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Analysis of factors affecting prognosis of the visual acuity and baseline risk factors for subretinal fibrosis in neovascular age-related macular degeneration patients
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Background: To evaluate factors affecting visual acuity prognosis in patients with neovascular age-related macular degeneration (nAMD) following anti-vascular endothelial growth factor (anti-VEGF) therapy via intravitreal injection and to identify baseline risk factors for subretinal fibrosis (SF).

Methods: A retrospective study of 64 nAMD eyes treated with intravitreal anti-VEGF treatment over 12 months of follow-up was conducted. Demographic and optical coherence tomography characteristics at baseline were recorded to explore the relevant factors affecting visual acuity outcome. Find baseline risk factors for SF development. The primary baseline measures included OCT qualitative and quantitative indicators, and optical coherence tomography angiography (OCTA) quantitative features.

Results: BCVA (logMAR) at 12 months was positively correlated with age (r = 0.258, p = 0.040), baseline BCVA (r = 0.749, p < 0.001), central macular thickness (CMT) (r = 0.413, p < 0.001), subretinal hyperreflective material (SHRM) (r = 0.304, p = 0.014), intraretinal fluid (IRF) (r = 0.423, p < 0.001), type 2 macular neovascularization (MNV) (r = 0.272, p = 0.029), and ellipsoidal zone breaks (r = 0.299, p = 0.016), and hyperreflective foci (HF) (r = 0.264, p = 0.035). Eyes with SF had worse baseline BCVA (p < 0.001), greater CMT (p = 0.009), and a higher prevalence of IRF (p = 0.005), type 2 MNV (p = 0.001), SHRM (p = 0.012), and HF (p = 0.028). Logistic binary regression analysis showed that baseline BCVA (logMAR) (OR = 0.02, 95% CI: 0.00–0.45, p = 0.013), HF (OR = 0.11, 95% CI: 0.01–0.95, p = 0.045), and type 2 MNV (OR = 0.08, 95% CI: 0.01–0.88, p = 0.039) were independent risk factors of subretinal fibrosis. As for quantitative OCTA parameters, eyes with subretinal fibrosis had a larger microvascular lesion size (p = 0.003), larger vessels area (p = 0.002), higher number of vessel junctions (p = 0.042) and endpoints (p = 0.024), longer total vessel length (p = 0.005), and lower vessel length density (p = 0.042).

Conclusion: This study enplores baseline OCT and OCTA characteristics associated with subretinal fibrosis in nAMD patients. This information can help predict the occurrence and progression of subretinal fibrosis, potentially leading to more personalized treatment approaches for nAMD patients.
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1 Introduction

Subretinal fibrosis (SF) is the most common complication of neovascular age-related macular degeneration (nAMD). It causes permanent damage to the retinal pigment epithelium (RPE) and photoreceptors, leading to poor visual acuity in patients with nAMD in the late stages of the disease (1–4). In nAMD, subretinal fibrosis arises from chronic tissue repair attempts. In an inflammatory mediator-rich environment, this repair process involves the recruitment, activation, and proliferation of various cell types, such as immune cells and myofibroblasts. This ultimately leads to excessive deposition and remodeling of the extracellular matrix (ECM) (5). Over time, the neovascular lesion can develop into a fibrovascular complex that progressively forms macular fibrosis (6).

Previous studies have reported a 45% risk of eyes with neovascular age-related macular degeneration (nAMD) developing subretinal fibrosis while receiving anti-vascular endothelial growth factor (anti-VEGF) therapy for 2 years (7). It has also been documented that at the end of the 10-year follow-up period, 62.7% of eyes present signs of fibrosis, with an overall incidence of fibrosis development of 8.9/100 person-years (8). Anti-VEGF therapy is currently the first-line treatment option for nAMD patients. While it can reduce the activity of macular neovascularization (MNV) lesions, it cannot prevent the development of fibrosis and the consequent damage to RPE and photoreceptors (9, 10).

Wu et al. (11) proposed that subretinal fibrosis can serve as a biomarker for predicting incomplete response to anti-VEGF therapy in nAMD. Currently, there is no definitive and effective anti-fibrosis treatment regimen, so early identification of risk factors for subretinal fibrosis can aid in predicting its occurrence and progression, leading to the development of more personalized treatment strategies. Currently, the diagnosis of subretinal fibrosis primarily relies on optical coherence tomography (OCT), color fundus photography, and fluorescein angiography (FA) (7, 12, 13). As a high-resolution imaging technology, optical coherence tomography angiography (OCTA) enables the visualization of the vascular network within the fibrotic scars, as well as changes in the collateral structures of the outer retinal and choroidal vessels (14). Previous studies have tried to identify the risk factors associated with the development of SF, such as type 2 MNV, intraretinal fluid, retinal hemorrhage, and subretinal hyper-reflective material (13, 15–17). However, research on biological markers in OCTA remains scarce.

The present study primarily aimed to investigate baseline characteristics associated with the development of SF. Additionally, we employed AngioTool, a novel software for vascular analysis, to conduct a comprehensive evaluation of the impact of baseline quantitative OCTA features on the development of SF. We also sought to elucidate the factors influencing visual acuity outcomes in patients with nAMD.



2 Methods


2.1 Study design and participants

This retrospective study was conducted at the Department of Ophthalmology, Second Affiliated Hospital of Chongqing Medical University, between January 2018 and December 2023. A total of 64 participants (64 eyes) were ultimately enrolled, all with follow-up exceeding 12 months. The study adhered to the tenets of the Declaration of Helsinki and received ethical approval from a local institutional review board. Written informed consent was obtained from all patients.

The inclusion criteria for this study were as follows: (1) patients aged 50 years or older diagnosed with nAMD confirmed by both FA and indocyanine green angiography (ICGA); (2) patients who received intravitreal anti-VEGF therapy with a “pro re nata” (as needed) treatment regimen (18); and (3) patients with a follow-up period exceeding 12 months. Exclusion criteria included: (1) patients with SF diagnosed at baseline; (2) patients who underwent retinal photocoagulation, photodynamic therapy, or other intraocular surgeries during the follow-up period or previously; (3) patients with diabetic retinopathy, idiopathic choroidal neovascularization, high myopia (greater than −6.00 diopters), or other retinal diseases; and (4) patients with ocular diseases significantly affecting the refractive medium, such as severe glaucoma, cataract, or vitreous hemorrhage. Patients with missing clinical or imaging data were also excluded. In the study, six patients with pre-existing SF were excluded at baseline.



2.2 Data collection and instruments

At each visit, all patients underwent a comprehensive ophthalmic examination, including best-corrected visual acuity (BCVA) testing using the international standard logarithmic visual acuity scale (ISLVS), slit-lamp examination, ultra-wide angle fundus photography, spectral-domain optical coherence tomography (SD-OCT), and OCTA. FA and ICGA were performed at baseline presentation and the 12-month follow-up. All diagnoses were made by professional ophthalmologists.

Demographic information, including patients’ age and sex, type of anti-VEGF agent used were collected by reviewing their electronic medical records. BCVA was measured at baseline and each follow-up visit. Baseline imaging studies were analyzed for the following characteristics: MNV type using FA, ICGA, OCT and OCTA; the presence of retinal hemorrhage on fundus photographs; central macular thickness (CMT); and the presence of subretinal fluid (SRF), intraretinal fluid (IRF), subretinal hyperreflective material (SHRM), pigment epithelium detachment (PED), ellipsoid zone loss, abnormal vitreomacular interface, and hyperreflective foci (HF) on OCT. Quantitative microvascular analysis was performed on baseline OCTA images.



2.3 Imaging analysis and fibrosis grading

SD-OCT examinations were performed using a CIRRUS™ HD-OCT 5000 machine (Carl Zeiss Meditec, Jena, Germany) with a light source wavelength of 840 nm and a scanning speed of 27,000 A-scans per second. The OCT mode involved a Macular Cube (512 × 128 pixels) centered on the fovea covering a 6 × 6 mm macular region. 12 OCT images with different scanning directions were generated for each OCT examination. All examinations were conducted by the same technician, and image-related parameters were independently evaluated and measured by two investigators. In cases of significant discrepancies, a third senior physician re-evaluated and measured the parameters.

Subretinal fibrosis was identified using a combination of ultrawide-angle fundus photography, SD-OCT, and FA. In ultrawide-angle fundus photos, SF appears as a well-defined, solid, yellow-greenish tissue (12). On SD-OCT, SF manifests as a dense, homogeneous, plaque-like hyperreflective layer beneath the retina with well-defined borders situated between the retinal neurosensory layer and the RPE/Bruch’s membrane complex. In areas with fibrosis, evidence of RPE loss, disruption of the ellipsoid zone (EZ), and the external limiting membrane (ELM) can also be observed (15, 19). FA may show well-defined hyperfluorescence due to staining of the lesion without progressive leakage (20). Figure 1 presents multimodal images of subretinal fibrosis in an 84-year-old woman with nAMD.

[image: Figure 1]

FIGURE 1
 Multimodal imaging of subretinal fibrosis of a 71-year-old male patient suffering from neovascular age-related macular degeneration. The type of MNV lesion is type 2 MNV. IRF, SRF and SHRM were present at baseline. (A) Baseline ultrawide-angle fundus photography showing a well-defined, solid, yellow-greenish tissue. (B) SD-OCT image showing a dense, homogeneous, well-defined subretinal hyperreflectivity with RPE loss, disruption of the ellipsoid zone (EZ), and the external limiting membrane (ELM). (C) An FA image of this patient showing well-defined hyperfluorescence caused by staining of fibrotic scar tissue.


Based on SD-OCT, OCTA, FA, and ICGA, neovascularization was classified as type 1 (sub-RPE), type 2 (subretinal), type 3 (retinal angiomatous proliferation, RAP), or polypoid choroidal vasculopathy (PCV) (21).

CMT is defined as the vertical distance from the internal limiting membrane of the fovea center to Bruch’s membrane. It was measured using ImageJ (version 1.53 g) software. SHRM is defined on OCT as a highly reflective signal located between the retinal neurosensory layer and the retinal pigment epithelium. It typically consists of macular neovascularization components, blood, lipids, exudates, and fibrin (22, 23). Images capturing horizontal and vertical cross-sections through the foveal center of patients were obtained. The maximum width, thickness, and area of SHRM were measured using ImageJ (version 1.53 g) software. These measurements were taken three times to obtain an average value. The final values were determined by averaging the measurements from both the horizontal and vertical cross-sections. Figure 2 presents an example of SHRM quantification.

[image: Figure 2]

FIGURE 2
 The measurement of SHRM. (A) OCT scan showing the maximum width (yellow line 1) and thickness (green line 2) of the SHRM which measured with ImageJ. (B) The area of SHRM was also measured with ImageJ. The yellow line traces the area of SHRM, and the software automatically calculates the area value.


In SD-OCT, hyperreflective foci are defined as scattered, well-circumscribed, dot-shaped lesions with a diameter of less than 50 μm. Usually, they are not fused into a patch and exhibit equal or higher reflectivity compared to the RPE band (24). Investigators manually counted the hyperreflective foci at the same scanning level. The HFs were then categorized according to their positional distribution: inner retina (internal limiting membrane to outer nuclear layer), outer retina (ELM to EZ), and subretina (SRF or MNV to RPE). Figure 3 presents an example of identification and counting of HF.

[image: Figure 3]

FIGURE 3
 The identification and counting of HF. (A) The OCT shows HF (light blue arrows) are concentrated in the subretinal layer and subretinal HF are aggregated at the roof of SRF. (B) The OCT shows HF in the inner retina (yellow arrow) and a small amount of subretinal HF (red arrow). The HF was manually counted by the investigators at the same scanning level.




2.4 Quantitative OCTA image analysis

OCTA examinations were performed using a CIRRUS™ HD-OCT 5000 device (Carl Zeiss Meditec, Jena, Germany). The macular region was scanned in the hemodynamic imaging scanning mode. To evaluate the MNV, macular cubes of 6 × 6 mm scan patterns were used. Images with signal intensity below 6, motion artifacts, eyes lacking readily identifiable macular neovascularization (e.g., those with significant pigment epithelium detachment or subretinal hemorrhage in the central fovea), and images with poor foveal center localization were excluded. Ultimately, 42 baseline OCTA images from 42 eyes were included for quantitative analysis of MNV. To generate custom en face images for the MNV analyzes, we manually chose the boundaries of MNV-containing slabs (MNV slab) from the lower edge of the outer nuclear layer to the line of Bruch’s membrane.

The image processing steps were as follows: OCTA images were imported into ImageJ (version 1.53 g) for manual cropping to segment the MNV lesions. Background artifacts were removed using the “Subtract Background” function. Subsequently, the MNV lesions were quantitatively analyzed using AngioTool software (version 0.6a, National Cancer Institute, USA).

AngioTool, a Java-based software for quantitative analysis, offers a user-friendly interface and analysis workflow specifically designed for studying angiogenesis. It identifies vascular structures based on user-defined parameters like vessel diameter and intensity. The software enhances these structures through multiscale Hessian analysis and recursive Gaussian filter smoothing. Finally, it optimizes parameters to skeletonize the vascular network, enabling the calculation of nine parameters. These include lesion area (occupied by the MNV complex), vessels area (containing blood flow within the lesion), percentage of vessels area (vascular area divided by lesion area), number of junctions, junction density (number of junctions per unit lesion area), total and average vessel length, number of endpoints (open vessel ends), and mean E lacunarity (25, 26). These parameters reflect the microvascular characteristics and network inhomogeneity (27). Additionally, we calculated endpoint density (number of endpoints divided by total vessel length). Due to skeletonization with AngioTool, vessel density was expressed as vessel length density (total vessel length divided by vessel area) for better accuracy rather than using the percentage area of vessels.

The parameter settings were as follows: low threshold parameters ranged from 15 to 23, the high threshold parameter was set at 255, vessel thickness ranged from 4 to 7, and removal of small particles was set between 0 and 105. Figure 4 details the image processing steps.
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FIGURE 4
 Baseline en face OCT angiography (A) shows a subfoveal neovascular net. After careful manual segmentation and background removal of MNV lesions in Image J (B), microvascular complexes were quantitatively analyzed using the AngioTool program, and the results of the analysis (C) show the skeletonized vessels (red lines), vessel junctions (blue dots), lesion size (outer white line), and endpoints (open vessel point).




2.5 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 27.0 software. Continuous data with normal distribution were expressed as mean ± SD. Continuous variables that were not normally distributed were described as median (interquartile range, IQR: P25 to P75). Categorical variables were presented as counts (percentage, %). Spearman’s rank correlation analysis was used to assess correlations. For comparisons between groups, independent-sample t-tests were used for normally distributed continuous variables, while the Mann–Whitney U test was used for non-normally distributed continuous variables. Categorical variables were compared using Pearson’s chi-square test or Fisher’s exact test, depending on the sample size. Multivariable binary logistic regression analysis was employed to identify independent risk factors for subretinal fibrosis. No adjustment for multiple testing was performed, as the goals of the study are exploratory rather than confirmatory. A p-value of less than 0.05 was statistically significant.




3 Results

A total of 64 eyes from 64 patients (34 males, 53.12%) with nAMD were included in the present study. The mean age at treatment initiation was 72.39 ± 9.63 years. Among these eyes, 21 (32.81%) were diagnosed with type 1 MNV, 15 (23.44%) with type 2 MNV, 8 (12.5%) with type 3 MNV, and 20 (31.25%) with PCV. The mean baseline BCVA measured in logMAR units was 0.82 (IQR: 0.40–1.00). All patients were followed for at least 12 months, with a median of 4 injections administered. No serious adverse events, such as cerebrovascular attack or myocardial infarction, were reported in any of the patients.


3.1 Visual analysis

Baseline predictors of BCVA at the 12-month follow-up were evaluated using Spearman’s correlation analysis. Significant positive correlations were observed between 12-month BCVA (logMAR) and factors including baseline BCVA (logMAR) (r = 0.749, p < 0.001), patient age (r = 0.258, p = 0.040), CMT (r = 0.413, p < 0.001), SHRM (r = 0.304, p = 0.014), IRF (r = 0.423, p < 0.001), type 2 MNV (r = 0.272, p = 0.029), ellipsoid zone breaks (r = 0.299, p = 0.016), and hyperreflective foci (r = 0.264, p = 0.035). Moreover, the 12-month BCVA (logMAR) is not correlated with the other factors included in the analysis (Table 1).



TABLE 1 Analysis of factors correlated to the 12-month BCVA (logMAR) after the first treatment.
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Eyes were categorized based on whether subretinal fibrosis developed during the 12-month follow-up period. The non-fibrotic (non-SF) group comprised 48 eyes, while the subretinal fibrosis (SF) group included 16 eyes. BCVA measured in logMAR units was significantly lower in the non-SF group compared to the SF group at each observation time point from baseline to 12 months (all p < 0.001) (Figure 5A).
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FIGURE 5
 (A) Evolution of BCVA (logMAR) at each visit in the SF and non-SF groups before and after anti-VEGF treatment. *The difference in BCVA between the two groups was statistically significant. (B) Changes in mean BCVA before and after treatment in both groups. *The difference in the change in mean BCVA (logMAR) between the two groups was statistically significant.


To account for potential baseline visual acuity differences between the groups, we compared the average changes in BCVA (logMAR) relative to baseline at various follow-up visits (at 1, 2, 3, 6, and 12 months). Significant differences (p = 0.041, p = 0.048, p = 0.004, p = 0.002) were observed in the average BCVA (logMAR) changes between the SF group and the non-SF group at 2, 3, 6, and 12 months follow-up visits. The non-SF group exhibited significantly greater improvements in visual acuity compared to the SF group. At 12 months, the non-SF group demonstrated a significant improvement in BCVA, while the SF group even experienced a decrease in BCVA (mean changes in logMAR −0.246 vs. 0.035, p = 0.002) (Figure 5B).



3.2 Risk factors for fibrosis

No significant differences were found between the fibrosis and non-fibrosis groups in terms of gender (p = 0.148), age (p = 0.345), smoking history (p = 1.000), number of injections in 1 year (p = 0.407), type of anti-VEGF drugs used (p = 0.655), or other factors. However, baseline BCVA (logMAR) was significantly worse in the non-SF group compared to the SF group (logMAR 0.65 vs. 1.00, IQR: 0.30–0.94 vs. 0.98–1.30, p < 0.001). Among the OCT features, statistically significant differences were observed between the groups for IRF (p = 0.005), SHRM (p = 0.012), HF (p = 0.028), and MNV type (distribution of type 2 MNV) (p = 0.001). The SF group exhibited a higher prevalence of IRF, SHRM, HF, and type 2 MNV. Additionally, baseline CMT was significantly greater in the SF group compared to the non-SF group (452.25 vs. 286.25 μm, IQR: 331.87–552.92 vs. 192.25–371.00 μm, p = 0.009) (Table 2).



TABLE 2 Baseline risk factor analysis for fibrosis.
[image: Table2]

Baseline quantitative indicators of SHRM were compared between the SF and non-SF groups. Fourteen eyes in the SF group and twenty-five eyes in the non-SF group had baseline SHRM. The SF group exhibited a significantly larger SHRM area (p = 0.034) and maximum width (p = 0.008) compared to the non-SF group (Table 3).



TABLE 3 Comparison of SHRM quantitative indicators between the SF and non-SF groups.
[image: Table3]

The total number of HF and the number of HF specifically located in the inner retina were significantly higher in the SF group compared to the non-SF group (p = 0.044 and p = 0.012, respectively). However, the number of HF in the outer or subretinal layers did not differ significantly between the groups (p = 0.854) (Table 4).



TABLE 4 Comparative analysis of HF abundance between the fibrosis group and non-fibrosis group.
[image: Table4]

In the multifactorial binary logistic regression analysis, which included statistically significant indicators from the univariate analysis, BCVA (logMAR), HF, and type 2 MNV remained statistically significant. These findings suggested that BCVA (logMAR) (OR: 0.02; 95% CI: 0.00–0.45; p = 0.013), HF (OR: 0.11; 95% CI: 0.01–0.95; p = 0.045), and type 2 MNV (OR: 0.08; 95% CI: 0.01–0.88; p = 0.039) were independent risk factors for the development of subretinal fibrosis in nAMD patients following anti-VEGF therapy (Table 5).



TABLE 5 Multivariate binary logistic regression analysis of baseline features associated with subretinal fibrosis.
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3.3 Quantitative OCTA analysis

Forty-two baseline OCTA images from 42 eyes were included in the quantitative analysis (32 eyes from the non-SF group and 10 eyes from the SF group). Compared to the non-SF group, the SF group exhibited a significantly larger lesion area (p = 0.003) and vessels area (p = 0.002). Additionally, the SF group had a greater number of vessel junctions (p = 0.042), endpoints (p = 0.024), and total vessel length (p = 0.005). Interestingly, the vessel length density (p = 0.042) was lower in the SF group compared to the non-SF group (Table 6).



TABLE 6 Comparative analysis of OCTA quantitative indicators between the fibrosis group and non-fibrosis group.
[image: Table6]




4 Discussion

Subretinal fibrosis poses a significant threat to visual acuity in patients with nAMD due to its irreversible damage to the photoreceptor and pigment epithelial layers. A recent meta-analysis demonstrated that, despite anti-VEGF treatment, BCVA in eyes with fibrosis was 27 letters worse than in eyes without fibrosis at 12 months (28). Our visual acuity analysis confirms this negative impact. At 12 months, the non-SF group showed a significant improvement in visual acuity from baseline, while the SF group even experienced a decrease. Therefore, investigating baseline predictors of subretinal fibrosis is crucial for both visual acuity outcomes and individualized treatment plans for patients. Herein, we identified several potential risk factors for fibrosis development, including baseline BCVA, CMT, IRF, SHRM, HF, and type 2 MNV. Multivariate binary logistic regression analysis revealed that baseline BCVA, HF, and type 2 MNV were independent risk factors for subretinal fibrosis development.

Previous studies have shown an association between increased HF and RPE atrophy, a precursor to geographic atrophy (29, 30). To our knowledge, this is the first study to identify HF as an independent risk factor for fibrosis development. The SF group exhibited a significantly higher total number of HF and a higher number specifically in the inner retina compared to the non-SF group. Current research suggests that hyperreflective foci may be extravasations caused by blood-retinal barrier damage, represent inflammation-activated microglia, migrating retinal pigment epithelium cells or degenerated photoreceptor cells. Eyes with a higher number of HF may reflect a more severe inflammatory response and greater damage to the RPE or blood-retinal barrier (24, 31). Since fibrosis is more likely in type 2 MNV with disruption of the outer retinal barrier and the inflammatory response is strongly linked to subretinal fibrosis development, we hypothesize that the presence of hyperreflective foci increases the risk of fibrosis.

Consistent with prior studies (13, 15), our findings substantiated that the presence of type 2 MNV at baseline was an independent risk factor for subretinal fibrosis development. This association is likely linked to the disruption of the RPE cell layer. When RPE intercellular contacts are lost, epithelial cells can transdifferentiate into myofibroblasts, ultimately leading to fibrosis. Compared to type 1 MNV, type 2 MNV is more likely to contain damaged and dispersed RPE that undergoes “epithelial-mesenchymal transition.” This process contributes to excessive extracellular matrix deposition and remodeling, potentially explaining the increased risk of fibrosis observed with type 2 MNV (8). Furthermore, our study found that eyes in the fibrosis group had worse baseline BCVA. This finding may be related to the higher prevalence of the more aggressive and vision-threatening type 2 MNV in this group.

SHRM is a known biomarker for predicting visual acuity outcomes in patients with nAMD and has also been identified as a risk factor for fibrosis development (13, 32). Our findings support this notion. SHRM acts as a barrier between the retinal neurosensory layer and the RPE, disrupting metabolism and nutrient exchange. This can impair the overlying photoreceptors through toxic effects, ultimately leading to vision loss. Studies suggest that a well-defined SHRM border on OCT indicates fibrotic tissue or mature neovascular complexes (22). With extended anti-VEGF treatment, the volume of SHRM fluid may decrease relatively, while fibrotic components might increase. The reflectivity of these components tends to rise over time, resulting in sharper boundaries. Casalino et al. (33) proposed that SHRM thickness and width are crucial risk factors for fibrotic scarring in the macula. Alex D et al. (22) observed in their study that a baseline SHRM width exceeding 1,500 μm correlated with a higher incidence of fibrotic scarring. Our study found that the maximum width and area of SHRM in the SF group were significantly greater compared to the non-SF group. We hypothesize that the larger width and area of SHRM indicate more severe damage to photoreceptors and RPE, a longer RPE tear, and a greater number of damaged RPE cells, all of which contribute to a higher risk of progression to fibrosis.

Llorente-Gonzalez et al. (34) reported that subretinal fluid halved the risk of fibrosis development in nAMD, while IRF tripled the risk. Our study similarly identified IRF as a risk factor for fibrosis but found no statistically significant difference in SRF between the groups. The presence of IRF at baseline might suggest more invasive MNV lesions, leading to compromised intraretinal barrier function. Consequently, fluid leakage from the neovascularization may readily enter the retinal neuroepithelial interlayer (35). In this study, type 2 MNV was observed in 58.82% of 17 eyes with baseline IRF and 10.64% of 47 eyes without baseline IRF, with a statistically significant difference (p < 0.001). This further suggests that the increased risk of fibrosis associated with IRF may be linked to the presence of a higher proportion of type 2 MNV.

Our study also identified several baseline factors correlated with long-term visual acuity following anti-VEGF therapy, including age, baseline BCVA, CMT, SHRM, IRF, type 2 MNV, ellipsoid zone disruption, and hyperreflective foci. These findings are consistent with previous research (31, 36, 37).

OCTA is a new imaging technology and an extension of OCT technology. It provides depth-resolved visualization of the retinal and choroidal vasculature without the need for dye injection (38). OCT biomarkers focus on the lesion itself, whereas OCTA can be able to evaluate microvascular structures within the lesion in detail. In recent years, some studies have employed OCTA for quantitative assessment of the neovascular network within fibrotic scars. However, research on the correlation between baseline OCTA parameters and subretinal fibrosis development remains limited and faces practical application challenges. A prospective study by Robert et al. (16) found no baseline predictors of fibrosis through quantitative MNV analysis. While they observed a larger baseline lesion area, a greater number of junctions and endpoints, and a longer total vessel length in the SF group, none reached statistical significance. Our study benefitted from a larger sample size compared to Robert et al.’s work. Additionally, we employed AngioTool software for vessel skeletonization, leading to more precise data. This allowed us to find, for the first time, several baseline OCTA microvascular quantitative indices as predictors of fibrosis development: larger MNV lesion area and vessels area, longer total vessel length, higher number of junctions and endpoints, and lower vessel length density. Previous studies have shown that lesion area and vessel area can be used to determine the size of the neovascular network, and vessel junction density and endpoint density can be used to assess the maturity of the neovascular network (39). These findings suggest that larger MNV complexes and more complex microvascular networks at baseline are predictive of fibrosis.

We found a difference between eyes with and eyes without SF in total lesion area and total vessels area. This supports the findings of Bloch et al. that greater neovascularization area is a risk predictor for the development of SF (15). The higher total number of vessel junctions and endpoints and the longer total vessel length in the SF group may be expected because of the larger total lesion area and total vessel area.

In a previous study of MNV morphologic features, the presence of tiny branching vessels and a peripheral anastomotic arcade were suggested to be biomarkers of active lesions (40). Nakano and associates reported higher junction density in type 2 MNV than type 1 MNV using OCTA, which suggests that type 1 MNV vessels are more mature than type 2 MNV vessels (41). Previous studies have also shown that the neovascular network patterns inside a fibrous scar is dominated by “pruned vascular tree,” consisting only of mature trunk vessels, with no thinner capillaries visible (42). But this does not indicate that type 1 MNV, which is more mature than type 2 MNV, is more susceptible to fibrosis. Because anti-VEGF treatment can remodel and mature the vasculature by pruning neovascular buds and promoting vessels with fewer branches, and the microvascular changes involved are influenced by a variety of factors (37). Previous studies have shown vascular flow remodeling induced by recurrent anti-VEGF therapy as well as distinct growth patterns of MNV lesions with treatment (43). To our knowledge, no prior research has elucidated the correlation between baseline maturity of the neovascular network and the development of subretinal fibrosis. Robert et al. suggested that the differences in microvascular features between eyes with and eyes without SF develop over time and may not be present at first presentation (16). Our study found that the fibrosis group had a higher number of both vascular junctions and endpoints compared to the non-fibrosis group. Interestingly, junction density and endpoint density did not differ significantly between the two groups. Therefore, studies on the correlation between baseline maturity of the neovascular network and the development of SF need to include larger sample sizes for analysis, and the importance of these metrics in predicting fibrosis development warrants further investigation.

Our study also revealed that eyes in the SF group had a lower baseline vessel length density. Histologically, neovascular lesions are intricate structures composed of various elements, including blood vessels, macrophages, myofibroblasts, and fibroblasts (44). The process of fibrotic scar formation, known as the vascular-fibrotic transition, involves a decrease in vascular cellularity alongside an increase in fibroblasts. This suggests that fibrosis may develop as neovascularization subsides. Consequently, eyes with lower vascular density might be at a higher risk for vascular-to-fibrotic conversion.

This study has several limitations. First, it is a retrospective design with a relatively small sample size and an unequal distribution of subjects between the two groups. Second, during OCTA image inclusion, we excluded images with motion artifacts or undetectable MNV lesions (partially obscured by hemorrhage or exudate). This process may have introduced some selection bias. Strengths of this study include the use of multimodal imaging for reliable SF detection and comprehensive quantitative analysis of neovascularization using the novel AngioTool software.



5 Conclusion

Overall, by utilizing novel multimodal imaging and analysis software, our study achieved two key findings in patients with nAMD treated with anti-VEGF therapy. First, we investigated factors influencing visual acuity outcomes. Second, we enplored risk factors for subretinal fibrosis development. Patients with low baseline BCVA, high CMT, IRF, HF, SHRM, and type 2 MNV exhibited an increased risk of fibrosis. These patients require close follow-up and potentially intensified anti-VEGF therapy. Furthermore, our study found that eyes with nAMD that developed fibrosis had larger and wider SHRM areas and a higher baseline HF count. Additionally, we achieved a first by identifying quantitative OCTA microvascular indicators of subretinal fibrosis development using AngioTool, a semi-automated analysis software.
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