Pre prints.org

Review Not peer-reviewed version

Optical Coherence Tomography
Angiography (OCTA): A Review of the
Current Literature

Ahmed Javed , Aishwarya Khanna, Eleanor Palmer , Craig Wilde , Anwar Zaman , Gavin Orr,

Dharmalingam Kumudhan , Arun Lakshmanan , Georgios D Panos .

Posted Date: 8 February 2023
doi: 10.20944/preprints202302.0147v1

Keywords: Ophthalmic imaging; Optical coherence tomography; Age-related macular degeneration;
Glaucoma; Retinal conditions

] E Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
: available and citable. Preprints posted at Preprints.org appear in Web of
E Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2764955
https://sciprofiles.com/profile/2758360
https://sciprofiles.com/profile/1453505

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 February 2023 doi:10.20944/preprints202302.0147.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review
Optical Coherence Tomography Angiography
(OCTA): A Review of the Current Literature

Ahmed Javed 1*, Aishwarya Khanna 2%, Eleanor Palmer !*, Craig Wilde !, Anwar Zaman 1,
Gavin Orr !, Dharmalingam Kumudhan !, Arun Lakshmanan ! and Georgios D. Panos *

1 Dept of Ophthalmology, Queen’s Medical Centre, Nottingham University Hospitals,
Nottingham, UK; ahmed.javed@nuh.nhs.uk (A.].); eleanor.palmer9@nhs.net (E.P.);
craig.wilde@nuh.nhs.uk (C.W.); anwar.zaman@nuh.nhs.uk (A.Z.); gavin.orr@nuh.nhs.uk (G.O.);
dharmalingam kumudhan@nuh.nhs.uk (D.K.); arun.lakshmanan@nuh.nhs.uk (A.L.)

2 Dept of Ophthalmology, Royal Derby Hospital, Derby, UK; aish.97@outlook.com

* Correspondence: gdpanos@gmail.com; Tel: +44 (0) 115 924 9924

* Authors contributed equally and share the first authorship.

Abstract: OCTA is an imaging modality used in the assessment of the retinal vasculature. It operates
on the principle of coherence tomography used in standard OCT with the addition of delineating
the retinal vascular. This provides a modern non-invasive retinal vascular imaging method
compared to conventional dye-based imaging. High quality depth resolution of the superficial and
deep capillary networks is possible on OCTA whereas this was not possible prior. OCTA may be
limited by image quality degradation from factors such as motion artefact or media opacities, and
therefore may not be the investigation of choice for all patient groups. There are multiple potential
clinical applications for OCTA in retinal and choroidal vascular disease. Ongoing research is
necessary to substantiate the more widespread use of OCTA due to its significant cost burden
compared to current modalities.

Keywords: ophthalmic imaging; optical coherence tomography; age-related macular degeneration;
glaucoma; retinal conditions

Introduction

Optical Coherence Tomography Angiography (OCTA) is a non-invasive, rapid imaging
modality that creates a cross sectional, in vivo image of the dynamic microvasculature of the choroid
and retina [1]. More than two decades ago, the first phase- resolved OCT-Optical Doppler
Tomography (ODT) image of blood flow was demonstrated in blood vessels of human skin, with
high velocity and sensitivity [2]. This progressed to developments of a phase signal-based OCTA
technique first seen in 2006, which included methods to minimise sample movement in the axial
direction to improve image quality [3]. Ophthalmic OCTA was initially in experimentation in 2006,
before taking wider commercial effect in 2014. The software and scanning strategies are rapidly
improving, and research in this is continuing to progress [4]. Several OCTA devices are available
internationally, widely in the context of clinical research. The emerging use of OCTA as a tool in the
diagnosis of ocular pathology is of growing importance, as its potential clinical applications continue
to be investigated through ongoing research [5]. The technological advances in OCTA imaging since
its inception have allowed the possibility of more detailed imaging of vascular structures and may
herald an increase in its clinical utility in years to come [6]. This paper aims to review the principles,
limitations and benefits of OCTA, as well as its future potential for clinical use.

Principles of Coherence Tomography

OCT (Optical coherence tomography) utilises the optical principles of coherence and
interferometry in producing a high-resolution cross-sectional image of anatomical structures. Based
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on the application of ‘wave-theory’ in physics where light energy behaves as a wave (as opposed to
a particle) underpins the principle underlying coherence tomography. Coherence refers to the
physical property of light waves to travel exactly in “phase”, where wave cycles run in parallel [1].

These principles can be applied to light in the infrared wavelength (780-10,000 nm) of the
electromagnetic spectrum. Experiments showed that coherent infrared light targeted at different
anatomical tissues can be utilised to produce images from the light reflected by those tissues of
interest. For ophthalmic purposes the tissue of interest is the retina primarily. The OCT device
comprises a low coherence infrared source which produces a beam of light, in addition to a beam
splitter, a reference mirror, and a receiving source which can detect reflected light waves. Firstly, a
generated infrared beam from the light source travels towards the beam splitter, which then acts to
produce two beams, one which travels to a reference mirror and one which travels towards the eye.
Light passes through the eye tissues at varying speeds and is reflected by the retina towards the
detector. Light waves are also returned from the reference mirror and the analysis of the differences
between returning waves in combination can be converted into computerised images to form a two-
dimensional, tomographical map based on the reflective properties of each individual tissue layer.

As for standard OCT images, the reflection of emitted infrared coherent (in phase) light wave
energy from eye tissues returning at varying speeds is what enables the computerised generation of
OCTA images. Imaging of the retinal vasculature using OCTA is able to identify the movement
pattern of erythrocytes within the retinal blood vessels, thus enabling real time depiction of blood
flow, analogous to B scan ultrasonography. Indeed, doppler ultrasound scanning provided the initial
foundation from which OCTA was developed. In order to quantify the volume of blood flow within
vessels.

A series of successive retinal images are taken in close sequence which identifies the movement
of erythrocytes from one point to another within blood vessels. This is compared to images of the
static, non-moving retina for characterisation of areas of blood flow in different layers within the
retina. These include the superficial, intermediate and deep plexus, the inner retinal plexus, the outer
retina, the choriocapillaris and the choroid [7].

The ability of OCTA to produce high-resolution images is dependent on the short interval
between successive B scan images. Shorter interscan times will lead to higher sensitivity thresholds
and minimise the fastest distinguishable flow rate [8]. Advances in OCT technology have allowed the
use of several different programme strategies, such as Swept-Source OCT (SS-OCT) and Spectral
domain OCT (SD-OCT) which may be utilised to image retinal vasculature. These models have been
developed to capture images at faster speeds and with larger fields of view. SS-OCT is of particular
use in the setting of choroidal vascular anomalies as it enables visualisation of choroidal blood flow
by emitting light of a longer wavelength for enhanced tissue penetration. Furthermore, SS-OCT
generates images at a faster rate to improve image resolution. SD-OCT operates at increased image
speed to directly compare the phase of A-scans. For example, the Carl Zeiss and Optovue modalities
both use SD-OCT technology. Zeiss also has an SS-OCTA device which can be purchased in Europe
and the United States, whereas the Topcon Medical System also using SS-OCTA is available in
England, Brazil and Japan. It is expected that most manufacturers will develop OCTA platforms [6].

Clinical Uses of OCTA in Current Ophthalmic Practice

Prior to the development of OCTA, imaging of the chorioretinal vasculature was predominately
by using fundus fluorescein angiography (FA) and indocyanine green angiography (ICGA). These
modalities continue to provide an essential tool for investigation of disorders of the fundus
vasculature and remain the gold standard in current clinical practice. However, as a moderately
invasive procedure involving the intravenous injection of sodium fluorescein dye which poses
several important contraindications, for example dye allergy and pregnancy, the need for a less
invasive imaging tool was a key impetus for the development of OCTA as an alternative imaging
option.

In comparison to Fluorescein Angiography (FA), OCTA offers a few key advantages. FA relies
on the fluorescent properties of sodium fluorescein dye which be injected intravascularly to observe
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blood flow within the retina microvasculature. Due to the blocking effect of the retinal pigment
epithelium (RPE), FA is only able to visualise more superficial layers of the retinal vasculature, thus
limiting the potential diagnostic yield and necessitating the use of further invasive testing such as
through ICG dye studies, to observe pathologies within deeper structures. OCTA is favourable
because it is more time efficient taking approximately six seconds per image, and technically easier
to perform — there is no need for a skilled photographer, and the patient does not require a dye
injection [9].

The retina receives more blood flow per gram of tissue than any other structure within the body
[1]. Thus, as a highly metabolically active structure, the health of retinal tissue is inextricably linked
to the viability of its of blood supply for the provision of nutrients and oxygen, and the removal of
metabolic waste products. Several retinal pathologies are characterised by an imbalance between
blood supply and nutrient demand, which may lead to the growth of new vessels in response to
tissue hypoxia, commonly mediated by upregulation of vascular endothelial growth factor (VEGF).
This disease process may be seen in commonly encountered pathologies such as proliferative diabetic
retinopathy (DR) and neovascular age-related macular degeneration (AMD) which are primarily
associated with choroidal neovascularisation (CNV). Relative tissue hypoxia may also be seen in
retinal vascular occlusions, which require prompt identification to prevent irreversible vision loss.
OCTA provides a rapid, non-invasive tool in the diagnosis of retinal vascular pathologies as well as
subsequent long-term monitoring in chronic disease.

Diabetic Retinopathy (DR)

Retinopathy secondary to diabetes mellitus is a well-characterised disease process implicating
retinal vascular integrity through early loss of endothelial pericytes, microaneurysms and ultimately
growth of abnormal “leaky” vessels leading to subsequent haemorrhage with severe implications for
visual function. Diabetic macular oedema (DMO) is a complication of diabetic retinopathy from
collection of tissue fluid leakage from abnormal vessels which may provoke profound visual
impairment. OCTA can quantify characteristic features such as microaneurysms, intraretinal
microvascular abnormalities and neovascularisations, and may even detect the extent of the
microvascular damage prior to any clinical signs [10]. The use of OCTA in monitoring the progression
of DR may guide clinical management in offering therapeutics based on the stage of severity
identified, in addition to assessment of treatment efficacy using anti-VEGF therapy [4,11]. In recent
studies, it has been shown that OCTA has played a significant role in pinpointing regression,
reactivation and resistance to treatment in DR [12].

Age-Related Macular Degeneration (AMD)

With increasing age, aggregation of lipofuscin between Bruch’s membrane and the retinal
pigment epithelium (RPE) is the primary mechanism thought to be responsible for AMD, leading to
subsequent macular photoreceptor degeneration due to loss of perfusion. AMD is the leading cause
of irreversible vision loss in older adults and represents a varied spectrum of retinal disease. Its
pathogenesis remains unclear but is believed to implicate abnormal regulation of complement factors
in addition to environmental factors such as cigarette smoking. The retinal vasculature is
compromised particularly in late disease with proliferation of new vessels and thus the potential
utility of OCTA is key in identification of potentially sight-threatening neovascularisation. Choroidal
neovascularisation (CNV) is a hypoxic tissue response where new abnormal vessels infiltrate the
retina. New vessels arise most commonly from two distinct sites: (i) from the sub-RPE (type 1 CNV)
or (ii) in the subretinal space (type 2 CNV). OCTA can detect CNV without the use of any dye and in
some cases shows superiority over fluorescein angiography and indocyanine green angiography in
terms of the detection of type 1 CNV [7]. In terms of direction and rate of flow, preceding fluid
reaccumulating. No other imaging modalities (fluorescein angiography, indocyanine green
angiography) have been able to provide this diagnostic direction, because the OCTA is able to detect
CNV flow prior to the leakage of fluid from the vessels, making it non-reliant on dye leakage patterns.
OCTA is also able to determine the therapeutic effects following on from intravitreal therapy as the
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effects will hopefully cause reduction in the CNV flow [13]. This can therefore provide us with
potential to predict treatment patterns in high-risk patients [14].

For both neovascular (wet) and non-neovascular (dry) AMD, research aims have been to
investigate changes in choroidal blood flow to predict future disease progression. In the case of
proliferative AMD, OCTA can be implemented before and after anti-VEGF therapy [7]. In early stages
of dry AMD there is patchy thinning and reduced density of the choriocapillaris, before progressing
to geographic atrophy and flow impairment. Where the choriocapillaris develops these changes,
there may also be associated with displacement of the choroidal vessels into the choriocapillaris. Due
to its deeper penetration, OCTA can detect loss or asymmetric alterations of the choriocapillaris layer
in patients with dry AMD, which could lead to further disease monitoring and targeted treatments
response in future research [8].

Representative cases of OCT-A in wet AMD is depicted in Figures 1 and 2.
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Figure 1. Left eye macular OCTA: The outer retina slab (cyan) shows a large branching vascular
network in the subretinal space (between the retinal pigment epithelium (RPE) and the photoreceptor
layer) with subretinal fluid suggestive of an active type 2 choroidal neovascularisation (CNV). The
Angio B mode (bottom left) shows blood flow through the vascular network (blue arrow) further
confirming the activity of the CNV.
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Figure 2. Right eye macular OCTA: The choriocapillaris slab (blue) shows a well circumscribed
vascular network in the sub-RPE space suggestive of type 1 CNV. The Angio B mode confirms flow
within the lesion (blue arrow).

Retinal Vascular Occlusion

Retinal artery or vein occlusion typically involves obstruction of either the central retinal vessels
or subsequent larger branches. Atheroembolic disease is by far the most common cause for both
pathologies, with arterial occlusion commonly leading to secondary venous occlusion by
compression at points of arteriovenous crossing [15]. Relative retinal ischaemia following vessel
obstruction leads to photoreceptor death and the upregulation of VEGF. OCTA can be utilised in this
setting to detect non-perfusion within the superficial and deep choroidal plexuses because of vascular
occlusion.

Areas of non-perfusion were evaluated in retinal vein occlusion by Wakabayashi et al, who used
OCTA to assess for microvascular changes and disruption of the foveal avascular zone (FAZ). Best
corrected visual acuity (BCVA) outcomes were measured and correlated to the OCTA findings on
the vascular perfusion areas in the superficial and deep choroidal plexus within a defined area.
Findings showed that better BCVA outcomes were significantly correlated to preservation of larger
vascular perfusion areas [16]. This tells us that preservation of the deep choroidal vasculature is
significant in improving visual outcomes in branched retinal vein occlusion, and that OCTA is a
useful imaging modality when evaluating and monitoring this, as well as predicting visual outcomes
following treatment.

In retinal vein occlusion, OCTA can detect characteristic findings such as venous dilation, cotton
wool spots and retinal haemorrhages. Kashani et al’s review on the topic reports that OCTA is useful
for diagnosis and management of retinal artery occlusion (RAO) and vascular complications of retinal
vein occlusions (RVO) in the macula, with evidence suggesting that OCTA is as effective for the
management of RVO, as FA. Interestingly, they also found that a patient with branched retinal artery
occlusion with insignificant symptoms and normal visual acuity and unremarkable clinical
examination was showed to have capillary and neurosensory loss of the superior macula on OCTA
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[6]. OCTA has been shown to precisely characterise macular ischaemia by demonstrate vascular
remodelling of the capillary layer in retinal artery occlusion over time, leading it to be considered for
monitoring these vascular flow changes during the management of this disease [17].

A representative case of OCT-A in RVO is depicted in Figure 3.
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Figure 3. Left eye macular OCTA: A patient with superior macular branch retinal vein occlusion. The

deep vascular plexus slab (green) shows widened, irregular foveal avascular zone (red arrow),
capillary drop-out (blue arrow) and telangiectatic vessels at the borders (green arrow).

Glaucoma

An emerging use for OCTA is within optic nerve disorders. Glaucoma refers to a spectrum of
diseases of progressive optic neuropathy where raised intraocular pressure is a major risk factor.
OCTA can measure optic disc perfusion which may be decreased in glaucoma and therefore can
contribute to evaluation of disease progression [18]. It has been noted that OCTA has been able to
detect a reduction in the peripapillary vessel density, where there has not yet been evidence of visual
field loss. This could suggest earlier detection and therefore diagnosis for glaucoma, leading to
improved visual outcomes in this condition [19,20].

Chemical Eye Injuries

Acute chemical injury to the eye is a sight-threatening emergency, characterised by diffuse
corneal epithelial erosion, limbal stem cell disruption, conjunctival vessel infiltration, and may
progress to damage of deeper ocular structures. The primary function of the limbal stem cells is to
maintain the integrity of the corneal epithelium and prevent conjunctivalisation. Injury to this region
is often catastrophic for visual outcomes. Ischaemia of limbal stem cells following acute chemical
injury may be detected and monitored using OCTA of the Anterior Segment (AS-OCTA). This is done
by capturing blood flow in the corneal and limbal vessels. The degree of ischaemia can be quantified
using different vessel-related parameters, of which the density of the vessels correlates with the
severity of the injury. Clinical examination using slit-lamp biomicroscopy is accurate in the diagnosis
of limbal stem cell injury but is unable to formally quantify the extent of the ischaemia to the region.
Although this is a new use of this technology and will need further evidence for utility, it holds
potential to be incorporated into the clinical setting for the management chemical injuries. Potential
opportunity lies in the ability to identify patients who would benefit from revascularisation therapies
such as stem cell transplants [21].
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Uveitis

OCTA is a useful tool for identifying inflammation, vascular changes, and structural changes in
the retina and choroid and for monitoring disease activity and treatment response in uveitis [7].
OCTA (together with Wide-field OCT) allows for the identification of inflammation and vascular
changes in the peripheral retina and choroid, which may not be visible on traditional imaging
modalities. This is particularly important in uveitis, as inflammation and vascular changes in the
peripheral retina and choroid are often associated with poor visual outcomes [22].

In a study by Vita et al., OCTA was found to be a valuable diagnostic tool in uveitis, as it was
able to detect inflammation and vascular changes in the retina and choroid that were not visible on
conventional imaging techniques. The study also found that OCTA was able to detect inflammation
in areas that were not visible on clinical examination, suggesting that it may be able to identify early
stages of inflammation [23].

However, a study by Herbort et al. highlights the limitations of OCTA in the diagnosis and
follow-up of posterior intraocular inflammation, and suggests that it should be used in combination
with other imaging modalities and clinical examination. The study also suggests that the
interpretation of OCTA images requires a high level of expertise, and that false positive and false
negative results can occur if the images are not properly interpreted [24].

Clinical Limitations of OCTA Imaging

The primary difference in OCTA versus other imaging modalities of the retinal circulation is the
method used to detect vascular leakage. Following intravenous administration, fluorescein dye may
be shed into retinal tissues and captured using a blue excitation filter. Unlike Fluorescein OCTA is
unable to image direct leakage pathological blood vessels because it can only detect motion of
erythrocytes within vessels. In such cases where possible vascular leakage should be assessed, FA
may be preferable in identifying leakage sites [9].

Artefacts may hinder the image quality produced by OCTA and can arise from several sources.
As OCTA works by detecting motion, the quality of the images produced by OCTA is therefore
impacted by the patient’s loss of fixation and eye movements. Adequate fixation may not be achieved
in non-compliant patients and may contribute to a degree of motion artefact. Methods such as eye
tracking and motion correction techniques have been incorporated into some OCTA protocols to
reduce the impact of patient-related movement artefact [25].

Light scatter caused by superficial structures including moving erythrocytes can mean that the
deeper retinal vascular layers are more prone to projection artefact [26]. Software editing targets
artefact projection removal, however, these developments have not yet matured and often can
remain.

Anterior segment opacities can create shadow artefacts often from corneal scarring, cataracts or
vitreous floaters leading to signal attenuation. Anterior opacities may hide portions of the OCTA and
lead to diffuse reduction in image quality [27]. If a patient has a cataract or if the pupils are poorly
dilated the image produced may show a vignetting. This is an artefact where the centre of the image
seems brighter than the area surrounding it, giving the appearance of irregular illumination. This
poses difficulty when differentiating between the peripheral areas of the vignette artefact and areas
of true low contrast from pathological vessels. There is ongoing research to develop algorithms to
minimise artefact to improve the use of OCTA [28].

Other patient factors may also affect image quality, for example those who are myopic may have
extra features which disturb the image formed, such as RPE atrophy, retinoschisis and lacquer cracks
(a feature of pathologic myopia) [26].

OCTA is limited in its field of view because the sequential B scans are taken over a small area.
This can be advantageous if the desired scan position is known, however it may result in a
compromise of the detection of peripheral vascular changes. To increase the field of view of OCTA,
multiple images can be put together to give a more inclusive image [1].

As OCTA relies on the flow of erythrocytes through a vessel for imaging a low-flow or diseased
vessel may have a flow rate below the slowest detectable rate. This can occur in fibrotic
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neovascularization. Where the pathological blood vessels have become fibrosed and only leak slowly.
In some systems the slowest detectable flow can be customized to minimise this limitation and allow
for better investigation of the vessel flow [28]. Increasing the time between consecutive OCT B scans
could allow for increased flow detection but would the increase the risk of movement artefact [7].

All these factors impact the quality of the OCTA and can decrease the accuracy of detecting
blood vessel abnormalities, potentially leading to misinterpretation of the image.

Conclusions

OCTA holds great promise in contributing to the clinical investigation and management of
retinal diseases [9]. The use of OCTA has improved our understanding of retinal and macular
diseases in recent years [4]. Although the technology may not currently be easily accessible and of
higher cost in comparison to FA or ICGA, it can provide clinical benefit to patients with poor vascular
access, or in those cases where dye containing investigation are contraindicated, such as pregnancy,
breast feeding, renal impairment, or allergy to fluorescein sodium or indocyanine green dye.

OCTA is an advancing technology, which provides a potential use in clinical practice and
research. It has the potential to involve artificial intelligence (AI) and deep learning to potentially
enhance diagnosis and management of retinal diseases such as DR in the upcoming years [29]. A
recent study demonstrated the potential clinical applications of deep learning for early detection and
progression assessment of DR. Deep-learning analysis has already demonstrated parity with human
grading in several tasks on mostly small datasets. OCTA was used with deep learning principles,
where avascular areas were segmented in diabetic eyes. This was successful in classifying the image
findings and showed accuracy in decision making [30]. With the growing implementation of OCTA
in clinical practice and corresponding increase in the amount of available OCTA data, Al-based
analysis can only expand, and work to aid clinical decisions [31].
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