materials in this study are available from the correspond-
ing author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bek, T. Transretinal histopathological changes in capillary-free areas of diabetic retinopathy. Acta Ophthalmol. 1994, 72, 409–415.

[CrossRef] [PubMed]
2. Nagaoka, T.; Sato, E.; Takahashi, A.; Yokota, H.; Sogawa, K.; Yoshida, A. Impaired retinal circulation in patients with type

2 diabetes mellitus: Retinal laser Doppler velocimetry study. Investig. Ophthalmol. Vis. Sci. 2010, 51, 6729–6734. [CrossRef]
3. Stefánsson, E.; Bek, T.; Porta, M.; Larsen, N.; Kristinsson, J.K.; Agardh, E. Screening and prevention of diabetic blindness. Acta

Ophthalmol. Scand. 2000, 78, 374–385. [CrossRef] [PubMed]
4. Danaei, G.; Finucane, M.M.; Lu, Y.; Singh, G.M.; Cowan, M.J.; Paciorek, C.J.; Lin, J.K.; Farzadfar, F.; Khang, Y.H.;

Stevens, G.A.; et al. National, regional, and global trends in fasting plasma glucose and diabetes prevalence since 1980:
Systematic analysis of health examination surveys and epidemiological studies with 370 country-years and 2.7 million
participants. Lancet 2011, 378, 31–40. [CrossRef]

5. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in diabetes since 1980: A pooled analysis of 751 population-based
studies with 4.4 million participants. Lancet 2016, 387, 1513–1530. [CrossRef]

6. Yau, J.W.; Rogers, S.L.; Kawasaki, R.; Lamoureux, E.L.; Kowalski, J.W.; Bek, T.; Chen, S.J.; Dekker, J.M.; Fletcher, A.;
Grauslund, J.; et al. Global prevalence and major risk factors of diabetic retinopathy. Diabetes Care 2012, 35, 556–564. [CrossRef]

http://doi.org/10.1111/j.1755-3768.1994.tb02787.x
http://www.ncbi.nlm.nih.gov/pubmed/7825403
http://doi.org/10.1167/iovs.10-5364
http://doi.org/10.1034/j.1600-0420.2000.078004374.x
http://www.ncbi.nlm.nih.gov/pubmed/10990036
http://doi.org/10.1016/S0140-6736(11)60679-X
http://doi.org/10.1016/S0140-6736(16)00618-8
http://doi.org/10.2337/dc11-1909


J. Clin. Med. 2022, 11, 4332 11 of 12

7. Sabanayagam, C.; Banu, R.; Chee, M.L.; Lee, R.; Wang, Y.X.; Tan, G.; Jonas, J.B.; Lamoureux, E.L.; Cheng, C.Y.; Klein, B.E.K.; et al.
Incidence and progression of diabetic retinopathy: A systematic review. Lancet Diabetes Endocrinol. 2019, 7, 140–149. [CrossRef]

8. Bandello, F.; Corbelli, E.; Carnevali, A.; Pierro, L.; Querques, G. Optical Coherence Tomography Angiography of Diabetic
Retinopathy. Dev. Ophthalmol. 2016, 56, 107–112. [CrossRef]

9. Kim, A.Y.; Chu, Z.; Shahidzadeh, A.; Wang, R.K.; Puliafito, C.A.; Kashani, A.H. Quantifying Microvascular Density and
Morphology in Diabetic Retinopathy Using Spectral-Domain Optical Coherence Tomography Angiography. Investig. Ophthalmol.
Vis. Sci. 2016, 57, OCT362-370. [CrossRef]

10. Salz, D.A.; de Carlo, T.E.; Adhi, M.; Moult, E.; Choi, W.; Baumal, C.R.; Witkin, A.J.; Duker, J.S.; Fujimoto, J.G.; Waheed, N.K. Select
Features of Diabetic Retinopathy on Swept-Source Optical Coherence Tomographic Angiography Compared with Fluorescein
Angiography and Normal Eyes. JAMA Ophthalmol. 2016, 134, 644–650. [CrossRef]

11. Simonett, J.M.; Scarinci, F.; Picconi, F.; Giorno, P.; De Geronimo, D.; Di Renzo, A.; Varano, M.; Frontoni, S.; Parravano, M. Early
microvascular retinal changes in optical coherence tomography angiography in patients with type 1 diabetes mellitus. Acta
Ophthalmol. 2017, 95, e751–e755. [CrossRef]

12. Dimitrova, G.; Chihara, E.; Takahashi, H.; Amano, H.; Okazaki, K. Quantitative Retinal Optical Coherence Tomography
Angiography in Patients with Diabetes without Diabetic Retinopathy. Investig. Ophthalmol. Vis. Sci. 2017, 58, 190–196. [CrossRef]
[PubMed]

13. Soares, M.; Neves, C.; Marques, I.P.; Pires, I.; Schwartz, C.; Costa, M.A.; Santos, T.; Durbin, M.; Cunha-Vaz, J. Comparison
of diabetic retinopathy classification using fluorescein angiography and optical coherence tomography angiography. Br. J.
Ophthalmol. 2017, 101, 62–68. [CrossRef] [PubMed]

14. Tang, F.Y.; Ng, D.S.; Lam, A.; Luk, F.; Wong, R.; Chan, C.; Mohamed, S.; Fong, A.; Lok, J.; Tso, T.; et al. Determinants of
Quantitative Optical Coherence Tomography Angiography Metrics in Patients with Diabetes. Sci. Rep. 2017, 7, 2575. [CrossRef]
[PubMed]

15. Mendis, K.R.; Balaratnasingam, C.; Yu, P.; Barry, C.J.; McAllister, I.L.; Cringle, S.J.; Yu, D.Y. Correlation of histologic and clinical
images to determine the diagnostic value of fluorescein angiography for studying retinal capillary detail. Investig. Ophthalmol.
Vis. Sci. 2010, 51, 5864–5869. [CrossRef] [PubMed]

16. Chen, Q.; Ma, Q.; Wu, C.; Tan, F.; Chen, F.; Wu, Q.; Zhou, R.; Zhuang, X.; Lu, F.; Qu, J.; et al. Macular Vascular Fractal Dimension
in the Deep Capillary Layer as an Early Indicator of Microvascular Loss for Retinopathy in Type 2 Diabetic Patients. Investig.
Ophthalmol. Vis. Sci. 2017, 58, 3785–3794. [CrossRef]

17. Scarinci, F.; Picconi, F.; Giorno, P.; Boccassini, B.; De Geronimo, D.; Varano, M.; Frontoni, S.; Parravano, M. Deep capillary plexus
impairment in patients with type 1 diabetes mellitus with no signs of diabetic retinopathy revealed using optical coherence
tomography angiography. Acta Ophthalmol. 2018, 96, e264–e265. [CrossRef]

18. Safi, H.; Safi, S.; Hafezi-Moghadam, A.; Ahmadieh, H. Early detection of diabetic retinopathy. Surv. Ophthalmol. 2018, 63, 601–608.
[CrossRef]

19. Rosen, R.B.; Andrade Romo, J.S.; Krawitz, B.D.; Mo, S.; Fawzi, A.A.; Linderman, R.E.; Carroll, J.; Pinhas, A.; Chui, T.Y.P. Earliest
Evidence of Preclinical Diabetic Retinopathy Revealed Using Optical Coherence Tomography Angiography Perfused Capillary
Density. Am. J. Ophthalmol. 2019, 203, 103–115. [CrossRef]

20. Li, Z.; Wen, X.; Zeng, P.; Liao, Y.; Fan, S.; Zhang, Y.; Li, Y.; Xiao, J.; Lan, Y. Do microvascular changes occur preceding neural
impairment in early-stage diabetic retinopathy? Evidence based on the optic nerve head using optical coherence tomography
angiography. Acta Diabetol. 2019, 56, 531–539. [CrossRef]

21. Zeng, Y.; Cao, D.; Yu, H.; Yang, D.; Zhuang, X.; Hu, Y.; Li, J.; Yang, J.; Wu, Q.; Liu, B.; et al. Early retinal neurovascular impairment
in patients with diabetes without clinically detectable retinopathy. Br. J. Ophthalmol. 2019, 103, 1747–1752. [CrossRef] [PubMed]

22. Xu, F.; Wan, C.; Zhao, L.; Liu, S.; Hong, J.; Xiang, Y.; You, Q.; Zhou, L.; Li, Z.; Gong, S.; et al. Predicting Post-Therapeutic Visual
Acuity and OCT Images in Patients with Central Serous Chorioretinopathy by Artificial Intelligence. Front. Bioeng. Biotechnol.
2021, 9, 649221. [CrossRef] [PubMed]

23. Sun, G.; Liu, X.; Yu, X. Multi-path cascaded U-net for vessel segmentation from fundus fluorescein angiography sequential
images. Comput. Methods Programs Biomed. 2021, 211, 106422. [CrossRef] [PubMed]

24. Vaz-Pereira, S.; Morais-Sarmento, T.; Marques, R.E. Optical coherence tomography features of neovascularization in proliferative
diabetic retinopathy: A systematic review. Int. J. Retin. Vitr. 2020, 6, 26. [CrossRef]

25. Hormel, T.T.; Hwang, T.S.; Bailey, S.T.; Wilson, D.J.; Huang, D.; Jia, Y. Artificial intelligence in OCT angiography. Prog. Retin. Eye
Res. 2021, 85, 100965. [CrossRef]

26. Qian, Y.; Yang, J.; Liang, A.; Zhao, C.; Gao, F.; Zhang, M. Widefield Swept-Source Optical Coherence Tomography Angiography
Assessment of Choroidal Changes in Vogt-Koyanagi-Harada Disease. Front. Med. 2021, 8, 698644. [CrossRef]

27. Pang, Y.; Sparschu, L.; Nylin, E.; Wang, J. Validation of an Automated Early Treatment Diabetic Retinopathy Study Low-contrast
Letter Acuity Test. Optom. Vis. Sci. 2020, 97, 370–376. [CrossRef]

28. Aiello, L.P.; Odia, I.; Glassman, A.R.; Melia, M.; Jampol, L.M.; Bressler, N.M.; Kiss, S.; Silva, P.S.; Wykoff, C.C.; Sun, J.K.; et al. Com-
parison of Early Treatment Diabetic Retinopathy Study Standard 7-Field Imaging with Ultrawide-Field Imaging for Determining
Severity of Diabetic Retinopathy. JAMA Ophthalmol. 2019, 137, 65–73. [CrossRef]

29. Shen, M.; Laiginhas, R.; Rosenfeld, P.J. Widefield Swept-Source Optical Coherence Tomography Angiography of a “Polypoidal-
Like” Retinal Arteriovenous Anastomosis in Proliferative Diabetic Retinopathy. JAMA Ophthalmol. 2021, 139, e213859. [CrossRef]

http://doi.org/10.1016/S2213-8587(18)30128-1
http://doi.org/10.1159/000442801
http://doi.org/10.1167/iovs.15-18904
http://doi.org/10.1001/jamaophthalmol.2016.0600
http://doi.org/10.1111/aos.13404
http://doi.org/10.1167/iovs.16-20531
http://www.ncbi.nlm.nih.gov/pubmed/28114579
http://doi.org/10.1136/bjophthalmol-2016-309424
http://www.ncbi.nlm.nih.gov/pubmed/27927677
http://doi.org/10.1038/s41598-017-02767-0
http://www.ncbi.nlm.nih.gov/pubmed/28566760
http://doi.org/10.1167/iovs.10-5333
http://www.ncbi.nlm.nih.gov/pubmed/20505200
http://doi.org/10.1167/iovs.17-21461
http://doi.org/10.1111/aos.13510
http://doi.org/10.1016/j.survophthal.2018.04.003
http://doi.org/10.1016/j.ajo.2019.01.012
http://doi.org/10.1007/s00592-019-01288-8
http://doi.org/10.1136/bjophthalmol-2018-313582
http://www.ncbi.nlm.nih.gov/pubmed/30674454
http://doi.org/10.3389/fbioe.2021.649221
http://www.ncbi.nlm.nih.gov/pubmed/34888298
http://doi.org/10.1016/j.cmpb.2021.106422
http://www.ncbi.nlm.nih.gov/pubmed/34598080
http://doi.org/10.1186/s40942-020-00230-3
http://doi.org/10.1016/j.preteyeres.2021.100965
http://doi.org/10.3389/fmed.2021.698644
http://doi.org/10.1097/OPX.0000000000001506
http://doi.org/10.1001/jamaophthalmol.2018.4982
http://doi.org/10.1001/jamaophthalmol.2021.3859


J. Clin. Med. 2022, 11, 4332 12 of 12

30. Lu, E.S.; Cui, Y.; Le, R.; Zhu, Y.; Wang, J.C.; Lains, I.; Katz, R.; Lu, Y.; Zeng, R.; Garg, I.; et al. Detection of neovascularisation in the
vitreoretinal interface slab using widefield swept-source optical coherence tomography angiography in diabetic retinopathy. Br. J.
Ophthalmol. 2022, 106, 534–539. [CrossRef]

31. Cui, Y.; Zhu, Y.; Wang, J.C.; Lu, Y.; Zeng, R.; Katz, R.; Vingopoulos, F.; Le, R.; Lains, I.; Wu, D.M.; et al. Comparison of widefield
swept-source optical coherence tomography angiography with ultra-widefield colour fundus photography and fluorescein
angiography for detection of lesions in diabetic retinopathy. Br. J. Ophthalmol. 2021, 105, 577–581. [CrossRef] [PubMed]

32. Schaal, K.B.; Munk, M.R.; Wyssmueller, I.; Berger, L.E.; Zinkernagel, M.S.; Wolf, S. Vascular Abnormalities in Diabetic Retinopathy
Assessed with Swept-Source Optical Coherence Tomography Angiography Widefield Imaging. Retina 2019, 39, 79–87. [CrossRef]
[PubMed]

33. Durbin, M.K.; An, L.; Shemonski, N.D.; Soares, M.; Santos, T.; Lopes, M.; Neves, C.; Cunha-Vaz, J. Quantification of Retinal
Microvascular Density in Optical Coherence Tomographic Angiography Images in Diabetic Retinopathy. JAMA Ophthalmol. 2017,
135, 370–376. [CrossRef] [PubMed]

http://doi.org/10.1136/bjophthalmol-2020-317983
http://doi.org/10.1136/bjophthalmol-2020-316245
http://www.ncbi.nlm.nih.gov/pubmed/32591347
http://doi.org/10.1097/IAE.0000000000001938
http://www.ncbi.nlm.nih.gov/pubmed/29135803
http://doi.org/10.1001/jamaophthalmol.2017.0080
http://www.ncbi.nlm.nih.gov/pubmed/28301651

	Introduction 
	Method 
	Inclusion and Exclusion Criteria 
	Ophthalmic Examinations and Blood Test 

	OCTA Image Analysis 
	Statistical Analysis 
	Results 
	Baseline Demographic Data 
	Quantitative Evaluation of the Inner Retina 
	Quantitative Evaluation of SCP 
	Quantitative Evaluation of DCP 
	Quantitative Evaluation of CMT 
	Qualitative Evaluation of the Concentric Ring Area 

	Discussion 
	References

