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ABSTRACT

Optical coherence tomography angiography
(OCTA) has significantly expanded our knowl-
edge of the ocular vasculature. In this review,
we provide a discussion of the fundamental
principles of OCTA and the application of this
imaging modality to study the retinal and
choroidal vessels. These guidelines are focused
on 2020, and include updates since the 2019
publication. Importantly, we will comment on
recent findings on OCTA technology with a
special focus on the three-dimensional (3D)
OCTA visualization.
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Key Summary Points

Optical coherence tomography
angiography (OCTA) has significantly
expanded our knowledge of the ocular
vasculature.

vessels;

While OCTA has a number of advantages,
this imaging technique also has
limitations that should be appropriately
considered during analysis and
interpretation of OCTA images.

In this review, we will provide a
description of the basic principles of
OCTA technology and the ways to obtain
OCTA metrics.

Novel applications of OCTA will also be
discussed, including the three-
dimensional visualization.

INTRODUCTION

Optical coherence tomography angiography
(OCTA) has emerged as a noninvasive imaging
technique that may rapidly obtain angiographic
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images of the ocular vasculature [1-4]. By per-
forming repeated scans at the same retinal
location, OCTA is indeed able to detect the
movement of blood. The result is that OCTA
may visualize the retinal and choroidal vascu-
lature at specific depths. The retinal vasculature
may be divided into three distinct retinal cap-
illary layers: the superficial capillary plexus
(SCP), middle capillary plexus (MCP), and deep
capillary plexus (DCP) (Fig. 1) [5, 6]. Further-
more, the radial peripapillary capillary plexus
(RPCP) is usually considered as a separate retinal
vascular layer as it mainly nourishes the super-
ficial nerve fiber layer (NFL) around the optic
disc. In addition, OCTA is effective in visualiz-
ing the innermost part of the choroid which is
termed the choriocapillaris (CC).

While OCTA has a number of advantages,
this imaging technique also has limitations that
should be appropriately considered during
analysis and interpretation of OCTA images [1].

In this review, we will provide a description
of the basic principles of OCTA technology and
the ways to obtain OCTA metrics. In addition,
we will discuss recent novel applications of this
imaging modality. Therefore, this review is
aimed at guiding scientists and clinicians on the
better interpretation of OCTA findings. Of note,
these guidelines are focused on 2020, and
include updates since the 2019 publication [3].
This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

OPTICAL COHERENCE
TOMOGRAPHY ANGIOGRAPHY

Overview on Technical Aspects

OCTA devices execute repeated B scans at the
same location and the obtained structural data
are compared to identify signal modifications
due to flowing erythrocytes (motion contrast).
Importantly, each B scan comprises different A
scans which are captured at following locations
to finally obtain the Bscan. The Ascan rate
differs among instruments and it is typically
includes between 70,000 and 100,000 A scans/s

(spectral and swept source devices, respec-
tively). Of note, OCTA research devices may
have faster acquisition speeds.

Finally, OCTA data may be captured using
either spectral domain OCT (SD OCT) or swept-
source OCT (SS OCT).

The interscan time has a crucial role in OCTA
imaging and this parameter represents the time
interval between two repeated Bscans at the
same location. The speed of commercially
available OCT systems is up to 100 kHz, but
experimental OCT systems have pushed into
megahertz A scan rates [7]. Importantly, as a
shorter interscan time may reduce sensitivity to
motion, this also decreases the incidence of
motion artifacts that may confound the motion
signal [8]. The interscan time and the back-
ground noise determine the  slowest
detectable flow [3]. In addition, the interscan
time is also associated with the maximum scan
width.

Three distinct methodologies may be
employed to detect motion contrast using
OCTA devices, as follows: (i) phase-based; (ii)
amplitude-based; and (iii) complex amplitude-
based, in which OCTA algorithms use both
amplitude and phase information.

Currently, commercial instruments and
most OCTA studies are limited in the assess-
ment of vascular patterns and organization,
without the ability to measure vascular velocity.
Experimental devices have been implemented
with complex algorithms that allow one to
quantify the flow velocity [9, 10].

Visualization of OCTA Images

While OCTA data may be viewed using both
two-dimensional (2D) B scan and en face ima-
ges, the latter visualization is often preferred. To
obtain 2D en face images, the volumetric OCTA
scan is segmented at specific depths and the
flow data within any slab are summed or pro-
jected into a 2D en face image that can be
visualized and studied (Fig. 1).

The generation of 2D OCTA en face images
may be obtained using different methods, as
follows:
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Fig. 1 Optical coherence tomography angiography image
of the macula of a healthy subject. The retinal vascular-
ization at the macula includes four different plexuses: the
superficial (SCP, first line from top), middle (MCP,
second from top), deep (DCP, third from bottom) retinal
capillary plexuses, and choriocapillaris (CC, bottom).
OCTA images are mainly displayed with en face visual-
ization (images on the right) which is obtained by
segmenting the volumetric OCTA scans at specific depths
(indicated with the red boundaries). Using this strategy,
the flow data within any slab, whose boundaries are red in
the left images, are summed or projected into a two-

dimensional en face image that can be viewed and studied.
These boundaries follow pre-defined layers which can be
differentiated on the basis of reflectivity, texture, or other
attributes. The layers are (i) the inner limiting membrane
(ILM), (ii) the inner border of the inner plexiform layer
(IPL), (iii) the outer border of the outer plexiform layer
(OPL), and (iv) Bruch’s membrane (BM). This image was
captured using the Spectralis HRA 4+ OCT imaging
device with OCT Angiography Module (Heidelberg
Engineering, Heidelberg, Germany)
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e The “maximal intensity projection”
approach works by projecting the maximum
intensity pixel within each column. This
algorithm may be more sensible in detecting
smaller vessels. However, it may also be
characterized by more noise.

e The “average intensity projection” works by
projecting the average intensity pixel within
each column. This algorithm is less suscep-
tible to noise but may be less sensitive for
small vessels.

A recent study by Byon and colleagues [11]
evaluated the impact of the algorithms to
obtain the 2D en face CC images on the
repeatability of OCTA metrics. The latter study
demonstrated that en face CC OCTA images
generated using the maximal intensity projec-
tion had the highest repeatability.

Of note, the en face visualization of the
OCTA images is susceptible to segmentation
artifacts, especially in eyes with retinal and
choroidal disorders [12]. Therefore, a three-di-
mensional (3D) visualization has recently been
suggested as a more appropriate visualization
for OCTA data (see Sect. “Three-Dimensional
OCTA” for further details).

OCTA flow information may also be visual-
ized on Bscan images. In this visualization,
OCTA flow data is typically depicted within
cross-sectional OCT data by a pseudocolor
overlay on the grayscale structural OCT image.

Limitations and Artifacts

OCTA images may be significantly impacted by
low signal strength. Several factors may influ-
ence signal strength, including media opacities.
The ratio between the signal, which constitutes
the information component dependent on the
imaged tissue, and the non-signal component
(or noise) is termed the signal to noise ratio and
represents a mathematical relationship that
may significantly influence the image quality. A
decreased signal to noise ratio causes an
adjustment of the grayscale range with a con-
sequent increase in image noise and artifact-re-
lated OCTA signal. Averaging of multiple en
face OCTA images may reduce noise and
improve vessels’ continuity, as well as

significantly ameliorate qualitative and quanti-
tative measurements [13, 14]. False OCTA sig-
nals may be also generated by patient
movements [15]. However, eye tracking systems
have significantly decreased the impact of these
artifacts in OCTA imaging.

Segmentation errors represent a significant
and recurring OCTA artifact [12, 15, 16]. As
discussed above, en face OCTA images are dis-
played by locating two boundaries throughout
the retinal and/or choroidal structure, and ves-
sels are therefore visualized using different
available algorithms. These boundaries use pre-
defined layers identified on structural OCT
images. Segmentation errors are common in
pathological conditions [12]. As an example,
eyes with diabetic macular edema are frequently
characterized by segmentation errors, as
recently demonstrated by Ghasemi Falavarjani
and colleagues [16]. A recent study using con-
volutional neural networks (CNNs) has
demonstrated the utility of this algorithm to
improve segmentation of OCTA data [17].

Other artifacts include projection (decorre-
lation tails) and shadowing artifacts that affect
the visualization of the vascular layers. While
projection artifacts are secondary to transmitted
fluctuating light reaching the deeper retinal
layers or the choroid [18-20], shadowing arti-
facts occur when the OCT beam is attenuated or
blocked, thereby impeding its passage to the
deeper layers of the retina/choroid [2].

OCTA Quantitative Metrics for Retinal
Vessels

OCTA en face images comprise pixels that may
be in a grayscale range of possible values from O
to 255 [2, 3, 8]. In order to obtain OCTA met-
rics, these images are processed with a threshold
that is applied to create binary images—in
which pixels with a grayscale value above the
applied threshold are displayed as white (or
black) and pixels falling under the threshold are
displayed as black (or white, respectively)—
from grayscale images [2, 3, 8]. Three different
methodologies may be used to binarize OCTA
images, as follows: (i) global thresholding; (ii)
local thresholding; and  (iii) complex
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thresholding, in which binarization is obtained
by employing both global and local threshold-
ing algorithms. Of note, while a global thresh-
old applies the same threshold value across the
entire image, local (or adaptive) algorithms
adapt threshold values to different regions of
the image [21]. Additionally, the binarized
OCTA images may be skeletonized, the latter
process aimed at obtaining an image in which
vessels are displayed as one-pixel-width tracings
[22].

Binarized and skeletonized OCTA images
may be employed to obtain different quantita-
tive metrics:

e The perfusion density can be calculated as a
unitless proportion of the number of pixels
over the threshold divided by the total
number of pixels in the analyzed area on
the binarized image.

o The vessel length density is defined as the total
length of the perfused vasculature divided by
the total number of pixels in the analyzed
area on the skeletonized image.

e The vessel diameter index, which represents
the average vessel caliber, may be calculated
by dividing the total vessel area in the
binarized image by the total vessel length
in the skeletonized image [23].

e The fractal dimension, which is a mathemat-
ical parameter that describes the complexity
of a biological structure [24].

Although OCTA quantitative metrics have
been widely used in previous studies, this
quantification is not without challenges. As an
example, quantifiable metrics obtained using
different OCTA devices were proved to be not
homogeneous [25] and that measurements are
strictly dependent on the OCTA scan size [26].
More importantly, differences in binarization
thresholding methodologies were proved to
significantly influence the final quantification
of OCTA metrics in healthy eyes [27, 28]. Given
these aspects, there is little consistency in the
methodology engaged to calculate OCTA
quantitative metrics. These methodologies are
even more complicated assuming that OCTA en
face images may be also processed with adjust-
ments in brightness and/or contrast (histogram
adjustments) before being binarized. As with

binarization thresholding, there is no agree-
ment on the best methodology for modifying
image histograms.

OCTA Quantitative Metrics
for Choriocapillaris

Flow voids (also known as signal voids) are
small dark areas that characterize OCTA images
of the CC and are thought to constitute CC
vascular dropout or flow reduction. Flow voids
have been fully characterized in healthy and
pathologic conditions [2, 29-335].

In order to quantify the CC perfusion, en
face OCTA images of this vascular layer may be
binarized to separate pixels constituting these
images into two groups: one that represents the
vasculature and another representing flow defi-
cits (FDs). Although a global threshold may be
used to obtain binarized images of the CC, this
approach may be problematic in the presence of
pathologic conditions (e.g., drusen, intraretinal
exudates) that may cause local changes in image
brightness that may be erroneously identified as
flow voids [31, 32, 34, 36, 37]. In order to mit-
igate this issue, most previous studies adopted a
local threshold (Phansalkar method) which uses
a small window rather than the whole image to
determine the threshold for binarization. A
recent study by Chu and colleagues [38] asses-
sed the proper use of this threshold for CC
binarization. They demonstrated that it is
important to apply a proper window radius for
analyzing OCTA images of the CC, which is
strictly dependent on the scan size.

Three-Dimensional OCTA

As discussed above, while OCTA data are mainly
displayed using 2D en face images, recent evi-
dence suggests that a 3D analysis may permit a
reliable visualization and quantification of the
retinal vessels (Figs. 2 and 3) [39-43].

First, 2D OCTA images are limited in dis-
playing anatomical entities where both their en
face extent and depth information are impor-
tant to better understand their characteristics,
such as type3 macular neovascularization
(MNV) in age-related macular degeneration
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Fig. 2 Optical coherence tomography angiography scans
(3 x 3 mm) of the macula of a healthy subject (left) and a
patient with diabetes (right). Three-dimensional (3D)
OCTA images were obtained after thresholding post-
processing 3D OCTA data. Voxels above the applied

Fig. 3. 3D optical coherence tomography angiography

visualization of a macular type 3 neovascularization asso-
ciated with age-related macular degeneration revealed the
presence of two distinct intraretinal lesions with a filiform
shape (marked with asterisks), which originate from the
deep vascular complex (red arrow) and develop toward the
choroid (blue arrow)

(Fig. 3) and microaneurysms in diabetes. These
shortcomings may be partially addressed with
the development of 3D illustrations, assuming
that the acquired OCTA volume enables 3D

threshold are displayed in red. It is evident that the
diabetic case is characterized by a reduced retinal perfusion,
as compared with the healthy case

visualization of the retinal and choroidal
microvasculature.

We described rotational 3D visualizations of
type 3 MNV [42] and diabetic microaneurysms
[41] in detail and this approach was demon-
strated to be useful for accurate characterization
of these vascular malformations. In the evalua-
tion of type 3 MNV, our study demonstrated
that the 3D visualization allowed one to iden-
tify more lesions emerging from the deep vas-
cular complex, as compared with the standard
2D visualization. Assuming that conventional
en face and B scan OCTA images may be limited
by overlapping anatomy and vessel foreshort-
ening, results from this study seem to suggest
that 3D images may be more appropriate to
identify type 3 lesions by resolving these limi-
tations and this visualization may be therefore
associated with a higher detection rate [42].
Using the 3D visualization, we also investigated
diabetic microaneurysms [41]. This visualiza-
tion confirmed previous histopathological
findings [44], as our study demonstrated that
most of the analyzed microaneurysms were
associated with two vessels, suggesting no ten-
dency to develop at vascular junctions. Impor-
tantly, we were able to identify three
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morphologic  patterns featuring microa-
neurysms. Of note, the “saccular” pattern rep-
resented the most common configuration.

Importantly, 2D en face OCTA images may
be also limited in the quantification of retinal
perfusion as 2D images are obtained by flatten-
ing of data in any given segmented volume
[1, 3]. However, this process may result in an
underestimation of flow as overlapping vessels
in the same slab may appear as merged, and
vessels crossing multiple retinal layers and
connecting different vascular beds may not be
detected [1]. In addition, the 2D OCTA analysis
may also overestimate perfusion in cases where
retinal vessels or vascular abnormalities (e.g.,
microaneurysms) cross two consecutive slabs
and are thus visualized twice (on two different
en face OCTA images) [41, 45]. Finally, en face
images may be significantly affected by seg-
mentation errors, especially in pathological
conditions [1, 16].

Conversely, a 3D illustration does not
require flattening of flow data and it is inde-
pendent of data segmentation [41, 42]. More
importantly, we recently introduced two novel
3D OCTA metrics to quantify macular perfusion
(3D vascular volume and 3D perfusion density)
[43]. In this previous publication, 15 patients
with diabetes and 15 healthy subjects were ret-
rospectively 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. In the current
study we confirmed that 2D and 3D perfusion
densities were linearly correlated, although 2D
values were significantly higher than 3D values
as 2D perfusion densities refer to slices of the
neuroretina and thus may reasonably overesti-
mate the true perfusion.

Our group recently proposed a quantifica-
tion of the 3D retinal vasculature in healthy
subjects and patients with diabetes [43]. We
adopted a standardized methodology to obtain
3D visualization of the retinal circulation in the
macular region and we also introduced two
novel 3D quantitative metrics to measure mac-
ular perfusion in diabetic retinopathy and
healthy eyes: (i) 3D vascular volume and (ii) 3D

perfusion density [43]. In the latter study, we
demonstrated that this approach may be effec-
tive to provide quantitative data from the
macular microvascular networks. Importantly,
our results illustrated that 2D and 3D parame-
ters are significantly associated and 3D quanti-
tative metrics differ between patients and
controls.

EVALUATION OF VASCULAR LAYERS
WITH OCTA

Retinal Vessels

OCTA has significantly expanded our knowl-
edge on the organization of the retinal vessels.
The retinal vascularization may be separated
into the following plexuses: the superficial
capillary plexus (SCP), the middle (or interme-
diate) capillary plexus (MCP), the deep capillary
plexus (DCP), and the radial peripapillary cap-
illary plexus (RPCP) [46-49].

In their recent OCTA study of normal sub-
jects, Chanwimol et al. [50] established the
retinal vessel quantities for specific vascular
layers along the fovea-optic nerve axis. The
authors demonstrated a moderate correlation
between retinal vessel quantity and structural
retinal layer thickness. For the nerve fiber layer,
the vessel quantity was highest nasally and
declined towards the fovea. Considering the
other slabs, the highest vessel quantity was
found in the parafoveal region present in the
ganglion cell layer.

Around the foveal avascular zone (FAZ), the
retinal capillary plexuses converge to form a
single parafoveal capillary loop and collectively
define the borders of the FAZ [48]. The FAZ area
was demonstrated to increase in size with age
[51, 52] and disease (e.g., myopia, hyperten-
sion) [53, 54].

Choriocapillaris

OCTA is a key technology in the evaluation of
the CC, assuming that dye angiography tech-
niques have significant limitations for the
evaluation of the CC [2, 29, 30].
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En face OCTA images of the CC are gener-
ated by segmenting a thin slab with a thickness
of 10-30 um starting at Bruch’s membrane. As
discussed above, OCTA CC en face images are
characterized by small dark regions (flow voids)
[S5, 56] that alternate with granular bright
areas, the latter thought to represent CC flow
[56]. Please refer to our previous review for fur-
ther details [3].

CONCLUSIONS

OCTA is a rapidly evolving technology that has
significantly improved the visualization of the
retinal and choroidal vessels. However, major
limitations still affect its widespread applica-
tion. The employment of 3D OCTA visualiza-
tion might ameliorate our capability to study
ocular diseases.
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