Review Article
Ophthalmic Res
DOI: 10.1159/000518620

Received: May 3, 2021
Accepted: July 12, 2021
Published online: July 30, 2021

Standardization of Optical Coherence
Tomography Angiography Imaging
Biomarkers in Diabetic Retinal Disease
Stela Vujosevic a José Cunha-Vaz b, c João Figueira b, c Anat Löwenstein d
Edoardo Midena e Mariacristina Parravano f Peter Henry Scanlon g
Rafael Simó h, i Cristina Hernández h, i Maria H. Madeira b, c Inês P. Marques b, c, j
António C.-V. Martinho b Ana R. Santos b, j Olga Simó-Servat h, i
Recivall P. Salongcay k, l Dinah Zur d Tunde Peto k
aEye

Clinic, IRCCS MultiMedica, Milan, Italy; bAIBILI–Association for Innovation and Biomedical Research on Light
and Image, Coimbra, Portugal; cCoimbra Institute for Clinical and Biomedical Research (iCBR), Faculty of Medicine,
University of Coimbra, Coimbra, Portugal; dOphthalmology Division, Tel Aviv Medical Center, affiliated to Sackler
Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel; eDepartment of Neuroscience, University of Padua,
Padua, Italy; fIRCCS-Fondazione Bietti, Rome, Italy; gDepartment of Ophthalmology, Gloucestershire Hospitals NHS
Foundation Trust, Cheltenham, UK; hDiabetes and Metabolism Research Unit, Vall d’Hebron Research Institute,
Barcelona, Spain; iCentro de Investigación Biomédica en Red de Diabetes y Enfermedades Metabólicas Asociadas
(CIBERDEM), Instituto de Salud Carlos III, Madrid, Spain; jDepartment of Orthoptics, School of Health, Polytechnic of
Porto, Porto, Portugal; kCentre for Public Health, Queen’s University Belfast, Belfast, UK; lEye and Vision Institute,
The Medical City, Pasig, Philippines

Keywords
OCT angiography · Diabetic retinal disease · Imaging
biomarkers · Standardization of terminology

Abstract
Optical coherence tomography Angiography (OCT-A) represents a revolution in the noninvasive evaluation of retinal
and choroidal circulation especially in detecting early clinical
signs of diabetic retinal disease (DRD). With appropriate use,
OCT-A characteristics and measurements have the potential
to become new imaging biomarkers in managing and treating DRD. Major challenges include (a) provision of standardized outputs from different OCT-A instruments providing
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standardized terminology to correctly interpret data; (b) the
presence of artifacts; (c) the absence of standardized grading
or interpretation method in the evaluation of DRD, similar to
that already established in fundus photography; and (d) establishing how OCT-A might be able to provide surrogate
markers to demonstrate blood retinal barrier breakdown
and vascular leakage, commonly associated with DRD. In
fact, OCT-A guidelines for DRD are still evolving. The outputs
of quantitative OCT-A data offer a unique opportunity to develop tools based on artificial intelligence to assist the clinicians in diagnosing, monitoring, and managing patients
with diabetes. In addition, OCT-A has the potential to become a useful tool for the evaluation of cardiovascular diseases and different neurological diseases including cogni-
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tive impairment. This article written by the members of Diabetic Retinopathy expert committee of the European Vision
Clinical Research network will review the available evidence
on the use of OCT-A as an imaging biomarker in DRD and
discuss the limits and the current application as well as future developments for its use in both clinical practice and
research trials of DRD.
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Published by S. Karger AG, Basel

Introduction

Imaging modalities play an important role in early diagnosis of diabetic retinopathy (DR) and diabetic macular edema (DME), in devising treatment protocols and
evaluating the prognosis of visual outcome. Fundus color
photography was developed to predict the progression of
DR in the modified Airlie House Classification [1] using
2-dimensional markers in the Diabetic Retinopathy Study
[2] and Early Treatment Diabetic Retinopathy Study.
Simplified grading scales [3, 4] are more widely used in
screening to detect DR at the appropriate stage in the disease process for treatment to be given. Scanning confocal
ophthalmoscopes have been developed that capture a
wider field and may be better in a nonmydriatic format,
but the additional costs have so far limited their use in
screening [5].
The opportunity for 3-dimensional image capture was
first introduced on a large scale with the development of
optical coherence tomography (OCT) that is widely used
as an imaging biomarker for assessment and treatment of
DME. The parameters most frequently used include central retinal thickness, central foveal subfield thickness, intraretinal cystoid spaces, hyperreflective retinal foci/
spots, disorganization of retinal inner layers, and subfoveal neurosensory detachment [6].
Fundus fluorescein angiography (FFA) was first described in 1960 and has been the main method used to
examine the retinal circulation, despite the fact that it involves the intravenous injection of fluorescein dye, until
the introduction of noninvasive OCT-angiography
(OCT-A). OCT-A represents a revolution in the noninvasive evaluation of retinal and choroidal circulation
(with a potential to become a new imaging biomarker in
DR/DME), allowing visualization and study of retinal
plexuses at different depths. When compared to FFA,
OCT-A provides a more detailed view of the alterations
of the foveal avascular zone (FAZ), disruption of the perifoveal capillary net, and better visualization of the microaneurysms in the deep capillary plexus (DCP) even if FFA
2
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is able to detect more microaneurysms [7, 8]. However,
OCT-A is unable to directly demonstrate the blood retinal barrier breakdown and vascular leakage, commonly
associated with DR, but some approaches are under investigation in order to obtain this information noninvasively [9, 10]. As with every new technique, OCT-A presents significant challenges in the correct understanding
and interpretation of data, as well as the use of standardized terminology in order to uniform results and make
them comparable across studies, thus increasing the
translational relevance. The aim of this study was to review the available evidence on the use of OCT-A as an
imaging biomarker in DR/DME and to better understand
its potential and limitations, as well as future developments for its use in both clinical practice and research trials.
OCT-Angiography Technique

OCT-A is a novel, high-resolution, noninvasive, volumetric, imaging technique that allows for an easy and separate evaluation of retinal and choroidal circulation.
OCT-A uses motion-contrast imaging to represent the
erythrocyte movement in retinal blood vessels by comparing the decorrelation signal (differences in the backscattered OCT signal intensity or amplitude) between sequential OCT B-scans performed in the same area, in few
seconds [11]. Although OCT-A cannot measure leakage,
it can separately evaluate different retinal plexuses in the
macula (superficial, intermediate, and deep capillary
plexuses), the choriocapillaris (CC), choroid, and radial
peripapillary capillary network [12–15].
Two types of OCT-A instruments are currently in use:
spectral domain (SD-OCT-A) and swept source (SSOCT-A). The SD-OCT-A uses a broadband near-infrared super-luminescent diode as light source, a center
wavelength of approximately 840 nm, and a spectrometer
as the detector. The SS-OCT-A uses a tunable swept laser
as light source, a center wavelength of approximately
1,050 nm, and a single photodiode detector. The higher
scanning speed of SS-OCT-A allows for fewer motion artifacts, whereas the longer wavelength with greater light
penetration into tissues allows for better visualization of
choroid and CC [16, 17]. Three ways of processing OCTA data are available: (1) based on the intensity of the OCT
signal (e.g., OCT angiography ratio analysis, the splitspectrum amplitude-decorrelation angiography); (2)
based on the phase of the OCT signal (e.g., Doppler or
phase variance OCT); and (3) together as the complex
Vujosevic et al.
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Fig. 1. Quantitative metrics evaluated on OCT-A images in the
SCP and DCP in the eye with moderate nonproliferative diabetic
retinopathy. The top left shows a 3 mm × 3 mm slab of the SCP
and the bottom left shows the FAZ delineation on the SCP that allows to calculate the following parameters: FAZ area = 0.301 mm2;
FAZ perimeter = 2.952 mm; and circularity index = 4π × area/perimeter2 = 0.4340539; top middle and bottom middle show the

binarized and skeletonized images of the SCP using the Otsu method; top right and bottom right show the binarized and skeletonized
images of the DCP of the same eye. Binarized images are used for
determination of perfusion density, and skeletonized images are
used for determination of vessel density. OCT-A, optical coherence tomography angiography; SCP, superficial capillary plexus;
DCP, deep capillary plexus; FAZ, foveal avascular zone.

OCT signal (e.g., OCT microangiography-complex
[OMAG C], which incorporates differences in both the
phase and intensity information contained within sequential B-scans) [17].

quantitative metrics include the evaluation of the area,
perimetry, and circularity index (CI) of the FAZ; and the
retinal perfusion parameters (perfusion and vessel density, vessel diameter index, perfused capillary density, and
vascular complexity parameters) [12, 22–25] (Fig. 1).

Qualitative and Quantitative Metrics in OCT-A
OCT-A allows for both qualitative and quantitative
analyses of the retina and the choroidal vasculature. The
qualitative analysis aims to evaluate the shape of the FAZ;
the presence of retinal lesions (such as nonperfusion areas, microaneurysms, new vessels, collaterals, cystoid
space, and morphology of retinal capillaries); and the
presence of choroidal lesions (detection of choroidal neovascularization, its type and morphology (medusa, sea
fan, glomerular, and dead tree), and CC structure analysis). It is highly dependent on accurate segmentation and
the absence of projection artifacts [15, 18–21].
The quantitative analyses require the application of
the threshold in order to obtain the binarized images. The
OCT-A as Imaging Biomarker in DRD

Nomenclature of Quantitative Parameters
FAZ quantitative parameters include the area, the perimeter (expressed in mm), and the CI (defined by the
equation [4π × area]/perimeter2). The CI is the expression of the regularity of a shape: the more its value is closer to 1, the more the shape is similar to a perfect circle
[26].
Perfusion density (PD) is a unit-less measure determined on binarized images and defined as the total area
of perfused vasculature (pixels over the selected threshold) per unit area in a region of interest. Vessel density
(VD), expressed in mm−1 on skeletonized images, is defined as the total length of perfused vasculature per unit
Ophthalmic Res
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area in a region of interest. Of note is the fact that the term
“VD” is frequently used to describe PD.
Vessel diameter index is defined as the average vessel
caliber (total vessel area on binarized images/total vessel
length on skeletonized image) [27]. Perfused capillary
density is defined as the percentage of the capillary area
divided by the total analyzed area, once noncapillary
blood vessel areas have been subtracted, on full vascular
slab [22]. Fractal dimension (FD) is a mathematical parameter that describes the degree of complexity of a biological structure, using the box-counting method on the
binarized image [23]. Number of branches and total
branch length (total sum of the single branches’ length in
the analyzed area) on the skeletonized image were evaluated in both the peripapillary and macular area [12, 25].
In order to evaluate CC perfusion, the term “signal voids”
is used, defined as the dark areas where CC flow is undetectable due to either areas of real CC nonperfusion (flow
voids) or areas where flow signal strength is below the
decorrelation threshold [28, 29].
The Importance of Standardization of Parameters in
OCT-A Image Evaluation
While OCT-A has brought great advancement in our
understanding of physiology and clinical findings, a consensus on terminology and standardized nomenclature is
still missing. For example, decreased or absent flow due
to DR has been termed as “flow void” [30], “capillary nonperfusion” [31], or “impaired capillary perfusion” [32].
The terms “PD” and “VD” have been used confusingly to
quantify the percentage area occupied by perfused binarized vessels [33]. Moreover, the method of thresholding
and adjustments in contrast and brightness, as well as the
use of high-resolution versus high-speed mode, can significantly impact quantitative data analyses [34–37]. This
makes direct comparisons among different studies and
populations impossible. For the longitudinal analyses, the
same parameters should be used including the instrument, angiocube size, pattern, and scan location as well as
the algorithm [36].
OCT-A manufacturers use different units of measurement, different segmentation strategies, and variable FAZ
assessment, making a reliable comparison of OCT-A data
between different instruments impossible [38]. In clinical
trials, quantitative data obtained with different instruments should not be amalgamated. For example, only the
FAZ area seems to be a useful parameter for OCT-A image analysis when using different machines, whereas VD
and FD show a significant variability across devices [39].
Consensus terminology is under development and will
4
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Fig. 2. OCT-A image of the left eye of the patient with moderate

nonproliferative diabetic retinopathy (montage of 5 scans, each
8 × 8 mm, covering an area of approximately 14 mm × 14 mm)
obtained with Zeiss Cirrus HD-OCT 5000 Angioplex (Zeiss Medi
tec, Dublin, CA, USA), showing areas of capillary rarefaction temporal to the macula, and outside of the arcades. Details of the FAZ
and the perifoveal area are better visualized with smaller scans that
have higher resolution. OCT-A, optical coherence tomography
Angiography; FAZ, foveal avascular zone.

allow to simplify clinical and scientific work by clarification and standardization, as well as to improve the measurement accuracy [38].
The Role of Imaging Biomarkers in DR

Biomarkers, as variables of clinical relevance that can
be objectively measured and monitored, are critical tools
to identify individuals at risk of developing a disease,
those in whom the disease will progress and those with a
specific response to a therapeutical intervention [40]. In
the context of DR, distinct markers have been proposed
as biomarkers for the pathological events, such as circulating biomarkers (obtained from serum sampling), local
biomarkers (obtained from eye-related biologic fluids),
and imaging biomarkers (reviewed in Refs. [41, 42]). Biomarkers are also seen as the key to personalized medicine,
treatments individually tailored to specific patients for
highly efficient intervention in disease processes.
It is now clear that systemic markers of diabetes such
as disease duration, poor glycemic control, increased
blood pressure, and lipid levels are relevant risk factors,
but they do not necessarily identify DR worsening accurately enough [43, 44]. These observations led to the identification of different phenotypes of progression [45]
based on the characteristics of the retinal lesions. It is,
Vujosevic et al.

Fig. 3. OCT-A images of the macula (3 mm × 3 mm slab) of the

right image shows the DCP. There is an irregular and enlarged
FAZ in all the plexuses as the rarefaction of the perifoveal capillary
network. OCT-A, optical coherence tomography angiography;
SCP, superficial capillary plexus; DCP, deep capillary plexus; FAZ,
foveal avascular zone; ICP, intermediate capillary plexus.

therefore, fundamental to be able to identify the retinal
lesions and their dynamics in the earlier stages of DR and
correlate their occurrence to the progression of any stage
of DR to vision-threatening complications [46, 47].
A recent 5-year prospective observational longitudinal
study reported that ocular risk markers are more informative than systemic risk markers for predicting, in patients with well-controlled diabetes and mild DR, the eyes
at risk for developing vision-threatening complications,
namely, center-involved macular edema (CIME), clinically significant macular edema (CSME, defined as by the
Early Treatment Diabetic Retinopathy Study group on
clinical examination), or proliferative diabetic retinopathy (PDR) [48]. Development of DME, either CSME or
CIME, and PDR was associated with baseline microaneurysm turnover (MAT), CRT, and GCL + IPL thickness
and VD metrics on OCT-A [48].
The use of noninvasive imaging approaches has gained
much relevance in the identification of possible DR biomarkers. The rate of MAT, assessed in clinical practice in
a field 2 color fundus photograph, using the automated
Retmarker screening software (Retmarker S.A.), has been
widely shown to be associated with the development of
DME [14–16]. This method has received a letter of support from the European Medicines Agency as the first
biomarker of DR progression [49].
The use of multimodal imaging approaches, and particularly OCT and OCT-A, facilitates the identification of
different pathways of DR and their relative relevance in
individual patients [50]. OCT-A has gained a critical position in the evaluation of DR [51] as it allows the identification and quantification of retinal capillary closure, the

feature that better correlates with the clinical signs of
nonproliferative DR (NPDR) in its main stages and progression [50, 52].

OCT-A as Imaging Biomarker in DRD
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same eye as in Fig. 1, obtained with the Spectralis OCT-A instrument (Heidelberg Engineering, Heidelberg, Germany), showing
details of the FAZ and the perifoveal capillary network. The left
image shows the SCP; the middle image shows the ICP; and the

OCT-A as a Diagnostic Biomarker of DR
A diagnostic biomarker detects or confirms the presence of a disease or a condition of interest or identifies an
individual with a subtype of the disease [53]. Many of the
common features of DR, as seen on FFA, including microaneurysms, neovascularization, capillary closure, and
regions of nonperfusion have been extensively studied
and described using OCT-A (Figs. 2, 3). OCT-A is, therefore, retriable and a more sensitive procedure for detailed
morphological evaluation of central macular vascular
changes in diabetes [8]. There is also evidence from different studies that OCT-A measurements may reveal the
presence of DR before it is clinically detectable [54, 55].
VD provides a quantitative metric of capillary closure
or dropout that has shown correlation with severity of DR
and its progression, being strongly associated with the
clinical features of nonproliferative DR [56, 57]. Durbin
et al. [58] showed that VD measured in the superficial
capillary plexus (SCP) can discriminate healthy from DR
eyes. A reduction in retinal VD in both the SCP and DCP,
mainly at the macular area, has been correlated to visual
acuity (VA) and may be a potential indicator for macular
ischemia and vision loss during disease progression. The
regional distribution of retinal capillary changes may be
particularly relevant in staging DR [19, 59]. Studies with
wide-field FFA have also shown that peripheral nonperfusion lesions are associated with higher risks of DR progression [60].
5

More recently, SS-OCT-A instruments enabled visualization of retinal vasculature over larger fields of view,
like 12 × 12 mm or 15 × 9 mm, instead of the common
3 × 3mm perifoveal acquisitions. Combining the results
of 3 × 3 mm and 15 × 9 mm acquisitions, Santos et al. [61]
distinguished patients from 2 major stages of NPDR: mild
retinopathy (ETDRS 20–35), with capillary closure limited to the perifovea; and moderate-to-severe NPDR (ETDRS 43–53) with a significant increase of retinal capillary
closure in more peripheral regions of the retina. Similar
findings were also reported by Tan et al. [62]. In summary, OCT-A allows quantitative measurements of the
vascular changes occurring in DR, with particular relevance for measurements of VD or PD indicative of capillary closure, suggesting a promising role of OCT-A as a
diagnostic biomarker of DR [63].
OCT-A as a Diagnostic Biomarker in Diabetic
Macular Edema
As recent results confirm that different disease processes may be involved in the development of CSME and
CIME, it is crucial that these outcomes should not be analyzed together. CIME and CSME are associated with different retinopathy phenotypes, with CSME occurring
mainly in eyes with decreased VD and abnormal MAT,
indicating the presence of ischemic changes [64]. Retinal
thickness, indicating the presence of edema, is the only
risk marker that is present in both CIME and CSME, confirming previous observations that it may be a predictor
for development of DME [65].
However, in DME, the use of OCT-A presents more
limitations due to the high rates of segmentation errors
caused by changes in retinal layers’ architecture and artifacts on the vascular network caused by the presence of intraretinal cystoid spaces [19]. Improved accuracy of automated segmentation is required and would be very beneficial for DME evaluation in the future. However, OCT-A is
already useful for characterizing the pathogenesis of DME
and identifying the presence of diabetic macular ischemia,
an important cause of vision loss, and an indicator of poor
response to DME treatment [14]. Narrowing and occlusion
of retinal capillaries around the foveal area, especially in the
DCP, are the most important signs of diabetic macular
ischemia, showing a strong correlation with photoreceptors disruption and consequently with VA decrease [66].
OCT-A as a Prognostic Biomarker of DR Disease
Progression
By definition, a prognostic biomarker is used to identify the likelihood of a clinical event, disease recurrence,
6
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or disease progression in patients with a disease or medical condition of interest [67]. In the case of DR, its progression is defined by the 7 field ETDRS grading, which
has been well validated [68].
OCT-A allows the detection of microaneurysms and
nonperfusion in patients with DR, a helpful addition in
assessing disease progression, as proposed by Couturier
et al. [7]. Similarly, Hwang et al. [69] determined that
OCT-A can clearly delineate capillary dropout and retinal
new vessels, highlighting a possible role in monitoring for
ischemic and proliferative changes among eyes with DR.
In a 5-year longitudinal study, it was shown that ocular
biomarkers such as MAT and capillary closure are biomarkers of DR progression [54]. Pairwise comparisons
indicated that a higher MAT was present in eyes with
2-or-more-step worsening of DR versus any other category. Importantly, capillary closure, identified by a decrease in VD determined at a 5-year follow-up, decreased
in all ETDRS levels. This decrease showed a significant
correlation with DR severity progression [54].
Recently, data from a 3-year longitudinal study showed
that the retinal capillary closure increases with DR progression, in contrast with edema and neurodegeneration,
which remained stable throughout the whole follow-up.
When looking for factors associated with capillary closure on a univariate regression analysis, MAT and GCL +
IPL thinning (inner ring layer) were found to be significantly associated with VD. However, in a multivariate regression analysis (including also demographic and systemic features), only MA turnover showed a statistically
significant association with VD decrease (capillary closure). Furthermore, during this period, 1- or 2-step worsening of DR was associated with the presence of capillary
closure, suggesting that only increased capillary dropout
is an indicator of DR severity progression (RETINA submitted 2021, Marques et al. [54]). OCT-A metrics of retinal capillary closure obtained in a noninvasive manner
with repeated examinations appear to be more informative than systemic risk markers for predicting, in eyes of
patients with well-controlled diabetes and mild retinopathy, which ones are at risk for developing vision-threatening complications, being a promising candidate as a
biomarker of DR severity progression, and are expected
to impact management of DR.
OCT-A Role as an Alternative to ETDRS Grading
The ETDRS classification is based on the presence of
different features identified by fundus photography.
These alterations are considered to be related to the presence of capillary closure and ischemia [70]. It is, thereVujosevic et al.

fore, reasonable to think that capillary closure, if reliably
quantified and measured, may be an appropriate indicator of changes identified by fundus photography and become an alternative to the ETDRS classification.
Considering that only 2-step changes in ETDRS severity grading have been shown to be clinically significant, it
was proposed that ETDRS grades 10 and 35 correspond to
no and mild DR and ETDRS grades 43–53 to moderate and
severe DR. Grades 43–53 may represent objectively and
more accurately the real progression of NPDR [61]. The
use of SS-OCT-A, with combined protocols, capable of detecting early capillary closure in the perifoveal region and,
later, on the disease process capillary closure in the midperiphery, may offer a practical and simple to use alternative
to the laborious and demanding ETDRS grading process,
which classifies a complex set of parameters. The results
here reviewed may give, indeed, a practical basis for the
International Classification of Diabetic Retinopathy [3].
OCT-A as a Predictive Biomarker of DR/DME
Treatment Response
Predictive biomarkers discriminate those who will respond or not respond to treatment and are therefore important in the design and conduct of clinical trials [67].
OCT-A may be useful to identify some predictive biomarkers of DR and DME treatment response, especially
if integrated with information obtained with OCT. Several studies reported the changes in OCT-A parameters
before and after treatment, focusing on the possible vascular reperfusion after the intravitreal injections of antivascular endothelial growth factor (VEGF), steroids, and
subthreshold micropulse laser, but very few of them reported specific OCT-A biomarkers to predict the treatment response comparing different drugs [6]. Currently,
OCT-A parameters considered as biomarkers of DME
treatment response are the characteristics of the FAZ in
different retinal layers in terms of size and circularity index, the characterization of MAs, their visibility and internal reflectivity, number and location, the measurement of VD, NPAs, and vessel tortuosity.
Anti-VEGF Drugs
An impairment of the DCP, characterized by the presence of a great number of MAs, a lower VD, and FAZ
enlargement, is reported as a biomarker of poor response
to anti-VEGF treatment [71–73]. Even the internal reflectivity of MAs through OCT and OCT-A evaluation correlates with macular ischemia, suggesting that the hyporeflective MAs located in the DCP could be biomarkers of
poor response to anti-VEGF [74].
OCT-A as Imaging Biomarker in DRD

Another OCT/OCT-A parameter that influences the
VA improvement after treatment is the presence of giant
intraretinal cysts (>200 µm) on OCT; these cysts on OCTA are often characterized by a hyperreflective internal signal named suspended scattering particles in motion; the
giant intraretinal cysts and the suspended scattering particles in motion correlate with macular ischemia and
could be an indirect expression of poor visual prognosis
[75].
More recently, a topographical OCT-A analysis considering different macular regions showed that the parafoveal VD in the SCP at baseline could be an independent
predictor for VA improvement after the loading dose
with ranibizumab, in the multiple regression model with
adjustment for central macular thickness and ellipsoid
zone disruption [73]. In the same study, a higher VD at
the level of SCP seemed to determine a greater VA improvement after treatment, but further studies are needed
to validate the role of VD as a biomarker of response to
ranibizumab injections [73]. Another recent study reported a better VA after aflibercept intravitreal injections
for DME in eyes with a larger baseline retinal vascular
area (defined as the percentage of the entire area occupied
by large vessels and microvasculature) in SCP and DCP
[76]. Furthermore, the resolution of MAs may be associated with better VA and resolution of DME after intravitreal aflibercept [76].
Another important OCT-A parameter to predict the
treatment response is the FAZ analysis. It was reported
that a larger baseline FAZ area correlates with poor response to anti-VEGF treatment [71, 72].
Regarding the possible role of anti-VEGF drugs on the
retinal reperfusion, conflicting results were reported. The
VD is the most used OCT-A parameter for quantification
of retinal blood flow [7].
In a previous study by Sorour et al. [77], no correlations between anatomic response and VD measurement
were found after a single dose of anti-VEGF, suggesting
that the anti-VEGF effect on macular perfusion may not
be a direct change in microvascular flow. Also, OCT-A
data from Couturier et al. [78] showed no changes in
NPAs and no reperfusion of small retinal vessels in NP
areas on SS-WF OCT-A and UWF-FFA after anti-VEGF
therapy, although the DRSS improved and neovascularization regressed. Despite theis evidence, a recent study
[79] showed that an intensive aflibercept treatment may
be effective in reducing NPAs in patients with DR without DME, reporting that an important vascular leakage
was significantly associated with retinal reperfusion after
aflibercept treatment.
Ophthalmic Res
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Steroids
As for the anti-VEGF, also for steroids, it is important
to integrate OCT and OCT-A data as imaging biomarkers
of treatment response. The FAZ area alone and combined
with ellipsoid zone disruption, adjusted for age, could be
considered a predictor of VA in macular vascular disease
as DR and DME, in an OCT/OCT-A model [80].
Recently, Vujosevic et al. [6], compared the effects of
ranibizumab versus dexamethasone on several OCT and
OCT-A inflammation biomarkers reporting a greater reduction of hyperreflective foci in the inner retina, central
macular thickness, DRIL extension, cysts area in DCP,
FAZ CI, and VD DCP in the dexamethasone group; this
evidence suggests that a detailed analysis of inflammation
signs at baseline could guide the treatment choice, potentially useful for final prognosis. By the analysis of OCT-A,
no changes were described in NPAs and in the VD at the
level of DCP at 2- and 4-month follow-ups after dexamethasone [81], but an early decrease in NPAs was reported, suggesting a possible precocious drug-related reperfusion.
Can OCT-A Be Useful for Evaluation of the Preclinical
Stage of DR and Its Progression in Type 1 and Type 2
Diabetes Mellitus?
It has been reported that specific neural and microvascular abnormalities might characterize types 1 and 2 diabetes mellitus (DM) (T1DM/T2DM), even before clinical
signs of DR are visible on OCT and OCT-A. The inner
retinal layer (ganglion cell layer) was reported to be significantly thicker in T1DM versus T2DM in the central 1
mm, after adjusting for age and DM duration [15]. In
those with T1DM versus controls, the area of FAZ was
significantly larger in SCP and DCP; such a difference in
FAZ was only found in DCP for those between T1DM
versus T2DM only in DCP. The number of focally dilated
endings of the capillaries was higher in T1DM versus controls in both SCP and DCP; and in T2DM versus controls
only in DCP. Perifoveal capillary loss in SCP had the
highest correlation to the inner retinal layer thickness in
both DM types [15]. It has been reported that in T1DM,
DCP impairment may be a precursor of retinal vascular
damage, even before any clinical signs of DR, suggesting
that the perifoveal capillary dropout represents an early
damage [82]. Based on current evidence, OCT-A biomarkers associated with DR progression are specific to
the type of diabetes, and so far only DCP impairment
might be considered as a common biomarker for progression. Sun et al. [83] explored the role of impairment at the
level of DCP in T2DM, expressed as FAZ area, FD, and
8
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VD, as a factor associated to the progression of DR in 2
years. On the contrary, VD at SCP seems to be strictly associated to the development of DME during the followup [78]. Recently, Scarinci et al. [84] reported that in
T1DM, a decrease in VD of DCP and more specifically of
the ICP during the early stages of the disease is the most
robust parameter in providing objective imaging biomarkers to monitor the clinical progression of NPDR in
2 years’ follow-up (Table 1).
OCT-A and Systemic Status: The Endocrinologist’s
Point of View
The influence in vascular changes determined by
OCT-A related to systemic conditions such as glycemic
control, cardiovascular risk factors, and other comorbidities is yet to be highlighted. Acute hyperglycemia has
been shown to impact neurovascular coupling in human
eyes [85], and it has been recently reported that it significantly decreases the DCP vessel density in the dark [86].
Therefore, in pathological states, such as diabetic retinal
disease (DRD), where the vasculature is already attenuated, photoreceptors might be more susceptible to ischemia. This finding opens up a new research field addressing the need to examine the impact of glycemic variability on OCT-A. In addition, the effect of the rapid reduction
of blood glucose levels on retinal microvasculature and
the potential differences depending on the antidiabetic
drug used are questions that merit further investigation.
Little is known about the influence of cardiovascular
risk factors on OCT-A findings. However, it seems that
hypertension reduces VD and PD and increases FAZ,
thus aggravating the effects of chronic hyperglycemia [87,
88]. To the best of our knowledge, there are no reports
about the impact of lipids or smoking habit on OCT-A.
Regarding comorbidities, a recent study provided evidence that patients with acute coronary syndrome showed
a lower inner vessel length density in comparison with
those patients without cardiovascular disease [89]. This
finding supports the link between micro- and macroangiopathy in the setting of diabetes complications. The influence of other comorbidities such as obesity has not
been examined. However, it should be noted that sleepapnea syndrome is frequent in patients with T2DM with
obesity and is associated with the hypoxia/hypercapnia
and the transient increase of blood pressure, and these
factors can all affect retinal microcirculation.
Finally, a general remark should be made. It is frequently forgotten that the diagnosis of diabetes is based on an
underlying assumption that there is a clear glycemic
threshold that separates persons at high and low risk of DR
Vujosevic et al.

Table 1. Summary of OCT-A biomarkers in diabetic retinal disease
OCT-A biomarker Definition

Biomarker
Correlation to diabetic retinal disease
classification

Studies

Vessel metrics

Diagnostic

VD measured in the SCP can discriminate healthy eyes from
eyes with DR
Extent of capillary closures distinguishes mild NPDR (limited
to the perifovea) from moderate to severe NPDR (significant
increase of retinal capillary closure in more peripheral retina)
CSME occurs mainly in eyes with decreased VD and
abnormal MAT, indicating the presence of ischemic changes
Narrowing and occlusion of retinal capillaries around the
foveal area, especially in the DCP, indicate diabetic macular
ischemia
A significant increase in the area of capillary loss and the
presence of tortuosity/beadings in the perifoveal area in both
SCP and DCP in DM type 1 and type 2 without clinical signs
of DR versus controls; and higher number of focally dilated
endings of the capillaries in DM type 1 versus controls in
both SCP and DCP; and in DM type 2 in DCP

Durbin et al. [58]
Santos et al. [61]
Marques et al. [64]
Scarinci et al. [66]
Vujosevic et al. [15]

Prognostic

VD is correlated with severity of DR and its progression, and
strongly associated with the clinical features of
nonproliferative DR
OCT-A can clearly delineate capillary dropout and retinal
new vessels, highlighting a possible role in monitoring for
ischemic and proliferative changes among eyes with DR
Decrease in VD from baseline is correlated with DR severity
progression

Rodrigues et al. [56]
Samara et al. [57]
Hwang et al. [69]
Marques et al. [54]

Predictive

Lower VD in the DCP corresponds to poor response to antiVEGF treatment
Parafoveal VD in the SCP at baseline could be a predictor of
visual improvement after loading dose with ranibizumab
Higher VD at the SCP may be correlated with greater visual
improvement after treatment with ranibizumab
Better VA is reported after aflibercept intravitreal injections
for DME in eyes with a larger baseline retinal vascular area in
SCP and DCP

Parravano et al. [74]
Lee et al. [72]
Hsieh et al. [73]
Busch et al. [76]

VD: total length of perfused
vasculature per unit area in a
region of interest; quantitative
metric of capillary closure or
dropout
PD: total area of perfused
vasculature (pixels over the
selected threshold) per unit
area in a region of interest

FAZ size

FAZ size expressed in square
millimeters (area) or in
millimeters (perimeter)

Diagnostic
Predictive

FAZ enlargement in both SCP and DCP in DM type 1
without clinical signs of DR versus controls
FAZ enlargement in the DCP corresponds to poor response
to anti-VEGF treatment
Larger baseline FAZ area correlates with poor response to
anti-VEGF treatment
FAZ area alone and combined with EZ disruption, adjusted
for age, could predict VA after steroid treatment in DR and
DME

Vujosevic et al. [15]
Parravano et al. [74]
Lee et al. [72]
Hsieh et al. [73]
Balaratnasingam
et al. [80]

FAZ CI

Regularity of FAZ shape (the
more its value is closer to 1,
the more the shape is regular
and similar to a perfect circle)

Predictive

There is a greater reduction in FAZ circularity index in eyes
receiving dexamethasone treatment compared with antiVEGF

Vujosevic et al. [6]

Predictive

Hyporeflective MAs located in the DCP may be associated
with poor response to anti-VEGF treatment

Parravano et al. [74]

Predictive

Presence of giant intraretinal cysts and SSPiM correlates with
macular ischemia and could be an indirect expression of poor
visual prognosis after treatment with anti-VEGF

Markan et al. [75]

Microaneurysm
internal reflectivity
Giant intraretinal
cysts

Cystic changes >200 µm in size
and often characterized by a
hyperreflective internal signal
named SSPiM (suspended
scattered particles in motion)

SCP, superficial capillary plexus; DCP, deep capillary plexus; FAZ, foveal avascular zone; CSME, clinically significant macular edema; MA, microaneurysm; MAT, microaneurysm turnover; VA, visual acuity; EZ, ellipsoid zone; VD, vessel density; PD, perfusion density; SSPiM, suspended scattering particles
in motion; VEGF, vascular endothelial growth factor; CI, circularity index; DME, diabetic macular edema; DR, diabetic retinopathy; DM, diabetes mellitus;
NPDR, nonproliferative DR.
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[90]. Current OCT-A evidence suggests that the arbitrary
cutoff of 7 mmol/L for blood glucose in diagnosing diabetes might not identify all of those at risk of vascular complications; changing the diagnostic criteria will open a new
era of management of diabetes and its complications.
OCT-A Image Evaluation: Clinical and Reading
Center Perspective

One of the major limitations of OCT-A currently lies
in its inability to evaluate leakage from retinal vessels. In
addition, the presence of artifacts significantly impacts
the evaluation of both the retina and the CC in many cases. Moreover, the blood flow is detected at a certain speed,
but measurements of blood flow velocity or flow volume
are still unavailable and consequently those vascular
structures with very slow blood flow may not be identified
at all. Technical improvements are crucial to increase the
accuracy of lesion identification such as microaneurysms,
new vessels, and small vessels adjacent to intraretinal
cysts. Vascular reconstruction with 3D OCT-A vessel visualization may also be helpful to clinicians for detecting
microvascular changes [91].
The Pitfalls in OCT-A Image Evaluation
When interpreting OCT-A images, physicians need to
understand and be aware of the potential source and
meaning of the artifacts, not caused by blood flow. Possible causes include the following [92]: (1) The image acquisition process is longer than for structural OCT, as the
same area needs to be scanned multiple times at a high
A-scan rate. (2) Intrinsic ocular properties or pathologies
such as media opacities of the lens or vitreous may obscure visualization of the retina, while subretinal hemorrhage may not allow visualization of the underlying choroid. Signal attenuation caused by opacities can impede
the ability to display and identify flow. (3) Eye movements
can cause significant changes from one B-scan to the other and hereby falsely appear as vessel flow in successive
images. (4) Data processing is another possible source of
artifacts: low signal or random noise can cause “flow” artifacts; hence, strong OCT signals and masking or thresholding methods can improve reliability. En face images
allow for visualization and evaluation of vascular plexuses and rely on layer segmentation, which is frequently
incorrect in cases of altered retinal anatomy, such as in
DME. The OCT-A vascular images are then incorrect.
Hence, the interpreting physician should ensure correct
segmentation(Fig. 4).
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Challenges in DME Evaluation and How to Overcome
Them
Stable fixation is needed in order to ensure high-resolution image acquisition. Reduced VA due to DME can
impair a patient’s ability to maintain stable fixation and
hereby reduce image quality and produce motion artifacts [93]. Using a higher scan speed at the expense of image resolution can improve the acquisition process.
Edematous thickening (retinal cysts) as well as ischemic
retinal thinning can both impact slab segmentation accuracy and cause erroneous en face images [94]. Manual
review and corrections may be needed to ensure proper
segmentation. Advanced algorithms may improve performance and reduce these artifacts [6, 95, 96].
Choriocapillaris Evaluation in DR
Significant choroidal changes have been associated with
diabetes even in the early stages of DR, but the evaluation
of this highly vascularized ocular structure using different
imaging modalities, such as indocyanine green angiography, ultrasonography, and more recently with enhanced
depth imaging OCT and SS-OCT, is limited. OCT-A allows for the first time a selective in vivo CC visualization
in humans [97]. SD-OCT-A and SS-OCT-A both provide
CC visualization, even if SS-OCT-A allows for better visualization as described in paragraph 2. Different software
algorithms are in use for CC visualization and quantitative
analysis (OMAG, split-spectrum amplitude-decorrelation
angiography, and OCT-A ratio analysis) [30], shown to
provide comparable results [98]. One of the major limitations of CC visualization remains that OCT-A images have
a limited capability to display the intervascular spaces.
Multiple en face OCT-A image averaging offers a solution
by transforming the images from a granular appearance to
a level where the intervascular spaces can be resolved [99,
100]. Therefore, more accurate methodology is needed to
evaluate and quantify choroidal vasculature, and future
improvements of SS-OCT-A may represent the correct approach [7]. Recent articles reported the presence of choroidal changes using this technology in patients with diabetes
with different stages of disease, namely the presence of
choroidal flow deficits [101, 102].
The Reading Center Perspective: Manual Versus
Automatic Evaluation and Agreement on Protocols in
Clinical Trials
As the manual interpretation of OCT-A is subjective
and prone to interobserver variability, commercial OCTA suppliers have developed proprietary software capable
of quantitatively measuring vessel metrics to provide a
Vujosevic et al.

Color version available online

Fig. 4. OCT-A images of the macula and

corresponding OCT B-scan showing different types of artifacts. Top row: segmentation artifacts; second raw: motion artifacts; third raw: projection artifacts; bottom raw: low signal due to media opacities
(cataract). OCT-A, optical coherence tomography angiography.

more objective method of evaluating OCT-A images.
These metrics include VD, PD, and FAZ area. OCT-A
metrics of the DCP can predict the progression of DR,
while vessel metrics of the SCP can predict the development of DME [83]. This quantitative analysis software,
however, is yet to be harmonized among the various commercially available OCT-A technologies, and therefore,
there is currently no consistent automated OCT-A image
grading. Each proprietary software uses its own algorithm; therefore, significant variations exist between the

commercially available OCT-A devices [103]. How much
these differences might contribute to clinical decisionmaking processes is not known at present. Table 2 summarizes the specifications and parameters measured by
the various commercially available OCT-A devices.
Despite the recent developments in OCT-A technology and studies supporting its use in evaluation of DRD,
the currently available literature provides no standardized grading or interpretation method for OCT-A in such
eyes. Unlike fundus photography where established in-
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FastTracTM
AngioPlex; forum data
management
68,000 (Cirrus 5000)
100,000 (Cirrus 6000)
5
15
14×14
Yes
Retinal layer, VRI, SCP, DCP,
ORCC, avascular retina, CC,
choroid, sub-RPE, RPE-RPEfit,
whole eye, and RPC – For ONH
only
Automated (area, perimeter,
and circularity)
Vessel density, capillary perfusion
2-visit comparison and tracking
of prior scans, and automatic
fovea finder

Eye tracking

Proprietary software

Scan speed (A-scans/s)

Optical axial resolution, µm

Optical transverse resolution, µm

Maximum retinal image area, mm

Image montage ability

Automated layer segmentation

FAZ measurement

Automated vessel parameters

Additional features

Custom slabs (×4)
Projection removal volume
B-scan enhanced vitreous
visualization
Multilayer segmentation
ARI network – Research platform

N/A on the instrument (available
on the ARI network)

Manual (area) on the instrument
(automated on the ARI network)

Retinal layer, VRI, SCP, DCP,
ORCC, avascular retina, CC,
choroid, and whole eye

Yes

15×15

20

6.3

100,000 and 200,000 (dual-speed)

Multimodal imaging
capability and follow-up
settings

N/A

Manual (area)

SVC (NFLVP and SVP),
DVC (ICP and DCP),
avascular complex, CC,
and choroid

N/A

8.8×4.4

5.7–11.4

3.9

85,000

Heyex

TruTrackTM

FastTracTM
AngioPlex

Spectral domain

Full-spectrum
probabilistic approach

Heidelberg Engineering

Spectralis OCT-A

SS

OMAG

Car Zeiss Meditec

PLEX Elite 9000

3D PAR, postprocessing
MCT, and trend reports

Vessel density and fractal
dimension (flow)

Manual (area and
perimeter)

SCP, DCP, outer retinal
zone, and CC

Yes

8×8

15

5

70,000

AngioAnalytics

DualTracTM

Spectral domain

SSADA

Optovue

AngioVue

Dynamic focus, EVV,
and pinpoint
recognition

Superficial density
map

Manual (area)

SCP, deep plexus,
outer retina, and CC

Yes

12×12

20

8

100,000

IMAGEnet 6

SMARTTrackTM

Swept source

OCTARA

Topcon

Triton SS-OCT angio

OMAG, optical microangiography; SSADA, split-spectrum amplitude-decorrelation angiography; OCTARA, OCT-A ratio analysis; EDI, enhanced depth imaging; SVC, superficial vascular
complex; NFLVP, nerve fiber layer vascular plexus; SVP, superficial vascular plexus; DVC, deep vascular complex; ICP, intermediate capillary plexus; DCP, deep capillary plexus; N/A, not applicable (presently in development); EVV, enhanced vitreous visualization; PAR, projection artifact removal; MCT, motion correction technology; RCP, SD, spectral domain; SS, swept source;
VRI, vitreoretinal interface; SCP, superficial capillary plexus; DCP, deep capillary plexus; ORCC, outer retina choriocapillaris; CC, choriocapillaris; RCP, radial capillary plexus.

SD with EDI

OMAG

Proprietary algorithm

Methodology

Carl Zeiss Meditec

Manufacturer

Cirrus AngioPlex
(5000 and 6000 models)

Table 2. Comparison of various commercially available OCT-angiography devices (macular modules)

ternationally accepted grading guidelines exist, OCT-A
guidelines for DR are still evolving. Furthermore, a study
by Parrulli et al. [104] showed a high variability in the
sensitivity, specificity, and positive predictive value
among the different OCT-A devices in evaluating microaneurysms secondary to DR. Diabetic eye disease affects
both the macula and the periphery, and so the limited
field of view in OCT-A of the current devices limits its
ability to examine the vascular changes in the periphery
[103]. Wide-field OCT-A showed some promising results; however, limited availability means that its impact
on large-scale diabetic eye screening and treatment programs is still unknown.
In order for OCT-A to be successfully integrated into
current DR imaging programs, it is crucial that standardized protocols in image acquisition and interpretation be
employed. This will provide image reproducibility, will
make validation of diagnosis and treatment outcomes possible, and will make monitoring of changes over time more
reliable and uniform. Image quality control mechanisms
are also necessary for the effective use of OCT-A in DR
evaluation and multicenter clinical trials [105]. Greig, Duker, and Waheed [106] offered a guide for a more effective
OCT-A image analysis by assessing the (1) en face OCT-A
image, (2) corresponding B-scans with vessel flow overlay,
and (3) structural en face image for each retinal slab using
a step-by-step method. As consensus on the elements of
quality assurance and interpretation is still lacking, the utility of OCT-A for clinical trials and subsequent centralized
reading center image analysis are also limited at present.
Despite limitations, OCT-A provides an additional
and more detailed information than other imaging modalities on the retinal microvasculature in DR, although
only on a small, but functionally vital area of the eye. To
fully transition from being a research tool into a clinical
aid for DR screening and treatment evaluation, OCT-A
needs to further improve on certain aspects including the
area of scan, standardization of algorithms, image acquisition and quality control, and appropriate training for
clinical interpretation. Further discussions on the applicability of OCT-A in DRD are likely to continue in the
near future.

served and quantified in detail using OCT-A. This area
seems particularly relevant not only in diabetes but also
in many neurodegenerative disorders, including those involving the central nervous system. New studies are required, so a validated systematic approach to the evaluation of retinal microvasculature can be developed [12,
107].
The concept of the retina as a window to the brain has
been explored in several studies that used ophthalmological examinations of the eye and retina to explore brain
diseases. In particular, OCT-A has been, even if not completely validated, associated with neurological abnormalities such as cognitive impairment and Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, Wolfram
syndrome, migraines, lesions of the visual pathway, and
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy. It appears that
OCT-A findings may contribute, in the future, to better
understand the pathophysiology of these disorders [108].
Retinal microvasculature changes evaluated by OCT-A
have also been associated with cardiovascular diseases,
such as decrease in retinal vessel density and choroidal
blood flow being associated with coronary stenosis. Eventually, OCT-A can be an efficient and noninvasive measurement method for detecting early stage of cardiovascular diseases, preventing long-term late stages [109,
110].
The Role of Artificial Intelligence
The quantitative OCT-A data offer a unique opportunity to develop informative tools based on artificial intelligence that will assist the clinicians in diagnosing, monitoring, and managing patients with diabetes. Machine
learning techniques have already used OCT-A data to improve the diagnosis of DR-related findings such as image
quality, retinal segmentation accuracy, and DR classification. However, the limited size of currently available databases and the variability of different OCT-A technologies are major challenging factors for deep learning-based
technology [111].
Conclusions

Future Perspective in OCT-A: Evaluation of
Nonocular Disease in DM

Most articles published on OCT-A in DR failed to analyze the so-called fourth retinal capillary layer – the radial peripapillary capillary plexus – which may be obOCT-A as Imaging Biomarker in DRD

OCT-A has revolutionized retinal imaging as it permits the identification of microvascular abnormalities
even before the signs of DRD can be clinically detectable
on fundus examination. This capacity of detecting early
vascular impairment (i.e., low DCP perfusion density or
Ophthalmic Res
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decreased vessel response to flicker light) will be useful to
design specific studies aimed at a specific component of
DR such as determining the timing and onset of microvascular impairment or neurodegeneration in the development of DRD; to further characterize the phenotypes
in early DRD, and to test the neuroprotective and/or vasculotropic action of new drugs for treating DRD. In order
to increase the value of OCT-A, there is an urgent need to
establish a consensus nomenclature for OCT-A findings
to standardize a clinical and scientific language. Further
studies are warranted to evaluate and validate the use of
OCT-A as an imaging biomarker in the management of
DRD and future clinical trials.
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