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6.1  Introduction

Optical coherence tomography angiography 
(OCTA) is a non-invasive imaging technique 
which can be used to provide three-dimensional 
visualization of perfused vasculature of the retina 
and choroid [1, 2]. In contrast to standard struc-
tural optical coherence tomography (OCT, see 
Chap. 5), OCTA analyzes not only the intensity 
of the reflected light but also the temporal 
changes of the OCT signal. Based on repeated 
OCT section images (B-Scans) from the same 
location of the retina, it is possible to separate the 
temporal signal changes caused by moving par-
ticles (such as erythrocytes flowing through ves-
sels) from other sources of signal change (i.e. eye 
motion or noise in the OCT signal). Thereby 
image contrast between perfused vessels and 
static surrounding tissues can be created as illus-
trated in Fig. 6.1.

Using dense volume scans, it is possible to 
obtain OCTA images that are similar to fluores-
cence angiography images, which are the clinical 

gold standard. In contrast to fluorescence angiog-
raphy, OCTA has the advantage of not requiring 
any dye injection. Moreover, while fluorescence 
angiography provides only two-dimensional 
images of the fundus, OCTA enables the visual-
ization of structure and blood flow within the vit-
reous, the retina, and the choroid, separately (see 
Sects. 6.2.2 and 6.2.3). Using appropriately 
adjusted segmentation boundaries, it is also pos-
sible to examine the distinct capillary networks 
of the retina (with vessel diameters as small as 
approx. 8 μm) [3]. The definition of the separat-
ing boundaries has evolved since the introduction 
of OCTA in the clinical practice and is described 
in Sect. 6.2.4.

Various OCTA algorithms have been proposed 
and utilized in research and in clinical devices for 
OCTA image construction (see Sect. 6.2.1). 
Therefore OCTA images from different devices 
vary in appearance [4, 5], which may result in 
different clinical diagnostic interpretations. 
While each unique OCTA algorithm is subject to 
slightly different limitations that are attributed to 
its overall approach, there are certain confound-
ing factors and/or limitations that impact all algo-
rithms and are innate characteristics of this 
imaging modality [5]. These factors include, but 
are not limited to, reduced light penetration in 
deeper layers and image artifacts projected from 
more superficial layers to deeper ones. Artifacts 
can originate from image acquisition, eye motion, 

R. Rocholz (*) · J. Weichsel · S. Schmidt 
Heidelberg Engineering GmbH,  
Heidelberg, Germany 

F. Corvi · G. Staurenghi 
Eye Clinic, Department of Biomedical and Clinical 
Science “Luigi Sacco”, Sacco Hospital, University of 
Milan, Milan, Italy

6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16638-0_6&domain=pdf
https://doi.org/10.1007/978-3-030-16638-0_6
https://doi.org/10.1007/978-3-030-16638-0_5


136

image processing, and display strategies [5]. 
Section 6.3 describes some of the major artifacts 
related to OCTA as well as state-of-the-art 
countermeasures.

Section 6.2.5 briefly introduces OCTA met-
rics, which are intended for quantitative evalua-
tion of OCTA data. Such numerical aggregates of 
the image data enable an objective analysis of 
disease progression and statistical conclusions in 
larger studies of diseases.

With fluorescence angiography, namely 
Fluorescein Angiography (FA) and Indocyanine 
Green Angiography (ICGA), dynamic phenom-
ena such as dye leakage, pooling, and staining 
can additionally be observed. These phenomena 
cannot be observed with OCTA because no 
motion of blood cells is involved. While these 
phenomena are also used in clinical diagnosis 
[6], retinal pathology can also be obscured by 
leakage or hemorrhage. In contrast, OCTA can 
generate high contrast, well-defined images of 
the microvasculature below areas of leakage or 
hemorrhage [7]. Therefore, dye-based angiogra-
phy and OCTA are giving complementary infor-
mation. To illustrate the similarities and 
differences of OCTA with respect to the gold 
standard dye-based angiography, Sect. 6.4 pro-
vides side-by-side comparisons for clinical cases 
of diabetic retinopathy, retinal vein occlusion, 
macular telangiectasia, and age-related macular 
degeneration.

6.2  Technical Foundation 
for Clinical OCTA Imaging

OCT systems typically produce section images as 
shown in Fig.  6.1. Such images are commonly 
referred to as B-Scans. As can be seen in Fig. 6.1a, 
the B-Scans show a grainy pattern, also known as 
speckle pattern. These speckles are inherent to the 
interferometric OCT measurement. If two B-Scans 
are taken from the very same location of the retina 
(cf. Fig. 6.1a, b), the speckle pattern at locations of 
static tissue basically stays the same. In contrast, at 
locations of perfused blood vessels, the speckle 
pattern changes over time. The basic principle of 
OCTA is therefore to analyze the temporal varia-
tion of the OCT signal in order to derive an image 
of the perfused retinal vasculature.

To allow for the creation of images similar to 
fundus images from standard angiography, vol-
ume scans are performed. This means, that multi-
ple adjacent B-Scans are acquired to cover 
extended regions of the retina. Eventually, these 
B-Scans are combined to form a three-dimensional 
sample of the retinal structure and blood flow.

6.2.1  OCTA Signal Processing 
and Image Construction

In OCTA imaging, several OCT B-Scans of the 
same retinal cross section are acquired repeatedly 

a b c Scan A Scan B
Differences
(absolute)

Fig. 6.1 Example of how the OCT signal intensity 
changes over time, after bulk motion correction. (a, b) 
Structural OCT images were acquired with a time differ-
ence of 8 ms. The location of a larger blood vessel (yellow 
circle) and of static tissue (blue circle) is indicated in both 

images. (c) Upon magnification of these areas and calcu-
lation of the absolute differences, larger signal changes 
can be seen within the blood vessel compared to the static 
tissue
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in short succession. Within this retinal cross sec-
tion, at locations of static tissue, the microscopic 
configuration of illuminated scattering particles 
in the beam focus is well preserved over sequen-
tial acquisitions and consequently yields a con-
sistent OCT signal over time. Contrarily, at 
locations where directed motion is present in the 
sample, like in retinal blood vessels, the scatter-
ing particles are continuously replaced by other 
particles in subsequent acquisitions. This contin-
uous exchange of microscopic particles modu-
lates the OCT signal and introduces an additional 
source of variability to the repeated measure-
ments. Overall, the smaller the remaining portion 
of conserved scattering particles in the beam 
waist, the higher the variability in the OCT signal 
of sequential acquisitions. Maximum OCT signal 
variability is observed when the scattering parti-
cles are completely replaced by others in subse-
quent measurements. Clinical OCTA imaging on 
current commercially available OCT device 
hardware is typically operating in this regime, as 
the physiological blood flow speeds in most of 
the perfused retinal vasculature [8] significantly 
exceeds the velocity limit (i.e. typically only few 
mm/s) determined by the product of OCT beam 
waist diameter and scan repetition rate. Hence, it 
is unlikely to observe the same red blood cell 
configuration in two successive B-Scans. This, 
however, is a necessary requirement for deriving 
quantitative blood flow velocity measurements 
from the OCT signal variation in repeated scans 
(cf. Chap. 7). Accepting this current technical 
limitation of clinical OCT devices, OCTA algo-
rithms for signal construction rather focus on 
reliably differentiating locations of significant 
blood flow from static tissue, instead of measur-
ing blood flow velocity quantitatively. In this 
context, OCTA image construction is a quasi-
binary classification problem with the goal to 
optimally distinguish significant flow from static 
tissue at each location of the retina.

Different algorithmic strategies have been sug-
gested in the past for optimally addressing this 
classification task. While some algorithms are 
using exclusively either amplitude or phase of the 
complex OCT signal, others are combining infor-
mation from both. As the microscopic pattern of 

illuminated particles in the sample and its detailed 
configurational change according to motion is 
practically inaccessible to measurement, its influ-
ence on the resulting OCT signal is typically rather 
considered probabilistically as a stochastic contri-
bution to the overall measurement. OCTA algo-
rithms are thus quantifying the amount of 
variability in the random realizations of the mea-
sured OCT signal from repeated acquisitions in 
one or the other way. Practically, for instance the 
temporal correlation [3] or the overall variance [4] 
of the signal or other more involved statistical 
parameters [2] with an expected relation to the 
OCT signal variability are assessed in different 
approaches. These statistical parameters, poten-
tially after additional post- processing and contrast 
enhancement, are subsequently taken as the result-
ing OCTA signal in arbitrary units. As an alterna-
tive to these statistical parameter based OCTA 
signal construction methods, underlying probabi-
listic statistical models for the random OCT signal 
from sample locations with and without directed 
flow can be derived from theory and experiment 
[9–11]. Based on these underlying models and the 
repeated OCT signal observations, a probability 
for being static (versus in flow) can be assigned to 
each measured location. This holds the advantage 
of yielding easily interpretable probability values 
and no further contrast enhancement of the result-
ing OCTA signal is needed.

6.2.2  OCTA Data Visualization

The acquisition of OCTA volume scans yields 
three-dimensional data of the retinal structure and 
blood flow. To visualize and analyze such rich data-
sets, different image representations are used, as 
illustrated in Fig.  6.2. To separately visualize the 
vascular networks (or plexuses) in the retina (cf. 
Sect. 6.2.4) and pathological  alterations in normally 
avascular tissue, the review of OCTA data is typi-
cally based on so-called en face images that are gen-
erated from within slabs of the acquired volume. In 
this context, the term slab refers to a section of finite 
axial extent in the volumetric data delimited by an 
anterior and a posterior boundary surface. These 
slab boundaries are usually  determined by layer 
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segmentations of the structural OCT data (see Sect. 
6.2.4). The OCTA signal between the two boundar-
ies is accumulated in axial direction using different 
projection methods (see Sect. 6.2.3) and is dis-
played as a two-dimensional image. The resulting 
images give the impression of looking onto the ret-
ina and are therefore referred to as en face images or 

transverse section images. An example is given in 
Fig. 6.2a, showing the en face image of the struc-
tural OCT, and Fig. 6.2b, showing the respective en 
face image of the OCTA signal.

In addition to en face images, section images 
are used for review of the spatial relationship of 
retinal structure and blood flow. The section 

a

d

b

c1

c2

c3

Fig. 6.2 Visualization 
of OCT angiography 
data is mainly based on 
en face images and 
section images. (a) En 
face image of the 
structural OCT data 
within the superficial 
vascular plexus. In the 
background, an infrared 
cSLO fundus image is 
shown. (b) En face 
image of the 
corresponding OCTA 
data. (c1–c3): OCT/
OCTA fusion images of 
a section along the fast 
scanning axis (B-Scan 
direction, green). (c1) 
Section image shows 
structural OCT in the 
background and the 
OCTA data as yellow 
overlay. (c2) Same as 
(c1), but the structural 
OCT data is faded out. 
(c3) Same as (c1), but 
the OCTA data is faded 
out. (d) OCT/OCTA 
fusion image where 
section is along the slow 
scanning axis 
(orthogonal to B-Scan 
direction, blue)
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images may have the same orientation as the origi-
nally acquired B-Scans (Fig. 6.2c) but may also be 
arbitrarily oriented within the volume; for instance 
Fig. 6.2d shows a section orthogonal to the origi-
nal B-Scans. To provide a direct visual correlation 
of structural and flow information, structural OCT 
section images and the corresponding OCTA 
blood flow information at the same location can be 
superimposed; see Fig. 6.2c1–c3, d.

6.2.3  Projection Methods

The generation of two-dimensional en face 
images from the three-dimensional data, 
OCTA(x, y, z), employs a projection along the 
z-direction (i.e. axial direction). Common projec-
tion methods are the mean projection, μ(x, y), and 
the sum projection, s(x, y), which can be dis-
cretized at voxel-level and written as
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where zl(x, y) is the posterior slab boundary sur-
face, and zu(x, y) is the anterior slab boundary sur-
face, so that the slab comprises all data with 
z ∈ (zu, zl] ⊂ ℤ. Note, the only difference between 
these two projection methods is the normaliza-
tion factor. The mean projection is normalized by 
the local slab thickness, d(x, y) ≡ zl(x, y) − zu(x, y), 
while the sum projection is not normalized. This 
has important implications for the visual inter-
pretation of the resulting en face images and also 
for the use of these images in OCTA analytics. To 
appreciate the differences, assume that the OCTA 
algorithm achieves a perfect result without any 
artifacts or noise, i.e. OCTA(x, y, z) is 1 for any 
voxel corresponding to a perfused retinal loca-
tion and 0 for any voxel corresponding to a non- 
perfused location. In this idealized setting μ(x, z) 
can be interpreted as a density or fill-factor of 
perfused vessels in the slab, i.e. the ratio of per-
fused voxels to all voxels in the depth range from 
zl(x, y) to zu(x, y).The sum projection, s(x, y), cor-
responds to the total lumen of perfused vessels in 
the given depth range. Both measures can be 
meaningful, depending on how the images are 
read or further processed. The density of per-
fused vessels in a given slab may give direct 
insight into the relative oxygenation of this slab. 
But due to laterally varying slab thickness, d(x, y), 
the contribution of small capillaries in the mean 
projection also laterally varies within the same 

slab. This is illustrated in Fig. 6.3. The contribu-
tion to the mean projection is greater if a capil-
lary is located somewhere with small slab 
thickness (Fig. 6.3b) as compared to a same sized 
capillary at a location of greater slab thickness 
(Fig.  6.3c). Considering that the slab thickness 
might also vary over time (due to swelling of the 
retina or treatment of fluid accumulations), the 
contribution of capillaries in the mean projection 
also changes over time, even if the capillary’s 
perfusion is unchanged. In contrast, the sum pro-
jection always gives equal weight for each voxel, 
independent on the local slab thickness. This 
means that all capillaries of a given diameter con-
tribute equally to the sum projection. On the 
other hand, using the sum projection for slabs 
with laterally varying thickness may give the 
false impression of non-perfusion at locations 
where the slab is thin and only comprises single 
capillaries, when compared to a location where 
the slab is thick enough to embrace more than 
one layer of capillaries. To avoid this false 
impression, it is important to realize that the sum 
projection is related to the perfused vessel lumen 
at each lateral location, which is naturally con-
fined by the local slab thickness.

The previous examples were given to illus-
trate the difference when reading the en face 
images. For OCTA analytics based on en face 
images there are further aspects that need to be 
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considered. When using the mean projection as a 
measure for vessel density within several slabs of 
varying thickness, it is not possible to directly 
compare the results because voxels were given 
different weights in the different slabs. Also aver-
aging of mean projections from different slabs 
will not give the same result as the computation 
of the mean projection of the combined slab.

6.2.4  Retinal Vascular Plexuses

The retinal vascular network in the human eye is 
axially divided into four distinct capillary plex-
uses. While the vasculature within each plexus is 
densely linked, interconnecting vessels between 
these sub-networks are sparse in comparison. 
Each separate capillary plexus holds characteris-
tic morphometric features that have been con-
firmed ex-vivo in confocal microscopy [3, 12] as 
well as by using OCTA in vivo [13, 14]. From the 

anterior boundary of the retina to more posterior 
axial locations, the four distinct plexuses are, 
nerve fiber layer vascular plexus (NFLVP), 
superficial vascular plexus (SVP), intermediate 
capillary plexus (ICP), and deep capillary plexus 
(DCP); compare Fig. 6.4.

While the three deeper layers can be observed 
and axially separated even in the periphery of the 
retina using OCTA at sufficient axial resolution, 
the NFLVP is most pronounced at locations 
where the nerve fiber layer holds a substantial 
width, like in the peripapillary region as well as 
parafoveally (Fig. 6.5) [14].

In order to accurately detect and manage reti-
nal vascular conditions, it is important to precisely 
discern the different retinal vascular plexuses. It is 
also important that slabs enable a continuous rep-
resentation of the retinal and choroidal vascula-
ture so that possible vascular abnormalities are 
not missed during image review. Currently, con-
flicting definitions of the axial location of bound-

a

b c d

e

Fig. 6.3 Comparison of OCTA sum and mean projection. 
(a) Fusion image with SVC slab boundary segmentation 
(red lines). (b, c) Detailed fusion images show the physi-
ological thinning of the superficial vascular plexus from 

the macula to the periphery. (d) Sum projection of the 
SVC slab. (e) Mean projection of the same slab. Blue and 
orange arrows show the location of (b) and (c), 
respectively
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aries between retinal plexuses make the direct 
comparison of en face images from different 
devices difficult [16].

To best separate distinct capillary plexuses 
within the deep vascular complex, Campbell 
et al. suggested to define optimum slab boundar-
ies based on the location of minima of the axial 
flow density profiles [13]. They introduced 
boundary definitions relative to the thickness of 
the segmented retinal layer. As an alternative to 
this approach, a subsequent study using full spec-
trum OCTA at higher axial resolution found that 
it is also possible to define these interfaces 

between the three deeper layers at constant abso-
lute offsets to the retinal IPL-INL interface 
(Fig.  6.5) [14]. This conveniently reduces the 
number of required retinal segmentations that are 
necessary for creating individual en face visual-
izations of these plexuses (cf. Fig. 6.6c, d).

6.2.5  Quantification of OCTA Data

For objective assessment of disease progression 
and its documentation, and to enable comparisons 
to normative data, a concise summary of the 

Fig. 6.4 Definition of the slab boundaries. Left: 
Schematic figure of the layers and vessel networks in the 
human retina (www.he-academy.com/Retinal-Layers-
Interactive). Right: Schematic figure of the slab defini-
tions. SVC superficial vascular complex, NFLVP nerve 
fiber layer vascular plexus (part of SVC), SVP superficial 
vascular plexus (part of SVC), DVC deep vascular com-
plex, AC avascular complex, ICP intermediate capillary 

plexus (part of DVC), DCP deep capillary plexus (part of 
DVC), CC choriocapillaris. Figure modified from https://
www.heidelbergengineering.com/download.php?https://
media.heidelbergengineering.com/uploads/Products-
Downloads/210111-001_SPECTRALIS_Tutorial_
SPECTRALIS-OCTA-Pr inc ip les-and-Cl in ica l -
Applications_EN.pdf [16]
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image data in terms of numerical measurements is 
desirable. Such numeric parameters, describing 
the structure of the vasculature network as derived 
from the OCTA images, are also referred to as 
“OCTA metrics” or “OCTA analytics”. Clearly, 
this must not be confused with OCT-based flowm-
etry (subject of Chap. 7), where physical blood 
flow velocity is measured quantitatively.

Typical examples of OCTA metrics parame-
ters, quantifying static structural aspects of the 

eye’s vasculature, are various vessel density mea-
sures (vessel/perfusion density, binarized vessel 
density or vessel area density, skeletonized vessel 
density or vessel length index). These parameters 
are suitable for capturing dropout of vasculature 
that occurs in diseases like diabetic retinopathy, 
retinal vein occlusion or glaucoma [17–20]. A 
quantification of flow void area is also possible, 
for instance for assessing the choriocapillaris 
structure [21].
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Fig. 6.5 (a) Representative en face OCTA image of the 
superficial retinal vasculature from the optic nerve head 
across the fovea to the temporal periphery in a healthy 
eye. (b) Heat map of the OCTA signal in depth averaged 
over 22 healthy eyes, spatially averaged within the trans-
parent red overlay displayed in (a). Hot locations (white) 
indicate strongest OCTA signal while cold locations 
(black) indicate minimal OCTA signal. Up to four axially 
distinct capillary plexuses can be detected in the peripap-

illary region as well as parafoveally. At peripheral tempo-
ral locations, three distinct plexuses are separated. The 
retinal layer interface between IPL and INL, when shifted 
anteriorly and posteriorly by constant appropriate dis-
tances, represents a conveniently defined separating 
boundary for visualizing the three deeper plexuses inde-
pendently within en face projections. Image from [14] 
reproduced without changes according to license http://
creativecommons.org/licenses/by/4.0/
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Besides vessel density, other parameters that 
summarize morphological features of vessel 
branches and vessel network structure, including 
complexity measures such as vessel tortuosity, 
fractal dimension, or branching point densities and 
vessel diameter statistics, are in common use [17–
19, 22, 23]. These measures aim at capturing path-
ological alterations of vessel shape and spatial 
arrangement, as occurring for example in diabetic 

retinopathy, macular telangiectasia, or neovascu-
larization in age related macular degeneration.

These characteristics may be analyzed for the 
whole scan area, or alternatively as aggregates 
over sectors defined by specific grids (e.g. 
ETDRS grids), which are usually adapted to the 
eye anatomy and allow for the detection of spa-
tially localized changes over time or deviations 
from the statistics of normal reference data.

a

b c d

Fig. 6.6 Comparison of two examinations of the same 
eye. (a) En face image of the superficial vascular plexus 
(SVP) from 30° × 15° scan acquired with resolution of 
11 μm/pixel, providing a large field of view. (b–d) En face 
images acquired of a 10° × 10° scan with 5.7 μm/pixel 
resolution. (b) The small capillaries are better resolved in 
the SVP en face image of high resolution scan, compare 
yellow outline in A which shows the same region of the 

same eye. (c) The intermediate capillary plexus (ICP) can 
be clearly distinguished from the deep capillary plexus (d) 
due to the high axial resolution of ~3.9  μm/pixel 
(SPECTRALIS OCTA). The ICP and DCP vessel net-
works show clearly distinct geometric structures. In the 
DCP, star-like vascular intersections can be discerned 
which may represent a connection to the venous superfi-
cial network
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In currently available approaches, vessel den-
sity measures are interpreted as a two- dimensional 
density, i.e. the fraction of area of a slab projec-
tion occupied by detected vessels (typically after 
applying a thresholding operation). As long as 
the instrument is able to axially resolve the differ-
ent layers of capillaries that can be anatomically 
distinguished, quantitative OCTA parameters can 
be derived for each of them independently. To 
suppress the influence of larger vessels, two 
approaches are commonly used: Either slab pro-
jections of vessels are reduced to their centerlines 
(i.e. “skeletonization”), or larger vessels are sim-
ply masked out. This emphasizes thinner capil-
laries in the analysis.

Further quantitative parameters derived from 
OCTA data are area and shape measurements of 
specific vasculature regions, in particular the 
foveal avascular zone (FAZ) [19, 22] or seg-
mented neovascular lesions [24].

There is high interest to use results from quan-
titative OCTA parameters as endpoints in clinical 
studies [25–27]. For this purpose, OCTA metrics 
need to be both repeatable and reproducible. 
Therefore, initial studies mostly focused on ana-
lyzing the robustness of the measurements. Errors 
in scan geometry, evaluation grid placement, 
layer segmentation, and parameters such as vari-
able signal strength can negatively impact the 
measurement precision. Furthermore, data from 
instruments of different vendors are not directly 
comparable [28, 29]. This is due to differences in 
resolution as well as signal generation and post-
processing algorithms such as filtering, artifact 
suppression and thresholding [30]. Also differ-
ences in the slab definitions (cf. Sect. 6.2.4) and 
layer segmentation results of different devices 
need to be carefully taken into account when 
comparing images or quantitative analysis results 
across devices.

6.3  Image Artifacts 
and Countermeasures

6.3.1  Projection Artifacts

The OCT light passage through larger superficial 
vessels can introduce disturbances to the probing 

beam in deeper retinal layers. The light fluctuates 
because it has passed through and is altered by 
moving blood cells above. Current OCTA algo-
rithms cannot distinguish these signal fluctua-
tions from the fluctuations of moving blood cells 
in the deeper layer. This gives rise to apparent 
replications of superficial vessels in posterior 
layers. These erroneous replications are referred 
to as OCTA projection artifacts [5]. Projection 
artifacts are introduced during data acquisition 
and are not a consequence of the projection 
method for en face image generation. While pro-
jection artifacts were understood as the most con-
founding factor early on in the inception of 
OCTA technology [5, 7], this limitation has been 
addressed in current state-of-the-art devices by 
means of a post-processing step which is referred 
to as projection artifact removal [4, 31, 32]. 
Typically, in this step either the undesirable repli-
cation is subtracted from en face projections of 
the deeper layer by algorithmic comparison to its 
source in the superficial vasculature or the deeper 
axial signal is suppressed at selected locations 
based on heuristic rules [32]. In general, projec-
tion artifacts are more prominent in deeper layers 
of high signal intensity, such as the retinal pig-
ment epithelium (RPE). Therefore, it is important 
that the projection artifact removal does not lead 
to disruption of the visualization of structures 
such as choroidal neovascularization (CNV) 
which may grow through the RPE. For example 
in Fig. 6.7a, various large vessels seem to be con-
nected to a large CNV and the actual extent can-
not be easily assessed. With projection artifact 
removal, Fig. 6.7b, the artificial replication of the 
vessels from superficial layers can be removed 
without disrupting the visualization of the 
pathology.

6.3.2  Segmentation Artifacts

Considering that slabs are mainly defined by 
automatically segmented retinal layer boundar-
ies, careful review of the segmentation is critical 
for correct interpretation of the en face projec-
tions. Segmentation failures are especially com-
mon in diseases where the appearance and shape 
of retinal layer is altered. For instance, intrareti-
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nal fluid, large pigment epithelial detachments, 
choroidal neovascularization, and certain atro-
phies often cause segmentation errors in state-of- 
the-art OCTA devices. A manual correction of 
such errors is cumbersome, if the correction is 
based on individual B-Scans within the dense 
volume. To facilitate and speed up the process of 
correcting compromised slab boundaries, inter-
active segmentation correction tools have been 
introduced. These tools propagate manual correc-
tions of only a few B-Scans to the remainder of 
the volume, by fusing automatic segmentation 
results with these user-provided hints [33]. These 
countermeasures are merely a workaround until 
more robust segmentation methods for the vascu-
lar networks are available.

6.3.3  Motion Artifacts

Adequate compensation of eye motion is one of 
the most critical aspects of OCTA acquisition. In 
order to detect temporal changes in the OCT sig-
nal related to blood flow in capillaries, eye motion 
needs to be detected and compensated for very 
accurately. Therefore sampling schemes and dif-
ferent eye tracking implementations play a cru-

cial role for each device’s overall performance of 
blood flow visualization at the capillary level.

Eye movements affect the acquisition of 
OCTA data in two distinct ways. First of all, the 
detection of blood flow related changes in the 
OCT signal from repeated B-Scans requires spa-
tial overlap of these scans (see Sect. 6.2.1). This 
means, that the scans must overlap within the lat-
eral width of the probing beam, which is typi-
cally in the order of 15 μm. Secondly, larger eye 
movements can lead to geometrical distortion or 
missing data in the OCTA volume scans. The vol-
ume scans are typically acquired within several 
seconds. On this time scale, it is very likely that 
larger eye movement occurs due to saccades, 
change of fixation, or change of head pose.

Slow eye drifts within the B-Scan plane can be 
compensated for by image registration of the 
 successive B-Scans, effectively removing the 
temporal signal change in regions of static tissue 
(cf. Fig.  6.1). Larger eye motion (saccades) or 
eye motion perpendicular to the B-Scan plane 
can strongly deteriorate the OCTA signal, 
because of insufficient spatial overlap of the 
B-Scan samples. This leads to missing data and 
geometrical distortions in the OCTA volume 
scans, if no countermeasures are taken. The goal 

a b

Fig. 6.7 A subject with a large type 1 CNV was exam-
ined with 11.4 μm/pixel resolution using SPECTRALIS 
OCTA. (a) OCTA image without projection artifact 
removal, various large vessels seem to be connected with 

the neovascularization. (b) After removal of the projection 
artifact, the actual size and the extent of the neovascular-
ization can be assessed
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of any motion artifact compensation is to ensure 
that OCTA data acquired from visit to visit is 
devoid of errors that may reduce the precision of 
quantitative change analyses.

There are two major approaches to mitigate 
motion artifacts in OCTA.  One approach is to 
acquire several independent OCTA volume scans 
and combine the information in post-processing 
[34–36]. The second approach is using real-time 
tracking.

The post-processing approach has the advan-
tage of relatively short acquisition times. In prac-
tice, often only two volume scans with 
perpendicular orientation of the fast scanning axis 
are used [36]. In effect, the resulting volume is 
obtained by interpolation and averaging of the dif-
ferent input volumes. Larger data gaps from one 
volume are normally filled up with information 
from the other volume, but in general, there is no 
guarantee to obtain distortion-free results [5].

The real-time tracking approach employs 
accurate measurements of the eye motion in real- 
time (see also Chap. 3). B-Scans which are 
affected by too strong motion are re-acquired. 
During periods of slow eye motion (eye drifts) 
the real-time eye motion measurements can also 
be used to actively control the OCT scanners to 
keep the beam on the nominal scanning path. Due 
to the data filtration in the event of strong eye 
motion, the real-time tracking approach is some-
times slow in acquisition. However, using real- 
time tracking, the obtained volumes are 
geometrically accurate and uniformly sampled 
without gaps from missing data.

6.3.4  Lateral and Axial Resolution

The lateral resolution of an OCT system is deter-
mined by both the optical point spread function 
(PSF) as well as sampling density, i.e. the digital 
resolution. The OCTA signal from one voxel can 
be seen as a mixture of contributions from scat-
terers within the support of the combined (optical 
and digital) PSF.  The larger the PSF, the more 
scatterers contribute to the mixture so that is 
becomes more challenging to separate the indi-
vidual contributions, in particular the compo-

nents due to flowing scatterers (blood cells) from 
the static components (tissue) according to their 
discriminating statistics.

The optical PSF is influenced by the imaging 
system as well as the imaged eye. Poor adjust-
ment of the instrument’s focus as well as aberra-
tions in the eye widens the PSF and lead to 
suboptimal signal separation. Similarly, using 
wide-field optics with smaller numerical aperture 
as well as less dense digital sampling in favor of 
covering larger fields of view compromises the 
ability to resolve small capillary details. The 
effect of the sampling density on the visibility of 
small capillaries is illustrated in Fig.  6.6, com-
pare a and b.

The axial resolution in OCT is independent of 
the lateral resolution and is determined by the 
spectral bandwidth of the light source [37]. 
However, using split-spectrum approaches [34] 
for OCTA processing, an algorithmic trade-off 
can be made between axial resolution and signal 
to noise ratio. Splitting the spectrum allows to 
obtain, from a single scan, several B-Scan sec-
tions of lower axial resolution (due to the lower 
bandwidth of the spectral sub-bands), which are 
then used as additional samples with independent 
shot noise contributions for improving the OCTA 
signal. This loss of resolution may impede the 
ability to separate axially closely spaced but dis-
tinct vascular layers, in comparison to algorithms 
that maintain the axially high optical resolution of 
the underlying OCT signals (cf. Fig. 6.6c, d) [14].

6.4  Clinical Application of OCTA

6.4.1  Diabetic Retinopathy

Diabetic retinopathy (DR) is classified into dif-
ferent stages according to stereoscopic color fun-
dus photographs. The typical features of DR are 
microaneurysms, intraretinal hemorrhages, intra-
retinal microvascular abnormalities, venous 
beading, cotton wool spots, hard exudates and 
neovascularization.

The gold standard imaging technique for the 
assessment of macular perfusion is fluorescein 
angiography [38]. It is able to show leaking 
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microaneurysms and capillary non-perfusion. 
However, it produces only two-dimensional 
images in which fluorescence signals of the 
superficial and deep capillary networks overlap 
and are difficult to distinguish, especially when 
the dye leaks [38, 39]. In this context, OCTA is a 
useful imaging technique for the assessment of 
retinal vasculature in the different capillary 
networks.

Fluorescein angiography is a dynamic exami-
nation that can be used to accurately evaluate the 
perfusion status of the retina at the posterior pole 
and in the far periphery. In contrast, the applica-
tion of OCTA in the assessment of peripheral 
vasculature is quite controversial. In fact, one of 
the main deficiencies of this imaging technique is 
related to its limited field of view suggesting a 
use for diseases affecting the macular region. 
However, several features of DR have the poten-
tial to be imaged and more accurately classified 
with OCTA as it offers the opportunity to show 
various retinal vascular layers [40, 41]. In fact, 
OCTA is currently being included into clinical 
trials of patients with DR.  There may be pros-
pects to describe the evolution of the DR as 
OCTA offers the opportunity to evaluate the 
quantification of perfusion through vascular den-
sity maps, and the potential for feature identifica-
tion such as identifying microaneurysms or 
specified regions of non-perfusion (Figs. 6.8, 6.9, 
and 6.10) [7, 17].

6.4.2  Retinal Vein Occlusion

Retinal vein occlusion is the second most preva-
lent blinding vascular retinal disorder [42, 43]. 
The main types are central retinal vein occlusion 
(CRVO) and branch retinal vein occlusion 
(BRVO), depending on the site of obstruction 
[44]. Examples are shown in Figs. 6.11 and 6.12.

The ophthalmoscopic signs are venous dila-
tion, tortuosity, intraretinal hemorrhage, retinal 
edema and hemorrhage in the vicinity of the 
occluded vein. Fluorescein angiography typically 
reveals delayed filling in the distribution of the 
involved retinal vessels. The veins are dilated and 
tortuous. There is leakage from capillaries with 

dye accumulating in the substance of the retina or 
within cystoid spaces. Fluorescein angiography 
has been the gold standard for visualizing retinal 
non-perfusion areas which appear as dark areas 
in the images [38]. Retinal neovascularization 
can be identified by leakage of the fluorescein 
dye. Fluorescein angiography has been critically 
important for the diagnosis and the treatment 
decision.

OCTA shows the areas of vascular non- 
perfusion, the dilated tortuous venous segments, 
the microvascular abnormalities and the neovas-
cularization. However, one of the most sight 
threatening complications is macular edema. In 
this context, it is crucial to verify the segmenta-
tions used for OCTA visualization [45]. The dif-
ficulty with en face imaging is that selective 
enlargement of retinal layers occurs and these 
layers are typically not segmented correctly. The 
resultant en face vascular images may not show 
the correct representations of the actual flow 
characteristics.

6.4.3  Macular Telangiectasia

Idiopathic perifoveal or juxtafoveolar retinal tel-
angiectasia are retinal capillary ectasia limited to 
the perifoveal area without any apparent specific 
cause [46].

Initially, idiopathic macular telangiectasia 
were divided into four groups according to the 
Gass classification [47]. Subsequently, Yannuzzi 
proposed a new classification in which type 1 
was defined as aneurysmal telangiectasia and 
type 2 as perifoveal idiopathic macular telangiec-
tasia [48].

Type 1 is closely related to Coats disease, or 
more specifically a milder form of Coats previ-
ously known as Leber miliary aneurysms. It gen-
erally involves only one eye, and both the 
peripheral retina and macula can be affected. 
Fluorescein angiography reveals telangiectasia 
and multiple capillary, venular and arteriolar 
aneurysms with late leakage. Type 2 are bilateral, 
temporal and symmetrical, however, there have 
been reports of unilateral, asymmetric, and 
asymptomatic cases [49]. It has been hypothe-
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a b

c d

Fig. 6.8 Multimodal imaging of diabetic retinopathy. 
Fluorescein angiography (a, b) and the corresponding 
optical coherence tomography angiography images seg-
mented at the superficial retinal capillary plexus (c) and 
the deep capillary plexus (d). Fluorescein angiography 

revealing vascular changes with microaneurysms and an 
area of non-perfusion in the temporal part. Optical coher-
ence tomography angiography showing microaneurysms 
and a similar aspect of the area of non-perfusion

a c d e

b

Fig. 6.9 Multimodal imaging of macroaneurysm. 
Infrared reflectance (a) showing fundus abnormalities on 
a temporal vascular arcade corresponding to vascular dila-

tion on OCT (b). Fluorescein angiography (c, d) and 
OCTA (e) revealing the macroaneurysm with a similar 
representation
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Fig. 6.10 Multimodal imaging of diabetic retinopathy. 
OCTA images segmented at the superficial retinal capil-
lary plexus (a, b) and the deep capillary plexus (c, d), the 
corresponding fluorescein angiography in the early (e, f) 
and more advanced phase (g, h) and the corresponding 

B-Scan (i, j). OCTA showing microvascular changes, 
microaneurysms, vascular dropout and a ragged appear-
ance of the foveal avascular zone. Some microaneurysms 
are seen on the fluorescein angiography but not on the 
OCTA images

a b

c

Fig. 6.11 Multimodal imaging of retinal vein occlusion. 
Fluorescein angiography (a) and the corresponding opti-
cal coherence tomography angiography images seg-
mented at the superficial retinal capillary plexus (b) and 
the deep capillary plexus (c). Fluorescein angiography 

revealing vascular changes and area of non-perfusion in 
the temporal part of the retina. Optical coherence tomog-
raphy angiography showing well the area of vascular non- 
perfusion with a similar appearance of fluorescein 
angiography
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sized that the primary involvement is the altera-
tion of Müller cells and secondary the vascular 
and tissue remodeling. Fluorescein angiography 
displays the capillary telangiectasia with dilated 
and blunted retinal venules at right angles into 
the temporal parafoveolar area.

OCTA shows the prominent right-angle veins 
with the distortion of the foveal avascular zone 
with cavitations. Idiopathic macular telangiecta-
sia could be complicated by retinal choroidal 
anastomosis, visible in indocyanine green angi-
ography and OCTA (Fig. 6.13).

6.4.4  Age Related Macular 
Degeneration

Several studies have shown the utility of OCTA 
in the diagnosis and monitoring of age related 
macular degeneration (AMD). The advent of 

OCTA offered the opportunity to non-invasively 
visualize the neovascular networks and correlate 
the OCTA appearance with the standard imaging 
techniques and observe new findings.

In this context, age related macular degenera-
tion is characterized by different neovascular 
lesions. Type 1 neovascularization occurs between 
the retinal pigment epithelium and Bruch’s mem-
brane, while Type 2 neovascularization is charac-
terized by the growth of the neovascular tissue 
through the retinal pigment epithelium-Bruch’s 
membrane-choriocapillaris complex to the subreti-
nal space [50, 51]. OCTA is able to show the neo-
vascular network with a similar appearance to 
indocyanine green angiography. However, indocy-
anine green angiography is a dynamic examination 
that may reveal the feeder vessel of the lesion, 
while OCTA is not able to provide a dynamic rep-
resentation of blood flow and to detect the feeder 
vessel (Fig. 6.14, 6.15, 6.16, and 6.17).

a b c

de

f

Fig. 6.12 Multimodal imaging of retinal vein occlusion. 
Fluorescein angiography (a–c) and optical coherence 
tomography angiography (b, d) showing vascular 

changes, areas of non-perfusion and neovascularizations. 
The B-Scans (e, f) reveal the retinal neovascularizations 
projecting into the vitreous space
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In the context of Type 1 lesions, focal polypoi-
dal changes of the neovascular tissue could be 
found [52]. The gold standard to detect polypoi-
dal lesions is indocyanine green angiography 
where single or multiple focal nodular areas of 
hyperfluorescence are arising from the choroidal 
circulation with or without an associated branch-
ing vascular network. The ability to detect polyp-
oidal lesions by OCTA is not well defined. In the 
majority of cases, OCTA is not able to show the 

lesion due to the low velocity of the blood flow 
inside and then the final appearance is an area of 
absence of signal (Fig. 6.18).

Type 3 neovascularization may originate from 
both circulations simultaneously as initial focal 
retinal proliferation and progression, or focal 
retinal proliferation with preexisting or simulta-
neous choroidal proliferation, or initial focal cho-
roidal proliferation and progression [53]. Type 3 
neovascularization can be visualized as a discrete 

a

e

g

f

b c d

Fig. 6.13 Multimodal imaging of Type I idiopathic mac-
ular telangiectasia. Fluorescein angiography (a, b) and 
indocyanine green angiography (c, d) showing the dilated 
telangiectatic perifoveal vessels with leakage in the late 

phase. OCTA at the superficial retinal capillary plexus (e) 
and deep (f) retinal capillary plexus revealing the dilated 
telangiectatic perifoveal vessels. The B-Scan (g) display-
ing the dilated telangiectatic vessel with flow sign inside
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a

b

c

d

Fig. 6.14 Multimodal imaging of Type 1 neovasculariza-
tion. Early to late phase of fluorescein angiography (a) 
showing pinpoints of hyperfluorescence. Early to late 
phase of indocyanine green angiography (b) revealing 

central hyperfluorescent area corresponding to type 1 neo-
vascularization. Optical coherence tomography angiogra-
phy (c) displaying a well-defined neovascular network 
under the retinal pigment epithelium (d)
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high flow linear structure extending from the 
middle retinal layers into the deep retina, which 
sometimes extent throughout the retinal pigment 
epithelium on OCTA. In Fig. 6.19 OCTA reveals 
a branching vessel anastomoses with the deep 
retinal capillary plexus and goes into the outer 
retina and eventually into the subretinal pigment 
epithelium space.

In contrast, geographic atrophy (GA) is a 
well-established end-stage manifestation of 
AMD [54, 15]. It results from the degeneration 
of photoreceptors, retinal pigment epithelium, 
and choriocapillaris. In this context OCTA is a 
very useful imaging modality to observe the 

presence of CNV at the peripheral border of 
atrophy. In fact, the ability to detect neovascu-
larization with the standard angiographic exam-
ination could be challenging due to the 
alteration of retinal pigment epithelium and 
exposure of normal choroidal vessels. In this 
context, OCTA is a very useful technique that is 
able to show the neovascular network with the 
appropriate segmentation (Fig. 6.20). Moreover, 
OCTA was used to evaluate the status of cho-
riocapillaris in patients with GA. A general loss 
of choriocapillaris flow associated with drusen 
and subretinal drusenoid deposits was found in 
OCTA.

a b e

f

c

g

d

Fig. 6.15 Multimodal imaging of Type 2 neovasculariza-
tion. Early (A) phase of fluorescein angiography showing 
a well-defined neovascular network with leakage in the 
late phase (b). Early (c) and late (d) phases of indocyanine 
green angiography revealing the neovascular network. 
Optical coherence tomography angiography in the 

3 × 3 mm (e) and 6 × 6 mm (f) showing the neovascular 
network with clearly visible and defined margins. Optical 
coherence tomography (g) displaying the detachment of 
retinal pigment epithelium with subretinal hyperreflective 
material and subretinal fluid
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Fig. 6.16 Multimodal imaging of Type 2 neovasculariza-
tion secondary to pathologic myopia. MultiColor imaging 
(a) and blue autofluorescence (b) showing fundus abnormal-
ities related to pathologic myopia. Early phase (c) and late 
phase of fluorescein angiography (d) revealing the Type 2 
neovascularization as an hyperfluorescent area that become 

more intense with moderate leakage in the late phase (d). 
Early phase (e), late phase (f) of indocyanine green angiogra-
phy and OCTA (g) displaying the neovascular network with 
well circumscribed appearance at the border of atrophy. 
OCT/OCTA B-Scan (h) showing the subretinal hyperreflec-
tive material corresponding to the neovascular lesion
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b f
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e

d

Fig. 6.17 Multimodal imaging of Type 2 neovasculariza-
tion secondary to angioid streaks. Blue autofluorescence (a) 
revealing the fundus alterations secondary to angioid streaks. 
Indocyanine green angiography (b) and fluorescein angiog-
raphy (c) showing an hyperfluorescent area that become 
more intense with moderate leakage in the late phase (d), as 
Type 2 neovascularization. Optical coherence tomography 

displaying the area of atrophy with the neovascular tissue 
above the retinal pigment epithelium without sub/intraretinal 
fluid (e). Optical coherence tomography angiography in the 
6 × 6 mm (f) and 3 × 3 mm (g) showing a choroidal neovas-
cularization with a defined network that closely follows the 
trajectory of the angioid streak—well appreciable on the en 
face optical coherence tomography (h)

R. Rocholz et al.



155

a b c

d e

f g

h

i

Fig. 6.18 Multimodal imaging of polypoidal neovascu-
larization. Fundus autofluorescence (a) showing diffuse 
alteration of retinal pigment epithelium and areas of atro-
phy. Fluorescein angiography (b, c) revealing a diffuse 
hyperfluorescence and hypofluorescence points. 
Indocyanine green angiography in the different phases 

(d–g) revealing the Type 1 neovascular network with 
hyperfluorescent polypoidal lesion. OCTA (h, i) showing 
the central neovascular network, as Type 1 neovascular-
ization, one polypoidal lesion but not the polypoidal 
lesion in the temporal area
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aa b f
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Fig. 6.19 Multimodal imaging of Type 3 neovasculariza-
tion. Fluorescein angiography (a, b) and indocyanine 
green angiography (c) revealing the neovascularizations 
(arrowheads) as two round hyperfluorescent points with 
leakage in the late phases. The two white lines indicate the 
exact location of the optical coherence tomography sec-

tions (d, e) showing the detachment of retinal pigment 
epithelium with intraretinal cystoid space. Optical coher-
ence tomography angiography (f) revealing a tuft-shaped, 
high-flow lesion (open arrowheads) in the outer retinal 
layers abutting into the sub-retinal pigment epithelium 
space

a b c d

Fig. 6.20 Multimodal imaging of geographic atrophy. 
Fluorescein angiography (a, b) revealing the central area 
of atrophy as a hyperfluorescence area with staining. 
Indocyanine green angiography (c, d) showing well evi-
dently the medium-large choroidal vessels under the atro-
phic area. En face optical coherence tomography (e) and 
optical coherence tomography angiography (f) showing 

the area of atrophy with rarefied choriocapillaris and 
Sattler layer. Optical coherence tomography (g, h) dis-
playing hypertransmission of the signal below the level of 
the retinal pigment epithelium and into the choroid result-
ing from loss of scatter or attenuation from overlying reti-
nal pigment epithelium and neurosensory retina
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6.5  Conclusion

In this article the basic principles, major sources 
of artifacts and the clinical application of OCTA 
were discussed. The discussion of the clinical 
examples showed that OCTA provides diagnostic 
value in several vascular diseases of the eye. 
However, the current state of OCTA has not yet 
fully replaced the gold standard dye-based angi-
ography because of important limitations.

Ongoing endeavors to improve OCTA are 
addressing these shortcomings.

This includes targeting greater fields of view, 
which is especially important in DR. Improvements 
to automatic segmentation algorithms in the con-
text of pathological  alterations are necessary for 
reliable results. Based on these future improve-
ments it is expected that robust metrics and sensi-
tive monitoring of disease progression can be 
achieved.
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