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Abstract
The introduction of optical coherence tomography angiography (OCTA) has remarkably expanded our knowledge of the ocular
vascular alterations occurring in diabetes. In this article, a review of the prominent OCTA findings in diabetes is followed by a
description of salient histological and anatomical features of microaneurysms, essential for the proper interpretation of in vivo
imaging of these retinal vascular abnormalities. The recent employment of a three-dimensional (3D) visualization in OCTA
imaging is also discussed. The latter imaging technique has granted a detailed characterization of microaneurysms in vivo.

Introduction

Diabetic retinopathy (DR) is a microangiopathy of the retinal
vessels resulting from the chronic effects of diabetes. Although
diabetes has several effects on the retinal tissue, including a
direct effect on the neurons and support cells of the retina
[1, 2], the retinal vascular abnormalities represent the main
clinical manifestation. Diabetic retinopathy may be classified
into non-proliferative (NPDR) and proliferative (PDR) stages.

Optical coherence tomography angiography (OCTA) is a
noninvasive imaging technique that is able to quickly obtain
angiographic images of the retinal and choroidal vasculature
[3–6]. In this review, we will discuss recent applications of
this imaging modality to diabetes. Of note, we will provide
a more detailed description of the OCTA employment to
characterize diabetic microaneurysms.

OCTA findings in diabetes

Retinal vasculature

OCTA has significantly improved our capability to inves-
tigate and quantify the retinal perfusion. The retinal

vascularization has a peculiar organization that may be
divided into four plexuses: the radial peripapillary capillary
plexus (RPCP), the superficial capillary plexus (SCP), the
middle (or intermediate) capillary plexus (MCP), and the
deep capillary plexus (DCP) [7–10]. The MCP and DCP are
frequently grouped together into the deep vascular complex
(DVC). The three latter plexuses (SCP, MCP, and DCP)
delimitate the foveal avascular zone (FAZ) that is round-
shaped or oval-shaped in healthy eyes.

In diabetic patients, the FAZ area was displayed to be
larger, as compared with healthy subjects. Importantly,
Vujosevic et al. [11] proved that also subjects with type 1
diabetes and without signs of DR may have an increase in
FAZ size, the latter aspect highlighting the fact that this
alteration is early in diabetic patients. Similarly, De Carlo
and collegues [12] proved that also patients with type 2
diabetes and no signs of DR have a larger FAZ compared
with normal subjects.

OCTA metrics have been widely used to demonstrate a
reduced retinal perfusion in eyes with DR. Notably, OCTA
analysis proved that diabetic patients without any signs of
DR have a lower DCP perfusion density in comparison with
controls [13]. In patients affected by type 2 diabetes and
DR, OCTA metrics (perfusion and vessel length densities)
were proved to be strictly associated with DR stage and
visual acuity [14].

Moreover, OCTA metrics may be employed to monitor
the retinal vascular impairment in diabetic patients by per-
forming sequential scans throughout following visits.
Repeated OCTA scans have been recently used by Alagorie
et al. [15] to evaluate the association of intravitreal afli-
bercept with changes in macular perfusion in patients with
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PDR without diabetic macular oedema. The latter study
demonstrated that macular perfusion is stable over
12 months of follow-up during treatment with intravitreal
aflibercept. Assuming that nonperfusion is expected to
progress in eyes with DR, the latter findings were specu-
lated to represent a beneficial effect of anti–vascular endo-
thelial growth factor (VEGF) therapy on retinal perfusion,
as also suggested using fluorescein angiography (FA) [16].

Also, OCTA metrics have been recently demonstrated to
be beneficial in predicting DR disease progression. In a
prospective study on 73 subjects, the authors detected a
disease progression in 15 out of 73 patients over a follow-up
period of 12 months [17]. Importantly, the latter study
demonstrated that a larger FAZ area, presence of intraretinal
abnormalities (IRMA), and reduced peripapillary perfusion
at baseline were significantly associated with increased odds
of progression.

Although OCTA may provide a quantification of retinal
perfusion, this imaging modality has also been employed to
describe and characterize DR-associated vascular abnorm-
alities, including venous loops, intraretinal microvascular
abnormalities, and retinal neovascularizations. In details,
venous loops are detected as lesions with flow in proximity
to regions of hypoperfusion, in agreement with the ischemic
pathogenesis of these lesions [18]. Moreover, OCTA is able
to visualize IRMAs as tiny retinal vascular networks with
focal areas of increased blood flow within the SCP and in
proximity to ischemic regions [19, 20]. OCTA is also useful
in distinguishing retinal neovascularizations from IRMAs
by examining OCTA B-scans [21]. Using OCTA, Shi-
mouchi and colleagues [22] identified five subtypes of
IRMAs (unchanged, tuft regression, reperfusion, mixed
[combined tuft regression/reperfusion], and worsening with
new appearance of tuft) on the basis of IRMAs’ modifica-
tions after panretinal photocoagulation (PRP). Noteworthy,
the authors demonstrated that some IRMAs did not exhibit
morphological changes before and after PRP, this finding
suggesting that some IRMAs might represent vascular

remodeling of existing capillaries rather than intraretinal
neovascularizations [22]. OCTA imaging also grants the
visualization of retinal and optic disc neovascularization
that are displayed as well-delineated microvascular struc-
tures of new vessels [23]. Importantly, on OCTA images,
most new vessels were visualized as irregular proliferation
of fine vessels, which were defined as exuberant vascular
proliferation. Presence of exuberant vascular proliferation
was suggested as an OCTA sign of neovascular leakage.

Widefield OCTA

Many OCTA devices have been implemented with the
capability to capture widefield images of the retinal and
choroidal vasculature (Fig. 1). Assuming that widefield FA
imaging modality has been historically considered as the
gold-standard in detecting DR-associated retinal neovascu-
larizations, several studies have compared widefield OCTA
images with widefield FA images in order to validate the
former modality in DR patients [24–26]. Overall, these
studies demonstrated that widefield OCTA can detect small
neovascularizations not seen on clinical examination or
color photographs and may therefore improve the clinical
assessment of patients with DR. Importantly, rates of
detection of neovascularizations using either widefield
OCTA or FA were comparable [25]. However, the wide-
field OCTA evaluation is still limited by artifacts [27, 28]
and in the inability of OCTA in assessing neovascular
leakage and in covering the whole retinal field, as compared
with widefield FA (i.e., especially in comparison with ultra-
widefield FA systems) [29]. This may result in an under-
estimation of the retinal ischemia. Widefield OCTA was
also compared with ultra-widefield color fundus photo-
graphy and widefield FA for detecting other DR-associated
vascular lesions (i.e., microaneurysms, intraretinal micro-
vascular abnormalities, and non-perfusion areas) [25]. The
latter study’s results proved that detection rates of these
lesions were high using widefield OCTA.

Fig. 1 Multimodal imaging from the right eye of a diabetic patient
with proliferative diabetic retinopathy. a Ultra-pseudocolor image
demonstrated retinal hemorrhages, microaneurysms, cotton wool
spots, hard exudates, and IRMA (intraretinal microvascular abnorm-
alities). b, c In the ultra-widefield fluorescein angiography early-phase
and late-phase images, numerous regions of hyperfluorescence with
leakage may be seen corresponding to areas with microaneurysms and
retinal neovascularization. Staining of pan-retinal laser photocoagula-
tion scars are also evident. d The widefield en face OCTA image

including the whole retina has vessels of different colors based on their
depth. This image demonstrates regions of retinal ischemia (high-
lighted with blue arrowheads). e The OCTA image segmented at the
vitreous level demonstrates the presence of a neovascularization at the
level of the optic disc. Ultra-widefield pseudocolor and fluorescein
angiography images were obtained with the California Optos device
(Dunfermline, United Kingdom). The widefield OCTA images were
performed with the Plex Elite 9000 device (Carl Zeiss Meditec Inc.,
Dublin, CA, USA).

Optical coherence tomography angiography in diabetes: focus on microaneurysms 143



Retinal perfusion using 3D OCTA

While OCTA data are mostly displayed with en face two-
dimensional (2D) images, a three-dimensional (3D) analysis
may allow a reliable visualization and quantification of the
retinal perfusion [30–34]. Importantly, 2D images are
obtained by flattening of data in any given specific space
(e.g., SCP) [3–5]. However, this process may result in an
undervaluation of flow as overlapping vessels segmented in
the same space may erroneously be merged. An additional
limitation of 2D images is that retinal vessels crossing dif-
ferent slabs may also be erroneously visualized twice on
two different OCTA images (e.g., SCP and DVC) [32].
Finally, the en face 2D visualization may be significantly
affected by segmentation artifacts, especially in pathologi-
cal conditions [35]. The latter limitation was demonstrated
to significantly influence the repeatability of 2D OCTA
metrics in eyes with DR [36, 37].

Differently, a 3D visualization does not need flattening
of flow information and it is independent of data segmen-
tation [32, 33]. Our group has recently adopted a metho-
dology to visualize the macular retinal vasculature in 3D
and successively we obtained two novel 3D OCTA metrics:
(i) 3D vascular volume; and (ii) 3D perfusion density [34].
In the latter study, 15 diabetic patients and 15 healthy
subjects were retrospectively enrolled and their OCTA data
were processed for generating 2D and 3D OCTA metrics.
Results from the latter study illustrated that 2D and 3D
parameters are significantly associated, and 3D quantitative
metrics differ between patients and controls. Importantly,
3D OCTA metrics were characterized by elevated inter-
observer agreement levels. Based on these findings and
assuming that 2D en face OCTA images are limited by
underestimation/overestimation of flow and segmentation
errors, we concluded that the possibility to quantify diabetic
macular ischemia using 3D analysis is promising.

The choriocapillaris

Several studies have proved that the CC may be sig-
nificantly impaired in diabetic patients and that this damage
may be partially involved in the increased vascular endo-
thelial growth factors (VEGF) levels in these eyes [4, 38–
40]. In details, the CC perfusion was demonstrated to be
reduced in both NPDR and PDR eyes, as compared with
healthy controls [39]. Noteworthy, similar changes were
also displayed in a subgroup of patients with diabetes and
no signs of DR [39]. Furthermore, the reduced CC perfusion
was demonstrated to be significantly dependent on the DR
stage, with advanced stages characterized by a more sig-
nificant CC hypoperfusion [39]. Finally, two different
papers using OCTA and structural OCT proved that the CC
hypoperfusion in diabetic patients is significantly associated

with photoreceptor damage in NPDR patients, this finding
highlighting the importance of CC impairment in macular
dysfunction in these eyes [40, 41].

Microaneurysms

Histopathologic findings

Microaneurysms represent capillaries’ dilations which
usually emerge as gross outpouchings of the vessel wall.
Their size varies from 25 to 100 μm in diameter [42].
Although these vascular malformations may be noticed in
several vascular beds (e.g., kidney, heart), they have been
historically assessed in the retinal vasculature of diabetic
patients [43]. Importantly, retinal microaneurysms often
represent the earliest ophthalmoscopic finding that may be
visualized in eyes with DR [44].

The mechanisms driving microaneurysms’ formation are
not well understood and include diabetes-associated mod-
ifications in the retinal microenvironment, impairment of
the endothelial cells owing to leukostasis, loss of pericytes,
and increase in intraluminal pressure [42].

Microaneurysms have been extensively characterized by
histopathologic studies [42, 43, 45, 46]. Their lumen was
demonstrated to be often occluded by agglutinated ery-
throcytes or thrombus [42]. Furthermore, microaneurysms
may become acellular without endothelial cells and peri-
cytes [42]. In 1999, Moore et al. [46] combined an immu-
nohistochemical technique with confocal laser scanning
microscopy to characterize microaneurysms without mod-
ifying the tissue architecture. The latter study proved that
the majority of microaneurysms had two retinal vessels
associated. Furthermore, this ex vivo analysis on diabetic
patients displayed that the majority of microaneurysms arise
in the inner nuclear layer (INL) and therefore they mostly
originate in the deeper part of the retinal circulation [46].
Moreover, microaneurysms were revealed to be character-
ized by different shapes and three different morphologic
patterns could be discerned: (i) saccular, (ii) fusiform, and
(iii) focal bulges [46].

OCTA findings

OCTA analysis confirmed previous histopathological find-
ings, as microaneurysms were demonstrated to be mainly
included in the DVC. On 2D OCTA images, micro-
aneurysms may appear as saccular or fusiform capillary
dilations [47–49].

Using structural OCT and OCTA, our group has fully
characterized diabetic microaneurysms [48, 49]. On struc-
tural OCT, these vascular lesions may have variable internal
reflectivity as they may be characterized by an

144 G. Querques et al.



hyperreflective, intermediate reflective or hyporeflective
content [48]. The internal reflectivity may modify
throughout the follow-up [48]. Noteworthy, the structural
OCT characteristics were demonstrated to influence the
OCTA capability to detect microaneurysms, as lesions with
an hyporeflective content are less prone to be detected on
OCTA images [48]. The latter feature is probably dependent
on the slow flow rate within these hyporeflective micro-
aneurysms, which is lower than that detectable using OCTA
[48]. Conversely, hyperreflective microaneurysms are more
frequently visualized using OCTA, this probably reflecting
an higher blood flow rate within these microaneurysms [48].
Assuming that a faster blood flow may cause a damage of
the blood-retinal barrier with consequent fluid accumula-
tion, in a successive paper we demonstrated that the pre-
sence at baseline of hyperreflective microaneurysms, which
are more frequently seen on OCTA, is associated with a
higher probability of extracellular fluid accumulation at 1
year of follow-up [49]. Finally, these two studies [48, 49]
confirmed previous findings suggesting that micro-
aneurysms may be also located in the outer retinal vascu-
lature [50].

The visualization of microaneurysms on OCTA images
is also strictly dependent on the device employed [51].
Parrulli et al. [51] performed a nice study comparing FA
with five OCTA devices in detecting microaneurysms. The
authors included 20 eyes of 15 patients with DR and
demonstrated that, while fluorescein angiography remains
the best imaging modality to detect retinal microaneurysms,
OCTA devices have different rates of detection. In details,
the Spectralis OCTA (Heidelberg Engineering, Heidelberg,
Germany) was able to detect more microaneurysms com-
pared to other devices. The authors speculated that this
finding was secondary to the higher number of B-scans in
the scanned area and to the higher number of repeated B-
scans employed by the Spectralis device. Based on their
findings, the authors concluded that the variability among
OCTA devices to detect retinal microaneurysms should
considered in clinical trials and in clinical practice [51]. Of
note, multiple image averaging was demonstrated to be
useful for increasing the microaneurysm detection OCTA
capability [52].

Three-dimensional OCTA

As stated above, while OCTA data are mainly displayed
using 2D cross-sectional or en face images, recent evidence
suggests that a 3D analysis may permit a reliable visuali-
zation and quantification of the retinal vessels [30–34].
Importantly, a 2D OCTA visualization is limited in char-
acterizing anatomical entities where both their en face
extent and depth information is important to further com-
prehend their findings, such as microaneurysms in diabetes.

These OCTA shortcomings have been addressed with the
development of 3D illustrations [32].

Our group first applied a rotational 3D OCTA visuali-
zation to describe diabetic microaneurysms in vivo (Fig. 2)
[32]. In the latter study, we retrospectively collected data
from 20 patients (20 eyes) with diabetic retinopathy who
had OCTA imaging obtained with the PLEX Elite 9000
device (Carl Zeiss Meditec Inc., Dublin, CA, USA). After
processing the OCTA volume data with a novel volume
projection removal algorithm, OCTA data were imported in
imageJ software (National Institutes of Health, Bethesda,
MD; available at http://rsb.info.nih.gov/ij/index.html) [53]
in order to obtain a 3D visualization of the analyzed
microaneurysms. Our analysis included fifty-two micro-
aneurysms and, overall, this approach was demonstrated to
be useful for an accurate characterization of these vascular
malformations.

Our 3D analysis revealed that most microaneurysms
occupy at least two retinal layers and the INL was revealed
to be the retinal layer most frequently occupied by these
vascular abnormalities [32]. Therefore, these results con-
firmed previous histopathological findings, as explained
above [46]. Of note, these results were also in agreement
with reports employing structural OCT [54, 55]. A previous
study by Wang et al. [54] used structural OCT and nicely
proved that most microaneurysms occupy more than one
retinal layer. Successively, Karst et al. [55] added adaptive
optics to OCT imaging in order to improve the transverse
resolution and further confirmed these findings.

Given that a single microaneurysm may be included in
different retinal layers, a 2D OCTA visualization may be
prone to visualize the same microaneurysm on two distinct
2D en face OCTA images using different slabs (e.g., SCP
and DVC). Therefore, a 2D OCTA visualization may result
in the same microaneurysm counted twice, as demonstrated
in a previous study [47].

Our study with 3D OCTA on microaneurysms also
proved that most of analyzed microaneurysms are

Fig. 2 Three-dimensional visualization of a diabetic micro-
aneurysm. The 3D visualization of combined OCTA (magenta) and
structural OCT (gray) information demonstrates that the micro-
aneurysm (indicated with the red arrowhead) is mainly contained in the
INL, OPL and ONL. The microaneurysm is connected with two retinal
vessels (highlighted with the red asterisks).
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associated with two vessels [32], this finding suggesting no
tendency to develop at vascular junctions, in agreement
with histology [46].

One of the most relevant results of our 3D analysis was
that, even though most microaneurysms are located in the
INL, where the DVC is accommodated, a number of
microaneurysms was graded to represent dilations of vessels
arising from the SCP rather than the DVC [32]. Of note, a
small number of microaneurysms was rated to be connected
with both SCP and DVC vessels, this aspect likely reflect-
ing the eventuality of microaneurysms to develop at the
level of vessels connecting the SCP and DVC vascular beds
[32].

Finally, the 3D analysis provided a way to investigate the
spatial orientation of microaneurysms with respect to the
retinal layers [32]. In detail, each microaneurysm was
characterized by a peculiar orientation on the three dimen-
sions and most microaneurysms had an oblique orientation
as they had angles >0 with the three axes of the three-
dimensional Cartesian coordinate system [32]. Considering
that microaneurysms traverse different retinal layers, we
speculated that this oblique orientation was secondary to the
presence of Müller cells, whose processes are known to be
featured by an oblique orientation [32]. Of note, the 3D
visualization of microaneurysms demonstrated that those
microaneurysms with a horizontal orientation were mainly
included in the ganglion cell complex (GCC) or outer
plexiform layer (OPL), this probably reflecting the presence
of horizonal cells within these two layers [32].

Conclusions

OCTA has been significantly employed to better char-
acterize vascular alterations in diabetes and remarkable
insights have already been achieved with this technology.

Several studies have identified retinal and choroidal
hypoperfusion in diabetic eyes. More importantly, quanti-
tative analysis of the macular ischemia with OCTA may
provide an important biomarker of disease. The employ-
ment of OCTA to detect areas of hypoperfusion of the
retinal periphery cannot be underestimated, although
widefield OCTA systems are still limited in the assessment
of the periphery in comparison with ultra-widefield fluor-
escein angiography imaging modality. Finally, OCTA
technology employing 3D analysis have already provided
incredible in vivo visualizations of microaneurysms that,
for the first time, resemble the histopathological
representations.

In summary, OCTA represents a powerful tool to char-
acterize and assess in the clinical practice patients with
diabetic retinopathy.
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