®

Check for
updates

Optical Coherence Tomography
Angiography in Macular Disorders

Colin S.Tan, Louis W. Lim, and Srini Vas R. Sadda

4.1  Introduction

Advances in ocular imaging technology, particu-
larly imaging of the retina and choroid, have
revolutionized the practice of ophthalmology in
recent years. In addition to color fundus photos
and fluorescein and indocyanine green angiogra-
phy [1-3], newer imaging modalities such as
optical coherence tomography (OCT), widefield
imaging [4-7] and multicolor imaging have
assumed increasingly important roles in the diag-
nosis, monitoring, and management of various
retinal diseases. Optical coherence tomography
angiography (OCTA) is a novel and exciting
technology that has revolutionized the practice of
ophthalmology in the few years since its intro-
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duction in commercial imaging devices. This
chapter describes OCTA technology, discusses
its applications among common retinal condi-
tions, and reviews its strengths and limitations.

4.2  Principles of OCTA

OCTA is a noninvasive imaging modality that
utilizes OCT technology to produce en face
images of the retinal, subretinal, and choroidal
vasculature (Figs. 4.1, 4.2, and 4.3).

Due to the improvements in scanning speed,
OCTA devices are able to rapidly acquire
repeated B-scans at the same location of the eye.
Variations between B-scans are the result of mov-
ing objects such as blood flow, while stationary
objects will appear similar at different time
points. Thus, these repeated B-scans allow for
blood flow to be detected in the form of changes
in signal amplitude and/or phase. Repeated
B-scan images at a particular retinal location are
compared to each other using algorithms to gen-
erate a motion contrast image. Volumetric data of
the retina are then produced by repeating these
B-scans at different locations on the retina—typi-
cally in a raster scan pattern. The volumetric data
produced can be segmented at different layers of
the retina and choroid, thereby producing vascu-
lar flow maps at the desired retinal vascular layer
(superficial, intermediate, or deep capillary
plexus), the choriocapillaris, and the choroid.
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Fig. 4.1 OCTA of a normal eye. (a) 3 x 3 mm OCTA can. (b) Vessel density map of the same eye, showing the varia-

tions in vessel density, which are color-coded

Fig. 4.2 6 x 6 mm OCTA scan of a normal eye

Theseimages canalsobe viewed cross-sectionally,
allowing the reader to confirm the spatial location
of any pathology which is seen on the en face
images.

Various algorithms are used by different
OCTA devices to calculate motion contrast.
These algorithms detect motion perpendicular to
the direction of the OCT beam using signal
amplitude, signal phase, or both. Examples of
algorithms include split spectrum amplitude
decorrelation (SSADA), which uses OCT signal
amplitude. SSADA was first demonstrated by Jia

Fig.4.3 15 x 15 mm OCTA scan of a normal eye, show-
ing OCTA of the peripheral retina

et al. [8] to improve image quality by reducing
machine sensitivity to bulk eye motions as well
as improving signal to noise ratio. SSADA gener-
ates a flow signal by measuring the speckle
decorrelations between consecutive B-scans. The
full OCT spectrum is split into multiple narrow-
band spectra, where decorrelation is calculated
for each band before being averaged and
combined to get the final flow signal. In this case,
noise from bulk motion in the axial dimension is
reduced without compromising flow signal from
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the transverse dimension (retinal and choroidal
flow). The downside of splitting the spectrum,
however, is a reduction in axial resolution.

Other algorithms with clinical applications
include speckle variance, phase variance, optical
microangiography (OMAG), and correlation
mapping [9, 10].

Speckle variance works to detect intensity
(speckle) changes in OCT images [11-13].
Speckles are discrete areas of constructive inter-
ferences. When reflected off a moving object, the
produced speckle will change more rapidly over
time. Conversely, speckles reflected off stationary
objects will not vary much with time. By measur-
ing the amount of reflection at each voxel, the val-
ues of successive images measured at two different
time points can be compared pixel by pixel. Large
changes would typically correspond to the motion
of erythrocytes in blood vessels [9, 14].

Another method for detecting motion contrast
is to assess for phase variance or changes in the
phase of the light waves. Moving erythrocytes
will induce a variation in the phase of light
reflected from one instant to the next, allowing
for this to be measured. For moving erythrocytes,
the variance will be much higher than in areas of
no motion that show low variance from residual
motion and Brownian movement.

OMAG uses both intensity and phase changes
of the OCT signal to contrast blood for informa-
tion [15]. OMAG improves differentiation
between normal tissue and erythrocyte flow by
modifying OCT hardware to introduce an exter-
nally imposed phase variation [9, 15, 16]. This
helps counter the issue of bulk eye motion that
phase-based detection was very sensitive to.
OMAG has been implemented by the CIRRUS
HD-OCT 5000 system with AngioPlex OCT
angiography.

4.3 Advantages

and Disadvantages of OCTA

Traditional methods of imaging vascular flow
include dye-based angiography such as fluores-
cein angiography (FA) [17] and indocyanine
green angiography (ICGA), [1-3] which require
the injection of fluorescent dyes prior to imaging.

FA and ICGA have been used in ophthalmology
for decades and continue to play important roles
in clinical practice. However, these imaging
modalities have some limitations and disadvan-
tages. Firstly, they are invasive and require intra-
venous access. They are contraindicated among
patients with allergies to the dyes, and while
these allergies are uncommon, the drugs may
sometimes result in severe allergic reactions or
even anaphylaxis. They are also time-consuming,
requiring up to 45 minutes for the complete
investigation, in order to visualize the different
phases of the angiograms. FA and ICGA do not
allow differentiation of vessels from different
layers of the retina and choroid, respectively.
Instead, the en face angiogram is a composite
image of vessels from different vascular layers.
This is especially evident in flash angiograms,
where the choroid appears as a mass of overlap-
ping vessels. While confocal scanning laser oph-
thalmoscopy, which is employed in devices such
as the Heidelberg Spectralis, partially overcomes
this by limiting light reflection from a specific tis-
sue plane, it is still not possible to have depth
resolution using these devices. Finally, the
devices and/or drugs required for these investiga-
tions are not available in some centers or popula-
tions, thus limiting their applicability.

OCTA overcomes many of the limitations
inherent in dye-based angiography. Firstly,
OCTA is noninvasive, painless, and does not
require contact with the patient. It does not
require intravenous dye injection, hence elimi-
nating the risk of allergic reactions. It is also
much faster, taking a few minutes to perform, and
hence more efficient in busy clinics. These advan-
tages allow OCTA to be performed more fre-
quently in patients, which makes it more suitable
for close monitoring of patients. OCTA also pro-
vides depth resolution of the various vascular
layers, which is unavailable with dye-based angi-
ography. Moreover, it is possible to display both
en face and cross-sectional images, allowing for
flow within specific retinal and choroidal layers
to be visualized and correlated with structural
abnormalities. OCTA images are also not
obscured by dye leakages seen in FA or ICGA
and underlying diseased vessels can potentially
be visualized.
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However, OCTA does have several important
limitations. OCTA is not able to demonstrate
leakage from vessels. Unlike FA and ICGA,
which demonstrate dynamic filling of the blood
vessels, OCTA is a static image and the direction
of blood flow cannot be determined using this
modality alone. OCTA image data are dependent
on the underlying OCTA instruments used.
Algorithms may vary, and different machines
have different protocols and processing methods,
which may affect the appearance of the OCTA
image. Hence, care is required when interpreting
and comparing images from different machines.
OCTA images can also be subject to different
types of artifacts, leading to misinterpretation.
These artifacts may be due to both technical and
clinical factors and are discussed in detail in a
subsequent section.

44  OCTA Vessel Density

OCTA en face images can be viewed qualita-
tively for the presence of abnormalities and can
be further processed to produce quantitative,
objective data on the vascular parameters.
Objective metrics that have been described in
reports include vessel density (Fig. 4.1b), vessel
length density (skeletonized density), blood flow
index, and fractal dimension.

Vessel density is defined as the percentage of
the en face image that is occupied by retinal ves-
sels [18]. Vessel density allows objective, quanti-
tative measurements which facilitate comparison
of OCTA scans and can potentially be used in
further clinical trials.

Vessel density has been shown in several stud-
ies to vary with different physiological parame-
ters. In a study by Wang et al. [19] that analyzed
105 normal patients, vessel density was shown to
decrease with age. There were also gender differ-
ences, with the male sex correlating with higher
densities of the superficial retinal plexus and the
female sex correlating with higher densities of
the deep retinal plexus. In another study by Mo
et al. [20], macular, choriocapillaris, and radial
peripapillary capillary densities (RPC) were

measured and compared between groups of
emmetropes, high myopes, and pathological
myopes. Compared with the first two, pathologi-
cal myopes had significantly decreased macular
and RPC vessel densities. There was also a nega-
tive correlation seen between axial length and
superficial, deep retinal, and RPC vessel
densities.

Vessel density also has the potential for cli-
nicians to differentiate between normal and
pathological eyes. Superficial and deep retinal
vessel densities have been shown to decrease in
diabetic eyes even without retinopathy com-
pared to healthy subjects [21]. In another study
by Durbin et al. [22] comparing normal and
diabetic subjects, vessel density measured in
the superficial retinal layer had a high area
under the receiver-operating characteristic
curve; suggesting that it is an efficacious
method for differentiating eyes with and with-
out diabetic retinopathy. In this study, vessel
density also correlated negatively with best-
corrected visual acuity and severity of diabetic
retinopathy.

Several studies have shown good reproduc-
ibility (inter and intraobserver) with the use of
vessel density as a metric assuming the same
machine, quantification algorithm, and angio-
cube size are used. In a study by Lei et al. [23],
eyes from both healthy participants and patients
with retinal diseases were examined with three
different software versions of the same model
of OCTA device (Cirrus HD-OCT model 5000;
Carl Zeiss Meditec, Inc). Both vessel length
density and perfusion density of the superficial
retinal vasculature were shown to be obtained
using high levels of repeatability and reproduc-
ibility. In this particular study, within each
device (repeatability), the coefficient of varia-
tion (CV) ranged from 2.2 to 5.9% and 2.4 to
5.9% for vessel length density and perfusion
density respectively, while the intraclass corre-
lation coefficient (ICC) ranged from 0.82 to
0.98 and 0.83 to 0.95 for vessel length density
and perfusion density, respectively. Among the
three different software versions (reproducibil-
ity), the CV in all groups was less than 6%,
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with the ICC ranging from 0.62 to 0.95. It is
important to note, however, that vessel density
measurements can vary significantly among
various machines. Various OCTA devices use
proprietary software with heterogeneous algo-
rithms to binarize the OCTA images and calcu-
late vessel density. Aside from using these
machines to calculate vessel density, most stud-
ies export and post-process OCTA angiograms
with different thresholding methods. This
includes the use of the ImagelJ algorithm and
Otsu’s algorithm [24-26].

4.5 Artifacts on OCTA

An important limitation of OCTA is the presence
of artifacts. Artifacts may be a result of a multi-
tude of factors, ranging from how the image data
is being acquired, processed, and displayed, to
the intrinsic properties of the eye being imaged.
Artifacts are also common. In a study done by
Falavarjani et al., at least one type of artifacts was
seen in 89.4% of eyes imaged using OCTA [27].
These included banding, segmentation, and
motion artifacts most commonly (89.4%, 61.4%,
and 49.1%, respectively), as well as others such
as unmasking, blink, vessel doubling, and out-of-
window artifacts.

4.5.1 Low Signal Strength

Signal strength is influenced by the signal to
noise ratio and are commonly influenced by
pathologies as well as ocular factors. Low signals
lead to difficulty in visualizing the smaller ves-
sels of the eye that correspondingly produce
smaller signals. Media opacities in the anterior
segment, such as cataracts or corneal scars, may
decrease the OCT signal. Other factors that
decrease signal-to-noise ratio include dry eyes or
incorrect position of the machine. In such situa-
tions, reimaging after lubrication or repositioning
the patient may improve signal strength in some
instances. Loss of signal strength may be global
or focal. Global losses of signal strength include

dense cataracts and vitreous hemorrhages. Focal
losses of signal strength are due to focal opacities
such as prominent vitreous floaters that obscure
visualization of both the underlying retina and
choroid or subretinal hemorrhage that obscures
visualization of the underlying choroid.

While measures such as lubrication and repo-
sitioning may increase signal strength, approaches
to reduce noise are often manufacturer specific.

4.5.2 Motion Artifacts

Eye movement during imaging is an important
source of artifacts and can come from bulk eye
movements, small saccades, or movement within
the eye. For the latter, positional changes of the
retina are often in the axial direction due to cho-
roidal pulsation or intraocular pressure
fluctuations.

Bulk eye movement often produces obvious
shearing or gaps in en face images. In many
machines, bulk eye movements are accounted for
by active eye tracking. This works by measuring
the position of the eye, with corrective measures
taking place if the motion of the eye be greater
than a selected threshold.

An approach to deal with artifacts from eye
saccades and movement is a software-based
approach developed by Kraus et al. [28]. This
includes obtaining two OCT volumes from the
same region—one in the horizontal and one in
the vertical direction. These represent the same
retinal structures but the effects of eye move-
ments on these scans will be different and
complementary.

Software-based methods work by estimating
the amount of eye motion for each A-scan, trans-
lating the A-scan and then comparing the vol-
umes. This software approach is intensive due to
the number of A-scans needed. It should also be
noted that while being able to correct movement
artifacts, this software approach introduces
artifacts on its own, such as loss of detail, vessel-
doubling, image stretching, and quilting.

Other methods of account for eye movement
would be to rescan portions affected by movement


http://0.95.it

50

C.S.Tanetal.

with the rescanned image being stitched into the
original image.

Software registration and correction comple-
ment active eye tracking and correct for some
error that is not picked up by eye tracking. A
study done by Camino et al. showed that a com-
bination of eye tracking and software motion cor-
rection has been shown to reduce artifacts
associated with software motion correction alone
[29].

4.5.3 Projection Artifacts

During the imaging process, the OCT beam
passes through overlying retinal structures to
reach deeper layers. As it passes through the ret-
ina, the OCT beam may be reflected, absorbed,
refracted, or scattered by these overlying struc-
tures leading to projection artifacts. For example,
light may have varying fluctuations as it passes
through flowing erythrocytes. These deeper
structures may be illuminated by this fluctuating
light even though these structures are stationary.
Hence, a false impression of blood flow in these
stationary structures may be given should they be
deep to a blood vessel. The result of this would be
the false detection of superficial vessels in the
deeper layers of the retina. As such, it is no sur-
prise that projection artifacts are seen in almost
all images visualizing vessels at the level of the
RPE. Several approaches to reduce projection
artifacts have been investigated. One of the sim-
plest would be to subtract the en face image of
the superficial capillary plexus from the deeper
layer.

4.5.4 Masking Defects

Masking defects arise from a process known as
masking or thresholding. Masking describes
the removal of OCTA data from structures with
low signal or high amount of noise. This is
important as areas with low signal can have the
false appearance of flow due to random fluctua-
tions of noise. However, this process of remov-

ing low signal results from the OCTA images
makes it difficult to image flow deep in the cho-
roid—an area of low signal especially if the
RPE and choriocapillaris are intact. Hence,
choroidal vessels underlying areas of intact
RPE have little reflectivity and conversely, deep
choroidal vessels can be visible in areas of RPE
atrophy.

4.5.5 Segmentation Artifacts

In order to create en face images of the eye, dif-
ferent layers of the retina are selected, before
summing up the vessel projected in these layers.
Parameters such as reflectivity, texture, or conti-
nuity can be used to differentiate these layers, but
are often less effective in pathological eyes that
have distorted anatomy. Moreover, layer thick-
ness varies from eye to eye and may be thinner,
thicker, or even absent. In patients with patho-
logical or high myopia, the presence of staphy-
loma may also lead to segmentation errors due to
altered curvature. Incorrect segmentation can be
identified and corrected by viewing the OCT
B-scan images. However, this often is time-
consuming and may be impractical to do for
every imaged eye.

OCTA of the Normal Retinal
Vasculature

4.6

Histological studies suggest three layers of capil-
lary plexuses in the human retina—superficial
vascular (SVP), intermediate capillary (ICP), and
deep capillary plexuses (DCP) [30, 31]. While
early OCTA studies describe only major vascular
plexuses (superficial and deep vascular com-
plexes), novel algorithms such as the 3-D projec-
tion artifact removal (PAR) may improve
visualization of all the three capillary plexuses, in
particular the ICP [32].

In a study done by Hirano et al. [33] eyes
from 22 normal participants were examined
using a full-spectrum, probabilistic OCTA, with
and without 3-D PAR. In the study, en face
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OCTA images of different vascular layers were
described. Images of the SVP showed a centrip-
etal branching pattern that terminated in a capil-
lary ring around the foveal avascular zone.
Comparing the ICP and DCP, DCP images
reviewed vascular loops that were configured
around a central point—much like a vortex. This
central point is postulated by the authors to rep-
resent a vertical interconnecting vessel. This
vortex-like configuration of vessels was not seen
with the ICP.

4.7 OCTA of AMD

Optical coherence tomography angiography
(OCTA) has become a useful tool in the manage-
ment of age-related macular degeneration
(AMD). The features detected on OCTA depend
on the severity and spectrum of the disease. In
addition to its roles in diagnosis and follow-up of
nAMD, OCTA may also provide insights into the
natural history and pathophysiology of the
disease.

4.7.1 Non-Neovascular AMD
Non-neovascular or dry AMD is characterized
by the presence of drusen which are yellow
deposits located beneath the retinal pigment
epithelium.

OCTA is useful in dry AMD to detect the
presence of subclinical neovascularization in
asymptomatic patients. This has been reported
in up to 30% of patients with intermediate
AMD [34]. These patients with subclinical
CNV had an approximately 15 times greater
risk of progressing to exudation compared to
those without [35, 36].

The retinal pigment epithelium overlying the
drusen may be highly reflective, which may cause
projection artifacts from the overlying retinal
vessels and giving the pseudo appearance of neo-
vascularization [37]. As AMD progresses, OCTA
shows measurable changes in signal void sizes in
the choriocapillaris [37].

4.7.2 OCTA of the Choriocapillaris

OCTA is useful in imaging the choriocapillaris,
where the dynamic nature of blood flow within
the choriocapillaris allows detection of flow. By
segmenting the RPE plus Bruch’s membrane and
projecting several micrometers below the RPE, a
resultant en face OCTA image of the choriocapil-
laris is generated, which appears as a granular
pattern of bright and dark areas [38—40]. Regions
without flow signal (i.e., dark areas) are known as
flow voids [37] and may represent either atrophic
choriocapillaris vessels, vessels with a very slow
flow rate that is slower than the device’s sensitiv-
ity or may represent areas of shadowing arising
from attenuation of OCT signal [41-43].

In healthy eyes, the number of flow voids
increased with age and also with decreasing dis-
tance from the fovea [44-46]. Spaide described
an increased number of choriocapillaris flow
voids in normal eyes imaged with SD-OCTA
with increasing age and a history of hypertension
[45]. Utilizing SS-OCTA and a validated novel
algorithm [47], Zheng et al. reported a positive
correlation between decades of age and percent-
age of choriocapillaris flow deficits (FD%) which
was consistent across the central and peripheral
macula (r > 0.50 and p < 0.001 in all areas). The
FD% increase was found to be the greatest in the
central 1-mm circular area centered on the mac-
ula and smallest in the 2.5-mm rim in the periph-
eral retina [46].

Among eyes with geographic atrophy, flow
voids were significantly increased compared with
age-matched controls [48]. Additionally, Rinella
et al. reported that the number of flow voids in the
periphery of the atrophic regions (within 2° of
GA) was found to be significantly greater com-
pared to areas away (outside 2° of GA) [48].
Flow voids were also reported to be significantly
increased in eyes with choroidal neovasculariza-
tion (CNV) compared to age-similar normal con-
trols. (20.56 + 4.95, 95% CI: 17.64-23.49 vs.
10.95 + 2.08, 95% CI: 9.73-12.18, respectively;
P =0.0001) which also correlated positively with
CNV lesion area (r = 0.84; 95% CI: 0.49-0.96;
P =0.001) [42].
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4.7.3 Exudative AMD

For many decades, the diagnosis and classifica-
tion of exudative AMD have been made using
fluorescein angiography (FA). However, FA is
associated with some disadvantages, such as its
invasive nature and the potential for allergic reac-
tions caused by fluorescein dye. OCTA over-
comes these limitations. It has been reported to
be able to show between 75 and 90% of the flow
patterns as seen on FA [49, 50].

4.7.3.1 Type 1 CNV

OCTA has been reported to detect between 67
and 100% of type | choroidal neovasculariza-
tions [50-52]. There is better visualization of
the vascular structures in Type 1 CNV on OCTA
compared to FA because there is less masking
from the overlying retina pigment epithelium
and the absence of obscuration from dye leak-
age [53].

On cross-sectional OCTA, intrinsic flow is
seen within the pigment epithelial detachment in
the sub-RPE space. On the corresponding en face
OCTA, CNV lesions can be visualized as a well-
defined network or tangle of vessels lying
between the RPE and the Bruch’s membrane
[54]. Trunk vessels may be present. The chorio-
capillaris in the region beneath and around the
CNV may show some signs of loss. Chronic
CNV lesions may also exhibit a network of tiny
capillaries around the CNV border with a lack of
mature dilated feeder vessels [55].

4.7.3.2 Type 2 CNV

On cross-sectional OCTA, an active type 2 CNV
lesion is seen as subretinal hyperreflective mate-
rial above the RPE with intrinsic flow signals
(Fig. 4.4). Hyperflow patterns detected (often
described as glomerulus or medusa shaped) are
associated with a thicker main vessel branch
connected to the deeper choroid. In some cases,
this high flow signal may cause a projection arti-
fact onto the deeper choriocapillaris layer. A
dark halo may be seen around the lesion and this
was postulated to correspond to masking from
surrounding blood, exudation, or subretinal
fibrosis [56, 57].

On the corresponding en face scans, type 2
CNV is seen as a network of vessels in the nor-
mally avascular outer retina [58] These vascular
networks often have a lacy pattern with uniform
intensity but variable caliber. The CNV lesions
detected on OCTA correlate closely with the area
of leakage on FFA and are generally more dis-
tinct compared to ICGA [59]. Similar to type 1
CNYV, the choriocapillaris surrounding the CNV
may show some signs of loss and trunk vessels
may be present.

An added benefit of OCTA is the identifica-
tion of both the superficial subretinal type 2 com-
ponent and the deeper sub-RPE type 1 component
by varying the depth of segmentation.

4.7.3.3 Type 3 CNV
Cross-sectional OCTA of type 3 CNV showed
two patterns of flow: [60].

Fig. 4.4 Neovascular age-related macular degeneration.
(a) OCTA demonstrating the CNV lesion. (b) Indocyanine
green angiogram at 3 min, showing the CNV vessels. The

overlying retinal vessels as well as the large choroidal ves-
sels are visible. (¢) Fluorescein angiogram showing occult
leakage



4 Optical Coherence Tomography Angiography in Macular Disorders 53

1. Discrete intraretinal flow signal or
2. Linear flow signal extending from the intra-
retinal areas through to the RPE band

The en face OCTA shows a discrete bright
tuft of microvessels with high flow extending
from the middle retinal layers or deep capillary
plexuses into the deep retina and, occasionally,
past the RPE [60]. As the type 3 CNV develops
over time, these vessels anastomose with the
deep retinal capillary plexuses and extend into
the outer retina and eventually into the sub-RPE
space [60]

4.7.4 Sensitivity and Specificity

Compared with FA, OCTA has a sensitivity of
50-100% and a specificity of 79-91% [51, 61,
62]. In some studies where when structural OCT
was used together with OCTA data, the sensitiv-
ity increased to 87% [61].

4.7.5 Use of OCTA in Management
of AMD

4.7.5.1 Active or Inactive MNV

Since OCTA may detect incidental findings of
neovascularization in patients who are asymp-
tomatic and appear clinically to have non-
neovascular AMD, it is imperative to determine
if treatment is indicated. There are some
reports on characteristics of the CNV lesion
on OCTA, as well as correlating with struc-
tural OCT, which can help clinicians deter-
mine the activity levels of such lesions and the
need for treatment. Examples of such features
include:

Active CNV:

1. Presence of fine vessels at the edge of the
neovascularization.

Peri-lesional dark halo.

Extensive vascularity.

Appearance of anastomoses and loops,
Well-defined shape (lacy wheel or sea-fan
shaped) [63].

DA

Inactive CNV:

1. Large vessels which have the appearance of a
“dead tree” [63].

2. Paucity of fine branching vessels [63].

3. Absence of anastomoses, loops, and periph-
eral arcades.

4. Paucivascular fibrotic scar.

4.7.5.2 Monitoring of Treatment

Efficacy
OCTA provides both quantitative and qualitative
evaluation of MNV and hence is an useful and
powerful tool for monitoring and follow-up of
MNV.

Following treatment with anti-VEGF agents,
neovascularization has been shown to decrease in
size as well as density due to the loss of finer ves-
sels along the border and within the CNV [64,
65]. This regression is maximal around 1-2 weeks
following treatment [64].

Chronic CNV lesions may show little anatom-
ical response to anti-VEGF and the lesion area
and vessel density may remain unchanged. These
may eventually develop a pruned tree appear-
ance, which is an indicator of inactivity [54].

4.7.6 Limitations and Pitfalls
in Diagnosing MNV on OCTA

Projection artifacts from the superficial retinal
vasculature can give the erroneous appearance of
neovascularization in a normal eye [66]. Other
retinal elevations such as drusen, serous, and
drusenoid pigment epithelial detachments as well
as scars can also affect the segmentation of reti-
nal layers and give the false appearance of
neovascularization.

In patients with macular atrophy and loss of
the choriocapillaris, the larger choroidal vessels

may appear within the choriocapillaris
slab. These may appear similar to
neovascularization.

This illustrates that it is important to assess the
OCT B-scan to correlate the presence of flow
with the appearance of the en face image. It is
also useful to perform careful mapping of the
vessels as well as confirming the location of these
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vessels beneath the Bruch’s membrane. This will
help to differentiate the normal vessels from
neovascularization.

4.8 OCTA of Polypoidal
Choroidal Vasculopathy

(PCV)

Polypoidal choroidal vasculopathy (PCV) is char-
acterized by the presence of polypoidal lesions
together with a branching vascular network
(BVN) that supplies these lesions. This condition
occurs more commonly among some populations,
such as Asians [67, 68]. Currently, ICGA is the
gold standard for diagnosing PCV [1, 3, 69, 70],
although color fundus photography, multicolor

imaging, and FA [6, 7] can identify features which
are suggestive of PCV. OCTA provides a comple-
mentary diagnostic tool to ICGA in diagnosing
PCV with the sensitivity of OCTA in detecting
PCV ranging from 39.5 to 43.9% and the specific-
ity varying from 79.1 to 87.1% [68, 71].

4.8.1 Polypoidal Lesions

The polypoidal lesions exhibit variability in their
flow characteristics and structure, with some
appearing as hyperflow round structures (Fig. 4.5)
with a hypointense halo and up to 75% appearing
as hypoflow round structures. Hyperflow lesions
tended to be less pulsatile and to have a thicker
subfoveal choroid. The round structures were

Fig. 4.5 Polypoidal choroidal vasculopathy (PCV). (a)
Color fundus photograph, showing mottling and thinning
of the retina inferiorly. (b) OCT B-scan showing elevation
of the retinal pigment epithelium, corresponding to the pol-

ypoidal lesion. Subretinal fluid is observed. (¢) Indocyanine
green angiogram showing polypoidal lesions and the asso-
ciated branching vascular network. (d) OCTA illustrating
the polypoidal lesion and branching vascular network
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typically situated at the termini of the vascular
network. These polypoidal structures were
mainly above the Bruch’s membrane within the
dome of the RPE detachment, with the choroidal
stalks extending deeper in the choroid layer.

However, OCTA is only able to detect 17-85%
of polyps compared to ICGA. It is believed that
the absence of lesions on OCTA may be related
to slow or turbulent flow within the polypoidal
lesions.

In contrast to the BVN, the rate of polyp pro-
gression was highly variable ranging from 17 to
85% [72-75].

4.8.2 Branching Vascular
Membranes (BVNs)

The BVN is detected using OCTA in between
77.8 and 100% of eyes with PCV. It is visualized
as a hyperflow lesion, located between the RPE
and Bruch’s membrane [73, 76]. This vascular
net was variable in size but correlated closely
with the location and shape seen on the
ICGA. Often, en face OCTA of the BVN showed
networks of vessels in much more detail than
ICGA.

In one study, 70.9% of the PCV cases (22/31)
had clear or obvious BVNs and that this feature
was the most sensitive to make an accurate diag-
nosis (sensitivity 97.5%). The sensitivity
increased from 69.5 to 90% after OCTA [77].

Following treatment with anti-VEGF and
PDT, reduction in flow within the PCV com-
plexes in most eyes is expected. However, despite
significant improvement in exudation, the vascu-
lar network may remain unchanged. Early recur-
rence of PCV may be detected on OCTA via
changes in the appearance of the vascular net-
work as well as the presence of persistent flow
signals within the vascular network.

4.9 OCTA of Retinal Vascular
Diseases
4.9.1 Diabetic Retinopathy

The prevalence of diabetes mellitus is increasing
in many parts of the world and, with it, the fre-

quency of ocular complications such as diabetic
retinopathy and diabetic macular edema.
Previously, FA was required to assess the
presence and extent of retinal non-perfusion and
to neovascularization at the disc and elsewhere.
Due to the requirement for venous access and the
use of intravenous dye injections, this investiga-
tion could not be performed frequently. In con-
trast, the convenience of OCTA allows more
frequent reviews of eyes with diabetic eye dis-
ease and also provides new insights due to the
ability to segment different vascular plexuses in
the retina.

OCTA is able to detect microaneurysms [78—
81], which is the hallmark of diabetic retinopa-
thy. Unlike FA, where microaneurysms typically
appear as round dots, OCTA can differentiate
various shapes in microaneurysms, including
solid round lesions, round lesions with dark cen-
ters, or fusiform lesions [81]. It is important,
however, to note that there is incomplete agree-
ment between FA and OCTA in terms of the
number and locations of microaneurysms.
Studies have reported that a greater number of
microaneurysms are detected using FA compared
to OCTA and it has been suggested that the his-
tology of microaneurysms could potentially
result in turbulent or slower blood flow, the veloc-
ity of which is below the slowest detectable flow
using current OCTA devices [79, 80]. Parravano
et al. reported varying detection rates of
microaneurysms on OCTA depending on their
internal ~ reflectivity = on  spectral-domain
OCT. They found that microaneurysms with
hyporeflectivity on OCT had a lower detection
rate on OCTA, compared to those with moderate
or hyperreflectivity [82].

Retinal neovascularization at the optic disc or
elsewhere can be detected using OCTA [79, 80,
83]. By setting the segmentation of the OCTA
slab above the internal limiting membrane, blood
flow through these new vessels can be detected.
OCTA is advantageous in that it is not affected by
leakage, unlike FA where leakage from the neo-
vascularization can obscure image details in later
phases of the angiogram.

Another feature in eyes with diabetic retinopa-
thy which can be detected using OCTA are loop-
ing vessels with increased caliber adjacent to
areas of impaired capillary perfusion [78, 81]. In
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some cases, these are consistent with clinically
defined intraretinal microvascular abnormalities,
which is a feature of more advanced diabetic reti-
nopathy [81]. Other features, such as dilated cap-
illary segments [78] and clustered or tortuous
capillaries [78], also illustrate the underlying fea-
tures associated with retinal vascular diseases.

Since diabetes mellitus affects the microvas-
culature in the eye, it is not surprising that eyes
with diabetic retinopathy will manifest with areas
of retinal non-perfusion and capillary dropout
(Fig. 4.6). These can be identified using both FA
and OCTA, however, OCTA has the additional
advantage of being able to resolve different vas-
cular plexuses in the retina, thus illustrating the
areas of non-perfusion in the superficial, interme-
diate, and deep capillary plexuses [78-81, 83,
84]. Studies have reported that the area of retinal
non-perfusion differs between the superficial and
deep retinal plexuses [80, 85, 86]. The area of
retinal non-perfusion increases with the severity
of diabetic retinopathy [84, 87]. Besides the
reduction in blood flow in the retinal circulation,
studies have also reported regionals of flow
impairment in the choriocapillaris among patients
with non-proliferative and proliferative diabetic
retinopathy [78].

Changes occur at the foveal avascular zone
(FAZ) in diabetics, with both more irregularity
of the FAZ and enlargement of this region.
OCTA of normal eyes demonstrates a range of
FAZ sizes and circularity (the extent to which
the FAZ resembles a perfect circle) [88]. Using

Fig. 4.6 Diabetic retinopathy. OCTA of the superficial
retinal plexus, showing capillary dropout which is more
severe in the temporal periphery

OCTA, increasing irregularity of the FAZ has
been identified in eyes of diabetics, with gaps
and interruptions of the capillary networks [85,
89, 90]. The size of the FAZ is larger among eyes
with diabetic retinopathy compared to those
without [83, 86, 91, 92]. This difference appears
to be more pronounced in the deep capillary
plexus [89, 90].

Retinal vessel density is a measure of the
amount of flow within a region of an OCTA scan.
Studies comparing eyes of diabetics with normal
controls have reported that eyes of diabetics have
reduced vessel densities compared to normal
controls [21, 79, 86, 87]. This reduction is evi-
dent even among eyes of diabetics with no clini-
cal features of diabetic retinopathy and becomes
more severe as the severity of diabetic retinopa-
thy worsens [87]. The reduction in vessel density
with diabetic retinopathy is observed in both the
superficial and deep capillary plexuses [21, 83,
86, 87]. Local reductions in vascular density of
the deep capillary plexus have been shown to cor-
relate with regions of disorganization of the reti-
nal inner layers (DRIL), which are demonstrated
on OCT B-scans [37, 93].

Changes in vessel density may serve as useful
biomarkers for early detection of diabetic reti-
nopathy and to indicate the potential for progres-
sion. Studies have reported significant
correlations between systolic blood pressure and
ocular perfusion pressure and the vessel density
in the deep retinal plexus in patients with non-
proliferative diabetic retinopathy [21].

An important consideration when using OCTA
to assess for features of diabetic retinopathy is
that the disease can occur throughout the retina
and may not be localized in a specific region.
Hence, the field of view of the OCTA scan is an
important consideration. Investigators have
reported that a wider field of view on the OCTA
was useful for detecting the full extent of vascu-
lar changes as well as capillary non-perfusion
[83]. This is especially important when consider-
ing that studies of ultra-widefield FA in patients
with retinal vascular diseases have identified sig-
nificant regions of retinal non-perfusion in the
peripheral retina [4, 5].
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4.9.2 Diabetic Macular Edema

Although the features of diabetic macular edema
(DME) are seen on structural OCT, studies have
described some findings on OCTA associated
with this condition. Microaneurysms are associ-
ated with DME and occur with higher density in
the deep capillary plexus compared to the super-
ficial capillary plexus (1.71/mm? vs. 0.17/mm?,
P <0.001) [94].

OCTA scans also show dark regions devoid of
flow signal which correspond to the presence of
intraretinal cysts [37, 81, 85, 95]. These are usu-
ally oval or oblong in shape, with smooth bor-
ders and do not follow the distribution of the
surrounding capillaries [95]. It is believed that
these may result from spaces with low perfusion,
blockage of signal from the vessels caused by
the presence of intraretinal fluid or due to dis-
placement of the retinal vessels caused by the
edema [95].

Intraretinal cysts and fluid may also manifest
with extravascular signals, which are seen on en
face OCTA images. “Suspended scattering par-
ticles in motion (SSPiM)” is a relatively novel
imaging feature of retinal vascular diseases,
including DME, which are detected on OCTA
[96]. SSPiM represents an extravascular OCTA
signal which is related to varying degrees of
hyperreflective material seen on structural

Fig. 4.7 Branch retinal vein occlusion. (a) OCTA of the
superficial retinal plexus, showing capillary dropout infe-
riorly. The foveal avascular zone outline is irregular. (b)
OCTA of the deep retinal plexus, showing the capillary

OCT. It is believed that these are due to
Brownian motion of particles within the intra-
retinal fluid, which appears as flow on OCTA
B-scans [96].

Eyes with both diabetic retinopathy and DME
have been reported to have significantly lower
vascular flow density in the deep capillary plexus
compared to eyes with diabetic retinopathy but
no DME (13.23% vs. 20.75%, p < 0.001) [97]. In
contrast, there was no statistically significant dif-
ference in vascular flow density in the superficial
layer. Following treatment with anti-VEGF
agents, patients with poor treatment response
showed lower vessel density, more microaneu-
rysms, and a larger FAZ in the deep capillary
plexus compared to those who responded favor-
ably [97].

4.9.3 Retinal Vein Occlusion

Among patients with retinal vein occlusion,
OCTA is useful in detecting the extent of vascu-
lar non-perfusion, which occurs in both the
superficial and deep capillary plexuses (Fig. 4.7)
[98, 99]. Similar to diabetic retinopathy, the FAZ
may be enlarged in both the superficial and deep
vascular plexuses [99].

OCTA also detects evidence of capillary
changes [98, 100], such as dilation, pruning,

dropout affecting the inferior retina. (¢) Fluorescein
angiogram, illustrating the capillary dropout in the retina.
The FAZ is less well demarcated compared to the OCTA
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telangiectasia, and vascular dilation, as well as
the presence of shunt vessels [98] and retinal
neovascularization [100]. Among patients with
retinal vein occlusion, cystoid spaces occur more
commonly in the deep compared to the superfi-
cial retinal plexus [101].

Paracentral acute middle maculopathy
(PAMM) refers to band-like hyper-reflective
lesions which are mostly confined to the inner
nuclear layer visualized on SD-OCT. [102]
Initially described by Sarraf et al. as a variant of
acute macular neuroretinopathy [102], it is now
understood to be a clinical finding associated
with ischemia or infarction of the deep vascular
complex (intermediate and deep retinal capillary
plexus) [103]. PAMM has been reported to be
associated with a large spectrum of retinal vascu-
lar disorders and systemic conditions [103-107].
Bakhoum et al. described a distinct progression
of PAMM pattern progression on SD-OCT, point-
ing toward an ischemic cascade occurring in the
parafoveal region in eyes with retinal vascular
occlusion. The authors found that the ischemia
occurred in the parafoveal macula, initially devel-
oping at the venular pole of the deep capillary
plexus (manifesting as perivenular fern-like
PAMM in the INL), which progresses laterally
through the INL (manifesting as globular PAMM
in the INL), and then anteriorly into the inner
retina at the level of the superficial capillary
plexus (SCP), with worsening visual acuity in
each stage [108]. This anterior progression of
ischemia implies a serial organization of the reti-
nal capillary plexuses [109].

Unlike fluorescein angiography, OCTA’s abil-
ity to produce detailed, high-resolution images of
the retinal vasculature segmented by layer [37]
has allowed for the correlation of PAMM with
attenuation and pruning of the DCP visualized on
the OCTA in multiple studies [67, 103, 104, 106,
110, 111]. While no study has reproduced
Bakhoum et al.’s findings of a distinct PAMM
ischemic cascade on OCTA, a recent study by
Maltsev et al. described a tendency for resolved
PAMM lesions, defined as INL thinning with
OPL elevation, to localize paravascularly in
majority of BRVO and CRVO patients [112].

4.9.4 Retinal Artery Occlusion

In patients with retinal artery occlusion, OCTA
is useful in detecting the presence of macular
ischemia and vascular flow changes, which
may occur in both the superficial and deep
capillary plexuses. These typically correspond
to regions of delayed perfusion seen on FA
[113]. In some eyes, perfusion of the deep cap-
illary plexus may be maintained in areas of
persistent ischemia in the superficial plexus
[113]. In addition, there may be attenuation of
the radial peripapillary capillaries, which cor-
respond to thinning of the retinal nerve fiber
layer [113].

4.10 OCTA inInflammatory
Conditions and Inherited
Retinal Dystrophies

OCTA has been shown to be useful for evaluating
the choroidal and retinal blood flow among
patients with inherited retinal dystrophies and
inflammation, including Stargardt disease, retini-
tis pigmentosa, Best vitelliform macular dystro-
phy, and choroideremia [114]. Areas of
hypoperfusion and vascular insufficiency are
well demonstrated in these conditions.

In addition, OCTA can detect neovasculariza-
tion occurring in diseases of the retina and cho-
roid, including inherited retinal dystrophies and
inflammatory conditions [115-118]. The CNV
lesions more clearly seen on OCTA compared to
other imaging modalities such as FA [114]. In a
study of ten eyes with multifocal choroiditis,
OCTA identified all CNV lesions [115]. Active
CNV lesions were found to have well-
circumscribed margins, interlacing shapes, and a
surrounding dark ring. In contrast, inactive CN
lesions had poorly circumscribed margins, tan-
gled shapes, and a “dead tree” appearance, with
the surrounding dark ring appearing less fre-
quently [115].

In patients with Stargardt disease, decreased
vessel densities in the superficial and deep reti-
nal plexuses, and the choriocapillaris, have
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been demonstrated using OCTA. In addition,
the superficial FAZ was found to be larger than
normal controls [114, 119]. In a study of con-
secutive patients with Stargardt disease, quanti-
tative parameters such as vessel density, vessel
tortuosity, vessel dispersion, and vessel rarefac-
tion were significantly worse than normal con-
trols [120]. A study comparing OCTA of
patients with Stargardt disease and AMD found
greater areas of rarefaction of the choriocapil-
laris flow signal in Stargardt disease compared
to AMD [121].

Different patterns of choroidal hypoperfusion
were reported on OCTA among patients with
white dot syndromes [122]. For patients with pre-
sumed ocular histoplasmosis syndrome and mul-
tiple evanescent white dot syndrome, choroidal
hypoperfusion correlated well with clinical
pathology. In contrast, regions of choroidal hypo-
perfusion were more widespread in both acute
posterior multifocal placoid pigment epitheliopa-
thy (APMPPE) and birdshot chorioretinopathy.
One study reported that the resolution of choroi-
dal hypoperfusion in APMPPE preceded the res-
olution of photoreceptor abnormality and visual
recovery [123]. This suggests that the pathophys-
iology of APMPPE likely involves a primary
hypoperfusion of the inner choroid with resultant
RPE and photoreceptor abnormality and vision
loss [123].

In Best vitelliform macular dystrophy, OCTA
was shown to be superior to FA in detecting CNV
because of masking of the CNV on FA by the
vitelliform material [124]. In addition, the major-
ity of patients had abnormal FAZ in the superfi-
cial and deep FAZ with patchy loss of vascularity
in both retinal plexuses [124].

4.11 Conclusion

OCTA has changed the practice of ophthalmol-
ogy, especially in the diagnosis, monitoring, and
management of retinal diseases. Its noninvasive
nature, rapid scanning time, and ability to seg-
ment different vascular layers have proved
invaluable to understanding the pathophysiology

of retinal diseases. It is important, however, to
understand the current limitations and pitfalls of
this modality.
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