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    There is no doubt that serendipity plays an important role in many scientific developments. One very clear example is the evolution of Ophthalmic Coherence Tomography (OCT) in Ophthalmology.




    In the early 1970s, Michel Duguay at the AT & T Bell Laboratories published “Light photographed in flight”, where he proposed that echoes of light could be used to examine biological tissue. In the mid-1970s, Erich Ippen, of Massachusetts Institute of Technology (MIT), further developed femtosecond optics. Both discoveries built the foundation of the concept called optical reflectivity, with the idea that light interference could be used to obtain a non-invasive “biopsy” of translucid tissues. In the late 1980s, corneal refractive surgery was at its summit. It required an accurate measurement of corneal thickness. James Fujimoto of MIT collaborated with Ophthalmologists Joel Schuman, David Huang and Carmen Puliafito to refine this measurement, using low-coherence interferometry with only partial success. Nevertheless, in a poorly focused image of the cornea, Huang noticed what appeared to be an optical section of the retina in the background. Instead of dismissing this poorly defined image as useless, Huang continued experimenting until he was able to obtain an optical transverse image of the retina. Thus, retinal and choroidal OCT was born. Today OCT constitutes the most important ancillary test and standard of care in Ophthalmic practice, not only in vitreoretinal pathology, but also in glaucoma and problems of the anterior segment.




    More recently, swept-source OCT, which can produce 500,000 scans per second and OCT angiography, employing motion contrast imaging, allow us to image retinal capillaries and the smallest neo-vessels in the retinal tissues. Also, enhanced penetration has allowed to provide detailed visualization of the choroid. New technologies are in constant development, such as visible light OCT (visOCT) and adaptive optics (AO-OCT) will allow further details and deeper penetration.




    In this particular section of the book, after a review of general principles and advances of OCT and OCTa use in vitreoretinal disorders, all the contributors and coauthors engage in describing to us the normal and pathological parameters of macular and choroidal perfusion patterns, followed by a description and findings in several vitreoretinal and choroidal pathological disorders.




    There is no doubt that all the new and described findings in this book will widen our knowledge and be of benefit to our ailing patients.




    

      Alexander Dalma M.D.


      Dr. Dalma y Asociados, UNAM


      Ciudad de Mexico, Mexico
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    Optical coherence tomography angiography is one of the most important recent innovations in ophthalmology. The book you have in your hands represents the collaborative efforts of a select team of subject matter experts. This book aims to be a practical, patient-centered guide complemented with a clinical approach and demonstrative clinical cases to assist ophthalmologists and ophthalmology trainees in the evaluation of newly developed perfusion concepts and the diagnosis and management of patients presenting with a wide spectrum of diseases of the retina and choroid, as well as the role of perfusion parameters in the pathogenesis of diverse diseases. As mentioned briefly before, this book describes the journey from basic ophthalmology principles to the most sophisticated current aspects and advances that have resulted in the development of superb technological innovations. We have gone from fundus fluorescein angiography imaging to the evaluation of the perfusional indices of retinochoroidal structures using noninvasive and noncontact imaging techniques that allow a high histopathological correlation of structural tissue characterization with microvascular evaluation on tissue perfusion.




    Written by leading international experts in the field, Optical Coherence Tomography Angiography for Choroidal and Vitreoretinal Disorders serves as a practical tool for daily work in a retina clinic, helping you through the first steps of perfusion investigation and clinical evaluation, correlation management and treatment decisions for these complex patients. Each chapter details distinct diseases of the retina or choroid, with a focus on signs and perfusion; optical coherent tomography is emphasized, and the chapters are illustrated with many multipaneled images, such that the book may be used as a reference for deciding on diagnostic and treatment options.




    This book dissects the basics of angiography by optical coherence tomography and explains the differences in the clinical utility of optical coherence tomography as well as its complementarity. This gives us a broad explanation of the nomenclature and normal perfusional findings in healthy populations.




    Several chapters explain macular perfusional findings in different vitreoretinal and choroidal pathologies, including vascular entities commonly seen in daily practice, such as diabetic retinopathy, hemorrhagic and ischemic infarctions of the retina due to vascular disorders, and choroidal pathological neovascularization; most importantly, perfusion parameters are evaluated by quantification and binarization of the different vascular plexuses at the retinal and choroidal level. Additionally, certain tractional entities are evaluated from the point of view of their microstructural findings and perfusional postoperative outcomes, associating them with the final vision.




    Some chapters deal with new antivascular endothelial growth factor molecules and new extended-release delivery devices and provide a comparative evaluation of the therapeutic effect on perfusion. In this way, multiple complex pathological disorders of the retina and choroid are more efficiently diagnosed, followed by natural and treated medical or surgical evolution according to the specific cause and consequently, as mentioned before, monitored in response to specific treatments.




    We hope that this book, from a multitude of experts, contributes pertinently to academia and achieves the objective of serving as a guide both in the diagnosis and clinical decision-making that those of us who are dedicated to the difficult but beautiful and challenging practice of clinical and surgical retina care perform on a daily basis.




    

      Miguel A. Quiroz-Reyes, MD


      Oftalmologia Integral ABC, Retina Department


      Medical and Surgical Assistance Institution (Nonprofit Organization)


      Affiliated with the Postgraduate Studies Division


      National Autonomous University of Mexico


      Mexico City, Mexico
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      Mexico City, Mexico
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      Abstract




      Venous drainage from the retina merges into the central retinal vein and can be obstructed in the branch veins that drain the retinal quadrants, or the central retinal vein itself, which are termed Branch Retinal Vein Occlusion (BRVO) and Central Retinal Vein Occlusion (CRVO), respectively. Obstruction of retinal venous drainage often leads to a sudden or progressive increase in distal venous and capillary pressure with loss of vision and visual field defects. The extent of visual impairment correlates with the location and severity of the venous occlusion and how it impacts perfusion in the retina. Macular edema or retinal ischemia secondary to retinal vein occlusion is responsible for vision loss in retinal vein occlusions, and the advent of anti-VEGF therapeutics has revolutionized the management of vascular disease in the retina.




      In this chapter, we review our current understanding of retinal vein occlusions and how OCT-Angiography (OCT-A) is being used clinically in the diagnosis and management of obstructive venous vascular phenomena. The benefits of using OCT-A in the diagnosis and management of CRVO and BRVO over conventional approaches, such as Fundus Fluorescein Angiography (FFA), are discussed. The current limitations of OCT-A and recent advances in the technology are also covered here. Finally, we assess how OCT-A can play a role in the development of new therapeutics to tackle one of the major causes of vision loss worldwide.
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      INTRODUCTION




      The retina is a highly metabolic tissue that requires a large volume of arterial blood inflow, and venous drainage, to prevent retinal hypoxia and the subsequent cell viability and vision loss. Arterial blood vessels of the retina supply oxygen to the inner neurons through the superficial capillary plexus (SCP), whereas the avascular region comprised of photoreceptors and retinal pigment epithelium relies on the choriocapillaris and deep capillary plexus (DCP) for providing oxygen by diffusion. Venous drainage of retinal blood vessels converges at the central retinal vein, which passes through the lamina cribrosa of the optic nerve head, and then drains into the superior ophthalmic vein or cavernous sinus. Central retinal vein occlusion (CRVO) and branch retinal vein occlusion (BRVO) are defined as a blockage of the veinous drainage from the eye in either the central vein, or one of the four branch veins that drain each quadrant of the retina, respectively.




      

        Obstructive Venous Vascular Phenomena of the Retina and Optical Coherence Tomography Angiography (OCT-A)




        Retinal vein occlusion (RVO) is the second most prevalent vascular pathology in the retina after diabetic retinopathy [1] and is a major contributor to vision loss. Currently, there is an estimated 16 million adults affected by RVO [1], and the prevalence of venous retinal occlusion is approximately 0.7% to 1.6%, according to a previous study conducted in Australia [2]. RVO can be subdivided into central retinal vein occlusion (CRVO); hemi-retinal vein occlusion (HRVO); or branch retinal vein occlusion (BRVO), according to the site of venous obstruction. It is predicted that 2.5 million people are affected by CRVO, while 13.9 million are affected by BRVO [3]. The prevalence and five-year incidence of BRVO are both 0.6%, while CRVO prevalence is found to be lower at 0.1%, with a five-year incidence of 0.2% [4]. The incidence of CRVO in the non-affected eye is 7% within four years [5]. The prognosis of RVO is mainly dependent on the region, extent, duration, and intensity of retinal ischemia as retinal neurons become starved of oxygen [1].




        RVO can be diagnosed by a combination of fundus features, including retinal vascular dilation and tortuosity, cotton-wool exudates, flame-shaped retinal hemorrhages, optic disc swelling, and macular edema. Retinal hemorrhages will be present in all four quadrants of the fundus in CRVO, while they are confined to either the superior or inferior hemisphere of the fundus in HRVO. On the other hand, BRVO is characterized by hemorrhages localized to the area drained by the occluded branch retinal vein [6]. Vision loss is a consequence of macular edema or retinal ischemia secondary to RVO and retinal hypoxia. This chapter outlines how OCT-A is being used to evaluate obstructive venous vascular phenomena of the retina and their sequelae.




        Optical Coherence Tomography (OCT) is a non-invasive imaging technique that uses low-coherence interferometry to obtain high-resolution, cross-sectional images of biological tissues in vivo, such as the retina. It is particularly valuable for imaging transparent or semi-transparent tissues and plays a crucial role in ophthalmology for diagnosing and monitoring retinal disease. OCT is based on the principles of interferometry and utilizes light waves to measure the time delay and intensity of backscattered or reflected light from tissue structures.




        The basic setup of an OCT system consists of a light source, interferometer, sample arm, reference arm, and detector. Typically, a near-infrared light source with a broad bandwidth, such as a superluminescent diode or femtosecond laser, is used. The light is split into two paths: the sample arm, directed towards the tissue being imaged, and the reference arm, directed towards a mirror. The light beams recombine, and interference between the light waves from the sample and reference arms occurs. The interference signal is captured by a high-speed detector, such as a charge-coupled device (CCD) camera. By measuring the intensity of the interference pattern as a function of the reference arm mirror position, information about the depth or distance from the reference mirror to different tissue structures can be obtained. This depth-resolved information is used to construct cross-sectional images of the retina.




        Low-coherence interferometry, a fundamental principle underlying OCT, was invented by physicist Endre M. György in 1965. In the early 1990s, David Huang, Carmen Puliafilto, James Fujimoto, and their colleagues developed the first Time-Domain OCT (TD-OCT) system for ophthalmic imaging [7], and commercial TD-OCT systems first became available in 1996. Maciej Wojtkowski’s research team introduced Spectral-Domain OCT (SD-OCT), also known as Fourier-Domain OCT, which uses a spectrometer to measure the spectrum of backscattered light and enables faster imaging with higher resolution [8]. One of the key advantages of OCT is its high resolution, which allows for detailed visualization of tissue microstructures. The axial resolution of OCT is determined by the coherence length of the light source, while the lateral resolution is determined by the focusing optics and the beam diameter. With modern OCT




        systems, axial resolutions on the order of a few microns and lateral resolutions in the range of 10-20 µm can be achieved.




        The latest innovations in OCT imaging include Swept-Source OCT (SS-OCT) and full-field OCT [9], which can increase the imaging depth and field of view. SS-OCT is an alternative to SD-OCT that employs a tuneable laser as its light source. Instead of using a spectrometer, SS-OCT measures the interference signal by sweeping the wavelength of the laser rapidly. It provides deeper penetration into the tissue and is particularly useful for imaging structures like the choroid. The extended imaging range SS-OCT systems utilize longer-wavelength light sources, typically around 1,050 nm, compared to the standard wavelength of around 800 nm used in conventional OCT systems. The longer wavelength allows for increased tissue penetration, enabling better visualization of structures beyond the retina, such as the choroid and sclera.




        The resolution of OCT imaging is continually being improved by modifications such as changing the central wavelength and increasing the light source bandwidth. For example, the use of an 853nm central wavelength with 3 µm axial-resolution has been achieved in comparison to conventional OCT, which uses an 880nm central wavelength and has 7 µm axial-resolution [10]. The next major improvement in OCT image analysis will be ushered in with artificial intelligence (A.I.), which promises to objectively identify and quantify changes in retinal structure with increased speed. A.I. based segmentation of sub- and intra-retinal fluid or pigment epithelial detachment has shown huge potential to define these biomarkers of exudative macular degeneration accurately and much faster than human experts [11].




        OCT-A enables visualization of the retinal vasculature in greater detail than previously possible and has already been used to great effect in the diagnosis and management of retinal vascular disease in ophthalmology, including retinal vein occlusions, diabetic retinopathy, and age-related macular degeneration. In comparison to fundus fluorescein angiography (FFA), which has been used in the clinic for over 50 years, OCT-A can resolve the fine microvasculature of the superficial and deep retinal plexus without dyes and is, therefore, an emerging approach for retinal diagnostics with significant advantages (Fig. 1). When FFA is used to image the retinal vasculature, the superficial vascular plexus can only be observed and not the underlying vasculature in deeper retinal layers. OCT-A is an effective imaging technique that produces depth-resolved images of retinal and choroidal vasculature to show the different retinal vascular layers and has a superior demarcation of the foveal avascular zone (FAZ) when compared to FFA. OCT-A’s limitations are the lack of normalized patient data, issues that arise from projection artifacts, and its difficulty to detect low-flow lesions or pathologies [12]. Angiography is important in the precise diagnostics of RVO for the delineation of ischemic areas and is typically confirmed using FFA, which is the current standard of care. However, FFA is limited in its ability to image the FAZ, which can impact a clear prognosis [13].
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Fig. (1))


        OCT-A image of healthy retinal vasculature (a) and a binarized image showing the blood vessel skeleton (b). The foveal avascular zone is positioned centrally. Image kindly provided with permission by Kyle Green, M.D.

      




      

        Central Retinal Vein Occlusion (CRVO)




        CRVO involves an obstruction of the central retinal vein at, or proximal to, the collagenous lamina cribrosa of the optic nerve head. It is most likely to be caused by the occurrence of a thrombus, and it is thought that CRVO pathogenesis adheres to the principles of Virchow’s triad for thrombogenesis, which are hypercoagulability; hemodynamic changes (stasis, turbulence); and endothelial injury or dysfunction. The central artery and vein share an outer fibrous connective tissue (adventitia), so any atherosclerotic changes in the central retinal artery may compress the vein at arteriovenous crossings posterior to the lamina cribrosa, which can lead to CRVO. Therefore, CRVO is often directly related to atherosclerosis and changes in the central retinal artery [14].




        Thrombosis within retinal veins leads to obstruction of the blood flow that is drained from the eye and an increase in intraluminal pressure. The high intraluminal pressure induces the transudation of blood and an increase in interstitial fluid and proteins within the retina, causing an increase in the interstitial oncotic pressure. In turn, tissue edema results because of the elevated interstitial oncotic pressure, which prevents capillary perfusion and causes retinal ischemia [6]. Retinal ischemia can lead to retinal ganglion cell (RGC) death, and the extent of RGC loss is related to the severity and duration of ischemia. RGCs are neurons that transmit visual information through the optic nerve to the visual cortex and cannot regenerate after injury and cell death.




        CRVO can be further subdivided into ischemic (non-perfused) and non-ischemic (perfused) subtypes, with each type having distinct clinical features and ischemic CRVO more likely to cause vision loss. Even patients defined as non-ischemic will have some degree of retinal ischemia to varying levels [15]. The level and severity of retinal ischemia can be determined by the extent of vision loss, the reduction of retinal capillary perfusion in fluorescein angiography, and electroretinograms (ERGs) showing reduced b-wave amplitudes and a reduced b:a-wave ratio. As mentioned above, macular edema is a critical factor in the changes to visual acuity caused by RVO.




        

          Etiology




          Age is the most important factor for CRVO, as 90% of cases occur in patients over 55 years of age. Systemic hypertension is also considered to be one of the biggest risk factors for the development of CRVO [16, 17], and retinal arterial changes associated with hypertension, such as arteriovenous nicking, have shown a consistent correlation with an increased chance of RVO [2, 4, 18]. Hyperlipidemia is also considered a risk factor as it was found to be twice as prevalent in RVO (both CRVO and BRVO) when compared with controls [19]. For example, at least 35% of patients with CRVO had a total cholesterol level of >6.5 mmol/l, regardless of their age. Other cardiovascular factors contributing to CRVO pathogenesis include diabetes mellitus, smoking, and obesity, although the evidence supporting these contributors has been inconsistent. Myeloproliferative disorders that increase blood viscosity have also been shown to be associated with CRVO, however, they are uncommon [6].




          Glaucoma and increased intraocular pressure (IOP) have been established as potential risk factors for CRVO [1], with a reported adjusted odds ratio (OR) of 5.4 in CRVO for a history of glaucoma, according to one study [17]. Another study confirmed that 22% of patients with CRVO had an elevated IOP of >22mm Hg [20]. One report found that the risk of CRVO in glaucoma patients is increased by up to 10-fold [21]. It is speculated that deformity of the lamina cribrosa caused by the elevated IOP contributes to compression of the central retinal vein and the increased chances of venous occlusion in glaucoma.




          Inflammation of the retina has been found to contribute to the pathophysiology of retinal vein occlusions. It has previously been shown that increased expression of the cytokines interleukin (IL) 6 and 8, monocyte chemoattractant protein-1, and vascular endothelial growth factor (VEGF) was associated with CRVO [22, 23]. It is not well understood how these inflammatory factors contribute to RVO pathogenesis, however, VEGF interactions in the retina have been studied extensively and remain a key therapeutic target in vascular disease. VEGF expression is driven by hypoxia because of retinal ischemia and stimulates angiogenesis by acting on tyrosine kinase VEGF-receptors present on vascular endothelial cells. VEGF is expressed by retinal pigment epithelial cells (RPE), Müller glia, and other ocular cell types [22]. It has been shown that VEGF and IL-6 levels are increased in the aqueous and vitreous of patients with CRVO, which was found to be proportional to the level of retinal ischemia and macular edema [24, 25]. Furthermore, there is a correlation between aqueous VEGF and iris neovascularization and vascular permeability in patients diagnosed with ischemic CRVO [26], with vascular permeability changes likely driving the outcome of macular edema.


        




        

          Epidemiology




          Out of 3654 participants clinically evaluated in the Blue Mountains Eye Study, clinical signs of RVO were found in 59 participants (1.6%) over a 10-year cumulative incidence, of which 15 (25%) were CRVO [2]. RVO was the fifth most prevalent form of unilateral blindness in the population studied. Prevalence of RVO in different age groups was found to be: 0.7% for <60 years; 1.2% for 60 to 69 years; 2.1% for 70 to 79 years; and 4.6% for >80 years of age. There was found to be no significantly increased probability for either gender’s susceptibility to RVO. Visual acuity was most affected in patients with CRVO compared to BRVO, with a visual acuity of 20/200 or less in 60% of CRVO patients compared to 14% in BRVO.




          The Beaver Dam Eye Study reported a CRVO incidence of 0.5% with a 15-year cumulative incidence [4], while a pooled study of the USA, Europe, Asia, and Australia projected that 16 million people worldwide may have unilateral RVO, with 2.5 million of those suffering from CRVO [3]. Non-ischemic CRVO is the most common sub-type of CRVO, with 81% of patients belonging to this classification [27].


        




        

          Non-ischemic CRVO




          Non-ischemic CRVO patients are characterized by sudden, unilateral blurred vision with a moderate loss of visual acuity (>20/200). Fundus imaging reveals mild venous tortuosity and dilatation, flame-shaped hemorrhages in all four quadrants, mostly in the periphery, as well as optic disc and macular edema. Cotton-wool spots may be evident, often in hypertensive patients, while transient retinal vessel sheathing may also be present [28, 29].




          The occlusion site in non-ischemic CRVO is posterior to the lamina cribrosa and retrolaminar region. It has been suggested that the more posterior the occlusion site, the less severe the retinopathy due to the presence of more collateral vessels. Arteriosclerotic changes near to the central retinal vein, coupled with endothelial cell proliferation, induce narrowing of the central retinal vein lumen and cause stasis and thrombosis. It is also thought that nocturnal arterial hypotension may have an important part to play in precipitating CRVO by converting a partial thrombosis to a complete one due to reduced circulation during sleep [30]. This may explain why RVO symptoms are often noticed upon waking.




          The central vein occlusion study group (CVOS) found that non-ischemic CRVO converted to ischemic CRVO in 15% of patients within the first 4-months of follow-up. After 3 years, a total of 34% of eyes were found to have converted to ischemic CRVO. It was also found that visual acuity recorded at the baseline is a reliable predictor of visual acuity outcome at 3 years. Patients with poor visual acuity (<20/200) were found to have an 80% chance of a visual acuity below 20/200 after 3 years, while 65% of patients with good visual acuity (>20/40) at baseline maintained visual acuity within the same range [31].


        




        

          Ischemic CRVO




          Ischemic CRVO is defined as a central retinal vein occlusion that causes reduced retinal perfusion, closure of capillaries, and retinal hypoxia (Fig. 2). It is also marked by the presence of a relative afferent pupillary defect (RAPD), which is mild or absent in non-ischemic CRVO. As mentioned above, some patients change from non-ischemic to ischemic CRVO in a short timeframe or progressively. Compared to non-ischemic CRVO, ischemic CRVO has a marked decrease in vision, which is often noticed suddenly on waking. The site of occlusion is most likely in the lamina cribrosa region, or immediately posterior, and visual loss is often severe and lower than 20/200. Retinal hypoxia in ischemic CRVO likely leads to the release of VEGF and inflammatory mediators, which can cause macular edema, vitreous hemorrhage, and neovascular glaucoma. Vascular leakage and macular edema contribute to the significant loss of vision in ischemic CRVO patients.
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Fig. (2))


          OCT-A imaging of ischemic CRVO. A 63-year-old patient with CRVO presented with retinal ischemia, neovascularization, and arteriovenous shunts. This image was originally published in the Retina Image Bank® website. Jorge I. Soberanes M.D. Central Retinal Vein Occlusion by OCT Angiography. Retina Image Bank. 2022; 94589. © the American Society of Retina Specialists.



          In ischemic CRVO, fundoscopy is marked by severe tortuosity and dilation of the central retinal vein, severe optic disc and macular edema, widespread blot and flame-shaped hemorrhages, and cotton-wool spots. Iris neovascularization (INV) develops in approximately 50% of eyes with ischemic CRVO and an elevated IOP can cause neovascular glaucoma, which occurs in one-third of the cases seen with iris neovascularization [28, 29]. The chances of retinal and optic disc neovascularization are proportional to the area of ischemia. Risk factors for INV include poor visual acuity, extensive retinal nonperfusion, and intraretinal hemorrhage.




          Diagnosis of CRVO is straightforward, however, the main issue is differentiating between non-ischemic and ischemic CRVO. Functional testing such as electroretinography can help to determine between non-ischemic and ischemic CRVO [32]. Non-ischemic CRVO is relatively benign in comparison to ischemic CRVO, which can cause a severe loss in visual acuity, so the correct diagnosis and management of the condition are imperative for therapeutic intervention. Retinal capillary obliteration can help determine ischemic CRVO using FA, although this can be difficult to ascertain with poor quality angiograms [33], with >10-disc areas of capillary nonperfusion on FA considered ischemic CRVO. Patients with ischemic CRVO should be monitored regularly for early detection of iris neovascularization or neovascular glaucoma. If possible, patients should be continually monitored for over a year to check for significant ischemia and macular edema [34].


        


      




      

        Hemiretinal Vein Occlusion (HRVO)




        Hemi-retinal vein occlusions (HRVOs) are pathogenically like CRVOs; however, they only affect the superior or inferior regions of the retina and have a better prognosis (Fig. 3). HRVO occurs when either the superior or inferior drainage is impaired and does not converge into the central retinal vein. HRVOs arise because of an anatomic variation in the vasculature at the optic nerve head, which is present in 20% of eyes. In these patients, the veins draining the inferior and superior regions merge posterior to the optic nerve head, and one of these veins is not subject to occlusion. Therefore, only one of the two trunks of the central retinal vein is causing a hemi-retinal vein occlusion. Historically, HRVO has been managed like BRVO with laser photocoagulation, however, it is not certain whether it should be treated as a BRVO, CRVO, or as its own entity, with anti-VEGF therapies [35].




        There is a lack of clinical evidence specific to HRVO because of its past grouping with CRVO or BRVO. Only recently have the baseline and 12-month outcomes of VEGF inhibitor therapy in HRVO been compared to CRVO and BRVO [35]. In this study, it was reported that HRVO eyes that were previously untreated received VEGF inhibitors and had very good visual and anatomical outcomes.
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Fig. (3))


        Wide-field swept source OCT-A of Hemi-retinal Vein Occlusion (HRVO). OCT-A of a 59-year-old patient revealed extensive vessel loss in the inferior hemi quadrant with branching out neovascular frond inferior to the disc with terminal loops. This image was originally published on the Retina Image Bank® website. Sandeep Kumar, MBBS. The Barren Field. Retina Image Bank. 2022; 59123. © The American Society of Retina Specialists.



        

          Etiology




          Pathogenesis of HRVO is similar to CRVO and is also of the non-ischemic and ischemic types. However, clinical findings can be intermediate between CRVO and BRVO, and HRVO has often been misdiagnosed as a major BRVO [36]. Symptoms that arise in non-ischemic HRVO are like those described for non-ischemic CRVO. Visual loss in ischemic HRVO is more severe than in non-ischemic HRVO, as there is central vision loss due to the involvement of the macula. On occasion, both trunks can be involved due to an occlusion in the main trunk of the central retinal vein. It is also possible to have a non-ischemic pattern in one vein, and an ischemic occlusion in the other trunk [33]. Typically, each of the two trunks has drainage from one half of the retina (70% in non-ischemic and 74% in ischemic HRVO), however, there may be greater drainage from one trunk over the other [37].




          The distinction between major BRVO and HRVO is important as major BRVO is often ischemic, while HRVO can be non-ischemic or ischemic, with the majority of HRVO cases presenting as the non-ischemic subtype. The occlusion site in major BRVO is at arteriovenous crossings, typically near the optic disc but rarely over it. On the other hand, HRVO occlusion is situated within the optic nerve. In HRVO edema is present in the relevant area of the optic disc, whereas the optic disc is fine in major BRVO unless the arteriovenous crossing affected is positioned in the optic disc. Collateral veins connecting the occluded vein with patent veins reveal the site of occlusion. In major BRVO, these are in the neural retina and not the optic disc, whereas in HRVO they are on the optic disc or in the optic nerve [33].


        




        

          Epidemiology




          In the Blue Mountains study, only 3 subjects (5.1%) out of 59 RVO patients were clinically described as HRVO. From published epidemiology studies, the prevalence of HRVO is estimated at <0.1%, while CRVO is 0.1 – 0.4% and BRVO is 0.6 – 1.1% [2-4].




          Like CRVO, HRVO occurs mostly in elderly patients (90% are >50 years old) and ischemia is more common in the elderly with cardiovascular disease. In a series of 154 consecutive HRVO cases, 78% presented as non-ischemic, whereas 22% were ischemic HRVO [27]. Moreover, non-ischemic HRVO is likely to be even more prevalent as it may be asymptomatic.


        


      




      

        Branch Retinal Vein Occlusion (BRVO)




        German ophthalmologist Theodor von Leber in 1877 was the first to describe branch retinal vein occlusion. Yoshizo Koyanagi first described the link between BRVO and arteriovenous crossings in 1928, and it is now known that BRVOs occur at arteriovenous crossings in 99.9% of cases [38]. BRVO is often asymptomatic and is the most common form of retinal vein occlusion; it is three times more common than CRVO [4]. Arterial compression of the vein can induce thrombus formation by turbulent blood flow and is combined with vascular endothelial damage from systemic cardiovascular risk factors [6].




        BRVO is more commonly observed in the temporal region of the retina when compared with the nasal region, with the superior quadrant affected more frequently affected than the inferior part of the temporal retina. This is likely due to the increased presence of arteriovenous crossings, which are more frequently seen in the superior-temporal quadrant than in any other region of the retina [39].




        BRVO is typified in OCT-A imaging by the presence of cystoid macular edema, hyperreflectivity from retinal hemorrhages, and shadowing from the cystoid space and hemorrhages (Fig. 4). The ellipsoid zone (EZ), which delineates the boundary between the inner and outer segments of the photoreceptors, may be disrupted and is a useful indicator for visual acuity prognosis [40]. BRVO can be categorized as either major BRVO or macular BRVO. Major BRVO is when greater than a quarter of the retina is affected, whereas macular BRVO is the term used when the macula is affected. As in other RVOs, the loss of vision in BRVO is caused by macular edema.
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Fig. (4))


        OCT-A image of branch retinal vein occlusion (BRVO), arrowheads point to nonperfusion areas caused by superior BRVO. This image was originally published on the Retina Image Bank® website. Author - Manish Nagpal, M.D. Photographer - Gayathri Mohan. OCTA in a Branch Retinal Vein Occlusion. Retina Image Bank. 2019; 34186. © the American Society of Retina Specialists.



        

          Etiology




          BRVO, like other retinal vein occlusions, is more prevalent in the elderly and may be caused by hypertension, diabetic retinopathy, and hyperlipidemia [6]. For example, a significant link has been found between hypertension and both CRVO (odds ratio (OR) = 3.8) and BRVO (OR = 3.0) [19]. A history of smoking has also been included as a risk factor for BRVO [41]. The Eye Disease Case-control Study Group found systemic hypertension was associated with 50% of BRVO cases, while cardiovascular disease, increased body mass index, and high serum levels of alpha 2-globulin were risk factors for BRVO, whereas the risk of BRVO decreased with higher levels of alcohol intake and high-density lipoprotein cholesterol [42].




          Thrombus formation in BRVO can be caused by hypercoagulability from clotting disorders. BRVO is seen in sickle cell disease as well as other hematological disorders, while glaucoma and elevated IOP play no part in the pathogenesis of BRVO, unlike CRVO and HRVO [1].


        




        

          Epidemiology




          The Beaver Dam Eye Study found a prevalence and five-year incidence of 0.6% each for BRVO, and a 15-year cumulative risk of BRVO to be 1.8%, compared to 0.5% for CRVO [4]. Epidemiologic data from the Blue Mountain Eye Study identified that out of 59 patients with RVO, 41 (69.5%) were found to have BRVO [2]. A pooled analysis of population-based studies in the United States, Europe, Asia, and Australia with 49,869 subjects found an RVO prevalence of 0.52%; CRVO was 0.08% while BRVO was higher at 0.442%. A higher prevalence of BRVO was found in Asians (0.498%) and Hispanic (0.598%) populations when compared to white (0.282%), or black (0.353%) populations, although it was not statistically significant. No predilection for gender was found [1]. The risk of developing BRVO in the contralateral eye was found to be between 7 and 10% [43].


        


      


    




    

      SEQUELAE AND MACULAR PERFUSION REPERCUSSIONS OF RVO; AN OCT-A EVALUATION




      Angiography is used in the clinic to visualize the retinal vasculature and identify ischemic areas for prognosis and deciding treatment options for vascular disease. As discussed above, OCT-A can rapidly generate high-resolution images of the different vascular layers in the retina and the choroid. This includes the venules and veins of the superficial capillary plexus (SCP), which are in the ganglion cell layer (GCL) and drained by the central vein. The SCP vessels connect to the intermediate (ICP), and deep capillary plexuses (DCP), which drain blood at the level of the inner nuclear layer (INL). Here, we outline why OCT-A is gaining widespread clinical use in the monitoring and treatment of retinal ischemia, neovascularization, vitreous hemorrhage, and macular edema as a result of retinal vein occlusion.




      FA and indocyanine green angiography (ICGA) are the current standard of care for visualizing vascular disease in the retina, which requires an intravenous injection of dyes and may not always generate clear images of the fovea and FAZ because of background fluorescence. FFA is commonly used to detect neovascularization in the retina; however, retinal pathology can become masked by retinal hemorrhages and leakage of fluorescein. FFA can visualize the leakage of fluorescein caused by the disruption of the blood-retina barrier, but it cannot image the deeper retinal capillary layers, such as the ICP and DCP, because of blocked fluorescence [44]. Moreover, these imaging modalities are not depth-resolved, so segmentation of different retinal layers is not routinely possible with FFA or ICGA [45]. FFA and ICGA can also be relatively expensive and time-consuming, and their likelihood to cause allergic reactions increases with use, while indocyanine green dye is also contraindicated in pregnancy and kidney disease [46, 47].




      On the other hand, OCT-A is a non-invasive imaging method that can rapidly visualize the retinal vasculature at high resolution without the need for dyes. It can generate volumetric angiography images within ten seconds and, therefore, is preferential for frequent follow-up examinations and segmenting of the deeper vascular layers. OCT has revolutionized clinical ophthalmology because of its rapid, non-invasive assessment of the retina in cross-section. In OCT imaging, one-dimensional scans (a-scans) are captured at several depths to create a two-dimensional image (b-scan), which can generate a three-dimensional image (c-scan) with rapid acquisition of successive b-scans. OCT-A images are created by phase and/or amplitude differences of erythrocyte motion and vascular flow in consecutive OCT scans (b-scans), to volumetrically reconstruct the retinal vasculature. Therefore, the flow of blood is used as an intrinsic contrast medium to generate images in a non-invasive manner, allowing the SCP and DCP to be visualized in a series of b-scans. OCT is based on low-coherence interferometry – backscattered light from tissues in the eye is compared to a reference beam. The combination of reflected light from the eye and the reference light gives rise to an interference pattern, and the areas of tissue that reflect a lot of light create a greater interference pattern than less reflective areas, such as the vitreous gel. Three-dimensional angiograms generated by OCT-A can be viewed from the internal limiting membrane to the choroid, to identify the SCP, ICP, and DCP, as well as the choriocapillaris.




      OCT-A image resolution is superior to FA and can be quantitively processed, which means vessel density, vessel length density, perfusion density, and FAZ size and shape, can be accurately measured. These parameters are critical to understanding the progression and treatment of RVOs [48, 49]. In comparison to FFA, OCT-A can image, and quantify FAZ changes that may be obscured by vascular leakage [50, 51]. Meanwhile, clinical trials often use central retinal thickness (CRT) from OCT as the primary endpoint. CRT is defined as the average retinal thickness between inner and outer borders in the central 1mm2, and an increase in CRT correlates with a loss of retinal function, while a decrease implies functional improvement [52, 53].




      In comparison to FFA, conventional OCT-A imaging is limited by the field of view and the inability to detect vascular leakage as it does not use a fluorescent dye to visualize blood flow. OCT scans typically range in size from 2 x 2mm to 12 x 12mm and the quality is reduced with a widened field of view as an equal number of OCT b-scans are collected for all scanning areas [45]. This can lead to difficulty detecting nonperfusion areas in peripheral regions, however, protocols to enlarge the field of view to 20 x 20mm have been developed [54], and there is increasing interest in wide-field OCT-A as a diagnostic tool. Montage imaging of OCT-A scans is one method to increase the field of view, which does not compromise image quality; however, it is time-consuming and labour-intensive. It also requires patient cooperation for multiple OCT scans [55]. Another alternative approach to increasing the field of view has been to use trial frames with a +20-diopter lens (Extended Field Imaging; EFI), between the OCT-A probe and the eye, to increase the light incidence angle and generate an imaging field expansion [56]. On average, EFI images were found to visualize an area 188.5% larger than those without EFI [57]. Another drawback of OCT is that software programs do not have normalized data to validate the clinically observed vasculature structures and whether they are abnormal or are down to variation between patients [12].




      Currently available OCT devices are either spectral domain OCT (SD-OCT), with imaging speeds from 25,000 to 85,000 a-scans per second or swept-source OCT (SS-OCT) devices, which can reach a speed of >100,000 a-scans per second. The two systems differ in light source, optic components, and photodetection device. Compared to SD-OCT, SS-OCT generally has a faster acquisition time, and the point photodetector device is relatively simpler. For example, spectral domain devices use a broadband light source, whereas a swept-source light source has a wavelength focused at ~1µm that ‘sweeps’ within a limited band of wavelengths. In SD-OCT, the photodetector is a spectrometer that is comprised of a Fourier transform lens, a diffraction grating, and a detector array to determine the resolution. On the other hand, in SS-OCT, the sweep range of the tuneable laser determines the axial resolution. The wavelength of the light source is important for the visualization of ocular tissues; longer wavelengths can penetrate and visualize the choriocapillaris and choroid better, however, the resolution is decreased. When shorter wavelengths are used, signal attenuation can occur when there is RPE clumping or the presence of drusen [58]. Wide- and full-field swept-source OCT is becoming more available and offers a larger field of view with fast acquisition times and has significant potential, but it is yet to reach widespread commercial applicability.




      

        Macular Nonperfusion/Retinal Ischemia




        Nonperfusion areas are regions of the retina without perfused capillaries that cause ischemia. Retinal ischemia causes a cascade of cellular changes, including the overexpression of VEGF, which leads to neovascularization and increased vascular permeability. Impaired circulation in the retina also leads to vision loss as retinal cells, such as RGCs and photoreceptors, become dysfunctional and lose viability due to hypoxia and an altered metabolic state. Therefore, retinal ischemia is a sight-threatening consequence of CRVO, HRVO, and BRVO that must be accurately diagnosed for therapeutic intervention.




        FFA has been the conventional approach for evaluating macular perfusion after RVO; it is used clinically to visualize the SCP to determine ischemia and changes in the perifoveal capillary network. This information is used for a prognostic evaluation according to the area of ischemia and macular involvement. However, recent studies have found that microvascular changes in RVO may not be fully represented in FFA as the axial resolution is not able to fully resolve the DCP, due to a lack of depth-resolved imaging. As discussed above, FFA is limited in its ability to image the ICP and DCP – this is primarily due to the fluorescein fluorescence from the choriocapillaris, and the scattering of light from the nerve fiber layer, and deeper retinal layers, which increase background fluorescence signal and mask the signal from the DCP. Importantly, it has been suggested that the DCP is more vulnerable to hemodynamic changes following RVO than the SCP, which means that imaging of the DCP is critical for a correct prognosis following RVO. There is consistent evidence showing that nonperfusion areas are more extensive in the DCP than the SCP [59-61], and these areas of nonperfusion are better visualized in OCT-A than in FFA [62]. Moreover, areas of nonperfusion have been found in the SCP and DCP of the contralateral eye in RVO patients, when compared to controls. This may be a hallmark of previous RVOs in these eyes [51]. Nonperfusion in both the SCP and DCP has also been reported to significantly correlate with nonperfusion of the peripheral retina [63]. Nonperfusion of the DCP may impact visual function as it nourishes the zone between the INL and the outer plexiform layer, which contains neuronal synapses that receive visual signals from photoreceptors [60]. As the post-mitotic retinal neurons cannot regenerate in adulthood, a loss in their viability leads to permanent vision loss.




        The vascular density of the SCP and DCP can be calculated as a percent of the area and depth occupied by capillaries within a selected area of an OCT-A scan. This approach has been used to determine the extent of retinal ischemia and evaluate whether OCT-A can be used to distinguish between non-ischemic and ischemic CRVO. The detection of nonperfused areas may not indicate the complete absence of vascular flow, but instead, some of these regions may just fall under the threshold of detection for the OCT device [63]. One study found a statistically significant reduction in parafoveal and whole vascular density in both SCP and DCP of ischemic CRVO eyes in comparison to eyes with non-ischemic CRVO, however, foveal vascular density was found not to be significantly different [64].




        Calculating the area of nonperfusion in the parafoveal region with OCT-A was found to be the most relevant factor that correlated with changes in visual acuity and macular sensitivity in microperimetry for RVO. It was also found to be more significant than the EZ continuity, which delineates the inner and outer segments of photoreceptors [65]. Measurement of the FAZ using OCT-A can also provide additional prognostic information in patients with CRVO. The FAZ size is increased in the DCP of eyes with RVO when compared to controls and the contralateral eye, and the FAZ of the SCP. The FAZ was found to be enlarged in the SCP and DCP of BRVO [51], as well as CRVO eyes [68]. A significant correlation was also found between visual acuity and FAZ area in CRVO patients that did not have macular edema [66].


      




      

        Neovascularization




        Neovascularization describes the proliferation of new, abnormal blood vessels that can impair vision when it occurs in the eye. Retinal vein occlusions can cause neovascularization by producing an overexpression of VEGF in retinal cells and the subsequent formation of new blood vessels. These new capillaries can leak blood or fluid into the retina or vitreous, which affects vision and may even cause retinal detachment. Several neovascular problems can arise in eyes that have CRVO, these include INV; angle neovascularization; neovascularization of optic disc (NVD); neovascularization elsewhere (NVE); neovascular glaucoma (NVG); and vitreous hemorrhage. After retinal ischemia, collateral vessels can form that traverse the nonperfusion area as a long vessel, or as a bunch of sinuous vessels. These collateral vessels can be traced to the DCP and are present in both CRVO and BRVO [60].




        When compared to conventional FFA, OCT-A can improve the visualization of optic disc venous collaterals (OVCs) and NVDs in ischemic retinal disease [67]. OVCs may arise from the retinal capillary bed and develop from the existing retinal vascular network, and OCT-A was shown to delineate them better than FFA. It is clinically important to differentiate venous collaterals from neovascularization as collaterals may prevent worse visual outcomes, while neovascularization needs laser photocoagulation to halt any serious vision loss. OCT-A identified OVCs at the SCP level, however, neovascular vessels are prominent above the retina at the vitreous level. It was determined that OVCs are more ‘looped’ vessels, while new, abnormal vessels are a mesh of fine vessels. The longer wavelengths used in OCT-A enable better penetration through intraretinal hemorrhages, while there is also an absence of background fluorescence caused by fluorescein leakage at these sites. Therefore, OCT-A can be preferential for imaging microvascular abnormalities in the SCP and DCP following RVO, including neovascular fronds and changes in the FAZ.




        Retinal neovascularization that occurs within 1 disc diameter is deemed to be NVD, whereas it is classified as NVE if it is further than 1 disc diameter away. NVE can be well visualized using OCT-A, primarily due to the absence of leakage and background fluorescence from fluorescein [68]. NVEs present as homogenous hyperreflective loops that breach the inner limiting membrane (ILM) and enter into the vitreous. OCT was used to define NVE development in three stages; I – disruption of the ILM; II – horizontal proliferation along the ILM; III – Breach of the posterior hyaloid and linear growth [69]. Importantly, this can allow tracking of vasculature changes over time and the response to therapeutic intervention with anti-angiogenic agents. According to one study, NVE was found in 41% of eyes with ischemic RVO using wide-field OCT-A and was defined as sea-fan and nodular-type vessels according to their morphology and localization. Meanwhile, standard clinical examination, including FA, only detected NVE in 10% of eyes from the same population. Most importantly, NVE with nodular-type vessels was identified in one case using wide-field OCT-A but was not detected using ultra-wide-field FFA [70]. This work highlighted that wide-field OCT-A may be an important method for the detection and characterization of neovascularization in patients with ischemic RVO.


      




      

        Vitreous Hemorrhage and Anterior Segment Neovascularization




        Another consequence of retinal neovascularization following RVO is vitreous hemorrhage, which can significantly impair vision. Vitreous hemorrhage occurs when blood enters the vitreous cavity, which is normally a transparent hydrophilic gel that maintains the structure and pressure within the eye (Fig. 5). Vitreous hemorrhage can cause visual floaters and may present as the main symptom of undetected retinal vein occlusion. In one study, 29% of ischemic CRVO eyes (n=31) had vitreous hemorrhage associated with neovascularization [71]. In BRVO, vitreous hemorrhage was found to occur in 3.9% of cases [1].
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Fig. (5))


        Retinal nonperfusion and vitreous hemorrhage imaging by OCT-A. (a) SD-OCT-A (8 x 8mm) montage showing areas of nonperfusion ([image: ]). (b and c) neovascularization that is breaching the ILM and entering the vitreous. (d) Intraretinal neovascularization within the ILM. Image unchanged from Vaz-Pereira, S. et al., 2020. [77] and is used under the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).



        Approximately 60% of patients with ischemic CRVO develop some form of anterior-segment neovascularization within 2 years of disease onset [72]. Retinal ischemia causes the elevation of VEGF and subsequent neovascularization; iris neovascularization develops in two-thirds of ischemic CRVO cases, and one-third of these patients also develop neovascular glaucoma. However, only 2% of BRVO patients develop INV. In one study, INV or angle neovascularization occurred in 58% of the eyes with CRVO [71], whereas another study reported 52% of eyes with ischemic CRVO having INV and 6% of eyes with non-ischemic CRVO having INV [73]. INV can be readily observed using slit-lamp microscopy and ICGA, as well as anterior segment OCT-A (AS-OCTA) [74]. AS-OCTA is limited by motion artifacts, but it is useful in the quantification and management of INV in a clinical setting.




        Neovascularization that is caused by retinal ischemia from RVO can lead to glaucoma. Glaucoma is a group of disorders that cause progressive degeneration of the optic nerve and RGC loss at the optic nerve head. NVG is a secondary type of glaucoma that is caused by new blood vessel formation that affects the angle between the lens and the cornea. A fibrovascular membrane forms on the surface of the iris and the iridocorneal angle of the anterior chamber [32]. Closure of the angle by the membrane leads to obstruction of the aqueous outflow and the elevation of intraocular pressure, which causes glaucoma. Vision loss from glaucomatous change is irreversible and neovascular glaucoma typically leads to a poor visual prognosis, so early diagnosis is important to prevent extensive vision loss. NVG may arise within 2 weeks to 2 years after CRVO but typically appears after 3 months [75]. However, NVG rarely occurs in cases of BRVO [1]. OCT-A can be a promising approach to monitoring the progression of neovascularization in different ocular layers, including the anterior segment [76].


      




      

        Macular Edema




        The macula is the central area of the retina where light is focused to enable high acuity central vision. The fovea is a cone photoreceptor-rich region at the center of the macula that is present as a small depression in OCT imaging. Leaking of blood and fluids into the macula results in swelling, known as cystoid macula edema (CME) (Fig. 6). CRVO and BRVO can both cause CME, which can lead to significant vision loss in patients and requires effective management and therapy to restore sight. The Central Vein Occlusion Study (CVOS) found that 21% of 728 eyes with CRVO had macular edema and a visual acuity lower than 20/50 [78]. Macular edema can occur in up to 90% of BRVO cases – the lack of blood flow to the macula causes an over-expression of endothelin-1, inflammatory cytokines, and VEGF, which causes vascular permeability and exudates that result in macular edema. Macular edema can be perfused or nonperfused, with visual outcomes better with perfused macular edema [79-81].




        OCT imaging can generate cross-sectional, high-resolution views of the macula, which is vital for the diagnosis and monitoring of ischemic RVOs, as well as the progression of CME and response to treatment. OCT-A can visualize areas with edema in the outer plexiform layer that has arisen due to ischemia of interneurons within the inner nuclear and plexiform layers, in recent-onset CRVO [82]. Cystoid spaces in the SCP layer are more frequent in CRVO, while they are more common in the DCP in BRVO. In severe CME, OCT may also show sub-retinal fluid (SRF) underlying the neural retina. It has previously been shown that CME is more readily evident in OCT-A when compared to OCT and FA [61]. Cystoid areas have no reflectance, so they generate no signal in OCT. They are adjacent to nonperfusion areas, although nonperfusion areas do not always produce cystoid spaces [59]. Hyperreflective areas of cystoid edema in OCT are generated by the presence of lipids and hard exudates in the IRF. CME is typically restricted to the macula and resolves within ~4 months, however, chronic macular edema that lasts longer than 6-9 months can permanently damage photoreceptors and cause fibrosis.
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Fig. (6))


        OCT cross-sectional imaging of CRVO associated macular edema. Cystoid spaces lack reflectivity in retinal OCT images. This image was originally published in the Retina Image Bank® website. Jeffrey S. Heier, M.D. CRVO-associated Macular Edema. Retina Image Bank. 2012; 179. © The American Society of Retina Specialists.



        SRF, which exists as a non-reflective cystoid space between the neural retina and the RPE, and the intra-retinal fluid (IRF), which is comprised of cystoid spaces situated within the neural retina, are hallmarks of acute CME. OCT is the best available method that enables the visualization of the SRF and IRF for the effective diagnosis, management, and therapeutic intervention for CME.


      


    




    

      CURRENT STANDARD OF CARE & FUTURE THERAPEUTIC MODALITIES




      There is no currently available therapy to restore photoreceptor viability in ischemic areas, however, there has been a revolution in the management of vascular disease with the advent of anti-VEGF therapeutics. In the case of non-ischemic CRVO diagnosis, initial follow-up should be within 6 weeks to monitor for any edema or ischemia. Ischemic CRVO patients should be seen monthly to identify the onset of anterior segment neovascularization, such as INV and NVG. The risk of INV is highest within the first 90 days [78]. There is no effective therapy for the prevention or reversing of CRVO, but OCT-A monitoring is key to visualizing the progression of CRVO sequelae and their treatment response. The therapies for CRVO and BRVO are aimed at vision-threatening sequelae, which include neovascularization and macular edema (Fig. 7). Therapies for complications that arise from BRVO include anti-aggregative therapy and fibrinolysis, vitrectomy and sheathotomy, macular grid retinal laser therapy, intravitreal steroids, and intravitreal anti-VEGF approaches [1]. OCT-A is a valuable tool to monitor changes in retinal vascularization, vessel density, the foveal vascular zone, and the response to therapeutics such as anti-VEGF treatments, which can be accurately quantified using image processing.
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Fig. (7))


      OCT-A imaging of a CRVO patient treated with aflibercept (Eylea). (a) Before treatment with aflibercept, hyporeflective cystoid macular edema is evident. (b) Macular edema associated with CRVO was significantly reduced after treatment with aflibercept. This image was originally published on the Retina Image Bank® website. Theodore Leng, M.D. CRVO Treated With EYLEA. Retina Image Bank. 2017; 27403. © The American Society of Retina Specialists.



      

        Anti-VEGF Therapeutics




        In CRVO and BRVO, retinal ischemia causes an increase in VEGF expression and secretion, which leads to neovascularization, increased vascular permeability, and vasodilation. Targeting VEGF has been successful in limiting the progression of vision loss due to RVO by restricting neovascularization of the retina and the anterior segment. Anti-VEGF therapy has been proven to help reduce INV and angle neovascularization in NVG [83]. Several investigators have reported on the use of bevacizumab, ranibizumab, or aflibercept in INV and have shown a reduction or complete resolution of INV after a short period, typically less than a week [74, 84-86].




        Most importantly, anti-VEGF therapy can effectively decrease macular edema. Intravitreal ranibizumab (Lucentis) and aflibercept (Eylea) are both FDA-approved for treating macular edema due to RVO. Ranibizumab (BRAVO and CRUISE trials) and aflibercept (GALILEO/COPERNICUS and VIBRANT trials) clinical trials have shown these drugs to be efficacious as a therapeutic approach to treat macular edema. Bevacizumab (Avastin) has been used off-label to treat macular edema in CRVO and BRVO. Ranibizumab is a recombinant, humanized monoclonal antibody fragment (Fab) which binds VEGF-A isoforms, while bevacizumab is a full-length, humanized monoclonal antibody that binds VEGF-A isoforms at a lower affinity than ranibizumab. Aflibercept is a recombinant fusion protein that is composed of the human VEGF receptor 1 and 2 extracellular domains fused to the Fc part of a human immunoglobulin (IgG1). It targets VEGF-A, VEGF-B, and placental growth factor (PIGF). Aflibercept has a higher binding affinity for VEGF-A over ranibizumab and bevacizumab. Susvimo, previously called Port Delivery System with ranibizumab, is a refillable eye implant indicated for the treatment of neovascular (wet) age-related macular degeneration. It is inserted into the eye with a one-time, outpatient procedure and may be used in the future as an anti-VEGF therapy with a reduced treatment burden in RVOs.




        Anti-VEGF therapies have revolutionized retinal therapeutics and have had considerable success in the management of retinal vascular disease, such as macular edema from RVOs. The US patent for Lucentis (ranibizumab) expired in 2020, while patent coverage in the US for Eylea (aflibercept) will end in 2023, which has led to the emergence of potential biosimilars to treat retinal vascular disease. Biosimilars are drugs with comparable safety, efficacy, pharmacodynamic, and pharmacokinetic profiles to the innovator drug, such as ranibizumab. Razumab was the first biosimilar to ranibizumab and was approved for use in India in 2015, while Byooviz (SB110) was recently approved by the FDA in 2021. There are six other biosimilars in clinical trials, which are FYB 201 (Germany), Xlucane (Sweden), R-TPR-024 (India), SJP-0133 (Japan), LUBT010 (India), and CKD-701 (South Korea) [87].




        Faricimab (Vabysmo) is a bi-specific monoclonal antibody that inhibits both VEGF-A and angiopoietin-2 (Ang-2) and is also administered by intravitreal injection. Faricimab received FDA regulatory approval for the treatment of retinal vascular diseases, such as wet age-related macular degeneration and diabetic macular edema, in January 2022, however, phase III clinical trials are ongoing for use in treating macular edema due to retinal vein occlusion [88]. The COMINO and BALATON trials are evaluating faricimab’s efficacy and safety in patients with macular edema from CRVO and BRVO, in comparison with aflibercept.




        

          Anti-VEGF Studies For CRVO




          The CRUISE study evaluated 362 patients with CRVO, who received monthly injections of 0.3mg or 0.5mg ranibizumab, or sham injections, for 6 months. The primary endpoint was the mean change from baseline best-corrected visual acuity (BCVA) after 6 months; the BVCA at baseline was 20/100, while the mean CRT at baseline was 685.2µm. The patients who received 0.3mg or 0.5mg ranibizumab had a mean change from baseline BCVA letter scores of 12.7 and 14.9 letters, respectively, when compared with 0.8 letters in the control group. An average gain of 9 letters was found only 7 days after the first injection, and after 6 months, significantly more ranibizumab-treated patients had BCVA of 20/40 or greater (0.3mg – 43.9%; 0.5mg = 46.9%) compared to the control group (20.8%). Furthermore, there was a significant reduction of the central foveal thickness from the baseline; a mean reduction of 434µm (0.3mg) and 452µm (0.5mg) was found in the ranibizumab treatment groups, while there was only a 168µm reduction in the control group. The median reduction in foveal thickness at 6 months was 94% and 97% in the 0.3mg and 0.5mg groups, respectively, compared to 24% in the sham group [89].




          CRVO patients in the controlled phase III GALILEO and COPERNICUS studies received monthly injections of 2mg aflibercept or sham injections over 6 months. In the COPERNICUS study, 56.1% of patients dosed with 2mg aflibercept monthly gained at least 15 BVCA letters from the baseline, when compared with 12.3% of patients in the sham group [90, 91]. Similar results were seen in the primary endpoint of the GALILEO trial; 60.2% of patients dosed with aflibercept gained at least 15 BVCA letters from the baseline, while 22.1% of the sham group achieved the same. The aflibercept group gained 18 letters on average, whereas the main gain in the sham injections was only 3.3 letters, which was a secondary endpoint. Aflibercept was well tolerated, and serious adverse effects were more prevalent in the control group (13.5%) when compared to the experimental group (3.5%), which points to the intravitreal injection being responsible for adverse events [92]. The SCORE2 study compared aflibercept with bevacizumab for treating macular edema from CRVO, and bevacizumab was observed to be non-inferior to aflibercept in terms of visual acuity and retinal thickness improvements. After 6 months of either bevacizumab (1.25mg) or aflibercept (2.0mg) every 4 weeks, an average letter score from a baseline of 18.9 was measured in the aflibercept group, compared to 18.6 letters in the bevacizumab group [93].


        




        

          Anti-VEGF Studies For BRVO




          In the BRAVO study, patients with macular edema from BRVO were dosed monthly with 0.3mg or 0.5mg ranibizumab, or sham injections for 6 months. Patients in all groups were also subject to one rescue grid laser treatment if they had a gain of <5 letters on an ETDRS chart or <50µm improvement in central subfield thickness. After 6 months, the 0.3mg and 0.5mg ranibizumab groups gained an average of 16.6 and 18.3 letters, respectively. Only 18.7% and 19.8% of the 0.3mg and 0.5mg ranibizumab groups, respectively, required a rescue grid laser, whereas 54.5% of the sham group required a rescue laser. Overall, the BRAVO study showed that ranibizumab is efficacious and superior to grid laser in the treatment of macular edema due to BRVO.




          The VIBRANT trial compared 2mg aflibercept to traditional grid laser therapy in patients with macular edema due to BRVO and with a BVCA of 20/40 to 20/230. Randomized patient groups received aflibercept every 4 weeks for 20 weeks, or a grid laser at baseline and a single rescue grid laser between weeks 12 to 20. The aflibercept group received further intravitreal injections of the drug every 8 weeks after week 24, while the grid laser group received sham injections. At week 24, the mean increase in BCVA was 17.0 in the aflibercept group and 6.9 in the grid laser group. Therefore, the VIBRANT study also confirmed that anti-VEGF injections, in this case, aflibercept, are more effective than grid laser as a therapeutic for macular edema from BRVO.


        




        

          Laser Photocoagulation




          Laser photocoagulation was the conventional therapeutic approach for BRVO, before the emergence of anti-VEGF therapies, as outlined by the BVOS [43]. Pan-retinal photocoagulation (PRP) inhibits neovascularization and is effective to treat open angle NVG when combined with anti-VEGF therapy [83]. The RPE layer absorbs the laser light, and the laser energy converts to thermal energy, denaturing the tissue protein and causing cell death and necrosis. Typically, between 1000 – 2000 micro-burns are used to cause scarring and hyperpigmentation, damaging the ischemic areas of the retina and lowering the VEGF levels. Patients with perfused macular edema and a visual acuity lower than 20/40, without any visual acuity improvements for 3 months, are considered for photocoagulation. Laser photocoagulation may also be used in the case of vitreous hemorrhage, in combination with pars plana vitrectomy.




          Conventional Argon grid laser parameters are typically within the range of 0.1 seconds and 100µm diameter spot size with enough power to produce a very light burn (100mW). Macular grid laser is not advised for use in CRVO, as it has not been shown to improve visual acuity in patients, even though it reduces new blood vessel formation [94]. However, the CVOS study group advocated for the use of pan-retinal photocoagulation for INV once it has occurred [95]. The BVOS supported the use of grid laser photocoagulation for macular edema from BRVO [96], and sectoral PRP for retinal neovascularization [43].


        




        

          Corticosteroids: Dexamethasone and Triamcinolone




          The SCORE study compared intravitreal corticosteroid (triamcinolone acetonide) with observation only for the treatment of retinal vein occlusion. It showed that triamcinolone acetonide is effective in treating macular edema after CRVO when compared to the control group, however, it was not efficacious in the therapy of BRVO when compared to focal laser photocoagulation. CRVO patients (n=271) were included in the SCORE trial, and 1mg and 4mg doses of intravitreal triamcinolone acetonide were administered to evaluate its efficacy in macular edema from CRVO. The percentage of patients with a visual acuity letter score of >15 from baseline to 12 months was found to be 26.5% and 25.6% for 1mg and 4mg, respectively, while the observation-only group was 6.8%. Central retinal thickness measured by OCT was found to be reduced in all groups. The safety profile was superior in the 1mg triamcinolone group as the incidence rate of adverse events was higher for the 4mg group, particularly with elevated IOP and cataracts [97-99].




          OZURDEX is a biodegradable dexamethasone implant made of lactic and glycolic acid that is administered through a small pars plana puncture with an applicator. It is FDA-approved for the treatment of macular edema following CRVO or BRVO and is often used as a second-line approach to treat eyes with chronic edema that have responded poorly to anti-VEGF injections (Fig. 8).




          In the GENEVA study, 1267 patients were allocated to sham injections or 0.35mg, and 0.7mg, single treatment dexamethasone implant groups. Average visual acuity was 20/80 in all groups and mean CRT was 550µm at baseline. After a single dose, the time to a >15-letter BVCA improvement was significantly lower in the dexamethasone groups compared with the sham control group. The percentage of eyes with a >15-letter improvement in BVCA was also significantly greater in both dexamethasone implant groups over the control between days 30 to 90. BVCA improvements with the dexamethasone implant were observed in both BRVO and CRVO patients. By day 60, the percentage of dexamethasone implant-treated eyes with IOP >25mmHg peaked at 16%, but by day 180, it was the same as the sham group and there was also no significant difference between the groups in the incidence of cataracts [100].




          
[image: ]


Fig. (8))


          OCT-A images of superior-temporal BRVO: deep retinal plexus before dexamethasone implant (a) showing telangiectatic vessels (red squares) and after dexamethasone implant (b), showing vessel caliber reduction (green squares). Image unchanged from Mastropasqua, R., et al., 2017 [101] and is used under the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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