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Abstract
Aims  To evaluate superficial capillary plexus (SCP), deep capillary plexus (DCP) and choriocapillaris (CC) perfusion in 
macular and near/mid periphery regions in diabetic patients using widefield swept-source optical coherence tomography 
angiography (WSS-OCTA).
Methods  Ninety-four diabetic patients (94 eyes) classified as diabetics without diabetic retinopathy (no DR) (25 eyes), mild 
DR (23 eyes), moderate/severe DR (26 eyes), proliferative DR (20 eyes) and a control group of 25 healthy subjects (25 eyes) 
were imaged with the WSS-OCTA system (PLEX Elite 9000, Carl Zeiss Meditec Inc., Dublin, CA, USA). Quantitative 
analysis was performed in the macular and peripheral regions. The main outcome measures were perfusion density (PD) 
and vessel length density of SCP, DCP and CC.
Results  Peripheral retina (all sectors) showed lower SCP and DCP PD compared to the macular region (p  < 0.001). In 
diabetics without DR and DR in different stages, SCP and DCP PD significantly decreased at advancing stages of DR 
(p  < 0.001). At DCP level, central PD was significantly directly related to peripheral PD (superior, R = 0.682 and 0.479; 
temporal, R  = 0.918 and 0.554; inferior, R  = 0.711). A good sensitivity and an excellent specificity were found in terms of 
prediction of disease worsening, especially for central and temporal sectors in all plexuses and for all sectors both central 
and peripheral of DCP.
Conclusions  The widefield OCTA is useful for the study of central and peripheral retina in diabetic patients with or without 
diabetic retinopathy, assessing good correlation between central and peripheral retina.

Keywords  Widefield optical coherence tomography angiography · Diabetic retinopathy · Retinal periphery · Retinal vessel 
density · Perfusion density
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Introduction

Optical coherence tomography angiography (OCTA) is a 
recent retinal imaging method useful for the evaluation of 
the retinal and choroidal circulation without dye injection 
[1, 2].

Due to the limited field of view, conventional OCTA 
allows depth-resolved qualitative and quantitative assess-
ment of retinal and choroidal vascular network in the macu-
lar area, being particularly useful in retinal pathologies of 
the central retina [1, 2].

Several researches report the use of OCTA in diabetic 
retinopathy (DR) with detection of vascular alterations in 
different retinal layers as opposed to fluorescein angiog-
raphy, unable to provide topographic three-dimensional 
images of the retina [3, 4].

Conventional OCTA allows visualization of all DR anom-
alies such as microaneurysms, non-perfusion areas, vascular 
loops, venous beading, intraretinal microvascular abnormali-
ties and neovascularization.

It has been proven to be useful mainly to detect early 
vascular changes in diabetic patients without retinopathy, to 
evaluate DR severity and to predict responsiveness of dia-
betic macular edema (DME) to treatment [5, 6].

Retinal vascular anomalies such as areas of capillary 
non-perfusion, enlargement of the foveal avascular zone and 
impairment of choriocapillaris (CC) can be detected even in 
diabetic patients without evident signs of retinopathy [7, 8].

Progressive decrease in perfusion density in retinal capil-
lary network both in the superficial and deep plexuses and in 
the CC has been reported in patients with DR compared with 
controls, with a significant decrease in capillary perfusion 
density values as retinopathy progresses [9–11].

Nevertheless, the small scan size with a limited field of 
view, without retinal periphery, may represent a limit to the 
use of OCTA for disease screening and monitoring.

Widefield swept-source OCTA (WSS-OCTA) imaging 
has been recently introduced employing a longer wavelength 
and a higher speed thus allowing better visualization of the 
CC and the study of a wider retinal field of view [12–14].

Recent studies showed high sensitivity and specificity of 
WSS-OCTA for detection of peripheral diabetic retinopathy 
abnormalities such as non-perfusion areas and retinal neo-
vascularization [13, 15].

The possibility of OCTA evaluation of retinal abnormali-
ties in a wider retinal area might provide more insight into 
DR correlating central and peripheral vascular modifications 
in different stages of the disease.

The aim of our study was to evaluate flow features of 
superficial capillary plexus (SCP), deep capillary plexus 
(DCP) and CC in macular and near/mid periphery regions 
in diabetic patients using WSS-OCTA.

Materials and methods

Study participants

In this prospective observational study, 94 diabetic patients 
(94 eyes), classified according to the Clinical Diabetic Retin-
opathy Scale proposed by the Diabetic Retinopathy Project 
Group as diabetics without diabetic retinopathy (no DR, 25 
eyes), mild DR (23 eyes); moderate/severe DR (26 eyes); 
proliferative DR (PDR, 20 eyes) and a control group of 25 
healthy age-frequency matched subjects (25 eyes), were 
referring to the University G. d’Annunzio, Chieti-Pescara, 
Italy.

This prospective study adhered to the tenets of the Dec-
laration of Helsinki and was approved by the Institutional 
Review Board. Written informed consent was obtained from 
all subjects.

Criteria for inclusion were: (1) age >  8 years old; (2) 
best-corrected visual acuity (BCVA) greater than 0.5 log-
MAR in the study eye at baseline examination (to ensure 
proper execution of examination); (3) confirmed diagnosis 
of diabetes mellitus with or without DR/DME.

The exclusion criteria were: (1) any ocular surgery 
(included intravitreal injections of anti vascular endothelial 
growth factor or dexamethasone implant) in the study eye 
in the last 9 months; (2) laser treatment in the study eye; (3) 
history of glaucoma; (4) medium lens opacity in the study 
eye; (5) ocular axial length included between 23 and 24 mm.

All patients recruited between June 2018 and December 
2018 underwent a complete ophthalmic evaluation, includ-
ing assessment of BCVA, tonometry, slit-lamp biomicros-
copy and indirect fundus ophthalmoscopy. In addition, all 
patients were tested using PLEX Elite 9000 device (Carl 
Zeiss Meditec Inc., Dublin, CA, USA).

Diabetic retinopathy stage was classified according to the 
Clinical Diabetic Retinopathy Scale proposed by the Dia-
betic Retinopathy Project Group using retinal digital photo-
graphs [15]. The stages are as follows: (I) no DR; (II) mild 
non-proliferative diabetic retinopathy (NPDR); (III) moder-
ate/severe (NPDR); (IV) PDR.

Outcome measures included: (1) SCP perfusion density 
(SCP PD); DCP PD and CC PD (2) SCP vessel length den-
sity (VLD); DCP VLD; CC VLD, in macular and near/mid 
periphery.

Imaging protocol

Patients underwent OCTA imaging using the PLEX Elite 
9000 device (Carl Zeiss Meditec Inc., Dublin, CA, USA), 
which uses a swept laser source with a central wavelength 
of 1050 nm (1000–1100 nm full bandwidth) and operates 
at 100,000 A-scans per second. This instrument employs a 
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full-width at half-maximum (FWHM) axial resolution of 
approximately 5 μm in tissue, and a lateral resolution at the 
retinal surface estimated at approximately 14 μm [10]. For 
each eye, two 15 × 9-mm OCTA volume scans (one of the 
superior retina and one of the inferior retina) with patient 
fixating centrally were acquired. FastTrac motion correction 
software was used, while the images were acquired. These 
scans were then automatically montaged by the software 
to create a single widefield image with an approximately 
50 degree field of view (or covering an approximately 
15 × 15 mm region of the retina) and automatic segmen-
tation was performed by the software of the device with 
default settings. Poor-quality images (signal strength index 
(SSI) < 8) with either significant motion artifact or extensive 
incorrect segmentation were excluded and repeated. For all 
the participants, both eyes were imaged separately three 
times each, and the best-quality image of the right eye from 
each subject was selected to be analyzed in the study.

All selected images were carefully visualized by two reti-
nal specialist independently (LT and LDA) to ascertain the 
correctness of the position of the upper and lower boundaries 
of segmentation such as the inner limiting membrane (ILM) 
and retinal pigment epithelium (RPE), respectively, and in 
case of erroneous boundaries recognition, manual correc-
tion was performed using the segmentation and propagation 
editing tool from the device. Then automatic segmentation 
by PLEX Elite 9000 device was used to define vascular beds 
obtaining three depth-resolved retinal slabs: the SCP extends 
from the ILM to the inner plexiform layer (IPL), the DCP 
extends from the IPL to the outer plexiform layer (OPL) and 
the CC consisting of a 20-μm-thick uniform layer extending 
29 μm below the RPE to 49 μm below the RPE.

To analyze and quantify in detail the main outcome meas-
ures (SCP PD; DCP PD; CC PD; SCP VLD; DCP VLD; CC 
VLD), a previously described protocol was adopted [14, 15]. 
For each eye, en face OCTA images segmented at the SCP, 
DCP and CC levels were imported into ImageJ software 
version 1.50 (National Institutes of Health, Bethesda, MD; 
available at http://rsb.info.nih.gov/ij/index​.html).

Each SCP and DCP en face image was duplicated and 
binarized with two different binarization methods (“Huang’s 
fuzzy” method and “median local” thresholding) to calculate 
perfusion density, as previously described [16, 17].

To evaluate CC perfusion density, en face images were bina-
rized using the Phansalkar method and then processed with the 
“Analyze Particles” command as previously shown [16, 18].

The DCP and CC directly beneath major superficial reti-
nal vessels were excluded from analysis to eliminate poten-
tially confounding shadow or projection artifacts as previ-
ously described [18].

Successively, the SCP, DCP and CC images obtained 
after binarization were skeletonized and these images were 
employed to measure VLD [16–18].

The quantitative analysis was performed in the macular 
region, which was defined as a circular annulus around the 
fovea with diameter of 5.5 mm and in the peripheral region 
which was assessed in three circles tangential (superior, 
temporal and inferior) to the macula and with diameters of 
4.5 mm (Fig. 1).

Statistical analysis

Qualitative variables were presented as frequency and per-
centage. Continuous variables were tested for normal distri-
bution with Shapiro–Wilks test and reported as mean and 
standard deviation (SD). Results were reported separately 
for each groups. One-way analysis of variance (ANOVA) 
test was performed to compare quantitative variables among 
groups. Chi-squared test was performed to compare for 
qualitative variables. Lin’s concordance correlation coeffi-
cient (CCC) with the 95% confidence intervals was calcu-
lated to assess the interobserver reproducibility of measure-
ments. Each patient was attributed to the mean value between 
observer 1 and observer 2 for WSS-OCTA. Two-way analysis 
of variance (ANOVA) was used to determine the effects of 
type of sector (central, superior, temporal, inferior) and group 
(control, no DR, mild NPDR, moderate or severe NPDR and 
PDR), as well as the interaction of these two variables, on 
perfusion density and vessel length density. In all models, to 
assess differences respect to control, no DR and mild NPDR 
group, a post hoc analysis was performed with Dunnett’s 
test. The Pearson correlation coefficient (R) was performed 
to evaluate the correlation among central perfusion density 
and central vessel length density and corresponding periph-
eral parameter. The area under the receiver operating charac-
teristic (ROC) curve (AUC) was estimated to determine the 
ability of each image size and parameter to predict moderate, 
severe NPDR or PDR. The true positive rate was plotted ver-
sus the false positive rate. The area under the curves (AUC) 
was calculated as a measure of classification model perfor-
mance. Statistical analysis was performed using IBM® SPSS 
Statistics v 20.0 software (SPSS Inc, Chicago, Illinois, USA).

Results

Study population characteristics

A total of 119 eyes (no DR, 25 eyes; mild NPDR, 23 eyes; 
moderate/severe NPDR, 26 eyes; PDR, 20 eyes; control 
group, 25 eyes) met the required image quality criteria 
and were considered in the analysis. DME was present in 
0 eyes of no DR group, in 5 eyes of mild NPDR group, 
in 10 eyes of moderate/severe NPDR group, in 10 eyes of 
PDR group.

http://rsb.info.nih.gov/ij/index.html
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The demographic and clinical characteristics of study 
population are reported in Table 1. For all eyes, two expert 
operators (LT and LDA) performed all the examinations in 
a in a masked fashion. 

All eyes imaged and examined were included in the 
analysis.

Concordance correlation coefficient between the two 
readers was 0.99 (95% CI 0.98–0.99).

Widefield OCTA analysis of the retinal vessels

Perfusion density and vessel length density analysis of SCP

At SCP level, perfusion density showed statistically sig-
nificant differences between different groups and between 
retinal sectors (Table 2). The interaction between groups 
and retinal sectors was not statistically significant.

Fig. 1   Widefield OCTA assessment of superficial capillary plexus 
(a), deep capillary plexus (b) and choriocapillaris (c). a–c (left 
images) SCP, DCP and CC were investigated in two different regions: 
macular region (central circle with a diameter of 5.5 mm); and mid-
periphery region (three circles with diameters of 4.5  mm tangential 
to the central circle). The SCP, DCP and CC binarized (a–c, mid-

dle) and skeletonized (a–c, right) images were obtained with ImageJ 
to investigate perfusion and vessel length density, respectively. The 
superficial capillary plexus’ big retinal vessels were identified in the 
DCP and CC images and finally excluded from the analysis, thus 
avoiding shadowing and projection artifacts from SCP
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SCP showed a lower PD in all peripheral sectors compared 
to the macular region (p < 0.001), with the lowest perfusion 
density value detected in the temporal sector if compared 
with the other retinal sectors (post hoc test p < 0.05, Table 2).

In detail, a significant lower central PD was found in 
moderate/severe NPDR group and PDR group compared to 
control group, diabetics without retinopathy group and mild 
NPDR group (post hoc analysis), and only temporal PD of 

Table 1   Demographic data of patients and controls

Statistically significant values are shown in bold
DR diabetic retinopathy; NPDR non proliferative diabetic retinopathy; PDR proliferative diabetic retinopathy; SCP superficial capillary plexus; 
DCP deep capillary plexus; CC choriocapillaries
a p value derived from analysis of variance (ANOVA) between groups
b Chi-squared test

Variable Control group (n  = 25) Diabetic patients groups (n  = 94) p valuea

No DR (n  = 25) Mild NPDR (n  = 23) Moderate or 
severe NPDR 
(n  = 26)

PDR (n  = 20)

Age (years) (mean ± SD) 55.8 ± 10.7 57.8 ± 10.1 56.8 ± 10.8 54.7 ± 13.9 54.3 ± 11.8 0.846
Gender [n (%)] 0.674b

 Male 8 (40.0) 9 (39.1) 12 (57.1) 13 (54.2) 10 (50.0)
 Female 12 (60.0) 14 (60.8) 9 (42.9) 11 (45.8) 10 (50.0)

BCVA (LogMAR) (mean ± SD) 0.00 ± 0.01 0.00 ± 0.02 0.04 ± 0.05 0.13 ± 0.10 0.41 ± 0.14 < 0.001
Diabetes duration (years) 

(mean ± SD)
– 5.4 ± 5.1 15.1 ± 10.8 15.2 ± 8.3 18.2 ± 10.8 < 0.001

HbA1c (%) (mean ± SD) – 6.8 ± 0.1 7.0 ± 1.4 7.2 ± 0.9 7.8 ± 0.8 0.004

Table 2   Differences of perfusion density among controls and diabetics with different stages of diabetic retinopathy

Statistically significant values are shown in bold
DR diabetic retinopathy; NPDR non proliferative diabetic retinopathy; PDR proliferative diabetic retinopathy; SCP superficial capillary plexus; 
DCP deep capillary plexus; CC choriocapillaries
+ p < 0.05; ++p < 0.01; +++p < 0.001 Dunnett’s post hoc test comparison vs control group
°p  < 0.05; °°p  < 0.01; °°°p  < 0.001 vs No DR
*p < 0.05 versus mild NPDR

Variable Control group Diabetic patients groups p value

No DR Mild NPDR Moderate or severe 
NPDR

PDR Overall Sector Group Interaction

SCP < 0.001 0.006 0.230
Central 44.24 ± 4.00 44.30 ± 4.25 43.28 ± 2.29 36.34 ± 5.91++°°* 36.18 ± 3.81++°°* 39.3 ± 5.7
Superior 37.18 ± 7.38 32.23 ± 6.07 27.75 ± 4.33 30.08 ± 7.67 29.95 ± 7.27 31.0 ± 7.0
Temporal 26.10 ± 4.18 24.09 ± 3.35 23.93 ± 3.17 23.24 ± 4.15 18.92 ± 4.61++ 22.7 ± 4.5
Inferior 32.74 ± 9.49 27.78 ± 5.39 24.48 ± 7.53 27.73 ± 5.85 27.70 ± 6.03 27.9 ± 6.6
DCP < 0.001 < 0.001 0.864
Central 44.54 ± 3.11 44.89 ± 5.39 37.92 ± 2.57 33.80 ± 4.27+++°°° 32.53 ± 5.09+++°°° 37.6 ± 6.8
Superior 32.95 ± 5.55 34.11 ± 11.13 21.82 ± 7.05 23.98 ± 9.21 22.86 ± 8.51 26.5 ± 9.8
Temporal 38.79 ± 7.27 39.07 ± 6.83 29.09 ± 4.58 23.82 ± 6.98+++°°° 23.31 ± 5.63+++°°° 29.4 ± 9.2
Inferior 34.66 ± 18.52 31.30 ± 8.51 19.48 ± 8.86+ 18.76 ± 5.83 18.44 ± 8.32 23.3 ± 11.3
CC < 0.001 0.004 0.316
Central 83.54 ± 1.47 83.42 ± 1.02 81.51 ± 2.36 80.87 ± 2.77 76.85 ± 3.60+++°°° 80.7 ± 3.6
Superior 82.92 ± 0.67 81.70 ± 1.17 78.84 ± 1.61 78.99 ± 4.82 79.06 ± 1.87 80.0 ± 3.0
Temporal 84.72 ± 1.46 84.38 ± 1.12 84.46 ± 1.99 83.49 ± 1.97 82.28 ± 1.99 83.6 ± 1.9
Inferior 82.21 ± 2.80 80.22 ± 3.97 79.75 ± 4.09 79.57 ± 5.32 76.81 ± 5.28 79.3 ± 4.7
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PDR group was significantly lower compared to the control 
group (p < 0.01, Table 2).

Vessel length density showed statistically significant differ-
ences between groups (Table 3; p = 0.003) and between sectors 
within the same group (Table 3; p < 0.001). The interaction 
between group and sectors was not statistically significant.

SCP showed a lower VLD in all peripheral sectors com-
pared to the macular region (post hoc analysis p < 0.05), with 
the lowest perfusion density value detected in the temporal 
region if compared with the other retinal sectors (p < 0.05; 
Table 3).

In detail, a significant lower central VLD was found in mod-
erate/severe retinopathy group and PDR group compared to 
control group and diabetics without retinopathy group, and only 
temporal VLD of PDR group was significantly lower compared 
to the control group and no DR group (p < 0.05, Table 3).

Perfusion density and vessel length density analysis of DCP

At DCP level, perfusion density showed statistically sig-
nificant differences between different groups and between 
retinal sectors (Table 2). The interaction between groups and 
retinal sectors was not statistically significant.

At DCP level, a lower perfusion density was detected in 
all peripheral sectors compared to the macular region both 

in healthy controls and diabetics with/without retinopathy 
(p < 0.001, Table 2). Among peripheral sectors, the inferior 
sector was significantly lower compared to the temporal one 
(p < 0.05, Table 2). A significantly lower central and tempo-
ral PD was found in moderate/severe retinopathy group and 
PDR group compared to control group and diabetics without 
retinopathy group (p < 0.001, Table 2).

DCP showed lower VLD in all peripheral sectors com-
pared to the macular region (post hoc analysis p < 0.001), 
with the lowest value detected in the inferior sectors if com-
pared with the other retinal sectors (p < 0.05 Table 3).

In particular, a significant lower central, temporal and infe-
rior VLD was found in moderate/severe NPDR group and PDR 
group compared to control group and no DR group (Table 3).

Perfusion density and vessel length density analysis of CC

At CC level, perfusion density showed statistically signifi-
cant differences between different groups and between reti-
nal sectors (Table 2). The interaction between groups and 
retinal sectors was not statistically significant.

At CC level, inferior sector showed lower PD compared 
to central sector and temporal sector (p < 0.001, Table 2). 
In particular, a significant lower central PD was found in 
PDR group compared to control group and diabetics without 

Table 3   Differences of vessel length density among controls and diabetics with different stages of diabetic retinopathy

Statistically significant values are shown in bold
DR diabetic retinopathy; NPDR non proliferative diabetic retinopathy; PDR proliferative diabetic retinopathy; SCP superficial capillary plexus; 
DCP deep capillary plexus; CC choriocapillaries
+ p < 0.05; ++p  < 0.01; +++p  < 0.001 Dunnett’s post hoc test comparison vs control group
°p  < 0.05; °°p  < 0.01; °°°p  < 0.001 vs No DR
* p  < 0.05 versus mild NPDR

Variable Control group Diabetic patients groups p value

No DR Mild NPDR Moderate or severe 
NPDR

PDR Overall Sector Group Interaction

SCP < 0.001 0.003 0.169
Central 18.94 ± 1.97 19.51 ± 2.24 19.21 ± 1.10 15.97 ± 2.92+°° 15.92 ± 1.81+°° 17.6 ± 2.71
Superior 14.56 ± 3.04 13.33 ± 2.65 11.44 ± 1.95 12.21 ± 3.17 11.88 ± 2.77 12.58 ± 2.87
Temporal 11.91 ± 1.41 11.08 ± 1.69 11.20 ± 1.74 9.97 ± 1.53 8.76 ± 2.11+° 10.34 ± 2.06
Inferior 13.45 ± 3.79 12.01 ± 2.37 10.37 ± 3.54 11.25 ± 2.57 11.31 ± 2.53 11.62 ± 2.87
DCP < 0.001 < 0.001 0.562
Central 20.28 ± 1.32 21.17 ± 2.00 18.30 ± 1.00 16.07 ± 1.99+++°°° 15.67 ± 2.03+++°°° 17.95 ± 2.96
Superior 15.19 ± 2.63 16.21 ± 4.15 11.18 ± 3.12 12.24 ± 3.56 11.45 ± 3.91 13.10 ± 4.04
Temporal 17.29 ± 2.96 18.62 ± 2.72 14.36 ± 2.09 11.63 ± 3.03+++°°° 11.68 ± 2.44+++°°° 14.3 ± 4.02
Inferior 15.34 ± 7.73 15.28 ± 3.80 10.20 ± 4.17 9.47 ± 2.84+° 9.63 ± 3.76+° 11.67 ± 4.99
CC 0.010 0.128 0.749
Central 31.66 ± 0.27 31.18 ± 0.16 31.18 ± 0.46 31.30 ± 0.50 30.74 ± 0.81 31.29 ± 0.66
Superior 30.69 ± 0.48 30.62 ± 0.67 30.62 ± 0.24 30.16 ± 2.13 30.94 ± 0.52 30.71 ± 1.16
Temporal 31.08 ± 0.28 30.74 ± 0.17 30.74 ± 0.45 31.07 ± 0.36 31.11 ± 0.43 31.10 ± 0.40
Inferior 31.22 ± 0.45 31.13 ± 0.83 31.13 ± 0.86 30.67 ± 1.40 30.77 ± 1.15 30.95 ± 1.05
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retinopathy group (p < 0.001, Table 2). Central VLD was 
significantly lower than all peripheral sectors (p < 0.001, 
Table 3).

Correlation analysis of flow parameters 
between central and peripheral retina 
among groups

A significant positive correlation was found between macu-
lar area and periphery in terms of PD and VLD (Tables 4, 5).  

In detail, PD of macular area showed in DCP and CC a 
positive correlation with temporal sectors and superior sectors 
in diabetics without retinopathy and in all DR stages, and with 
inferior sector in diabetics without retinopathy and in mild DR.

Vessel length density of macular area showed in DCP a 
positive correlation with temporal sectors and superior sectors 
in diabetics without retinopathy and in all DR stages, and with 
inferior sector in diabetics without retinopathy and in mild DR.

In order to prove the ability of the each image size 
and parameter to discriminate moderate, severe NPDR 
or PDR, we calculated the ROC curves (Fig. 2). Central 
and temporal sectors in all plexuses and for all sectors 
both central and peripheral of DCP were characterized by 

high specificity and sensibility in predicting the disease 
worsening.

Discussion

Our study evaluated the retinal and choriocapillaris flow 
features of diabetic patients without retinopathy or with 
different stage of DR comparing these data with flow fea-
tures of eyes of healthy subjects in central and peripheral 
sectors using WFSS-OCTA depth-resolved scans.

The detailed analysis of retinal vasculature features is an 
important imaging biomarker in order to assess the retinal 
vascular damage related to diabetes [3].

Previous DR OCTA studies in diabetic patients had 
mainly focused their attention on retinal and choriocapil-
laris vasculature features of the macular area mainly due 
to the limited availability of widefield imaging devices [3].

Macular flow impairment of both retinal capillary plex-
uses and choriocapillaris has been demonstrated in diabetic 
patients with or without diabetic retinopathy related to retin-
opathy severity [19, 20].

In a prospective study evaluating patients with Type 
1 DM without any signs of DR on the basis of fundus 

Table 4   Correlation among central and peripheral retinal and choriocapillaris perfusion density in controls and diabetics with different stages of 
diabetic retinopathy

Statistically significant values are shown in bold
DR diabetic retinopathy; NPDR non proliferative diabetic retinopathy; PDR proliferative diabetic retinopathy; SCP superficial capillary plexus; 
DCP deep capillary plexus; CC choriocapillaries

Control group No DR or 
mild NPDR

Moderate, 
severe or 
PDR

Control group No DR or 
mild NPDR

Moderate, 
severe or 
PDR

Control group No DR or 
mild NPDR

Moderate, 
severe or 
PDR

SCP superior SCP temporal SCP inferior

SCP central
Correlation 

coefficient 
(R)

− 0.402 0.054 − 0.122 0.213 0.318 0.239 − 0.660 − 0.084 0.150

p value 0.503 0.854 0.599 0.730 0.267 0.296 0.225 0.776 0.517

DCP superior DCP temporal DCP inferior

DCP central
Correlation 

coefficient 
(R)

0.568 0.682 0.479 0.723 0.918 0.554 0.450 0.711 0.338

p value 0.318 0.007 0.028 0.167 < 0.001 0.009 0.447 0.004 0.134

CC superior CC temporal CC inferior

CC central
Correlation 

coefficient 
(R)

− 0.510 0.567 0.642 0.845 0.572 0.592 − 0.728 0.553 0.216

p value 0.380 0.034 0.002 0.072 0.033 0.005 0.163 0.040 0.346
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biomicroscopy, Carnevali et al. [21] described early micro-
vascular changes detectable with OCTA, such as alteration 
of the vessel density in perifoveal capillaries as a sign that 
precedes the enlargement and remodeling of FAZ.

In NPDR eyes, Borrelli et al. [22] described retinal perfu-
sion reduction as well and found a strong association between 
diabetic choroidopathy and photoreceptor damage due to CC 
hypoperfusion and microvascular choroidal changes.

Nevertheless, the status of retinal periphery is considered 
to play an important role as predictor of diabetic retinopathy 
course [23, 24]. As already known, the risk of DR worsening 
is strongly associated with retinal peripheral lesions [14].

Recently, widefield OCTA studies evaluated microvas-
culature features of healthy patients and of patients with 
vascular diseases such as DR.

In particular, Hirano et al. reported a reduction in retinal 
perfusion both in superficial and deep capillary plexuses with 
worsening DR severity, using both small field and widefield 
scan sizes. Better prediction of DR was evidenced when 
using small scan sizes compared to widefield scans [25].

In our work, we analyzed the different topographical 
distribution of retinal and choriocapillaris flow of the cen-
tral retina and peripheral retina in different sectors using 
widefield OCTA scans in normal healthy subjects, in diabet-
ics without DR or diabetics with DR at different stages. In 

particular, we analyzed perfusion density and vessel length 
density of both retinal plexuses and choriocapillaris.

The vessel length density reflects a one-dimensional 
quantification of the retinal vasculature (length) and perfu-
sion density a two-dimensional (length and width) measure 
thus a decrease in PD could be either a reduction in retinal 
vessel caliber or a decrease in branching patterns [26].

In accordance with previous studies [19, 20], in our 
patients the most advanced DR stages (moderate/severe 
NPDR group and PDR group) showed a significant lower 
PD and VLD in the macular area both in SCP and DCP 
compared to normal subjects, diabetics without retinopa-
thy and diabetics with mild DR. Central CC PD was signif-
icantly lower in PDR group compared to normal subjects 
and diabetics without retinopathy.

Among peripheral sectors, the temporal one showed 
lower PD and VLD at DCP level in the most advanced 
DR stages compared to normal controls, diabetics without 
DR and mild DR.

In general, considering the relationship between PD and 
VLD the contemporary impairment of these two parame-
ters for both retinal plexuses and choriocapillaris observed 
in our study at increasing stage of DR are probably related 
to a decrease in branching patterns due to capillary drop 
out.

Table 5   Correlation among central and peripheral retinal and choriocapillaris vessel length density in controls and diabetics with different stages 
of diabetic retinopathy

Statistically significant values are shown in bold
DR diabetic retinopathy; NPDR non proliferative diabetic retinopathy; PDR proliferative diabetic retinopathy; SCP superficial capillary plexus; 
DCP deep capillary plexus; CC choriocapillaries

Control group No DR 
or mild 
NPDR

Moderate, 
severe or 
PDR

Control group No DR 
or mild 
NPDR

Moderate, 
severe or 
PDR

Control group No DR 
or mild 
NPDR

Moderate, 
severe or 
PDR

SCP superior SCP temporal SCP inferior

SCP central
Correlation 

coefficient 
(R)

− 0.468 0.046 − 0.094 0.170 0.308 0.239 0.456 − 0.067 0.177

p value 0.426 0.876 0.686 0.785 0.283 0.297 0.189 0.820 0.443

DCP superior DCP temporal DCP inferior

DCP central
Correlation 

coefficient 
(R)

0.531 0.673 0.482 0.687 0.920 0.555 0.450 0.731 0.344

p value 0.357 0.008 0.027 0.200 < 0.001 0.009 0.447 0.003 0.126

CC superior CC temporal CC inferior

CC central
Correlation 

coefficient 
(R)

0.076 0.537 0.127 0.906 0.681 0.539 − 0.564 0.536 0.526

p value 0.904 0.048 0.584 0.034 0.007 0.012 0.322 0.048 0.014
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The greatest susceptibility of central and temporal sec-
tors to microvascular or ischemic insults may be related to 
the anatomical vascular features of these regions [27–29].

The macular area has an increased metabolic demand due 
to high density of cone and ganglion cells with increased 
superficial capillary plexus density compared to periphery. 
The temporal retina is the thinnest anatomically in nor-
mal subjects with intermediate and deep capillary plexus 

merging into a single layer approximately 6–7 mm temporal 
to the fovea [27–29].

In addition, a reduction in temporal retinal thickness has 
been reported in diabetic patients without retinopathy com-
pared to normal controls related to loss or degeneration of 
glial cells [29].

Regional differences of retinal perfusion density both in 
the superficial and deep capillary plexus have been described 

Fig. 2   Receiver operating characteristic analyses comparing the accu-
racy of each widefield swept-source optical coherence tomography 
angiography image scan size and parameter in predicting the presence 

PDR or moderate, severe NPDR. In each graph lists, the area under 
the ROC curve (AUC), 95% confidence interval, p value, specificity 
and sensitivity when the threshold is set to the indicated value
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in normal eyes. Campbell et al. reported a higher vessel den-
sity of SCP in the peripapillary and macular regions (except 
for the foveal area) with decrease in the periphery and a 
constant density of the intermediate capillary plexus and 
DCP in the peripapillary and macular regions, merging in 
the periphery with slightly higher combined density than the 
single plexuses [29].

In our study, to avoid as possible inaccurate assessments 
of peripheral retina and particularly of the temporal retina, 
we considered a central circle of 5.5 mm with a radius of 
2.75 mm and tangential midperiphery circles of 4.5 mm; 
therefore, analysis of retinal capillary plexuses and cho-
riocapillaris was performed up to approximately 7 mm 
temporal to the fovea in order to avoid as much as possible 
that the merging of the intermediate and deep capillary 
plexuses could interfere with an accurate vessel density 
evaluation.

If automatic segmentation failed to include DCP/interme-
diate capillary plexus, manual editing was applied.

In accordance with previous data [19, 20], in our cohort, 
the vessel perfusion density showed differences depending 
on retinal regions in both healthy and diabetic cohorts. In 
detail, central area showed the highest PD and VLD both in 
SCP and DCP. Among peripheral sectors, the temporal one 
showed the lowest PD and VLD in the SCP, and in the DCP, 
the inferior sector was less perfused.

It is possible to hypothesize that the lower PD and VLD 
of the temporal sector in SCP could be related to the pres-
ence in the temporal area of the watershed of the temporal 
vascular major arcades.

Another aspect explored in diabetic retinopathy is the 
ischemic status of the retina and the relationship between 
central and peripheral ischemia in order to better understand 
the pathophysiology of the disease and the risk of disease 
progression.

Recent studies using ultra-widefield fluorescein angiog-
raphy (FA) have reported an association between peripheral 
ischemic index and foveal avascular zone (FAZ) area show-
ing a moderate correlation [30].

A relationship between the microvascular indices meas-
ured on OCTA such as FAZ area and vessel density and the 
presence and extent of peripheral non-perfusion in DR has 
also been assessed in a recent study [31].

Peripheral ischemia measured on FA was related to a sig-
nificant increase in various FAZ metrics.

We evaluated the correlation between central and mid-
peripheral OCTA metrics. A significant positive correlation 
was found between macular area and periphery in terms of 
PD and VLD of DCP and CC both in diabetics without DR 
and in diabetic with different stage of DR. The highest sig-
nificance was found for the early DR stages (no DR and 
mild NPDR) between the central and temporal sector at the 
DCP level.

Several studies evaluated sensitivity and specificity of 
OCTA parameters in assessing the presence of DR using 
both small and widefield OCTA scan [32]. Hirano et al. [25] 
found high sensitivity and specificity of 3 × 3 mm OCTA 
images for predicting the presence/absence of DR compared 
to larger scan size mainly related to image quality. We found 
a good sensitivity and an excellent specificity in terms of 
prediction of disease worsening from the early stages (no 
DR and mild DR) to the advanced stages of DR (moderate, 
severe NPDR or PDR), especially for central and temporal 
sectors of all plexuses and for all sectors both central and 
peripheral of DCP. It has been suggested that DR-related 
microvasculature damage may begin around the macula thus 
the central sector would be expected to have the best predic-
tive sensitivity for DR [25].

The results of our study confirm this hypothesis. Among 
the peripheral sectors, the temporal one at DCP level showed 
the highest sensitivity and specificity in predicting disease 
progression. It is possible to hypothesize that due to the ana-
tomical characteristics this region is more prone to reflect 
disease progression.

This study has some limitations. When considering dia-
betic retinopathy stages, we combined in a single group 
moderate and severe NPDR to increase the sample size of 
this group. We studied only near/mid periphery because of 
the higher chance to have many shadowing artifacts likely 
caused by patient’s eyelashes in the peripheral images thus 
excluding information from the peripheral retina.

In summary, our study demonstrated progressive impair-
ment of retinal and choriocapillaris flow features both in 
central and peripheral retina at advancing DR severity with 
high correlation between central and peripheral retina. 
Moreover, both central and peripheral retina particularly at 
the DCP level show high sensitivity and specificity in pre-
dicting DR progression.

Acknowledgements  None.

Funding  None.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional research committee (Ophthalmology Clinic, Department of 
Medicine and Science of Ageing) and with the 1964 Helsinki Declara-
tion and its later amendments or comparable ethical standards.

Informed consent  Informed consent was obtained from all individual 
participants included in the study.



1303Acta Diabetologica (2019) 56:1293–1303	

1 3

References

	 1.	 Spaide RF, Fujimoto JG, Waheed NK, Sadda SR, Staurenghi G 
(2018) Optical coherence tomography angiography. Prog Retin 
Eye Res 64:1–55

	 2.	 Rodríguez FJ, Staurenghi G, Gale R, Vision Academy Steering 
Spaide RF, Klancnik JM Jr, Cooney MJ (2015) Retinal vascular 
layers imaged by fluorescein angiography and optical coherence 
tomography angiography. JAMA Ophthalmol 133:45–50

	 3.	 Khadamy J, Abri Aghdam K, Falavarjani KG (2018) An update 
on optical coherence tomography angiography in diabetic retin-
opathy. J Ophthalmic Vis Res 13:487–497

	 4.	 Kashani AH, Chen CL, Gahm JK et al (2017) Optical coherence 
tomography angiography: a comprehensive review of current 
methods and clinical applications. Prog Retin Eye Res 60:66–100

	 5.	 Scarinci F, Picconi F, Giorno P et al (2018) Deep capillary plexus 
impairment in patients with type 1 diabetes mellitus with no signs 
of diabetic retinopathy revealed using optical coherence tomogra-
phy angiography. Acta Ophthalmol 96:e264–e265

	 6.	 Vujosevic S, Muraca A, Alkabes M et al (2019) Early micro-
vascular and neural changes in patients with type 1 and type 2 
diabetes mellitus without clinical signs of diabetic retinopathy. 
Retina 39:435–445

	 7.	 de Carlo TE, Chin AT, Bonini Filho MA et al (2015) Detection 
of microvascular changes in eyes of patients with diabetes but not 
clinical diabetic retinopathy using optical coherence tomography 
angiography. Retina 35:2364–2370

	 8.	 Choi W, Waheed NK, Moult EM et al (2017) Ultrahigh speed 
swept source optical coherence tomography angiography of reti-
nal and choriocapillaris alterations in diabetic patients with and 
without retinopathy. Retina 37:11–21

	 9.	 Salz DA, de Carlo TE, Adhi M et al (2016) Select features of dia-
betic retinopathy on swept-source optical coherence tomographic 
angiography compared with fluorescein angiography and normal 
eyes. JAMA Ophthalmol 134:644–650

	10.	 Agemy SA, Scripsema NK, Shah CM et al (2015) Retinal vascular 
perfusion density mapping using optical coherence tomography 
angiography in normals and diabetic retinopathy patients. Retina 
35:2353–2363

	11.	 Lee J, Moon BG, Cho AR, Yoon YH (2016) Optical coherence 
tomography angiography of DME and Its association with anti-
VEGF treatment response. Ophthalmology 123:2368–2375

	12.	 Liu G, Yang J, Wang J et al (2017) Extended axial imaging range, 
widefield swept source optical coherence tomography angiogra-
phy. J Biophotonics 10:1464–1472

	13.	 Sawada O, Ichiyama Y, Obata S et al (2018) Comparison between 
wide-angle OCT angiography and ultra-wide field fluorescein 
angiography for detecting non-perfusion areas and retinal neo-
vascularization in eyes with diabetic retinopathy. Graefe’s Arch 
Clin Exp Ophthalmol 256:1275–1280

	14.	 Schaal KB, Munk MR, Wyssmueller I, Berger LE, Zinkernagel 
MS, Wolf S (2019) Vascular abnormalities in diabetic retinopathy 
assessed with swept-source optical coherence tomography angi-
ography widefield imaging. Retina 39:79–87

	15.	 Wu L, Fernandez-Loaiza P, Sauma J, Hernandez-Bogantes E, 
Masis M (2013) Classification of diabetic retinopathy and diabetic 
macular edema. World J Diabetes 4:290–294

	16.	 Uji A, Balasubramanian S, Lei J, Baghdasaryan E, Al-Sheikh M, 
Sadda SR (2017) Impact of multiple en face image averaging on 
quantitative assessment from optical coherence tomography angi-
ography images. Ophthalmology 124:944–952

	17.	 Borrelli E, Lonngi M, Balasubramanian S et al (2019) Macu-
lar microvascular networks in healthy pediatric subjects. Retina 
39:1216–1224

	18.	 Spaide RF (2016) Choriocapillaris flow features follow a power 
law distribution: implications for characterization and mecha-
nisms of disease progression. Am J Ophthalmol 170:58–67

	19.	 Kim AY, Chu Z, Shahidzadeh A et al (2016) Quantifying micro-
vascular density and morphology in diabetic retinopathy using 
spectral-domain optical coherence tomography angiography. 
Invest Ophthalmol Vis Sci 57:OCT362–OCT370

	20.	 Akil H, Falavarjani KG, Sadda SR, Sadun AA (2017) Optical 
coherence tomography angiography of the optic disc; an overview. 
J Ophthalmic Vis Res 12:98–105

	21.	 Carnevali A, Sacconi R, Corbelli E et al (2017) Optical coherence 
tomography angiography analysis of retinal vascular plexuses and 
choriocapillaris in patients with type 1 diabetes without diabetic 
retinopathy. Acta Diabetol 54:695–702

	22.	 Borrelli E, Palmieri M, Viggiano P, Ferro G, Mastropasqua R 
(2019) Photoreceptor damage in diabetic choroidopathy. Retina. 
https​://doi.org/10.1097/IAE.00000​00000​00253​8

	23.	 Wessel MM, Aaker GD, Parlitsis G, Cho M, D’Amico DJ, Kiss S 
(2012) Ultra-wide-field angiography improves the detection and 
classification of diabetic retinopathy. Retina 32:785–791

	24.	 Patel RD, Messner LV, Teitelbaum B, Michel KA, Hariprasad 
SM (2013) Characterization of ischemic index using ultra-
widefield fluorescein angiography in patients with focal and 
diffuse recalcitrant diabetic macular edema. Am J Ophthalmol 
155(1038–1044):e1032

	25.	 Hirano T, Kitahara J, Toriyama Y, Kasamatsu H, Murata T, 
Sadda S (2019) Quantifying vascular density and morphology 
using different swept-source optical coherence tomography angio-
graphic scan patterns in diabetic retinopathy. Br J Ophthalmol 
103:216–221

	26.	 Durbin MK, An L, Shemonski ND et al (2017) Quantification of 
retinal microvascular density in optical coherence tomographic 
angiography images in diabetic retinopathy. JAMA Ophthalmol 
135:370

	27.	 Campbell JP, Zhang M, Hwang TS et al (2017) Detailed vascu-
lar anatomy of the human retina by projection-resolved optical 
coherence tomography angiography. Sci Rep 10(7):42201

	28.	 Chan A, Duker JS, Ko TH, Fujimoto JG, Schuman JS (2006) Nor-
mal macular thickness measurements in healthy eyes using stratus 
optical coherence tomography. Arch of Ophthalmol 124:193–198

	29.	 Jiang J, Liu Y, Chen Y et al (2018) Analysis of changes in reti-
nal thickness in type 2 diabetes without diabetic retinopathy. J 
Diabetes Res 25(2018):3082893

	30.	 Sim DA, Keane PA, Rajendram R et al (2014) Patterns of periph-
eral retinal and central macula ischemia in diabetic retinopathy 
as evaluated by ultra-widefield fluorescein angiography. Am J 
Ophthalmol 158:144–153

	31.	 Or C, Das R, Despotovic I et al. (2019) Combined multimodal 
analysis of peripheral retinal and macular circulation in diabetic 
retinopathy (COPRA Study). Ophthalmol Retina 3:580–588

	32.	 Eladawi N, Elmogy M, Khalifa F et al (2018) Early diabetic retin-
opathy diagnosis based on local retinal blood vessel analysis in 
optical coherence tomography angiography (OCTA) images. Med 
Phys 45:4582–4599

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1097/IAE.0000000000002538

	Widefield optical coherence tomography angiography in diabetic retinopathy
	Abstract
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study participants
	Imaging protocol
	Statistical analysis

	Results
	Study population characteristics
	Widefield OCTA analysis of the retinal vessels
	Perfusion density and vessel length density analysis of SCP
	Perfusion density and vessel length density analysis of DCP
	Perfusion density and vessel length density analysis of CC

	Correlation analysis of flow parameters between central and peripheral retina among groups

	Discussion
	Acknowledgements 
	References




