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Abstract

:

Acute ocular burns have varied manifestations which require prompt diagnosis and management to prevent chronic sequelae. Of these, the detection of limbal ischemia poses a challenge because of the subjective nature of its clinical signs. Anterior segment optical coherence tomography angiography (AS-OCTA) offers an objective method of assessing ischemia in these eyes. This review provides an overview of the technology of AS-OCTA and its applications in acute burns. AS-OCTA generates images by isolating the movement of erythrocytes within blood vessels from sequentially obtained b-scans. Limbal ischemia manifests in these scans as absent vasculature and the extent of ischemia can be quantified using different vessel-related parameters. Of these, the density of vessels is most commonly used and correlates with the severity of the injury. Incorporation of the degree of ischemia in the classification of acute burns has been attempted in animal studies and its extension to human trials may provide an added dimension in determining the final prognosis of these eyes. Thus, AS-OCTA is a promising device that can objectively evaluate limbal ischemia. This will facilitate the identification of patients who will benefit from revascularization therapies and stem cell transplants in acute and chronic ocular burns, respectively.
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1. Introduction


Ocular burns can present with a myriad of clinical manifestations in the acute phase. The grade of injury and the extent of ocular structures involved often determines the type and severity of the chronic sequelae that ensue. Limbal stem cell deficiency (LSCD) is one such chronic feature that can cause significant visual morbidity due to the corneal scarring and vascularization that occurs in its end stages [1]. The development of this pathology is usually heralded by the presence of limbal ischemia in the acute phase of the disease [2]. The detection and grading of this finding can help identify those individuals who are at a higher risk of developing LSCD. This cohort of patients can then be subjected to regular monitoring which will facilitate early identification and treatment of LSCD to prevent its complications and restore visual function.



However, the diagnosis of ischemia in the acute phase is based on subjective clinical findings which are often difficult to discern in an inflamed eye [2]. Thus, the adoption of diagnostic tools can provide an objective method of confirming ischemia of the limbal vasculature and assessing its progression. An anterior segment optical coherence tomography (AS-OCT) is usually available in most anterior segment practices and provides rapid, high-definition images of sections of the cornea with relative ease [3]. The utility of its angiography feature (AS-OCTA) has recently been explored to detect ischemia in acute burns as it can provide a real time in-vivo image of the limbal and perilimbal vasculature [4,5]. The use of image processing software has also aided in objectively quantifying the degree of vascular changes observed [6]. This review aims to provide an overview of the principles of AS-OCTA and its role in the assessment of limbal ischemia in eyes with acute ocular burns.




2. Materials and Methods


A literature search was carried out using the following keywords: “acute ocular burns”, “limbal ischemia”, “optical coherence tomography”, “angiography”, and “limbal stem cell deficiency”; 204 articles were retrieved. Articles were excluded that were not in the English language and were not relevant to our topic. The 53 articles that remained were included in this review.




3. Principle and Technology of Optical Coherence Tomography Angiography (OCTA)


3.1. Principle


Optical coherence tomography (OCT) measures the signal of backscattered low coherence light incident on the area of interest and uses it to construct sectional and en-face images of different structures of the eye [7,8]. The angiography images are created by obtaining multiple b-scans of the same section over a period of time and assessing the difference in the signal of each scan [7]. This difference is attributed to the movement of erythrocytes within the blood vessels, and by removing the signal from the static surrounding structures, an angiography image is produced by isolating the temporal changes in these dynamic signals [9,10]. Several algorithms are employed to facilitate the same which include the full spectrum or split spectrum amplitude decorrelation angiography (FS or SSADA), optical microangiography (OMAG), intensity ratio analysis (OCTA-RA), etc. They assess the change in the phase of the signal, its amplitude, or both [10].



In SSADA, smaller spectral bands of light are created from the full spectrum and individual analysis is carried out in each band and then averaged [11]. This contrasts with FSADA where the full spectrum is analyzed as a whole. Thus, the SSADA produces images that have a better ratio of signal to noise. However, this is at the expense of axial resolution and this disadvantage is overcome by the OMAG and OCTA-RA algorithms. The former uses both phase and amplitude differences for its images while the latter is independent of the decorrelation principle and assesses the maximum and minimum signal intensity measured between two frames [12,13,14].




3.2. Technology


Broadly, the OCT machines can be classified as time-domain and Fourier-domain machines [4]. The current OCTA machines are all Fourier-domain based and consist of the spectral domain {AngioVue (Optovue, Inc., Fremont, CA, USA), Angioscan (Nidek Co., Ltd., Gamagori, Aichi, Japan)} and swept-source OCTA systems {Triton DRI-OCT (Topcon Corporation, Tokyo, Japan), PLEX Elite Prototype 9000 (Carl Zeiss Meditec, Dublin, CA, USA)}. The swept-source OCTAs have a longer wavelength (1050 nm) which improves the depth of structures imaged [15]. This, in combination with a faster speed of scan acquisition (200,000 scans/s), helps improve the resolution and provides a wider field of view [4]. Additionally, the eye tracking software of PLEX Elite is unique to anterior segment devices and can help decrease the artifacts produced [4]. However, the images procured by the AngioVue system have the highest axial and lateral resolution of 5 and 15 μm, respectively [9]. Its speed of acquisition is also the highest at 3–4 s per scan because of which the motion artifacts generated with this device are the least. In comparison with dye-based angiography, both AngioVue and Angioscan machines were found to be comparable, yielding quantifying parameters that correlated well with each other [16,17,18,19]. Although the inter-device values correlate well with each other, the absolute values were found to be greater with AngioVue, implying that these inter-system values cannot be compared with each other [20]. AS-OCTA can not only confirm the presence or absence of vasculature but can also reliably and accurately detect changes in vessel caliber [6].





4. Comparison with Fluorescein Angiography (FA) and Indocyanine Green Angiography (ICG)


The most important factor that sets OCTA apart from its counterpart vessel-imaging modalities is its non-invasive nature as it is not dependent on the use of a dye [21,22]. This obviates the injection-associated trauma and dye-associated risks such as nausea, vomiting, and, rarely, anaphylaxis [23,24]. By avoiding the use of an external dye, the time taken for the angiography is significantly decreased with the use of OCTA which is especially desirable in patients with painful disorders such as acute burns. The test can be repeated multiple times without any need for recurrent dye injections. Additionally, the ischemic zones may be obscured by leakage of the dye from the inflamed vessels in these eyes and this disadvantage is circumvented with OCTA [25].



The use of light in the infrared wavelength by the OCTA provides an added advantage as the device can image vessels beneath hemorrhages from superficial conjunctival vessels [6,26]. This is of particular significance in eyes with acute burns as these traumatic sub-conjunctival hemorrhages (SCH) are common and may mask areas of ischemia when viewed via conventional angiographic techniques. However, shadow artifacts can also be seen in AS-OCTA images due to these hemorrhages. This contrast has been depicted in Figure 1 where in the inferior area the vasculature is obscured by the SCH. At the same time in the region abutting the inferior limbus, the vasculature is clear despite the presence of the SCH. One possible explanation for this discrepancy can be the relative position of the SCH when compared to the vessels. Very superficial and large hemorrhages may block the view of all the underlying vessels as opposed to deeper SCH which may allow the imaging of vessels overlying the hemorrhage.



The infrared wavelength of light also allows for better patient comfort and has a good safety profile as well [27]. Localization of the exact depth of a vascular lesion is now feasible because OCTA allows segmentation of different layers of the imaged vessels [16,28,29]. This is in contrast to FA and ICG which generate a composite two-dimensional image. The major drawback of OCTA when compared to the traditional angiography tools lies in its inability to identify the flow characteristics and thus, patterns of leakage, the difference between afferent and efferent systems, etc. cannot be captured with OCTA [30,31]. In the context of ocular burns, this is relevant as images from OCTA may not distinguish vasospasm from true ischemia and thus caution must be exercised during interpretation of OCTA scans. Furthermore, the field of view is larger in FA and ICG and multiple scans would be required by OCTA to cover the same surface area [3,24]. As OCTA images are derived from the motion of blood cells, this process can be confounded by motion originating from other sources, such as movements of the patient’s eyes or head. Although the eye tracking feature of retinal OCTA can counteract these artifacts, its incorporation in anterior segment images has not been completely established.




5. Normal Limbal Vasculature


5.1. Clinical Anatomy


The limbus is supplied by the anterior roots of the episcleral arterial circle [32]. This circle lies posterior to the limbus and is formed by the branches of the anterior ciliary arteries which in turn are derived from the muscular branches of the ophthalmic artery [32,33]. The arterioles extending from this plexus form a bed of capillaries which then drain into a venous plexus. This venous circle consists of up to three parallel vessels which then become tributaries of episcleral collecting veins [32]. These veins coalesce with the emissary’s veins and exit the surface of the globe [32,33]. Fluorescein angiography studies have revealed a very slow flow in the capillary bed and at the end of the arcade loops [33]. This factor has to be considered during the interpretation of OCTA images as these low flow areas may mimic ischemia.




5.2. OCTA of Normal Limbus


5.2.1. Image Acquisition


The OCT machines are devised to image the structure and functional blood flow of the retina and the choroid. To do so, a special adaptor lens attachment is usually required to perform anterior segment angiography; however, the image acquisition can also be carried out by manually adjusting the focus [31,34]. In such cases, the external lens is very close to the patient’s eye and care has to be taken to avoid accidental trauma [3]. Adequate positioning and cooperation of the patient are imperative for acquiring good quality images and keeping motion artifacts to a minimum. In eyes with acute burns, the use of topical anesthetic agents may improve patient comfort, especially in eyes with corneal epithelial defects. Typically, the scan is acquired in all four quadrants separately by asking the patient to look in different directions such that the viewed area is parallel to the device [6]. In Angioscan, a 12 × 9 mm scan is available which provides a panoramic view of the cornea [4]. With the help of this option, the complete limbal vasculature can be screened in one sitting, and then the ischemic areas can be imaged with smaller scan areas (3 × 3 or 6 × 6 mm) to enable their study in greater detail.



It is essential to assess a few aspects before proceeding with the interpretation of the image. The infrared image of the cornea provided with the angiography scan gives a good idea of the position of the adnexal structures at the time of scan procurement. Checking this image is vital, as an updrawn lower lid due to traction on the upper lid can cover the lower limbus and sclera. This may appear as a non-perfused area on the OCTA scan (Figure 2). The signal strength provided by most OCTA is calibrated for retinal evaluation, though a few programs are optimized to assess the same for anterior segment scans [26]. An alternative method of assessing the quality of the image has been proposed by Ang et al. based on the delineation of vessels [35]. It consists of five grades ranging from no discernible vessels to excellent delineation of the vessels. The presence of motion or projection artifacts must also be checked as they will affect the quantitative analysis and, if required, the scans may have to be repeated [10,36]. Projection artifacts arise in deeper layers when the flow from superficial vessels gets superimposed on them and this may lead to underestimation of the degree of ischemia.




5.2.2. Normal Limbal Vasculature on OCTA


The normal limbal vessels appear as hairpin loops that extend 2–3 mm into the corneal surface and form a peripheral marginal arcade (Figure 3). Segmentation studies have revealed superficial vessels which extend radially with smaller vessels uniformly among them [28]. On the other hand, deeper vessels showed a sectoral pattern with dense intrascleral plexus near the limbus that becomes sparse while moving towards the periphery [28]. A Y-shaped flow pattern has also been seen in these deep layers [28].




5.2.3. Qualitative Assessment of Limbal Vasculature


The severity of ischemia with acute burns can be assessed quantitatively or qualitatively. The presence or absence of ischemia is determined by the areas that appear dark on angiography. As the quantitative assessment requires post-acquisition processing with specialized software, implementation of the same in routine clinical practice is cumbersome. This drawback can be circumvented with the inclusion of customized programs for anterior segment analysis within the OCTA machines. Caution must be exercised before terming the mere absence of notable vasculature as ischemia as these dark areas may manifest due to vasospasm as well. Serial monitoring of such cases will help ascertain the underlying cause, as vasospasm is reversible and visible vessels can be observed on the follow-up scans (Figure 4 and Figure 5). The intensity of signal measured has also been used to assess the velocity of blood, with brighter signals indicating the rapid transit of the red blood cells [37].




5.2.4. Quantitative Assessment of Limbal Vasculature


The scans obtained from the OCTA systems are exported for analysis into image processing software such as Fiji (National Institutes of Health, Bethesda, MD, USA) and MATLAB (MathWorks, Inc., Natick, MA, USA) software [6,20,38]. Patel et al. helped establish a standardized methodology for the quantification of images procured by an AS-OCTA [6]. An area of interest is highlighted from the OCTA image and converted to a greyscale image. A manual inspection is usually required to detect and remove artifacts. Automated reduction of noise is also feasible through the software mentioned above by the thresholding of a signal greater than a pre-defined value [6,20,39]. This image is subsequently binarized by the software wherein the vessel is assigned one color and the background another. A skeletonized version of the image is then generated by reducing the width of the vessel down to one pixel [40]. Although there is no customized segmentation software for anterior segment imaging, the use of retinal segmentation tools has been described for splitting the limbal vasculature into superficial and deep layers [28,41]. Vessels up to a depth of 200 μm are considered superficial while those beyond 200 μm are deemed as deep vasculature.



Various indices have been described for corneal vasculature of which vessel density (VD), vessel length density (VLD), vessel diameter index (VDI), and fractal dimension are most commonly used for limbal vasculature quantification. Table 1 summarizes the different parameters, the way they are computed, and the ranges reported from different studies. VD has been utilized more frequently for studies on limbal vasculature and represents the overall extent of vascularization while VLD and VDI estimate the caliber of the vessels. Fractal dimension is an interesting factor that quantifies the complexity of branching and can have values ranging from 0 to 2 with values that are closer to 2 having greater tortuosity and branching [42,43,44]. The direct estimation of the extent of limbal disruption due to chemical injury as seen on OCTA has also been divided into four grades (0: no limbal disruption, 1: <25%, 2: 25–50%, and 3: >50%) [35].



OCTA in retinal imaging utilizes parameters that are specific to the assessment of ischemia such as flow void and flow index which evaluate the area of ischemia and velocity of blood flow, respectively [45,46]. The vessel perimeter index can also detect early ischemia and the inclusion of these indices can better quantify the degree of ischemia and understand its changes with varying severity of the injury. [47,48] The pattern of reperfusion that occurs following interventions such as tenonplasty can also be studied with these factors.






6. OCTA in Acute Ocular Burns


6.1. Role of AS-OCTA


As previously discussed, relying only on clinical features for judging the extent and progression of limbal ischemia may not provide an accurate picture as surface inflammation and edema may alter the clinical presentation. Kam et al. studied this clinical discrepancy and found it existed across all levels of expertise [2]. The assessment of the extent of limbal ischemia is of utmost importance as it not only predicts the risk of development of LSCD in the future but also dictates the need for surgical interventions in the acute phase, such as tenonplasty. This procedure involves the advancement of Tenon’s capsule to help re-perfuse the ischemic areas. The use of FA has been described to determine the area of limbal or scleral ischemia that will require the procedure, and the same purpose can be extrapolated to OCTA [49,50]. Furthermore, the extent of ischemia can be used to prognosticate the outcome in terms of vision and development of LSCD.



The chemical agent itself and the associated inflammation lead to disruption of normal epithelial healing in acute ocular burns [51,52]. Limbal and scleral ischemia can contribute to this delayed healing as seen in Figure 6 where both patients have total epithelial defects at presentation. However, the patient in the upper panel has lesser ischemia on OCTA with faster healing of the epithelial defect. The use of an AS-OCTA can help identify these cases where slow epithelialization is anticipated and help determine the need for early intervention with either an amniotic membrane or tarsorrhaphy.



Epithelial instability with repeated breakdowns usually occurs in the presence of an unhealthy limbus [53,54]. However, these features can also manifest without any obvious signs of LSCD. An AS-OCTA can help detect the underlying limbal stem cell disruption in these eyes. This has been illustrated in Figure 7 where a focal area of epithelial defect is noted adjacent to the non-perfused area on AS-OCTA.




6.2. Pre-Clinical Studies


In a rabbit model where the chemical injury was induced in a graded manner in different quadrants of the eye, the changes in limbal vasculature were studied over a period of 1 month using AS-OCTA [55]. The fellow eyes were uninvolved and taken as controls. The authors found a significant decrease in the vessel density in the affected eyes when compared to the controls. This change was evident from day 1 of the injury, implying that the OCTA systems are sensitive enough to detect changes in the acute phase. Additionally, the degree of decrease in vessel density correlated with the severity of the induced burn leading the authors to propose a classification system that included these OCTA values. This correlation also suggests that the OCTA values may also be used in isolation as objective measures to predict prognosis. Further clinical studies in humans implementing such classifications can help determine the prognosis and outcomes associated with varying grades of limbal ischemia on OCTA. At 1 month, the eyes with the chemical injury had a significantly higher vessel density than the fellow eyes. This increase was attributed to the formation of a pannus over the corneal surface. Luisi et al. described with OCTA and FA, the limbal and corneal vascular changes in mice with induced chemical injury [56]. They found both angiography modalities yielded similar results and detected nascent vessels in the limbal area as early as 4 days following the injury.




6.3. Clinical Studies


In a study by Fung et al., the extent of ischemia as seen on clinical examination was found to be underestimated when compared to that measured by OCTA [26]. Similarly, in a study comparing two OCTA systems for assessment of limbal ischemia, the authors also found a good inter-grader agreement for both OCTAs, while the same was not present for findings on slit lamp examination [35]. Furthermore, the ischemic areas on OCTA were found to be significantly lesser than the measured area of conjunctival defects. The above findings illustrate the discordance between clinical signs and true ischemia. The authors also demonstrated the use of the segmentation feature to understand the degree of ischemia by depicting differential ischemia in the superficial conjunctival and the deeper intrascleral vessels [26]. Although there are reports of improvement in perfusion of the limbal area with time, which is not clinically evident but can be detected on FA, the same findings were not seen on longitudinal assessment with OCTA [26,57].



A strong positive correlation has been described between the extent of limbal ischemia and visual acuity at 3 months [26]. In addition, the development of LSCD occurred in the same areas of ischemia seen in the acute phase [26]. Ang et al. failed to demonstrate a similar correlation between limbal staining and the development of LSCD [35]. This may aid clinicians to predict the degree of LSCD that will occur and thus determine the need for autologous or allogenic stem cell transplants well in advance. A summary of the various studies on the role of AS-OCTA in acute chemical injury has been presented in Table 2.





7. Future Directions


The angiography feature of OCT has immense potential in confirming the presence of and assessing the progression of limbal ischemia in eyes with acute ocular burns. However, the technology is still nascent with several facets that can be improved upon. This includes the incorporation of eye tracking software which will help decrease motion artifacts and facilitate reliable comparison between scans taken over a period of time. As most of the current designs of AS-OCTA are extensions of their retinal counterparts, the software algorithms are not customized for anterior segment imaging. The development of inbuilt tools that will quantify corneal and limbal vasculature changes will provide a standardized platform for assessing eyes with acute and chronic afflictions of ocular burns. Furthermore, there is also a need for OCTA devices to be able to distinguish between areas of low flow and true ischemia.



With the introduction of ultra-widefield OCTA, it is now possible to have a panoramic view of the entire 360 degrees of the limbal vessels [58]. This will provide a bird’s eye view of the extent of ischemia and may serve as a screening tool in eyes with acute burns. Additionally, the combination of both full and split spectrum algorithms within a single device is being explored which significantly improves the resolution of the image acquired and provides an option for eye tracking [59]. The machine also helps gauge the direction of flow within corneal and limbal vessels and this feature may provide a unique perspective of the ocular surface vasculature in various pathologies. Segmentation software that is specific to the cornea and limbus with pre-set thickness cut-offs will help standardize the image outputs and the quantitative measurements.



Studies assessing limbal ischemia in different grades of acute ocular burns can help understand the correlation of this finding with the progression of epithelial healing and the development of chronic sequelae such as LSCD. The establishment of normative data for quantitative indices of limbal vasculature will provide baseline values and help assess the degree of change with an acute burn injury. A majority of the literature on use of AS-OCTA in acute burns has focused on the variation in vessel density for the assessment of limbal vessels, and change in parameters such as vessel branch length, width, etc. is yet to be studied. The incorporation of gradations of these values within the existing classifications will aid in formulating a better prognosticating system for acute ocular burns.




8. Summary


Evaluation of limbal ischemia is critical in eyes with acute burns to administer adequate care and to determine the long-term prognosis. Clinical examination alone is insufficient to assess the presence and extent of ischemia. AS-OCTA provides an objective and reliable method of not only confirming ischemia of the limbal vessels but also quantifying the same. The images are captured via a rapid and non-contact process and do not rely on the use of a dye. Various parameters have been described for the quantification of the ischemia of which vessel density has been used most frequently. A change in density can be detected within 24 h of presentation and the degree of change correlates with the severity of the injury. Serial monitoring is required to differentiate ischemia from vasospasm. Further studies are necessary to establish diagnostic values for indices assessing limbal ischemia which will facilitate the incorporation of this device into clinical practice for the management of ocular burns.
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Figure 1. (A–R) Serial monitoring with slit lamp photographs (without and with fluorescein staining) along with anterior segment optical coherence tomography angiography (AS-OCTA) imaging in an eye with acute chemical burns. (A–L) These images show the progressive healing of the corneal and conjunctival epithelial defects in the inferior part of the eye which is complete by day 7. (M–R) AS-OCTA images show a blocked signal in the initial three visits due to the subconjunctival hemorrhages inferiorly (blue arrow heads) with clear delineation of the vasculature following the resolution of the hemorrhages. The hemorrhages abutting the limbus, however, have not affected the vascular signal (yellow arrow heads). 
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Figure 2. Collage of images depicting the role of the infrared image in anterior segment optical coherence tomography angiography (AS-OCTA) (A) AS-OCTA image of a normal eye with good exposure of the structures on the infrared image (B) Image of an eye with chemical injury showing the effect of an updrawn lower lid mimicking ischemia of the inferior limbus and sclera. 
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Figure 3. (A–D) Collage of images of the slit lamp and anterior segment optical coherence tomography angiography images of eyes with normal limbal and perilimbal vasculature. Hairpin loop vessels are noted at the corneal end of the limbus (yellow arrowheads). A combination of both Y-shaped (pink arrowheads) and radial vessels (green arrowheads) are noted in the angiography images. (E–H) Slit lamp and OCTA images in eyes with chemical injury illustrating ischemic zones in both angiographies with distortion of the limbal vasculature (blue arrowheads). 
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Figure 4. (A–L) Slit lamp photographs taken without and with fluorescein staining along with infrared and anterior segment optical coherence tomography angiography (AS-OCTA) images depicting the course of healing in an eye with acute chemical burns. An inferior corneal and conjunctival epithelial defect is noted (A,B) at presentation which heals over the course of two weeks (E,F,I,J). (D) AS-OCTA image taken at presentation shows a lack of vessels in the inferior half of the eye. (H,L) A progressive increase is noted in the number of visible vessels suggesting the presence of vasospasm in the initial images which has reversed in the subsequent visits. 
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Figure 5. (A–L) Slit lamp photographs captured without and with fluorescein staining along with infrared and anterior segment optical coherence tomography angiography (AS-OCTA) images in an eye with acute chemical burns. An inferior corneal and conjunctival epithelial defect is present at the first visit (A,B). Healing of the corneal defect is observed within one week (E,F) while the conjunctival defect takes two weeks for the same (I,J). (C,G,K) Sub-conjunctival hemorrhages are clearly delineated on the infrared image taken on day 1 (yellow arrowhead) and its resolution is noted in the subsequent visits. (D,H,L) AS-OCTA image taken at presentation depicts partial lack of vascular signal which gradually recovers over the subsequent follow-up visits. 
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Figure 6. Collage of images depicting different rates of healing of total corneal epithelial defects in two cases of acute ocular burns. (A,F) Optical coherence tomography angiography images of both cases, showing greater ischemia in the eye in the lower panel when compared to the upper panel (white arrows denote the perfused areas while the white stars denote the non-perfused zones). The corresponding epithelial defect of the patient in the upper panel healed faster with a completely epithelialized surface at the 1-month visit (B–E) when compared to the healing of the patient in the lower panel with a persistent defect at the end of 1 month of follow up (G–J). 
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Figure 7. (A–R) Serial imaging with slit lamp photographs (without and with fluorescein staining) and optical coherence tomography angiography imaging in an eye with acute chemical burns. (A–L) These images depict a total corneal epithelial defect with an adjacent conjunctival defect at presentation, which decreased in size and ultimately healed after 2 weeks. (M–R) The corresponding angiography images illustrate an initial masked signal due to the sub-conjunctival hemorrhages (yellow arrowheads) which recovered with the resolution of the hemorrhages. Persistent ischemia is noted in the limbal area abutting the cornea (blue arrowheads) with epithelial healing issues in the adjacent cornea at the 6th week visit. A partial LSCD is noted in the same area at the 6th month follow-up (F). 
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Table 1. Summary of various vessel-related parameters used for quantifying limbal vasculature and their reported ranges.
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Indices

	
Method of Calculation [14,15]

	
Range [28,41]






	

	

	
Superficial layer

	
Deep layer




	
Vessel density (%)

	
Area occupied by the vessels/

Total area of the background

	
24–31

	
21–29




	
Vessel length density (%)

	
Skeletonized vessel pixel area/

total pixel count

	
4–5

	
3.5–4.5




	
Vessel diameter index

	
Total vessel area in binarized image/

Total vessel area in the skeletonized image

	
10–17

	
10–18




	
Fractal dimension

	
Box counting method

	
1.3–1.5

	
1.2–1.5











[image: Table] 





Table 2. A review of studies on the use of AS-OCTA in acute ocular burns.
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	Author

(Year)
	Study Population (Eyes)
	Device Used
	Duration of Follow up (Months)
	Outcome





	Fung et al., (2019) [26]
	Humans

(15)
	AngioVue
	1
	(i) Clinically determined area of ischemia is underestimated when compared to estimated ischemia on OCTA.

(ii) Area of ischemia on OCTA correlates with visual acuity at 3 months.



	Ang et al., (2021) [35]
	Humans

(10)
	(i) AngioVue

(ii) Plex Elite
	3
	(i) Good agreement between the two devices for the measurement of VD.

(ii) OCTA is more reliable than clinical examination for the assessment of limbal ischemia.

(iii) Area of ischemia may predict the future development of LSCD.



	Tey et al., (2021) [55]
	Rabbits

(12)
	Spectralis-domain OCT (Nidek Co., Ltd., Gamagori, Aichi, Japan)
	1
	(i) Decrease in VD correlated with the severity of the induced injury.

(ii) Proposed classification system which incorporates limbal ischemia as estimated by OCTA.



	Luisi et al., (2021) [56]
	Mice

(12)
	Envisu R2200

(Bioptigen, Durham, NC)
	0.5
	(i) Both OCTA and FA angiography modalities yielded similar results.

(ii) Detection of neovascularization in the limbal area as early as 4 days following the injury.







OCTA—optical coherence tomography angiography, VD—vessel density, FA—fluorescein angiography.
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