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Diabetic retinopathy (DR) is the most common microvascular complication of diabetes and one of the leading causes of global blinding. More attention should be paid to the diagnosis, treatment and prognosis of DR. Swept-source optical coherence tomography angiography (SS-OCTA) is a novel imaging technique presented in recent years. It can accurately present the various levels of the retina, choriocapillaris, macula, and the optic papillary microcirculation, which is new to the diagnosis and prognosis of DR. However, SS-OCTA is limited by poor fixation or severe media clouding and is susceptible to motion artefacts and segmentation errors. Future limitations need to be addressed and large prospective trials conducted to refine the relevance of SS-OCTA to DR. The present study reviews the advances in clinical application of SS-OCTA in diagnosis, treatment and prognosis of DR.
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1.  Introduction.

Diabetes mellitus (DM) is a systemic disease that threatens human health. In recent years, the prevalence of DM increases annually, and the number of global patients is expected to reach 0.642 billion by 2040. Diabetic retinopathy (DR) is the major ocular manifestation of DM and one of the main causes that lead to visual impairment and blindness (1). How to assess the occurrence and development of DR and predict the prognosis with simple examination methods has long been a focus in DR research. In clinical practice, clinicians usually assess the severity of DR using multiple techniques, such as funduscopy, fundus photography, fluorescein fundus angiography (FFA), optical coherence tomography (OCT), and optical coherence tomography angiography (OCTA). FFA is an important technique used in assessment of neovascularization (NV) and non-perfusion areas (NPAs) in DR. Nevertheless, it has multiple shortcomings, such as invasiveness, time-consuming, presence of dye leakage, poor stereoscopic vision, and failure of localizing lesion depth, etc. Besides, some patients are allergic to contrast agents or not suited for examination because of renal insufficiency. All above factors limits the application of FFA in clinical practice. OCT is a non-contact, non-invasive optical diagnostic technique that can clearly depict macular morphology and retinal structure and thickness. However, it fails to show the NV lesions and NPAs. OCTA is developed based on OCT, but it provides higher resolution information of retinal and choroidal blood flow to provide more accurate microcirculation information at different levels. Nevertheless, the conventional OCTA has a limited field of view (FOV) of the retina, and the imaging quality decreases with an increase in imaging region. After many improvements over the past few years, swept-source OCTA (SS-OCTA) as the third-generation spectral domain OCT (SD-OCT) has gradually applied in diagnosis, treatment and prognosis of DR. This study provides a brief review of advances in clinical application of SS-OCTA in diagnosis and treatment of DR.



2.  Principle and strengths of SS-OCTA.

OCT was first reported by Huang et al. (2) in 1991 and gradually evolved to time-domain OCT (TD-OCT), Fourier-domain OCT (FD-OCT), and the current third-generation SS-OCTA. SS-OCTA is developed based on FD-OCT with a wavelength-swept laser source and an InGaAs-based photodetector. Multiple B-scans of the same cross-section can be acquired using SS-OCTA and a layered scanning (En-Face OCT) imaging system, and images of the erythrocytes that move in the blood flow can be captured. In this way, rapid imaging of retinal and choroidal capillary network is performed to clearly reveal the retinal and choroidal microenvironments at different levels and visualize the pathological morphology of corresponding vessels. In comparison to the first two generation OCT techniques, SS-OCTA has a faster scan speed, higher signal-to-noise (S/N) ratio and greater penetration depth. Additionally, it provides clearer and more complete images. SS-OCTA works at 100,000 A/s scan speed and 2-6 μm axial resolution, while a faster scan speed results in more intensive raster scans, which is conducive to obtaining 3D OCT data of the retina at any levels. Moreover, SS-OCTA is run with a 1,050 nm light wave, which provides the possibility of achieving accurate imaging of the microcirculation of the retina, various capillary layers of the choroid, macula and optic disc (3). It has been established that light of a long wavelength cannot be easily absorbed by fundus (3). The domain-wide widefield SS-OCTA system (TowardPi Medical Technology Ltd., Beijing, China), which is the latest product used in clinic, can obtain fundus blood flow images at a scan speed of 400,000 A/s, scan depth to the posterior segment of ≥ 6 mm and single scan range of 24 mm × 20 mm. Such images capture peripheral fundus features, which cannot be obtained by other SS-OCTA products and helps know more about the changes in the eye fundus caused by diseases.



3.  Differences between conventional OCTA, SS-OCTA, WF-OCTA and UWF-OCTA.

Conventional OCTA typically captures segments of 3 x 3 mm2 and 6 x 6 mm2 and montages these smaller scans to obtain a wider field of view to characterize NVE and other DR lesions.The SS-OCTA is available with the capability of scanning 15 x 9 mm2, 12 x 12 mm2 and even 15 x 15 mm2 in a single shot. These larger scan protocols reduce the scan time for montage of multiple images and provide a wider field of view, but may be more susceptible to imaging artefacts.WF-OCTA used with Extended Field Imaging (EFI), montage techniques or single shot widefield scanning can obtain a larger field of view (extending the imaging field to 60°-70°).Equipped with the ability to scan 24 x 20 mm2 in a single shot, the UWF SS-OCTA offers speed and efficiency benefits to assist in the evaluation of entire macular and peripapillary retinal lesions in patients with DR.



4.  Application of SS-OCTA in diagnosis of DR.


4.1.  SS-OCTA depicts DR clinical characteristics.

Recently, SS-OCTA has been gradually applied to capture clinical fundus features of DR, mainly including microaneurysms (MAs), foveal avascular zone (FAZ), vessel density (VD), retinal capillary NPAs, inter-retinal microvascular abnormalities (IRMAs) and NVs (4).


4.1.1.  MAs.

DR patients have metabolic abnormalities due to the onset of hyperglycemia, which usually lead to apoptosis in capillary pericytes, proliferation in endothelial cells, and thickening of basement membrane. In addition, localized vasodilation concomitantly occurs in the capillaries at the zone surrounding the occluded area, which is linked with the formation of MAs. MAs are regarded as the first reliable clinical indicator for diagnosis of DR (5). MAs present as homogeneous hyperfluorescence spots on FFA (6), while with focal, dilated saccular or spindle-shaped capillaries in both the superficial and deep capillary plexuses (SCP/DCP) (7, 8),Previous research revealed that the MAs detection rate by OCTA (62%) was lower than that by FFA due to the relatively low sensitivity to the slow blood flow within some MA subtypes (7, 9, 10), although OCTA findings of MAs were similar with the histopathologic features (11).

There are many studies investigating whether SS-OCTA is superior or can be an alternative to FFA and indocyanine green angiography (ICGA). For instance, Peres et al. (12) applied En-Face SS-OCTA (segmented into SCP and DCP, sOCTA/dOCTA) and FFA to observe MAs in 19 eyes from 10 patients with diabetic macular edema (DME). They found that the average numbers of MAs on FFA, sOCTA and dOCTA were 14.5 (2-43), 9.75 (0-37.5) and 22.5 (5.5-46.5), respectively. Comparatively, the number of MAs on dOCTA was larger than that on sOCTA (P < 0.001) and FFA (P = 0.06), suggesting superior capability of dOCTA in identifying MAs in DR patients. The study of Stattin et al. (13) comparatively analyzed the capability of FFA, ICGA and SS-OCTA (sOCTA/dOCTA) in detecting MAs in 27 eyes from 17 DR patients. The results showed that the average numbers of MAs on FFA, ICGA, sOCTA and dOCTA were 33.4 (± 22), 24.9 (± 16.9), 6.5 (± 3.7), and 18.1 (± 10.5), respectively. In statistical analysis, significant difference was demonstrated in each pairwise comparison, except for the minor difference between ICGA and dOCTA (P = 0.048; 95% CI: 0.21-13.49). The authors believed that dOCTA showed a good consistency with ICGA in detecting MAs in DR patients. Thompson’s study (14) found that OCTA showed microaneurysms in 40% of patients, while Schaal’s study (15) applying SS-OCTA showed microaneurysms in 91% of cases.Zeng (16) used UWF SS-OCTA (SCP, 24 × 20 mm2) and FA for quantitative assessment of DR. The results showed that no significant differences were found between SS-OCTA and FA in assessing FAZ (area, perimeter), NPA, IRMA, NV, and only statistically significant in quantifying MA, demonstrating that FA outperformed SS-OCTA in detecting MA and denying the notion that FFA is obsolete in DR assessment. UWF SS-OCTA represents a reliable, non-invasive and quantitative imaging technique that provides both en face angiography of the entire posterior pole as in FA, and cross-sectional B-scans covering vascular flow, depicting all the information of standard structural OCT for the assessment of the microvascular system in DR, providing a potential alternative to FA in the assessment of certain aspects of DR, and as far as the detection of MA is concerned, FA has its irreplaceability. FFA has an influential role in the assessment of neovascularisation and non-perfused areas in DR, and its application is limited by the drawbacks of being invasive, time-consuming, dye leakage, poor stereoscopic vision, inability to localise the depth of the lesion, and adverse reactions to the contrast agent, UWF SS-OCTA may offer a non-invasive alternative with similar results.

Moreover, Borrelli et al. (17) applied SS-OCTA and obtained rotational 3D OCTA images to observe the morphology and related vascular conditions of 52 MAs from 20 DR patients. The major findings included: 59.6% MAs had a saccular-shape; the number of retinal layers occupied by each MA varied between 1 and 3 and the inner nuclear layer (INL) was the most frequently occupied; the number of associated vessels for each MA varied between 1-4, while 59.6% MAs were linked with 2 vessels; vessels of 38.4% and 50.0% MAs originated from the SCP and the deep vascular complex (DVC), respectively, while those of 11.6% MAs were derived from both the SCP and DVC. Considering the findings, it was believed that the structure of MAs in DR patients was complex, while 3D OCTA images could clearly show their characteristics and vascular origin.



4.1.2.  Macular microenvironment.

The hyperglycemic state in diabetic patients predisposes to fundus hypoxia and ischemia, resulting in occlusion of retinal capillaries and subsequent formation of NPAs. NPAs tend to increase with an aggravated DR, while a broad-range retinal NPAs can lead to disorders in retinal microenvironment and impairment of visual function. Notably, DR patients will experience significant visual impairment if the macular microenvironment is involved. OCTA is capable of accurately visualizing the macular microenvironment in DR patients with manifestations mainly including interruption and deformation of the superficial and deep capillaries (even disappearance), and enlargement of FAZs, etc. (18–21).

FAZs are foveal areas free from vessels. Under normal circumstances, the fovea is free from capillaries but surrounded by a continuous capillary loop (22, 23). FAZs are important for fine vision, while the perfusion of foveal capillaries is a significant factor that influences patient vision. Research revealed that there was a large difference between the FAZs in DR patients and healthy people. The FAZs in DR patients usually increase due to the loss of vascular integrity, and the range will be enlarged with the exacerbation of DR. In clinical settings, quantitative assessment result of FAZs is likely to be a potential biomarker for macular ischemia in DR patients and can be employed to study the changes in retinal vessels (24–26).

It is well known that it is unwise to perform FFA for early screening purposes. However, UWF or WF SS-OCT has significant value in the early diagnosis of DR, and recent studies have reported the value of WF SS-OCTA in assessing the retinal microvascular system in eyes with early DR. Wang et al. (27) applied WF SS-OCTA (12 mm × 12 mm) to measure the mean perfusion area (PA) and vascular density (VD) in the superior, nasal, inferior and temporal quadrants of each circle in no-DR and mild-moderate NPDR eyes within diameter of 1 mm, 1-3 mm, 3-6 mm, 6-9 mm, and 9-12 mm. The results showed no significant difference in mean PA and VD between the groups in the central ring (1 mm) and in the wide-field scans (9 and 12 mm radius), and only in the 1-3 mm radius range, PA and VD were significantly decreased in both the upper and lower quadrants of no DR and mild-moderate NPDR. This demonstrates that WF OCTA is useful in assessing peripheral capillary perfusion in eyes with early DR. Liu et al. (28) analyzed the size, perimeter, acircularity index (AI) and VD of FAZs in 30 healthy controls (51 eyes), 42 non-proliferative diabetic retinopathy (NPDR) patients (71 eyes) and 31 proliferative diabetic retinopathy (PDR) patients (53 eyes) using SS-OCTA. In comparison to the healthy controls, significant increase was found in the size (0.38 ± 0.08 vs. 0.49 ± 0.23, P = 0.030 < 0.05), perimeter (2.58 ± 0.32 vs. 3.08 ± 0.90, P = 0.016 < 0.05) and VD (42.70 ± 5.37 vs. 34.80 ± 5.53, P = 0.000 < 0.001) of FAZs in PDR patients, while in the perimeter (2.58 ± 0.32 vs. 2.93 ± 0.58, P = 0.029 < 0.05), AI (0.71 ± 0.09 vs. 0.64 ± 0.11, P = 0.010 < 0.05) and VD (42.70 ± 5.37 vs. 37.36 ± 5.96, P = 0.001) of FAZs in NPDR patients, suggesting potential linkage between FAZs’ alterations and DR progression. Torcato Santos et al. (29) performed SS-OCTA in 105 patients with diabetes without retinopathy (DWR) or with varying degrees of retinopathy (NPDR up to ETDRS grade 53). In patients with DWR or ETDRS grades 20 - 35, retinal capillary closure was in the macular area, with predominant changes in the parafoveal retinal circulation (inner ring); while in ETDRS grades 43 - 53, retinal capillary closure was predominant in the retinal midperiphery. In addition, the combination of acquisition protocols 3 × 3 mm and 15 × 9 mm using SS-OCTA could distinguish mild NPDR (ETDRS grades 10, 20, 35) from moderate-to-severe NPDR (ETDRS grades 43-53). The findings indicated that quantitative assessment of retinal capillary closure using SS-OCTA could help identify NPDR severity in diabetes patients.

There are also some studies that assessed the accuracy and repeatability of SS-OCTA in assessment of FAZs. In the study of Mastropasqua et al. (30), two experimenters independently measured the FAZs of 64 healthy eyes using SS-OCTA. They found that most FAZs of healthy eyes were circular or nearly circular, and the size could easily be detected as (0.269 ± 0.092) mm2 and (0.270 ± 0.090) mm2, respectively. In addition, there were no significant differences between the two experimenters in terms of the coefficient of variation (CV), coefficient of repeatability (CoR), interobserver and intraobserver concordance correlation coefficient, indicating good reproducibility and repeatability of SS-OCTA in assessment of FAZs of healthy eyes. While in the study of Hirokazu Ishii et al. (22) SS-OCTA was employed to assess the FAZs of 40 healthy eyes from 22 volunteers, while Kanno Saitama macro (KSM) and Image J system were adopted to automatically measure the size of the FAZs. The results were found comparable with those measured manually, whereas automatic measurement by the software showed little dependence on the experimenter, which might be conducive to studying various retinal diseases, especially vascular retinal diseases.



4.1.3.  NPAs.

As DR progresses, there are a series of biological processes, including apoptosis in retinal capillary pericytes, proliferation in endothelial cells, dilation in capillaries, and decrease in vascular resistance to blood flow. In this context, the dilated capillaries work as major feeders, whereas the adjacent capillaries tend to be nonperfused and forms an area known as NPA (5). Stefánsson et al. (31) explained the mechanism underlying the formation of retinal NPAs according to the principles of physics. They pointed out that the loss of pericytes led to the thinning of the retinal capillary wall and then dilation, decreasing the blood flow in the neighboring capillaries, accelerating the flow velocity and increasing the blood flow within diseased vessels, thereby reducing the blood flow in adjacent capillaries. On SS-OCTA, retinal NPAs are defined as the regions which are localized between the small terminal retinal veins and the small terminal arteries and the large proximal vessels free from capillary bed (4).

Widefield OCTA (WF-OCTA) represents the state-of-the-art examination of vascular retinal diseases including DR, and it presents huge advantages in detecting NPAs and NV lesions. Tan et al. (32) improved the performance of WF-OCTA in diagnosis of NPAs by eliminating the effect of capillaries on larger retinal vessels, and they found that OCTA performed well than FFA in analysis of NPAs due to the absence of fluorescein leakage or influence by fluorescein leakage. Sawada et al. (33) applied ultra-widefield FFA (UW-FFA, 200°) and WF-OCTA (acquisition protocol: 12 × 12 mm) to detect the NPAs in 58 eyes from 33 DR patients. As a result, NPAs were detected in 47 eyes by UW-FFA while in 48 eyes in WF-OCTA (sensitivity: 0.98; specificity: 0.82). WF-OCTA, therefore, was considered as applicable in clinical detection of NPAs in DR patients. In the study of Hirano et al. (34) SS-OCTA combining extended field imaging (EFI) was applied to assess the retinal vascular conditions in 37 eyes from 27 DR patients, including NPAs, NV lesion, and VD. The results revealed that the combined use of SS-OCTA and EFI obtained a larger FOV, which was 1.80 (± 0.18) fold larger than that on SS-OCTA alone. While in comparison to FFA, combination strategy showed no statistical difference in the FOV (61.2 ± 45.8 vs. 61.5 ± 55.0) with the sensitivity of 96% and the specificity of 100% in detecting NPAs. The findings indicated that the use of SS-OCTA + EFI was associated with better patient comfort than FFA.

The study of Wang et al. (35) comparatively analyzed the performance of SS-OCTA (80° × 60°) and FFA (both centered on the fovea) in quantitative assessment of NPAs in 18 diseased eyes from 11 PDR patients. SS-OCTA was segmented into SCP and DCP, and the NPAs of the full-thickness retina, SCP and DCP were detected. The median size of NPAs on FFA was 0.786 mm2, while that on SS-OCTA was 0.787 mm2 (full-thickness retina), 0.791 mm2 (SCP) and (0.878 ± 0.366) mm2 (DCP), respectively. Statistically, the median size of NPAs at the DCP level by SS-OCTA was significantly larger than that detected by FFA, demonstrating superior performance in measuring NPAs in diseased eyes of PDR patients.

There have also been some studies related to the distribution of NPAs and the significance in examination. For example, the study of Kim et al. (36) explored the relationship between microvascular parameters and DR severity using SS-OCTA in 235 eyes, including eyes from NDR, mild NPDR, moderate NPDR, severe NPDR and PDR. The microvascular parameters from the regions (3 × 3 mm2, 6 × 6 mm2 and 10 × 10 mm2) perpendicular to the fovea-optic disc axis were recorded. It was found that the NPAs detected in the regions with sizes of 6 × 6 mm2 and 10 × 10 mm2 were the only parameters that could be employed to distinguish between the NPDR stages. ROC curve analysis demonstrated that the NPAs from the 10 × 10 mm2 region performed the best in terms of classifying DR into 5 stages (NDR, mild NPDR, moderate NPDR, severe NPDR and PDR). In the meantime, cut-off values of the NPAs from the 10 × 10 mm2 region for grading NDR, mild from moderate NPDR, moderate from severe NPDR and severe NPDR from PDR were 3.7% (AUC: 0.91), 4.7% (AUC: 0.94), 9.3% (AUC: 0.94) and 21.4% (AUC: 0.90), respectively. It was therefore believed that the severity of retinal ischemia presented by SS-OCTA was linked with the severity of DR, while the NPAs measured from the 10 × 10 mm2 scan area had the highest sensitivity for determining DR severity and might bring benefits for DR staging. Wang et al. (37) obtained ultra-widefield OCTA (UWF-OCTA) images with 100° FOV in 60 eyes with DWR, NPDR and PDR and calculated the ratio of non-perfusion (RNP), the percent area of capillary nonperfusion within the FOV, in the FOV 100° image and concentric sectors encompassing 10°, 10° - 30°, 30° - 50°, and 50° - 100°. The average RNP from FOV 50° - 100° varied among three groups (DWR vs. NPDR vs. PDR: 14.6 ± 5.1% vs. 27.5 ± 7.5% vs. 41.5 ± 19.1%), while that was significantly higher than the RNP from all other sectors in each group. Additionally, the RNP from FOV 50° - 100° exhibited the highest sensitivity in differentiating DWR, NPDR, PDR and had greater diagnostic value in determining DR severity than other sectors. It is believed that the average RNP is higher in severer DR cases. In spite of the different FOV, both the above two studies proved the linkage between DR severity and the size of retinal NPAs, and the mean NPAs tend to be higher in OCTA scans with a larger scan range or in the images of the very marginal regions with more clinical significance in assessment of DR.

To observe the relationship of retinal NPAs to arteries or veins, Ishibazava et al. (38) obtained SS-OCTA (12 × 12 mm) images from 63 eyes of 44 patients with PDR or NPDR. NPAs were calculated and classified as either arterial-adjacent or venous-adjacent based on the shortest distance, while the ratio of arterial-adjacent NPAs to venous-adjacent NPAs (A/V) was computed. The results indicated that total NPAs in PDR patients were significantly greater than those in moderate NPDR patients (median: 8.93% vs. 3.49%, P < 0.01); the number of arterial-adjacent NPAs was larger than that of venous-adjacent NPAs with the A/V ratio in moderate NPDR, severe NPDR and PDR of 1.93, 1.84 and 1.78, respectively; in addition, there was a negative relationship observed between the A/V ratio and the total NPAs (r = -0.600, P < 0.0001). Collectively, these findings suggested that SS-OCTA was conducive to understanding the non-perfusion conditions in DR patients, and that NPAs were likely to be smaller when adjacent to arteries but larger when adjacent to veins.

To investigate the retinal microvasculature in DWR eyes and its association with systemic conditions of patients, Yang et al. (39) scanned 55 eyes from 30 DWR patients using UWF SS-OCTA with a range of 12 × 12 mm and recorded the NPAs, microvascular dilation and tortuosity, and the number of new vessels. 58.2% eyes presented with microvascular disorders; NPAs and microvascular dilation and tortuosity were more common in peripheral areas than central areas; and there was a significant relationship between the number of NVs and HbA1c level in the overall and peripheral areas. The findings suggested that UWF SS-OCTA was capable of detecting the microvascular changes in diseased eyes with preclinical DR, which were linked with systemic conditions of patients.



4.1.4.  IRMAs and NV.

IRMAs and NV are proliferative changes resulting from retinal ischemia and hypoxia, and they are characteristic fundus manifestations that can distinguish between severe NPDR and PDR. In this context, it is critically important to identify IRMAs and NV lesions in clinical diagnosis.

It is reported that IRMAs are a risk factor for NV. Russell et al. (40) performed SS-OCTA and FFA in 2 PDR patients before and after receiving pan-retinal photocoagulation (PRP). After PRP, FFA demonstrated 3 NV lesions in 1 patient and 1 NV lesion in another patient; while before PRP, the 4 lesions presented as IRMAs on FFA and intraretinal tortuous vascular lesions on SS-OCTA. After 1 week, 1 month and 3 months of PRP, the lesions developed into preretinal NV with contiguous intraretinal components. Therefore, it was believed that the retinal NV in DR patients could develop from IRMAs. Additionally, early identification of IRMAs might help predict progression to PDR, and frequent monitoring of IRMAs using SS-OCTA might be conducive to early diagnosis of PDR. The study of A.Sami Memon et al. (41) observed the features of IRMAs and NV in 28 eyes (13 NPDR eyes and 15 PDR eyes) using SS-OCTA. Fifty-six aberrant vascular lesions were found, including 36 (64%) being IRMAs restrained under the internal limiting membrane (ILM) with intra retinal flow and 20 (36%) being NV lesions. Of the 20 NV lesions, 18 (90%) were in advanced stage penetrating ILM and posterior hyaloid while 2 (2%) were demonstrated only breaching ILM. Schaal’s study (15) applying SS-OCTA showed IRMA in 79% of cases and neovascularisation in 21% of cases. Khalid et al. (42) found that OCTA-B scans detected NVD in 100% with a significant flow signal of 79.5%. WF-OCTA had a detection rate of 81% for NVE.The authors held the view that SS-OCTA could be an alternative to FFA in diagnosis of DR and an important tool to predict DR progression and distinguish between IRMAs and NV lesions.

Currently, a number of studies have investigated the accuracy of SS-OCTA and other techniques in determining of IRMAs and NV. For example, Motulsky et al. (43) found that WF SS-OCTA (scan pattern: 12 mm × 12 mm) could well present the retinal NV lesions in 24 eyes of 12 PDR patients. In the study of Lu et al. (44), WF SS-OCTA (scan pattern: 12 mm × 12 mm) and SS-OCT were comparatively analyzed for their performance in detecting NV lesions in 142 eyes from 89 DR patients. The results indicated that more retinal NV lesions were detected by SS-OCTA (P < 0.05), while the combination of SS-OCT and SS-OCTA significantly increased the detection rate of NV lesions from DR eyes (P < 0.05), reducing the false positive rate and conducive to diagnosis and monitoring of PDR at follow-up. Similarly, the comparative study performed by Pichi et al. (45) analyzed the capability of WF-OCTA, UWF-FFA and ultra-wide-field color fundus photography (UWF-CP) in determining retinal NV in 82 eyes from 82 PDR patients. It was demonstrated that both the sensitivity and specificity of WF OCTA for detecting new vessels of the disc (NVDs) were 100%, whereas those of UWF FA and UWF-CP were 94.6%, 100% and 35.1%, 97.8%, respectively. It was therefore believed that WF OCTA could identify the NVDs which were not significant on UWF-CP, and it could be used as a faster and safer alternative to UWF-FA to be applied in monitoring of PDR. While in the study of Hasenin Al-khersan et al. (46) in 47 eyes from 24 PDR patients, the percentage of correct NV grading was 87.8% using SS-OCTA with B-scans while 86.2% using FFA (P = 0.92), suggesting that SS-OCTA might be a proper approach for diagnosis of NV in diabetes. Papayarnlis et al. (47) imaged 186 eyes from 93 DR patients using SS-OCTA with three segmentation protocols: (1) Vitreo-Retinal Segmentation (VRS): the lower boundary was set to posterior ILM to include the outer retinal layer (especially the SCP), and the upper boundary was set in the cortical vitreous at an appropriate to include any evident hyper-reflective structure on OCT B-Scan; (2) Outer Vitreous Segmentation (OVS): the lower boundary was set to anterior ILM and the upper boundary was set in the cortical vitreous at an appropriate depth to include any hyper-reflective structure on the OCT B-Scan; (3) Core Vitreous Segmentation (CVS): both the lower and the upper boundaries were set in the vitreous at different depth ranges to fully or partially include any hyper-reflective structure on the OCT B-Scan located within the vitreous cavity and to evaluate this structure at different vitreous depths as needed from the cortical to the core vitreous. Both the sensitivity and specificity of SS-OCTA for detecting NVDs were 100%, while those for detecting NV elsewhere (NVE) were 96.6% and 100%, respectively. It was believed that the three segmentation protocols of SS-OCTA varied but had complementary characteristics, which allowed a standardized and reproducible analysis on NVDs and NVE and were significant for research into NVDs.




4.2.  Application of SS-OCTA in monitoring microvascular changes in choriocapillaris in DR patients.

It was previously believed that DR was closely linked with impaired retinal circulation. With the result of histopathology and more examinations performed, DR patients are also found with changes in the choroid, including focal vascular dilation, filling and microaneurysms, loss and dysfunction of capillary endothelial cells (ECs), focal luminal stenosis and occlusion in capillaries. All these changes can lead to local choroidal ischemia and formation of NPAs, while the occurrence of severely impaired circulation can result in NV and fibril-membrane hyperplasia. These changes are also known as manifestations of diabetic choroidal lesions (48–53). SS-OCTA works with a light of a long wavelength, which allows a stronger penetration, a higher sensitivity and a better view of choroidal capillaries. Therefore, SS-OCTA is useful in clearly displaying the blood flow within choroidal capillaries in DR patients (54–56).

Maruko et al. (57) obtained SS-OCTA images (scan range: 12 × 12 mm, centered on the macula) of 61 eyes from 45 patients without ocular diseases (19 males and 26 females), based on which the subfoveal choroidal thickness (SCT) was measured, the ratio of the choroidal blood flow area in a slab 30 - 60 µm posterior to the retinal pigment epithelium was calculated and the corresponding choroidal blood flow pattern was analyzed. After the subtraction, SS-OCTA images of all eyes clearly revealed the middle and large choroidal blood flow; there was a significant linkage between the SCT (mean: 297 ± 61 µm) and the ratio of the choroidal blood flow area (mean: 27.3 ± 8.2%) (R = 0.738, P < 0.01). The findings suggested that the choroidal blood flow area might be an important indicator of SCT, which also meant that the changes in choroidal blood flow might lead to altered SCT thereby some functional changes. Liu et al. (28) applied SS-OCTA to measure the choroidal perfusion (CP), vascular index (CVI), vascular volume (CVV) and thickness (CT) within the radius of 3, 6, 9, and 12 mm around the fovea. In comparison to the control group, patients with NPDR and DR had higher CT levels but significantly lower CP levels. While comparing PDR with NPDR patients, the CT values in 3-6 mm (3-6 mm2) captures varied markedly, and the CP values within the radius of 3, 6, and 9 mm around the fovea were much lower. Notably, the degree of CP decrease was directly linked with the progression from NPDR to PDR. In addition, the mean CVI values at 9-6 mm2 were distinctly different between PDR and NPDR patients. However, there was only a minor difference in the CVV values at 3 mm (3 × 3 mm) captures between the control and PDR groups (0.70 ± 0.32 vs. 0.85 ± 0.41, P = 0.033). The findings suggested that the CP and CVV were significant in DR grading, while SS-OCTA could be a tool capable of providing relevant information.

Besides the choroidal flow and thickness, changes in the choriocapillary filling defects have also been investigated in diabetic patients. The study of Dai et al. (58) explored the microvascular changes in choriocapillaris (CC) by using SS-OCTA in 16 diabetic eyes from 16 DWR patients and 16 eyes from 16 non-diabetic controls. As compared to non-diabetic controls, the percentage of flow deficits (FD%) and the flow deficit (FD) sizes of CC significantly increased in the central 1.0-mm disk, central 1.5-mm rim, central 2.5-mm rim, entire 5.0-mm disk in DWR patients. This result suggested a decrease in macular choroidal perfusion in DWR patients, which might be an early indicator of otherwise clinically undetectable diabetic vasculopathy. Another study of Dai et al. (59) compared the FD% and FD size of CC within the radius of 5 mm around the fovea between DR eyes (n = 45) and normal eyes (n = 27) using SS-OCTA. The authors found that both the mean FD% (12.34 ± 4.14% vs. 8.82 ± 2.61%, P < 0.001) and mean FD sizes (2151.3 ± 650.8 μm2 vs. 1574.4 ± 255.0 μm2, P < 0.001) of diabetic eyes were 1.4 times larger than that of normal eyes, but both of them showed no significant differences between diabetic eyes from NPDR and PDR cases. It was believed that the FD% and FD size of CC could be used to quantitatively assess the choroidal perfusion in DR patients with the help of SS-OCTA system. While in the study of Gendelman et al. (54),the significance of CC FD% in DR grading was investigated in different macular regions (inner, 0.5 mm; middle, 0.5 mm - 1.5 mm; outer, 1.5 mm - 3 mm; and full-field region) of the SS-OCTA images of 160 diabetic eyes from 90 diabetic patients. The results demonstrated that the CC FD% had significant positive associations with the patient age and DR severity in each macular region, and such association was much more distinct in the two centermost regions. In addition, the CC DF% in inner, middle, outer, and full-field regions increased by 0.12 (P < 0.001), 0.09 (P < 0.001), 0.05 (P < 0.001) and 0.06 (P < 0.001), respectively, per year of age; while that increased by 0.65 (P < 0.0087), 0.56 (P < 0.0012), 0.33 (P < 0.045) and 0.36 (P < 0.018), respectively, per increase in DR severity stage. It was demonstrated that the CC flow impairment was linked with DR severity. All studied regions were significantly affected upon increasing DR severity, with the inner and middle regions being affected the most.



4.3.  Application of SS-OCTA in DR patients after treatment.

Clinical therapies for DR mainly include drug therapies, intra-vitreal injection of anti-vascular endothelial growth factor (VEGF) agents, intra-vitreal injection of dexamethasone implant (IDI), PRP, subthreshold micropulse laser (SMPL), and surgery, etc. SS-OCTA as an emerging imaging diagnostic technique has multiple strengths, such as fast scan speed, high resolution, deep probing depth, wide scan range, and function of automated quantitative analysis. It has been gradually applied in evaluation of clinical efficacy in DR eyes after treatment.


4.3.1.  Application of SS-OCTA in DR patients receiving anti-VEGF therapy.

Couturier et al. (60) observed the changes in retinal NPAs in diabetic macular edema (DME) patients after anti-VEGF treatment by using WF SS-OCTA and UWF FA images of 10 diabetic eyes from 9 patients with NPDR or PDR, and the NPAs, microaneurysm (MA) and retinal hemorrhage at baseline and 1 month after the third anti-VEGF injection. All NPAs found on UWF FA could also be seen on WF SS-OCTA, while there were additional NPAs 29% (46/160) detected on WF SS-OCTA. One month after the third anti-VEGF injection, the mean numbers of MAs and retinal hemorrhages on UWF FA significantly decreased, and there was no reperfusion in NPAs. The findings implied that WF SS-OCTA performed better than UWF FA in detecting NPAs, and there was no reperfusion in NPAs after anti-VEGF therapy.

The study of Pongsachareonnont et al. (61) evaluated the retinal MAs and FAZs using SS-OCTA in 152 DME eyes before and after 1 month of injection of anti-VEGF agents (Aflibercept, Ranibizumab, and Bevacizumab). After 1 month of injection, the number of MAs and the areas of FAZs in SCP and DCP significantly reduced, while the changes in FAZs in SCP and DCP corresponded with changes in visual acuity. Decreased number of MAs in DME eyes might be used as a clinical indicator for short-term response to anti-VEGF therapy, and the changes in FAZs might predict visual acuity improvement after treatment. For the reduction in FAZ area following anti-VEGF treatment, Dabir (62) hypothesised that the majority of the reduction in FAZ size was due to a concomitant reduction in capillary displacement secondary to the regression of intraretinal oedema, rather than an improvement in macular perfusion. Dabir treated 24 eyes with NPDR (11 with moderate NPDR and 13 with severe NPDR) with intravitreal injections of anti-VEGF (ranibizumab) over a period of three months. Serial OCTA measurements at baseline and 1 month after three intravitreal injections of ranibizumab revealed no change in FAZ circularity either, indicating no change in the configuration of the FAZ capillary rim, and the results confirmed the mechanical displacement theory of FAZ size change rather than an ischaemic cause.A short follow-up period may not be sufficient to detect the magnitude of efficacy of different drugs by OCTA findings. Longer prospective observation periods and larger sample sizes may be needed to obtain more data to support research findings.



4.3.2.  Application of SS-OCTA in DR patients treated with IDI.

In the study of Toto et al. (63) 28 patients with DR and DME were included and assigned to undergo SS-OCTA (a scan range of 15 × 9 mm centered on the fovea) to analyze NPAs and VD in SCP and DCP at baseline, 1, 2 and 4 months after IDI treatment. The results indicated that IDI treatment led to significant reductions in NPAs in SCP from 11.4% baseline to 6.3%, 8.1% and 10.2% at 1, 2 and 4 months after treatment, respectively. In contrast, the retinal VD in the SCP slightly increased from 35.3% baseline to 38%, 37.85% and 36.04% at 1, 2 and 4 months after treatment, respectively. No obvious changes in the NPAs and VD in the DCP were demonstrated. SS-OCTA, therefore, was considered with certain significance during follow-up in patients with IDI treatment. It was also indicated that patients undergoing IDI treatment had decreased NPAs, which might be linked with reversal of nonperfusion areas after intravitreal anti-VEGF treatment in the early period.



4.3.3.  Application of SS-OCTA in DR patients receiving PRP.

PRP is regarded as a gold standard in treatment for severe NPDR or PDR (64). It was reported that PRP is effective in regression of neovascularization (65). In addition, PRP was also studied with effects on the thickness and flow of the retina and choroid (66, 67), whereas the conclusions are diverse.

In the study of Russell et al. (68), 20 eyes from 15 PDR patients were imaged using WF SS-OCTA (12 × 12 mm scans) and UWF FFA, and the NPAs at baseline, after 1 week, 1 month, 3 months, 6 months and 1 year of PRP were recorded. It was found that the sizes of NPAs marginally varied after 3 months and even 1 year of treatment, even in the diabetic eyes with severe ischemia at baseline. It was believed that WF SS-OCTA could be applied during follow-up of DR patients after PRP, and there was almost no change in the NPAs after treatment. Moreover, another study of Russell et al. (69) also observed the changes in NV lesions after PRP and found that the progression of regression of NV lesions after PRP could be clearly seen on both SS OCTA and UWF FFA. Additionally, the vascular changes on WF SS-OCTA were depicted in more detail, which pointed out that WF SS-OCTA might be an effective approach in diagnosis of PDR and monitoring of NV lesions after treatment. The study of Kim et al. (70) quantitatively analyzed the microvascular parameters using SS-OCTA in 27 DR patients undergoing PRP. The FAZs, macular perfusion density (PD) and vessel length density (VLD) on 3 × 3 mm en face SS-OCTA images as well as the NPAs on 12 × 12 mm en face SS-OCTA images during the follow-up period of 12 months were recorded. The PD and VLD in the SCP and DCP were decreased one month after PRP but gradually increased in the following 11 months, with the differences with baseline data statistically significant (P = 0.015 and P = 0.02, respectively). Besides, the overall NPAs exhibited a continuous downward trend after PRP treatment (P = 0.125), and the difference in PD of the SCP between baseline and 6 months post PRP was distinctly linked DR progression 12 months after PRP (OR 0.528; P = 0.025). It was inferred that there were retinal microvascular changes in DR patients undergoing PRP, and the impaired macular perfusion progressively recovered across the next 12 months. Moreover, the early treatment responses in PD may predict the long-term outcomes of PDR after PRP. There were also some studies reporting that WF OCTA might be conducive to performing targeted PRP in DR patients with comparable clinical efficacy with the conventional PRP (37, 70–73).It is generally accepted that there is little difference in FAZ evaluation between conventional OCTA and SS-OCTA, and that FAZ changes may occur in DR patients after PRP. Sabaner et al. (74) used OCTA to analyse macular microvascular changes in patients with NPDR and a large FAZ (SCP layer FAZa > 0.350 mm2) after PRP and found that baseline FAZ area was larger than 1 month and 6 months after PRP (0.416 ± 0.70, 0.399 ± 0.065 and 0.407 ± 0.066 mm2; p = 0.001 and p = 0.002), confirming that PRP affects retinal microvascular morphology in patients with NPDR and large FAZ areas. Abdelhalim’s study (75) examined 30 eyes with PDR using OCTA and equally assessed superficial and deep vessel density (VD), choroidal blood flow and FAZ area at baseline and 1 and 6 months after PRP and found a significant improvement in FAZ area after PRP (0.56 ± 0.27 vs. 0.50 ± 0.21 vs. 0.46 ± 0.2, at baseline, after 1 month and after 6 months, respectively), demonstrating that microvascular changes occur at different retinal and choroidal levels in patients with PDR significantly affected by PRP.



4.3.4.  SS-OCTA in the follow-up of patients with pars plana vitrectomy for DR.

Russell et al. (76) imaged 31 eyes of 21 patients with diabetic tractional retinal detachments (TRDs) (including 10 eyes receiving PPV) using WF SS-OCTA. The WF SS-OCTA en face images was used to capture all areas of intrapolar TRDs and fibrovascular proliferation visualized on UWF imaging.An OCTA B scan was used to show the vasculature of preretinal membranes and to identify areas of vitreoretinal traction and posterior vitreous detachment. All clinically relevant features of diabetic TRDs were identified at baseline and assessed longitudinally after PPV using WF SS-OCTA, which showed all clinically relevant features of diabetic TRDs (vitreo-retinal traction subsidence) with no significant change in retinal perfusion status after surgery. If the media is clear and adequately fixed, WF SS-OCTA may be the only imaging modality required for the diagnosis and longitudinal assessment of diabetic TRDs.





5.  Causes and solutions for artifacts in SS-OCTA.

The most common causes of artifacts are projection and segmentation errors, in addition to optical aberrations, media opacities, movement or blinking, thresholds or other limiting factors. Borrelli (77) first described the presence of eyelashes artifacts in UWF SS-OCTA images and areas of false positive hypoperfusion secondary to eyelashes artifacts. Podkowinski et al. (78) showed that SS-OCTA images revealed artifacts caused by diabetic macular oedema in approximately 25% of the eyes analysed. In addition, the number of artifacts detected varied between devices, with SSPiM detected more frequently with the Plex Elite 9000 than with the Optovue OCT-A. Li (79) quantitatively compared the clinical performance of five OCTAs, AngioVue™, AngioPlex™, Spectralis OCTA, AngioScan and SS-OCTA Angio™, with AngioVue providing images with the highest effective vascular visibility and the least motion artifacts.

As OCTA and a wider range of scanning modalities become more common in DR clinical trials, it has been found that PDR eyes using WF OCTA often show motion artefacts and segmentation errors, particularly in DR patients with DME, NV, pigment epithelial detachment (PED) or anterior retinal membrane (ERM). correction of segmentation is essential to differentiate IRMA from NVE, which is of early diagnosis of PDR, and segmentation errors should be noted and manually corrected accordingly to avoid misinterpretation of the images. Cui (80) assessed WF SS-OCTA image quality, artifacts and segmentation errors in DR and investigated the main factors affecting image quality, concluding that higher motion artifact score (MAS) would reflect more artifacts and lower image quality, and that DR and The severity of dry eye was the main factor influencing MAS (p<0.05). OCTA images with higher MAS scores limited the capability to visualise fine capillary and DR features.

How to reduce the modifiable artifacts of the WF SS-OCTA system: (1) Constantly adjust the focus so that the retinal vessels are clearly visible during prolonged scanning. manual adjustments is also a method if the patient is poorly positioned,with hyperopia or high myopia (2) keep the head position stable to avoid motion artifacts; (3) the patient can be asked to rotate the eyes or subtly adjust the eye alignment by moving the mandibular rest setting to reduce the effect of small vitreous clouding on image quality; (4) dilation, use of a gaze lamp, rest between scans, during scanning blinking and the application of artificial tears also Contribute to obtain better OCTA images.



6.  Summary.

SS-OCTA provides a technique with multiple strengths (e.g., non-invasiveness, high resolution, fast scan speed and wide-range FOV) and good performance to quantitatively analyze the retinal and choroidal vasculature and thickness. It is expected to be used in clinical monitoring of progression, treatment response and prognosis of DR as an objective detection tool. The present SS-OCTA equipment is limited by poor fixation or severe media clouding, and in addition WF OCTA often suffers from motion artifacts and segmentation errors in imaging PDR eyes, which will need to be continuously eliminated in the future to obtain better quality OCTA images. Intraoperative WF SS-OCTA imaging is not yet available to determine the appropriate surgical flat between the vitreous cortex and retina for PPV surgery, and whether SS-OCTA will reduce operative time and intraoperative complications remains unanswered. There is a relative lack of follow-up studies after DR treatment and more large prospective trials using a standardised WF SS-OCTA imaging protocol are needed to determine whether treatment affects retinal and choroidal perfusion in patients with DR and to define its clinical application value.



Author contributions

JYZ, QQH, and XYL contributed to conception and design of the study. JYZ organized the database. QQH performed the statistical analysis. JYZ wrote the first draft of the manuscript. DYX, MFW, QQH, and XYL wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

Weifang Science and Technology Bureau (2021YX029), Doctoral Fund Of the Affiliated Hospital of Weifang Medical College (2020BSQF02).



Acknowledgments

The authors thank all the staff for their help and assistance in research.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fopht.2023.1116391/full#supplementary-material



References

1. Vaz-Pereira, S, Morais-Sarmento, T, and Esteves Marques, R. Optical coherence tomography features of neovascularization in proliferative diabetic retinopathy: A systematic review. Int J Retina Vitreous (2020) 6:26. doi: 10.1186/s40942-020-00230-3

2. Zhou, S, Tan, G, and Shao, Y. Application of swept-source optical coherence tomography in ophthalmology. Rec Adv Ophthalmol (2017) 37(08):788–92. doi: 10.13389/j.cnki.rao.2017.0200

3. Zhao, F, Pei, C, Cai, Z, and Zhang, H. Risk factors for patients with diabetic retinopathy: an analysis based indicators from SS-OCTA. Rec Adv Ophthalmo (2021) 41(07):643–6. doi: 10.13389/j.cnki.rao.2021.0132

4. Wang, R, Lei, B, and Jin, X. Quantitative analysis of the measurements in retinal capillary nonperfusion areas in PDR patients with FFA and wide-field SS-OCTA. Zhengzhou Zhengzhou Univ (2021) 57. doi: 10.27466/d.cnki.gzzdu.2021.004364

5. Ejaz, S, Chekarova, I, Ejaz, A, Sohail, A, and Lim, CW. Importance of pericytes and mechanisms of pericyte loss during diabetes retinopathy. Diabetes Obes Metab (2008) 10(1):53–63. doi: 10.1111/j.1463-1326.2007.00795.x

6. Jalli, PY, Hellstedt, TJ, and Immonen, IJ. Early versus late staining of microaneurysms in fluorescein angiography. Retina (1997) 17(3):211–5. doi: 10.1097/00006982-199705000-00007

7. Salz, DA, De Carlo, TE, Adhi, M, Moult, E, Choi, W, Baumal, CR, et al. Select features of diabetic retinopathy on swept-source optical coherence tomographic angiography compared with fluorescein angiography and normal eyes. JAMA Ophthalmol (2016) 134(6):644–50. doi: 10.1001/jamaophthalmol.2016.0600

8. Ishibazawa, A, Nagaoka, T, Takahashi, A, Omae, T, Tani, T, Sogawa, K, et al. Optical coherence tomography angiography in diabetic retinopathy: A prospective pilot study. Am J Ophthalmol (2015) 160(1):35–44. doi: 10.1016/j.ajo.2015.04.021

9. Moore, J, Bagley, S, Ireland, G, McLeod, D, and Boulton, ME. Three dimensional analysis of microaneurysms in the human diabetic retina. J Anat (1999) 194(Pt 1):89–100. doi: 10.1046/j.1469-7580.1999.19410089.x

10. Couturier, A, Mané, V, Bonnin, S, Erginay, A, Massin, P, Gaudric, A, et al. Capillary plexus anomalies in diabetic retinopathy on optical coherence tomography angiography. Retina (2015) 35(11):2384–91. doi: 10.1097/iae.0000000000000859

11. La Mantia, A, Kurt, RA, Mejor, S, Egan, CA, Tufail, A, Keane, PA, et al. Comparing fundus fluorescein angiography and swept-source optical coherence tomography angiography in the evaluation of diabetic macular perfusion. Retina (2019) 39(5):926–37. doi: 10.1097/iae.0000000000002045

12. Peres, MB, Kato, RT, Kniggendorf, VF, Cole, ED, Onal, S, Torres, E, et al. Comparison of optical coherence tomography angiography and fluorescein angiography for the identification of retinal vascular changes in eyes with diabetic macular edema. Ophthalmic Surg Lasers Imag Retina (2016) 47(11):1013–9. doi: 10.3928/23258160-20161031-05

13. Stattin, M, Haas, AM, Ahmed, D, Stolba, U, Graf, A, Krepler, K, et al. Detection rate of diabetic macular microaneurysms comparing dye-based angiography and optical coherence tomography angiography. Sci Rep (2020) 10(1):16274. doi: 10.1038/s41598-020-73516-z

14. Thompson, IA, Durrani, AK, and Patel, S. Optical coherence tomography angiography characteristics in diabetic patients without clinical diabetic retinopathy. Eye (2019) 33(4):648–52. doi: 10.1038/s41433-018-0286-x

15. Schaal, KB, Munk, MR, Wyssmueller, I, Berger, LE, Zinkernagel, MS, Wolf, S, et al. Vascular abnormalities in diabetic retinopathy assessed with swept-source optical coherence tomography angiography widefield imaging. Retina (2019) 39(1):79–87. doi: 10.1097/iae.0000000000001938

16. Zeng, QZ, Li, SY, Yao, YO, Jin, EZ, Qu, JF, Zhao, MW, et al. Comparison of 24×20 mm(2) swept-source OCTA and fluorescein angiography for the evaluation of lesions in diabetic retinopathy. Int J Ophthalmol (2022) 15(11):1798–805. doi: 10.18240/ijo.2022.11.10

17. Borrelli, E, Sacconi, R, Brambati, M, Bandello, F, and Querques, G. In vivo rotational three-dimensional OCTA analysis of microaneurysms in the human diabetic retina. Sci Rep (2019) 9(1):16789. doi: 10.1038/s41598-019-53357-1

18. Li, H, Chen, Q, Yu, X, and Guo, L. Changes in the parafoveal and perifoveal vessel density and the area of foveal avascular zone in patients with diabetic retinopathy. Chin J Of Diabetes Mellitus (2017) 9(07):435–9. doi: 10.3760/cma.j.issn.1674-5809.2017.07.007

19. Attaallah, HR, Mohamed, AAM, and Ali, MA. Macular vessels density in diabetic retinopathy: quantitative assessment using optical coherence tomography angiography. Int Ophthalmol (2019) 39(8):1845–59. doi: 10.1007/s10792-018-1013-0

20. Zheng, D, and Pang, D. Evaluation of early macular retinal microcirculation in diabetic patients using optical coherence tomography angiography. Rec Adv Ophthalmol (2018) 38(06):548–52. doi: 10.13389/j.cnki.rao.2018.0128

21. Yao, M, Tang, S, Zhao, Y, and Yao, J. Quantitative OCTA features of macular in diabetic retinopathy and their clinical significance. J Nanjing Med Univ (2019) 39(02):267–71. doi: 10.7655/NYDXBNS20190225

22. Ishii, H, Shoji, T, Yoshikawa, Y, Kanno, J, Ibuki, H, Shinoda, K, et al. Automated measurement of the foveal avascular zone in swept-source optical coherence tomography angiography images. Transl Vis Sci Technol (2019) 8(3):28. doi: 10.1167/tvst.8.3.28

23. Arend, O, Wolf, S, Harris, A, and Reim, M. The relationship of macular microcirculation to visual acuity in diabetic patients. Arch Ophthalmol (1995) 113(5):610–4. doi: 10.1001/archopht.1995.01100050078034

24. Hwang, TS, Jia, Y, Gao, SS, Bailey, ST, Lauer, AK, Flaxel, CJ, et al. Optical coherence tomography angiography features of diabetic retinopathy. Retina (2015) 35(11):2371–6. doi: 10.1097/iae.0000000000000716

25. Dimitrova, G, Chihara, E, Takahashi, H, Amano, H, and Okazaki, K. Quantitative retinal optical coherence tomography angiography in patients with diabetes without diabetic retinopathy. Invest Ophthalmol Vis Sci (2017) 58(1):190–6. doi: 10.1167/iovs.16-20531

26. De Carlo, TE, Chin, AT, Bonini Filho, MA, Adhi, M, Branchini, L, Salz, DA, et al. Detection of microvascular changes in eyes of patients with diabetes but not clinical diabetic retinopathy using optical coherence tomography angiography. Retina (2015) 35(11):2364–70. doi: 10.1097/iae.0000000000000882

27. Wang, XN, Cai, X, Li, SW, Li, T, Long, D, and Wu, Q. Wide-field swept-source OCTA in the assessment of retinal microvasculature in early-stage diabetic retinopathy. BMC Ophthalmol (2022) 22(1):473. doi: 10.1186/s12886-022-02724-0

28. Liu, T, Lin, W, Shi, G, Wang, W, Feng, M, Xie, X, et al. Retinal and choroidal vascular perfusion and thickness measurement in diabetic retinopathy patients by the swept-source optical coherence tomography angiography. Front Med (Lausanne) (2022) 9:786708. doi: 10.3389/fmed.2022.786708

29. Santos, T, Warren, LH, Santos, AR, Marques, IP, Kubach, S, Mendes, LG, et al. Swept-source OCTA quantification of capillary closure predicts ETDRS severity staging of NPDR. Br J Ophthalmol (2022) 106(5):712–8. doi: 10.1136/bjophthalmol-2020-317890

30. Mastropasqua, R, Toto, L, Mattei, PA, Di Nicola, M, Zecca, IAL, Carpineto, P, et al. Reproducibility and repeatability of foveal avascular zone area measurements using swept-source optical coherence tomography angiography in healthy subjects. Eur J Ophthalmol (2017) 27(3):336–41. doi: 10.5301/ejo.5000858

31. Stefánsson, E, Chan, YK, Bek, T, Hardarson, SH, Wong, D, Wilson, DI, et al. Laws of physics help explain capillary non-perfusion in diabetic retinopathy. Eye (Lond) (2018) 32(2):210–2. doi: 10.1038/eye.2017.313

32. Tan, TE, Nguyen, Q, Chua, J, Schmetterer, L, Tan, GSW, Wong, CW, et al. Global assessment of retinal arteriolar venular and capillary microcirculations using fundus photographs and optical coherence tomography angiography in diabetic retinopathy. Sci Rep (2019) 9(1):11751. doi: 10.1038/s41598-019-47770-9

33. Sawada, O, Ichiyama, Y, Obata, S, Ito, Y, Kakinoki, M, Sawada, T, et al. Comparison between wide-angle OCT angiography and ultra-wide field fluorescein angiography for detecting non-perfusion areas and retinal neovascularization in eyes with diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol (2018) 256(7):1275–80. doi: 10.1007/s00417-018-3992-y

34. Hirano, T, Kakihara, S, Toriyama, Y, Nittala, MG, Murata, T, Sadda, S, et al. Wide-field en face swept-source optical coherence tomography angiography using extended field imaging in diabetic retinopathy. Br J Ophthalmol (2018) 102(9):1199–203. doi: 10.1136/bjophthalmol-2017-311358

35. Wang, R, Jin, X, An, G, Li, S, Ming, S, and Lei, B. Quantitative analysis of the measurements in retinal capillary nonperfusion areas in proliferative diabeticretinopathy patients. Chin J Ocul Fundus Dis (2021) 37(02):104–8. doi: 10.3760/cma.j.cn511434-20200909-00438

36. Kim, K, In You, J, Park, JR, Kim, ES, Oh, WY, and Yu, SY. Quantification of retinal microvascular parameters by severity of diabetic retinopathy using wide-field swept-source optical coherence tomography angiography. Graefes Arch Clin Exp Ophthalmol (2021) 259(8):2103–11. doi: 10.1007/s00417-021-05099-y

37. Wang, F, Saraf, SS, Zhang, Q, Wang, RK, and Rezaei, KA. Ultra-widefield protocol enhances automated classification of diabetic retinopathy severity with oct angiography. Ophthalmol Retina (2020) 4(4):415–24. doi: 10.1016/j.oret.2019.10.018

38. Ishibazawa, A, De Pretto, LR, Alibhai, AY, Moult, EM, Arya, M, Sorour, O, et al. Retinal nonperfusion relationship to arteries or veins observed on widefield optical coherence tomography angiography in diabetic retinopathy. Invest Ophthalmol Vis Sci (2019) 60(13):4310–8. doi: 10.1167/iovs.19-26653

39. Yang, J, Zhang, B, Wang, E, Xia, S, and Chen, Y. Ultra-wide field swept-source optical coherence tomography angiography in patients with diabetes without clinically detectable retinopathy. BMC Ophthalmol (2021) 21(1):192. doi: 10.1186/s12886-021-01933-3

40. Russell, JF, Shi, Y, Scott, NL, Gregori, G, and Rosenfeld, PJ. Longitudinal angiographic evidence that intraretinal microvascular abnormalities can evolve into neovascularization. Ophthalmol Retina (2020) 4(12):1146–50. doi: 10.1016/j.oret.2020.06.010

41. Memon, AS, Memon, NA, and Mahar, PS. Role of optical coherence tomography angiography to differentiate intraretinal microvascular abnormalities and retinal neovascularization in diabetic retinopathy. Pak J Med Sci (2022) 38(1):57–61. doi: 10.12669/pjms.38.1.3891

42. Khalid, H, Schwartz, R, Nicholson, L, Huemer, J, El-Bradey, MH, Sim, DA, et al. Widefield optical coherence tomography angiography for early detection and objective evaluation of proliferative diabetic retinopathy. Br J Ophthalmol (2021) 105(1):118–23. doi: 10.1136/bjophthalmol-2019-315365

43. Motulsky, EH, Liu, G, Shi, Y, Zheng, F, Flynn, HW Jr, Gregori, G, et al. Widefield swept-source optical coherence tomography angiography of proliferative diabetic retinopathy. Ophthalmic Surg Lasers Imaging Retina (2019) 50(8):474–84. doi: 10.3928/23258160-20190806-01

44. Lu, ES, Cui, Y, Le, R, Zhu, Y, Wang, JC, Laíns, I, et al. Detection of neovascularisation in the vitreoretinal interface slab using widefield swept-source optical coherence tomography angiography in diabetic retinopathy. Br J Ophthalmol (2022) 106(4):534–9. doi: 10.1136/bjophthalmol-2020-317983

45. Pichi, F, Smith, SD, Abboud, EB, Neri, P, Woodstock, E, Hay, S, et al. Wide-field optical coherence tomography angiography for the detection of proliferative diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol (2020) 258(9):1901–9. doi: 10.1007/s00417-020-04773-x

46. Al-Khersan, H, Russell, JF, Lazzarini, TA, Scott, NL, Hinkle, JW, Patel, NA, et al. Comparison between graders in detection of diabetic neovascularization with swept source optical coherence tomography angiography and fluorescein angiography. Am J Ophthalmol (2021) 224:292–300. doi: 10.1016/j.ajo.2020.11.020

47. Papayannis, A, Tsamis, E, Stringa, F, Iacono, P, Battaglia Parodi, M, Stanga, PE, et al. Swept-source optical coherence tomography angiography vitreo-retinal segmentation in proliferative diabetic retinopathy. Eur J Ophthalmol (2021) 31(4):1925–32. doi: 10.1177/1120672120944028

48. Fryczkowski, AW, Hodes, BL, and Walker, J. Diabetic choroidal and iris vasculature scanning electron microscopy findings. Int Ophthalmol (1989) 13(4):269–79. doi: 10.1007/bf02280087

49. Mcleod, DS, and Lutty, GA. High-resolution histologic analysis of the human choroidal vasculature. Invest Ophthalmol Vis Sci (1994) 35(11):3799–811.

50. Lutty, GA, Cao, J, and Mcleod, DS. Relationship of polymorphonuclear leukocytes to capillary dropout in the human diabetic choroid. Am J Pathol (1997) 151(3):707–14.

51. Lutty, GA. Effects of diabetes on the eye. Invest Ophthalmol Vis Sci (2013) 54(14):ORSF81–87. doi: 10.1167/iovs.13-12979

52. Hidayat, AA, and Fine, BS. Diabetic choroidopathy. light and electron microscopic observations of seven cases. Ophthalmology (1985) 92(4):512–22.

53. Hua, R, Liu, L, Wang, X, and Chen, L. Imaging evidence of diabetic choroidopathy in vivo: angiographic pathoanatomy and choroidal-enhanced depth imaging. PloS One (2013) 8(12):e83494. doi: 10.1371/journal.pone.0083494

54. Gendelman, I, Alibhai, AY, Moult, EM, Levine, ES, Braun, PX, Mehta, N, et al. Topographic analysis of macular choriocapillaris flow deficits in diabetic retinopathy using swept-source optical coherence tomography angiography. Int J Retina Vitreous (2020) 6:6. doi: 10.1186/s40942-020-00209-0

55. Choi, W, Mohler, KJ, Potsaid, B, Lu, CD, Liu, JJ, Jayaraman, V, et al. Choriocapillaris and choroidal microvasculature imaging with ultrahigh speed OCT angiography. PloS One (2013) 8(12):e81499. doi: 10.1371/journal.pone.0081499

56. Lauermann, JL, Eter, N, and Alten, F. Optical coherence tomography angiography offers new insights into choriocapillaris perfusion. Ophthalmologica (2018) 239(2-3):74–84. doi: 10.1159/000485261

57. Maruko, I, Kawano, T, Arakawa, H, Hasegawa, T, and Iida, T. Visualizing large choroidal blood flow by subtraction of the choriocapillaris projection artifacts in swept source optical coherence tomography angiography in normal eyes. Sci Rep (2018) 8(1):15694. doi: 10.1038/s41598-018-34102-6

58. Dai, Y, Zhou, H, Chu, Z, Zhang, Q, Chao, JR, Rezaei, KA, et al. Microvascular changes in the choriocapillaris of diabetic patients without retinopathy investigated by swept-source OCT angiography. Invest Ophthalmol Vis Sci (2020) 61(3):50. doi: 10.1167/iovs.61.3.50

59. Dai, Y, Zhou, H, Zhang, Q, Chu, Z, Olmos de Koo, LC, Chao, JR, et al. Quantitative assessment of choriocapillaris flow deficits in diabetic retinopathy: A swept-source optical coherence tomography angiography study. PloS One (2020) 15(12):e0243830. doi: 10.1371/journal.pone.0243830

60. Couturier, A, Rey, PA, Erginay, A, Lavia, C, Bonnin, S, Dupas, B, et al. Widefield OCT-angiography and fluorescein angiography assessments of nonperfusion in diabetic retinopathy and edema treated with anti-vascular endothelial growth factor. Ophthalmology (2019) 126(12):1685–94. doi: 10.1016/j.ophtha.2019.06.022

61. Pongsachareonnont, P, Charoenphol, P, Hurst, C, and Somkijrungroj, T. The effect of anti-vascular endothelial growth factor on retinal microvascular changes in diabetic macular edema using swept-source optical coherence tomography angiography. Clin Ophthalmol (2020) 14:3871–80. doi: 10.2147/opth.S270410

62. Dabir, S, Rajan, M, Parasseril, L, Bhatt, V, Samant, P, Webers, CAB, et al. Early visual functional outcomes and morphological responses to anti-vascular growth factor therapy in diabetic macular oedema using optical coherence tomography angiography. Clin Ophthalmol (2021) 15:331–9. doi: 10.2147/opth.S285388

63. Toto, L, D'aloisio, R, Chiarelli, AM, Di Antonio, L, Evangelista, F, D'Onofrio, G, et al. A custom-made semiautomatic analysis of retinal nonperfusion areas after dexamethasone for diabetic macular edema. Transl Vis Sci Technol (2020) 9(7):13. doi: 10.1167/tvst.9.7.13

64. Bressler, NM, Beck, RW, and Ferris, FL. Panretinal photocoagulation for proliferative diabetic retinopathy. N Engl J Med (2011) 365(16):1520–6. doi: 10.1056/NEJMct0908432

65. Lee, JC, Wong, BJ, Tan, O, Srinivas, S, Sadda, SR, Huang, D, et al. Pilot study of Doppler optical coherence tomography of retinal blood flow following laser photocoagulation in poorly controlled diabetic patients. Invest Ophthalmol Vis Sci (2013) 54(9):6104–11. doi: 10.1167/iovs.13-12255

66. Lee, SB, Yun, YJ, Kim, SH, and Kim, JY. Changes in macular thickness after panretinal photocoagulation in patients with severe diabetic retinopathy and no macular edema. Retina (2010) 30(5):756–60. doi: 10.1097/IAE.0b013e3181c701e0

67. Zhang, Z, Meng, X, Wu, Z, Zou, W, Zhang, J, Zhu, D, et al. Changes in choroidal thickness after panretinal photocoagulation for diabetic retinopathy: a 12-week longitudinal study. Invest Ophthalmol Vis Sci (2015) 56(4):2631–8. doi: 10.1167/iovs.14-16226

68. Russell, JF, Al-Khersan, H, Shi, Y, Scott, NL, Hinkle, JW, Fan, KC, et al. Retinal nonperfusion in proliferative diabetic retinopathy before and after panretinal photocoagulation assessed by widefield oct angiography. Am J Ophthalmol (2020) 213:177–85. doi: 10.1016/j.ajo.2020.01.024

69. Russell, JF, Shi, Y, Hinkle, JW, Scott, NL, Fan, KC, Lyu, C, et al. Longitudinal wide-field swept-source OCT angiography of neovascularization in proliferative diabetic retinopathy after panretinal photocoagulation. Ophthalmol Retina (2019) 3(4):350–61. doi: 10.1016/j.oret.2018.11.008

70. Kim, K, Kim, ES, and Yu, SY. Longitudinal changes in retinal microvasculature after panretinal photocoagulation in diabetic retinopathy using swept-source OCT angiography. Sci Rep (2021) 11(1):216. doi: 10.1038/s41598-020-80697-0

71. Lupidi, M, Gujar, R, Cerquaglia, A, Chablani, J, Fruttini, D, Muzi, A, et al. OCT-angiography as a reliable prognostic tool in laser-treated proliferative diabetic retinopathy: the renocta study. Eur J Ophthalmol (2021) 31(5):2511–9. doi: 10.1177/1120672120963451

72. Vergmann, AS, Sørensen, KT, Torp, TL, Kawasaki, R, Wong, T, Peto, T, et al. Optical coherence tomography angiography measured area of retinal neovascularization is predictive of treatment response and progression of disease in patients with proliferative diabetic retinopathy. Int J Retina Vitreous (2020) 6(1):49. doi: 10.1186/s40942-020-00249-6

73. Nikkhah, H, Ghazi, H, Razzaghi, MR, Karimi, S, Ramezani, A, and Soheilian, M. Extended targeted retinal photocoagulation versus conventional pan-retinal photocoagulation for proliferative diabetic retinopathy in a randomized clinical trial. Int Ophthalmol (2018) 38(1):313–21. doi: 10.1007/s10792-017-0469-7

74. Sabaner, MC, Dogan, M, Akdogan, M, and Şimşek, M. Panretinal laser photocoagulation decreases large foveal avascular zone area in non-proliferative diabetic retinopathy: A prospective OCTA study. Photodiagnosis Photodyn Ther (2021) 34:102298. doi: 10.1016/j.pdpdt.2021.102298

75. Abdelhalim, AS, Abdelkader, MFSO, Mahmoud, MSE, and Mohamed Mohamed, AA. Macular vessel density before and after panretinal photocoagulation in patients with proliferative diabetic retinopathy. Int J Retina Vitreous (2022) 8(1):21. doi: 10.1186/s40942-022-00369-1

76. Russell, JF, Scott, NL, Townsend, JH, Shi, Y, Gregori, G, Crane, AM, et al. Wide-field swept-source optical coherence tomography angiography of diabetic tractional retinal detachments before and after surgical repair. Retina (2021) 41(8):1587–96. doi: 10.1097/iae.0000000000003146

77. Borrelli, E, Viggiano, P, Evangelista, F, Toto, L, and Mastropasqua, R. Eyelashes artifact in ultra-widefield optical coherence tomography angiography. Ophthalmic Surg Lasers Imaging Retina (2019) 50(11):740–3. doi: 10.3928/23258160-20191031-11

78. Podkowinski, D, Beka, S, Mursch-Edlmayr, AS, Strauss, RW, Fischer, L, and Bolz, M. A swept source optical coherence tomography angiography study: Imaging artifacts and comparison of non-perfusion areas with fluorescein angiography in diabetic macular edema. PloS One (2021) 16(4):e0249918. doi: 10.1371/journal.pone.0249918

79. Li, XX, Wu, W, Zhou, H, Deng, JJ, Zhao, MY, Qian, TW, et al. A quantitative comparison of five optical coherence tomography angiography systems in clinical performance. Int J Ophthalmol (2018) 11(11):1784–95. doi: 10.18240/ijo.2018.11.09

80. Cui, Y, Zhu, Y, Wang, JC, Lu, Y, Zeng, R, Katz, R, et al. Imaging artifacts and segmentation errors with wide-field swept-source optical coherence tomography angiography in diabetic retinopathy. Transl Vis Sci Technol (2019) 8(6):18. doi: 10.1167/tvst.8.6.18


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhang, Huo, Xia, Wang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers | Frontiers in Ophthalmology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Advances in application of swept-source optical coherence tomography angiography in diagnosis and treatment of diabetic retinopathy

      

        		

          1.  Introduction.

        



        		

          2.  Principle and strengths of SS-OCTA.

        



        		

          3.  Differences between conventional OCTA, SS-OCTA, WF-OCTA and UWF-OCTA.

        



        		

          4.  Application of SS-OCTA in diagnosis of DR.

        

          		

            4.1.  SS-OCTA depicts DR clinical characteristics.

          

            		

              4.1.1.  MAs.

            



            		

              4.1.2.  Macular microenvironment.

            



            		

              4.1.3.  NPAs.

            



            		

              4.1.4.  IRMAs and NV.

            



          



          



          		

            4.2.  Application of SS-OCTA in monitoring microvascular changes in choriocapillaris in DR patients.

          



          		

            4.3.  Application of SS-OCTA in DR patients after treatment.

          

            		

              4.3.1.  Application of SS-OCTA in DR patients receiving anti-VEGF therapy.

            



            		

              4.3.2.  Application of SS-OCTA in DR patients treated with IDI.

            



            		

              4.3.3.  Application of SS-OCTA in DR patients receiving PRP.

            



            		

              4.3.4.  SS-OCTA in the follow-up of patients with pars plana vitrectomy for DR.

            



          



          



        



        



        		

          5.  Causes and solutions for artifacts in SS-OCTA.

        



        		

          6.  Summary.

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fopht.2023.1116391_cover.jpg
, frontiers | Frontiersin Ophthalmology

Advances in application of swept-source
optical coherence
tomography angiography in
diagnosis and treatment of
diabetic retinopathy





