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Abstract
Aims To perform an automated functional assessment of retinal and choroidal microvasculature in eyes with low-grade 
diabetic retinopathy (DR) using optical coherence tomography angiography (OCT-A) and to identify potential perfusion 
changes in case of early vascular damage.
Methods This is an observational, case–control study of consecutive diabetic patients with level 20 DR severity scale score 
and age-matched healthy subjects. A prototypal OCT-angiography was used to obtain the OCT-angiograms of the superficial 
capillary plexus (SCP), deep capillary plexus (DCP) and choriocapillaris (CC) layer. A validated automated microstructural 
analysis provided data on SCP, DCP and CC vascular perfusion density (VPD). A comparative assessment between different 
vascular layers and different groups was performed.
Results Twenty-nine diabetic patients (7 females, 24%) and 20 healthy controls were enrolled. VPD values were significantly 
lower in the DCP (25.1% vs. 26.5%; p = 0.04) and CC (71.2% vs. 86.6%; p = 0.0001) of diabetic patients compared with 
controls. A statistically significant negative linear correlation was reported between CC VPD and DCP VPD in diabetic 
patients; at the reverse, a positive linear correlation between the same parameters was noticed in controls.
Conclusion Retinal and choroidal vascular networks, although distinct entities, seem functionally interconnected: varying 
the degree of perfusion may be a mutual compensatory mechanism in response to an ischemic injury.

Keywords Choroid · Diabetic choroidopathy · Diabetic retinopathy · OCT-angiography · Optical coherence tomography 
angiography · Choriocapillaris

Introduction

Diabetic retinopathy (DR) is one of the most relevant com-
plications of diabetes mellitus (DM). It is characterized by a 
chronic microvascular damage, with increased vascular per-
meability causing macular edema, and late onset of retinal 
ischemia leading to retinal neovascularizations [1, 2]. Pericyte 
loss, basement membrane thickening and smooth muscle cell 
loss represent some of the earliest changes of retinal capillaries 
in DR [3]. Although most of the attention has been focused 
on retinal microangiopathy, choriocapillaris degeneration 
in diabetic patients may also occur. Hidayat and Fine firstly 
introduced the concept of diabetic choroidopathy, describing 
capillary dropout, basement membrane thickening and cho-
roidal neovascularization in eyes from subjects with advanced 
diabetes [4]. Choriocapillaris (CC) loss, Bruch’s membrane 
degenerative changes, large and intermediate blood vessel tor-
tuosity, microaneurysms and vascular hypercellularity have 
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also been documented with scanning electron microscopy in 
human diabetic choroidal specimens [5]. A healthy and func-
tional choroid is essential for the outer retina activity, and a 
potential choroidal flow impairment can result in photorecep-
tor dysfunction and death. Diabetic choroidopathy might be 
the cause of visual acuity loss described in diabetic patients 
who do not exhibit any signs of DR [6].

Fluorescein angiography (FA) and indocyanine green 
angiography (ICGA) were the first imaging modalities used 
to detect changes in the diabetic choroid [7]. Several authors 
reported the presence of a “salt and pepper” pattern, with both 
hyperfluorescent and hypofluorescent spots, in patients with 
clinical signs of DR which correlated with elevated serum lev-
els of HbA1c [8]. Late choroidal non-perfusion regions and 
inverted flow phenomena have also been described on conven-
tional dye-angiograms of diabetic patients [9].

The CC evaluation using conventional labeled angiography 
is not feasible due to the bidimensional nature of this imaging 
modality. Recently, with the introduction of optical coherence 
tomography angiography (OCT-A), a depth-resolved assess-
ment of different retinal and choroidal vascular layers was 
made possible [10]. OCT-A has been largely applied in detect-
ing and characterizing retinal microvascular perfusion abnor-
malities occurring in DR, but only few studies investigated 
its capability of analyzing pathological changes of choroidal 
perfusion in diabetes [10–15].

Retinal findings in DR are defined by discrete steps of dis-
ease worsening using the Early Treatment Diabetic Retinopa-
thy Study DR severity score (DRSS), which is commonly used 
in clinical trials using color fundus stereo-photographs [16]. 
In clinical practice, simplified versions of this severity scale 
are routinely applied to describe patient status, to define inter-
vals for follow-up and to decide for interventions. With the 
introduction of OCT-A, the capability of identifying the early 
perfusion changes both in retinal and choroidal microvascu-
lature substantially increased. Therefore, a rigorous selection 
of the patient sample, using a definite scoring system, appears 
mandatory to understand the clinical meaning of the variable 
DR stage-related blood flow impairments.

In the current study, we investigated by OCT-A the poten-
tial perfusion abnormalities at the level of the CC and retinal 
circulations in diabetic patients with low-grade DR (DRSS 
score 20). By comparing these findings with those of healthy, 
control eyes, we attempted to understand the functional conse-
quences of the diabetes-induced early choroidal damage.

Methods

Study design

This retrospective, case–control study was conducted at 
the Eye Clinic of the S. Maria della Misericordia Hospital 

(University of Perugia, Perugia, Italy) in accordance with 
the Declaration of Helsinki after approval by the Perugia 
Institutional Ethics Committee (IEC). Written informed con-
sent was obtained from all individual participants included 
in the study.

Study sample

Diabetic patients with low-grade DR and age-matched 
healthy subjects were enrolled between June and December 
2018. All subjects underwent a complete clinical evaluation 
including a detailed best-corrected visual acuity determina-
tion, applanation tonometry, anterior segment and fundus 
examination, FA and OCT-A by an expert medical retina 
specialist (M.L.). ICGA was also performed in order to 
exclude potential comorbidities involving the choroid that 
could negatively influence the evaluation of the CC on OCT-
angiograms. According to the Diabetic Retinopathy Severity 
Scale (DRSS) score, patients with type 2 diabetes showing 
signs of level 20 DR (microaneurysms only) on FA and non-
relevant vascular abnormalities of choroidal pertinence on 
ICGA were included in the study [16] (Fig. 1). Exclusion 
criteria were the presence of significant media opacities, 
refractive errors higher or equal than 4 diopters (spheri-
cal equivalent), previous retinal laser treatments, previous 
intravitreal injections and vitreo-retinal surgery, diagnosis 
of other retinal, choroidal or systemic diseases that might 
interfere with the purpose of the study. Patients showing any 
signs of cystoid macular edema as well as hard exudates in 
macular area [17], that may compromise a proper segmenta-
tion of OCT-angiograms or masking the flow signal coming 
from the CC, were also excluded. After image acquisition, 
all OCT-A examinations with bulk-motion artifacts, shadow-
graphic artifacts or poor-quality images (quality index lower 
than 30) were as well, excluded.

OCT‑A image acquisition

The Spectralis OCT2 (Heidelberg Engineering, Heidelberg, 
Germany), based on a probabilistic amplitude decorrelation 
algorithm, was used to acquire OCT-A images. For addi-
tional details regarding the device or the OCT-A algorithm, 
we refer interested readers to our previously published stud-
ies [10, 13]. En-face OCT-angiograms were obtained by 
segmenting a 15 × 10° (4.5 × 3 mm approx.) volume scan at 
the level of the ganglion cell layer for the superficial cap-
illary plexus (SCP) and at the inner nuclear layer for the 
deep capillary plexus (DCP). A 20-µm-thick slab shaped on 
the retinal pigmented epithelium (RPE) profile and placed 
underneath the Bruch’s membrane was used for the CC 
(Fig. 2). The in-built software (SP-X1701 Update 3, based 
on Heyex software version 1.9.215.0H, Heidelberg Engi-
neering, Heidelberg, Germany) is equipped with a projection 
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artifact removal (PAR) tool, which automatically removed 
any shadowgraphic artifact from the selected C-scan. The 
segmentation strategies, aimed to ensure a proper position-
ing of the slab edges, have been described in a reference 
study [13].

Within a single visit, an experienced operator (M.L.) 
performed two OCT-A imaging sessions per patient, and 
all scans were then independently reviewed by two senior 
retinal specialists (M.L. and A.C.), in order to select the 
most accurate examination, to validate the segmentation and 
standardize the image quality as per study protocol. In case 
of potential issues related to the segmentation strategies, a 
manual correction of the alignment was allowed.

Image analysis

Three “en-face” OCT-angiograms per subject were evalu-
ated in the quantitative assessment: the SCP, DCP and CC 
vascular layers. To limit the effects of artifacts at the lat-
eral borders of the “en-face” OCT-angiogram, images were 
cropped to a 10 × 10° area corresponding to 3 × 3 mm (origi-
nal image 15 × 10° area corresponding to 4.5 × 3 mm) [13]. 
This is an automated function provided by the AngiOC-
Tool™ (version 4.0 Lupidi M, Coscas G, Centre de l’Odéon, 
Paris, France) which aligns different OCT-angiograms on 
the base of a reference infrared background. The software 
then identifies the center of the foveal avascular zone (FAZ), 

corrects for potential radial shifts and then computes 5° 
(1.5 mm) on the horizontal axis from both sides of the FAZ 
center. The software is able to rectify the color spectrum 
of all angiograms taking into account both brightness and 
contrast variations. The AngiOCTool™ also allows a quan-
tification of SCP and DCP. Vessel detection was based both 
on the exact identification of each decorrelated pixel and 
on the trajectory taken by contiguous decorrelated pixels. 
With this process, the vessel thickness could be visualized 
and the shape of perfused structures obtained, with a vector 
representation [13].

Different parameters were automatically computed in the 
OCT-A analysis: The total vascular and avascular surfaces 
were assessed in order to calculate the vascular perfusion 
density (VPD) values. The magnification variation induced 
by the axial length variance was considered when computing 
the quantitative data [12].

The quantitative analysis of each “en-face” scan angio-
gram segmented at the level of the CC was obtained by FIJI 
imaging software (based on ImageJ, version 1.51 h, Wayne 
Rasband, National Institute of Health, USA). The CC VPD 
was computed as the ratio (expressed in percentage) between 
the number of “flow” pixels and the total number of pixels 
composing the OCT-angiogram after the proper application 
of an automated local thresholding algorithm to the image. 
The accurate description and validation of this approach 
have been previously reported [18].

Fig. 1  Indocyanine green angiography (ICGA) during the venous 
phases (left) and 10 × 10° OCT-Angiography (OCT-A) image of the 
choriocapillaris (right) in a diabetic patient. The two imaging modali-
ties show the correspondence between focal hypofluorescent areas on 

ICGA (arrowhead) and hypoperfused areas (yellow arrowhead) on 
OCT-A in the same area (white dashed line); microaneurysms can 
also be visualized on the ICGA image (arrows) (color figure online)
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Statistical analysis

Friedman test was used to compare the concordance of quali-
tative variables between the SCP, DCP and CC. Quantitative 
variables were described by their mean and standard devia-
tion (SD). The Shapiro–Wilk test was applied to evaluate the 
normal distribution of the data. The Wilcoxon–Mann–Whit-
ney test was used to compare paired data of both diabetic and 
healthy subjects. The Spearman rank correlation coefficient 
was applied to measure the statistical dependence of quantita-
tive variables. A P value of < 0.05 was considered as statisti-
cally significant. All statistical analyses were performed using 
the SAS System for Windows (release 9.4, SAS Institute Inc., 
Cary, NC, USA).

Results

Demographic data

Twenty-nine eyes of 29 diabetic patients (7 females, mean 
age 69.2 years) and 20 eyes of 20 healthy controls (5 
females, mean age 68.7 years) were enrolled. Mean dura-
tion of the disease was 11 ± 4 years (range 7–15 years), 
and mean HbA1c level was 7.6 ± 0.5% (range 6.1–8.3%). 
On the basis of the DRSS score, the whole DR sample was 
classified as level 20.

Fig. 2  OCT-Angiography of different vascular layers in a diabetic 
patient and healthy control. a–c, OCT-angiograms of the superficial 
capillary plexus (a), deep capillary plexus (b) and choriocapillaris (c) 
of a healthy subject. d–f, OCT-angiograms of the superficial capillary 

plexus (a), deep capillary plexus (b) and choriocapillaris (c) of a dia-
betic patient with level 20 diabetic retinopathy severity scale score. A 
substantial rarefaction of the flow signals is shown in each vascular 
layer of the diabetic patient compared to the healthy control
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Quantitative data

VPD mean values at the level of the SCP were 26% ± 2% 
in the DR group and 27% ± 2% in the healthy group; the 
DCP VPD mean values were 25% ± 2% and 27% ± 2%, for 
diabetic eyes and healthy controls, respectively (Table 1).

No statistically significant differences between the SCP 
and DCP VPDs were reported both in healthy and diabetic 
eyes (p > 0.05). When comparing DR and healthy eyes, the 
DCP VPD values were significantly lower in the diabetic 
group (p = 0.04). The CC VPD was 71% ± 5% in the dia-
betic group and 87% ± 2% in the control one, showing a 
statistically significant difference between the two samples 
(p = 0.001). The Spearman’s coefficient of rank correla-
tion analysis revealed a significant negative linear correla-
tion between DCP VPD and CC VPD in the diabetic group 
(− 0.448 p = 0.01). This negative linear correlation was not 
statistically significant when considering the SCP and CC 
VPDs (− 0.251 p = 0.06) (Fig. 3). Conversely, a positive lin-
ear correlation was found in the control group between VPD 
values of both retinal vascular plexuses and CC (SCP 0.454, 
p = 0.06; DCP 0.395, p = 0.08) (Fig. 3). In the DR group, 

four eyes did not have microaneurysms in macular area. 
When comparing these cases with those showing macular 
microaneurysms (25), no statistically significant differences 
were shown in terms of SCP VPD (p = 0.84), DCP VPD 
(p = 0.87), CC VPD (p = 0.79). 

Discussion

Aim of the current study was to investigate diabetes-related 
choroidal vascular perfusion changes in diabetic patients 
with low-grade DR and comparing them with age-matched 
healthy subjects. We previously evaluated through the use 
of OCT-A, the retinal vasculature impairment occurring in 
patients affected by type 2 DM and variable degrees of DR, 
ranging from mild nonproliferative DR (DRSS score 35) to 
severe nonproliferative DR (DRSS score 53). We observed 
that both the SCP and DCP seem to be diffusely affected 
by progressive non-perfusion, in a simultaneous but not 
symmetrical way [13]. This evidence was confirmed in the 
current study, since the quantitative evaluation of the DCP 
revealed significantly lower VPD values in diabetic patients 

Table 1  Optical coherence 
tomography angiography 
quantitative assessment of the 
vascular perfusion density at 
the level of the superficial and 
deep capillary plexuses and 
choriocapillaris in diabetic 
subjects and healthy controls

SCP superficial capillary plexus, DCP deep capillary plexus, CC choriocapillaris, VPD vascular perfusion 
density, SD standard deviation

Diabetic patients Healthy controls P-Value diabet-
ics versus 
controlsMean (%) SD (%) P value SCP 

versus DCP
Mean (%) SD (%) P value SCP 

versus DCP

SCP VPD 25.5 1.9 > 0.05 26.6 2.0 > 0.05 0.06
DCP VPD 25.1 2.1 26.5 2.5 0.04
CC VPD 71.2 4.7 86.6 2.1 0.0001

Fig. 3  Images a and b show the correlation between vascular perfu-
sion density (VPD) of the superficial and deep (DCP) capillary plex-
uses and the VPD of the choriocapillaris (CC). The negative linear 
correlation between CC and DCP in terms of VPD could be expres-
sion of a potential compensatory mechanism. In case of CC insuf-

ficiency, blood flow at the level of DCP might increase in order to 
supply outer retinal layers. Conversely, in case of retinal capillary 
damage, the CC might increase its perfusion to compensate the oxy-
gen demand. Such a mechanism is not shown in healthy subjects, 
since no abnormalities of retinal or choroidal perfusion are present
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with low-grade DR (DRSS score 20) compared to healthy 
controls (p = 0.04).

It has been shown that SCP and DCP are organized in 
an “in-series” vascular system, and a potentially increased 
arteriovenous transit due to diabetic microangiopathy might 
lead to an increased extraction of oxygen in the SCP caus-
ing a hypoxic environment at the level of the DCP [19]. The 
subsequent DCP damage could cause an impaired venous 
outflow and might be at the base of the reduced VPD that 
we observed in our corresponding OCT-angiograms. This 
finding confirms the presence of an evident microvascular 
perfusion impairment from the very early stages of the DR 
and highlights the importance of a timely DCP assessment 
in order to estimate the risk of developing severe macular 
complications (i.e., edema or hemorrhages).

The damage at the level of the CC occurring in patients 
affected by DR was already described in histological 
assessments [5, 6] and in vivo based on multimodal imag-
ing modalities [7–9, 12, 14, 15]. Several studies focused on 
choroidal thickness evaluation and showed some degree of 
choroidal thinning in DR [20, 21].

Choi et al. demonstrated, through the use of the OCT-A, 
abnormalities of retinal and choroidal blood flow in eyes 
with both proliferative and nonproliferative DR, although 
these alterations were more severe and frequent in advanced 
stages of the disease [14]. Nesper et al. affirmed that retinal 
and CC vascular non-perfusion detected on OCT-angio-
grams was positively correlated (except for SCP in diabetic 
patients without DR) with the increasing severity of DR 
[22].

Although we included in the study only patients with 
DRSS score of 20, we observed a substantial vascular 
impairment at the level of the CC, since a statistically sig-
nificant difference between healthy controls and diabetic 
patients in terms of VPD was noticed (p = 0.0001). These 
data highlight how the CC might show a significant func-
tional impairment from the early stages of the disease, even 
before the retinal vascular layers, and confirm the sensitivity 
of OCT-A in detecting ocular microvascular changes occur-
ring in DR.

The analysis of our results interestingly revealed the pres-
ence of a significant negative linear correlation between 
DCP VPD and CC VPD in diabetic subjects, whereas the 
correlation between SCP VPD and CC VPD was not sig-
nificant (Fig. 3). Conversely, a positive linear correlation 
was found in healthy subjects between SCP or DCP VPD 
and CC VPD. These findings seem to suggest that retinal 
and choroidal vascular networks could be functionally 
interconnected. We hypothesize that the negative linear 
correlation between CC and DCP in terms of VPD could be 
expression of a potential compensatory mechanism. In case 
of CC insufficiency, blood flow at the level of DCP might 
slightly increase in order to supply outer retinal layers. At the 

reverse, in case of retinal capillary impairment, which more 
frequently involves the DCP in case of DR [15, 23], the CC 
might increase its perfusion to compensate the oxygen and 
metabolic demand (Fig. 4).

It has been reported that the DCP seems to play a key role 
during the course of DR. In patients with type 1 DM without 
any sign of DR, Carnevali et al. observed a significantly 
decreased vessel density at the level of the DCP, suggesting 
that earliest vascular changes could occur at this level [15]. 
Scarinci et al. by evaluating patients with variable degrees of 
DR, including proliferative DR, reported how areas of DCP 
non-perfusion, detected on OCT-angiograms, co-localized 
with outer retinal changes on SD-OCT as thinning of outer 
nuclear layers, disruption of the ellipsoid zone and loss of 
the RPE integrity, suggesting that chronic ischemia at the 
level of the DCP is the main cause of focal photoreceptor 
damage [23]. Outer retina is mostly dependent on diffusion 
from CC for its oxygen and nutrients demand; nevertheless, 
previous studies have illustrated that photoreceptors rely on 
the retinal circulation for a certain part of their oxygen needs 
and that this percentage is even increased in eyes with DR 
[24–26].

Birol et al. reported that retinal circulation physiologi-
cally provides about 15% of the oxygen needs of the inner 
segments. [24]. Photoreceptors and OPL localized in the 
watershed zones, where both the choroidal and retinal circu-
lations provide oxygen support, might be more susceptible 
to ischemic insults. We therefore argued that, in low-grade 
DR, a compensatory retinal vascular mechanism could be 
still effective. In patients with early damage of the CC, a 
moderate increase in blood flow at the level of DCP (or at 
the level of the CC in case of DCP insufficiency) could be 

Fig. 4  Explicative diagram showing the functional connection 
between retinal and choroidal circulations in normal (a) and diseased 
conditions (b–c). In case of choriocapillaris insufficiency, causing 
hypoxia of the outer retina, the blood flow at the level of the deep 
capillary plexus might slightly increase in order to supply outer reti-
nal layers. At the reverse, in case of retinal capillary impairment, the 
choriocapillaris might increase its perfusion to compensate the oxy-
gen and metabolic demand
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supposed in order to maintain adequate metabolic supply to 
photoreceptors and outer retinal layers. In patients with more 
severe stages of DR and/or other concomitant cardiovascular 
diseases, these potential compensatory mechanisms might 
fail, causing severe outer retinal suffering.

To the authors’ knowledge, this is the first study that pro-
vides new insights on the functional correlation between 
retinal capillary plexuses and choroidal vasculature that 
could be present in early DR. We acknowledge as limitations 
of this study its retrospective nature and the relatively small 
sample size. Moreover, hemodynamic data at the moment 
of the OCT-A acquisition, that may influence the blood 
flow visualization [18], were not available for the enrolled 
subjects.

In conclusion, a fully automated quantitative OCT-A 
assessment is a useful approach for detecting diabetic-
induced retinal and choroidal vascular impairment also in 
low-grade DR. Retinal and choroidal vascular networks 
although distinct entities seem functionally interconnected: 
varying the degree of perfusion might be a mutual compen-
satory mechanism in case of chronic retinal or choroidal 
insufficiency. Future studies will be necessary to further 
delineate the functional and anatomic consequences of reti-
nal and choroidal plexuses alterations occurring in DR.
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