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Abstract

Purpose

To compare qualitative and quantitative vascular characteristics on anterior segment optical coherence
tomography angiography (AS-OCTA) between ocular surface squamous neoplasia (OSSN) and pterygium
and assess its potential for differentiating these lesions.

Methods

In this cross-sectional study, 66 patients (33 with OSSN and 33 with pterygium) were recruited from a
tertiary cornea clinic between February 2025 and January 2026. AS-OCTA images were obtained using a
commercially available OCTA platform. Conjunctival vascular features were assessed in superficial and
deep layers. Two masked specialists independently evaluated qualitative vascular patterns, with
adjudication by a third reviewer. Quantitative parameters, including vessel density (VD), vessel length
density (VLD), vessel diameter index (VDI), and fractal dimension (FD), were calculated using customized
image-processing algorithms. Group comparisons used regression models adjusted for age and sex,
with false discovery rate correction.

Results

The OSSN group was significantly older than the pterygium group (61.48 vs. 49.03 years, P < 0.001), with
no significant difference in sex distribution (P = 0.76). Quantitative OCTA parameters were largely
comparable between groups, except for significantly lower superficial VDI in OSSN (P = 0.001).
Qualitative vascular patterns differed significantly, with tortuous, anastomosing, feeder vessels, and flow
shadowing more prevalent in OSSN, while linear and tree-like vessels predominated in pterygium (all P <
0.05).

Conclusion

AS-OCTA demonstrated distinct qualitative vascular patterns between OSSN and pterygium despite
largely similar quantitative metrics. Tortuosity, anastomoses, feeder vessels, and flow shadowing may
serve as valuable noninvasive markers for differentiating OSSN from pterygium.

Key Message

What is known

AS-OCTA can visualize vascular abnormalities of ocular surface lesions and may provide noninvasive
information useful for distinguishing OSSN from benign lesions.

What is new
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e Tortuous, anastomosing, and feeder vessels and flow shadowing were significantly more prevalent
in OSSN than in pterygium.
e Superficial vessel diameter index was significantly lower in OSSN than in pterygium.

e Qualitative vascular morphology provided more apparent discriminatory information than most
conventional quantitative OCTA parameters in this cohort.

Introduction

Optical coherence tomography angiography (OCTA) is a relatively recent, noninvasive imaging modality
that detects vascular flow by capturing motion contrast from erythrocytes. OCTA has been widely used
in retinal diseases to evaluate vascular alterations in conditions such as diabetic retinopathy, age-related
macular degeneration, and retinal vascular occlusions, providing both qualitative and quantitative

assessments of blood flow ["l. Unlike traditional imaging techniques such as fluorescein angiography
(FA) and indocyanine green angiography (ICGA), OCTA does not require intravenous dye administration,
making it safer and more comfortable for patients while allowing visualization of both superficial and

deep vascular layers with depth-resolved imaging [.2 Initially developed for retinal imaging, OCTA has
recently gained increasing interest beyond the posterior segment, with expanding applications in anterior

segment structures including the conjunctiva, cornea, and iris in healthy eyes 33 Moreover, OCTA has
been utilized to assess vascular changes in various ocular surface conditions, including benign and
malignant ocular surface lesions [© 7], iris vessel dilation as a predictive factor for recurrent inflammation
in different forms of iritis and neovascularization secondary to proliferative diabetic retinopathy [8]
conjunctival vascular alterations in thyroid eye disease [, evaluation of surgical outcomes such as
conjunctival autograft vascularization following pterygium surgery [0 and as a prognostic tool for
predicting complications after chemical injuries. (11l

Ocular surface squamous neoplasia (OSSN) represents the most common malignant lesion of the ocular
surface, encompassing a spectrum from conjunctival and corneal intraepithelial neoplasia to invasive
squamous cell carcinoma.l'? Ultraviolet light exposure and human papillomavirus (HPV) infection are
among the primary risk factors.['3! Historically, diagnosis relied on clinical examination and, in suspected
cases, was followed by histopathologic confirmation to differentiate OSSN from more benign lesions
such as pterygium. With advances in anterior segment OCT and OCTA, the need for invasive diagnostic

procedures has been substantially reduced. [13. 14

Recent studies indicate that OCTA may further enhance the diagnostic capability for OSSN by visualizing
abnormal tumor-associated vascular networks. [ Quantitative parameters, including vessel density
(VD), vessel diameter index (VDI), and vascular length density (VLD), have shown potential in assessing
tumor activity and monitoring response to topical immunotherapy. el

In this study, we compared OCTA-derived vascular characteristics of OSSN and pterygium. By evaluating
differences in vascular patterns and quantitative metrics between these two entities, we sought to
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determine whether OCTA can serve as a reliable, noninvasive tool to aid in distinguishing OSSN from
pterygium in clinical practice.

Methods
Methods

Study Design and Participants

This cross-sectional study was conducted between February 2025 and January 2026 in the Cornea
Department of Farabi Eye Hospital. The study adhered to the tenets of the Declaration of Helsinki and
was approved by the Institutional Review Board of Tehran University of Medical Sciences (ethics code:
IR.TUMS.FARABIH.REC.1404.010). Written informed consent was obtained from all participants before
clinical imaging.

Patients were consecutively recruited from the cornea clinic during the study period. A total of 66
patients were included, comprising 33 patients with ocular surface squamous neoplasia (0SSN) and 33
with pterygium. The diagnosis was established clinically by a cornea fellowship-trained specialist. In
cases of diagnostic uncertainty, impression cytology or excisional biopsy was performed for
confirmation.

Patients were excluded if they had ocular or systemic conditions that could affect ocular surface
vascularization, including diabetes mellitus, previous ocular surgery, previous intravitreal bevacizumab
injection, use of topical antiglaucoma medications, contact lens wear, or severe dry eye. Eyes with poor-
quality OCTA images or slit-lamp photographs that were unsuitable for analysis were also excluded.

AS-OCTA Acquisition

All participants underwent anterior segment optical coherence tomography angiography (AS-OCTA) and
slit-lamp photography. Imaging was performed using the AngioVue OCTA system (Optovue, Inc.,
Fremont, CA, USA), primarily using the AngioRetina mode designed for retinal imaging. The system
operates at a central wavelength of 840 nm with a bandwidth of 22 nm and an acquisition rate of 70,000
A-scans per second, with an axial resolution of approximately 5 um in tissue.

A 3 x 3-mm scan pattern with 304 x 304 A-scans was acquired over approximately 3—4 seconds. Two
consecutive B-scans were obtained at each position to distinguish static tissue from blood-flow signals.
Blood flow was detected by comparing sequential images using the split-spectrum amplitude-
decorrelation angiography (SSADA) algorithm with motion-correction techniques.

AS-OCTA images were acquired at two predefined depths relative to the conjunctival epithelium:
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1. Superficial layer: from the conjunctival epithelium to a depth of 200 ym.
2. Deep layer: deeper than 200 yum from the conjunctival epithelium.

Image Processing and Quantitative Analysis

OCTA images were analyzed using MATLAB 2021b (MathWorks, Natick, MA, USA). A predefined region
of interest (ROI) was manually delineated by an experienced grader who was masked to the clinical
diagnosis. To improve vessel contrast and reduce image-processing artifacts, contrast-limited adaptive
histogram equalization and median filtering were applied to the grayscale images.

The Otsu thresholding method was subsequently used to binarize the images and identify vascular
structures by minimizing the intra-class variance between foreground and background pixels. The
resulting segmentation was reviewed and manually corrected by the same experienced grader when
necessary.

Quantitative vascular parameters included vessel density (VD), vessel length density (VLD), vessel
diameter index (VDI), and fractal dimension (FD).

Vessel density (VD) was defined as the proportion of the ROl occupied by perfused vessels:
VD = total vessel area / total ROI area.

Vessel length density (VLD) was defined as the cumulative length of detected vessels normalized to the
ROl area:

VLD = total vessel length / total ROI area.

Vessel diameter index (VDI) was calculated as an estimate of mean vessel caliber based on the ratio of
vessel area to total vessel length:

VDI = total vessel area / total vessel length.

Fractal dimension (FD) was used as a measure of vascular network complexity. FD was calculated using
a box-counting algorithm applied to the skeletonized vascular image, with higher values indicating
greater branching complexity.

Qualitative Vascular Assessment

Qualitative vascular characteristics were assessed independently by two specialists who were masked
to the clinical diagnosis. Disagreements were resolved by a third reviewer.

Vascular morphology was classified into the following patterns: linear (straight), looped (arcade), tree-
like (arborizing), anastomosing, tortuous, feeder, corkscrew (coiled), chaotic (disorganized), and flow-

Page 5/18



shadowing patterns.[Fig. 1]

Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics version 28 (IBM Corp., Armonk, NY,
USA). Continuous variables were summarized as mean + standard deviation (SD) or median and range,
as appropriate. Categorical variables were summarized as frequencies and percentages.

Baseline characteristics were compared between the OSSN and pterygium groups using independent-
samples t-tests for continuous variables and x2 tests or Fisher’s exact tests for categorical variables, as
appropriate.

For quantitative OCTA parameters, generalized linear models were used to estimate differences between
groups after adjustment for age and sex. Results were reported as adjusted regression coefficients with
95% confidence intervals (Cls) based on Wald statistics.

For binary qualitative vascular patterns, logistic regression models with a binomial distribution and logit
link were used to estimate the association between lesion type and each vascular pattern, adjusting for
age and sex. Results were reported as adjusted odds ratios (ORs) with 95% Cls.

The Benjamini—Hochberg false discovery rate (FDR) procedure was applied to account for multiple
comparisons. All statistical tests were two-sided, and a P value < 0.05 was considered statistically
significant.

RESULTS

All 66 eligible patients identified during the study period were included; no patients were excluded due to
incomplete imaging. A total of 33 patients with pterygium and 33 patients with OSSN were included in
this study. The mean age in the OSSN group was 61.48 years (range: 31 to 93 years), and in the
pterygium group, it was 49.03 years (range: 24 to 72 years). In the OSSN group, 75.8% were men and
24.2% were women, while in the pterygium group, 78.8% were men and 21.2% were women. The OSSN
group was significantly older than the pterygium group (P < 0.001), while sex distribution did not differ
significantly between the two groups (P =0.769).

Quantitative parameters—VD, VLD, VDI, and fractal dimension (FD)—were evaluated in both the
superficial and deep layers. In the deep layer, the mean VD was 0.31 in OSSN and 0.33 in pterygium(P =
0.28). The mean VLD was 0.16 mm/mm?2in OSSN and 0.17 mm/mm?2 in pterygium (P = 0.40). The mean
VDI was 1.92 pm in OSSN and 1.97 pm in pterygium(P = 0.19).

In the superficial layer, the mean VD was 0.32 in OSSN and 0.35 in pterygium (p = 0.15), the mean VLD
was 0.17 mm/mm?2 in both groups (p = 0.87), and the mean VDI was 1.91 ym in OSSN and 2.05 pm in
pterygium (p < 0.001). The significantly lower superficial VDI in OSSN indicates a predominance of
smaller-caliber superficial vessels compared with pterygium.
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The mean fractal dimension in both superficial and deep layers was 1.84 in both groups (P =0.52, 0.90
respectively), indicating similar vascular branching complexity. Among the quantitative parameters, only
superficial-layer VDI differed significantly between OSSN and pterygium .[Table 1]

Table 1
Quantitative OCTA vascular parameters in OSSN and pterygium
OCTA Layer OSSN, Pterygium, Mean 95% ClI P
parameter mean % mean + SD difference value
SD
Vessel density Deep 0.314 % 0.336+0.082 -0.022 -0.062t0 0.281
(VD) 0.080 0.018
Vessel length Deep 0.162 + 0.170+0.040 -0.008 -0.027to  0.404
density (VLD), 0.037 0.011
mm/mm?
Vessel diameter Deep 1.928 £ 1.970+0.119 -0.042 -0.106to  0.195
index (VDI), pm 0.140 0.022
Fractal Deep 1.849 1.848 +0.031 0.001 -0.015t0 0.904
dimension (FD) 0.033 0.017
Vessel density Superficial 0.327 0.354+0.086 -0.027 -0.064to 0.152
(VD) 0.064 0.010
Vessel length Superficial 0.171¢% 0.172+0.040 -0.001 -0.020to 0.874
density (VLD), 0.033 0.017
mm/mm?
Vessel diameter  Superficial 1.917 2.054+0.154 -0.137 -0.210to0 <
index (VDI), pm 0.145 -0.063 0.001
Fractal Superficial 1.848 + 1.843+0.034 0.005 -0.011to 0.523
dimension (FD) 0.034 0.022
Abbreviations: Cl, confidence interval; FD, fractal dimension; OCTA, optical coherence tomography
angiography; OSSN, ocular surface squamous neoplasia; SD, standard deviation; VD, vessel density;
VDI, vessel diameter index; VLD, vessel length density.

ROC curve analysis showed that superficial VDI had moderate discriminatory ability to differentiate
Ocular Surface Squamous Neoplasia (OSSN) from Pterygium, with an area under the curve (AUC) of 0.73
(95% Cl: 0.61-0.85). The optimal cutoff value was 1.99 um, providing 63% sensitivity and 69% specificity.
[ Fig. 2]

Regarding qualitative vascular patterns, significant differences were observed between the two groups
for linear (straight) vessels (p < 0.001), tree-like (arborizing) vessels (p < 0.001), looped (arcade) vessels
(p =0.001), tortuous vessels (p = 0.003), anastomosing vessels (p < 0.001), feeder vessels (p = 0.003),
and flow shadowing (p < 0.001). No significant differences were found for disorganized (chaotic)
vasculature (p = 0.056) or corkscrew (coiled) vessels (p = 0.769) (Table 2). These findings indicate
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distinct vascular architectural patterns between OSSN and pterygium, particularly in vessel morphology

and connectivity.

Table 2. Qualitative vascular patterns in OSSN and pterygium

Vascular feature

Linear vessels

Tree-like (arborizing) vessels
Looped (arcade) vessels

Tortuous vessels

Disorganized (chaotic) vasculature
Corkscrew (coiled) vessels
Anastomosing vessels

Feeder vessels

Flow shadowing

OSSN, n (%)

1(3.0)

5 (15.2)
1(3.0)
24 (72.7)
9 (27.3)
7(21.2)
20 (60.6)
19 (57.6)
17 (51.5)

Pterygium, n (%)

20 (60.6)
23 (69.7)
11 (33.3)
12 (36.4)
3(9.1)

8 (24.2)
4(12.1)
7 (21.2)
1(3.0)

P value
<0.001
<0.001
0.001
0.003
0.056
0.769
<0.001
0.003
<0.001

The most common patterns in pterygium were linear and tree-like vessels (60.6% and 69.7%,
respectively), consistent with organized fibrovascular growth typical of degenerative conjunctival
lesions. In contrast, tortuous vessels were the predominant pattern in OSSN (72.7%), suggesting

irregular neoplastic angiogenesis. [Table 2]

Quantitative and qualitative parameters were further analyzed using ANCOVA adjusted for age and sex.
For quantitative variables, the mean differences in the OSSN group compared with the pterygium group
were as follows: in the deep layer, VD - 0.011 (p = 0.605), VLD - 0.004 (p = 0.073), VDI - 0.025 (p = 0.465),
and fractal dimension +0.002 (p = 0.810). In the superficial layer, the differences were VD - 0.026 (p =
0.203), VLD - 0.020 (p = 0.866), and fractal dimension + 0.003 (p = 0.750). Only VDI in the superficial layer
showed a significant difference (- 0.129, p = 0.001), confirming reduced superficial vessel caliber as an
independent distinguishing feature of OSSN. [Fig. 3]

For qualitative parameters, logistic regression adjusted for age and sex demonstrated significant
associations between group and several vascular patterns: linear vessels (OR = 0.006, p < 0.001), tree-
like vessels (OR = 0.057, p<0.001), looped vessels (OR =0.052, p =0.011), tortuous vessels (OR = 6.389,
p = 0.003), anastomosing vessels (OR =11.158, p =0.001), feeder vessels (OR =4.517, p = 0.013), and
flow shadowing (OR =128.558, p < 0.001). These results indicate that tortuous, anastomosing, and
feeder vessels as well as flow shadowing, were strongly associated with OSSN, whereas linear and
arborizing vessels were more characteristic of pterygium. Chaotic vessels (OR=4.161, p=0.074) and
corkscrew vessels (OR =0.792, p = 0.730) did not differ significantly between groups. [Fig. 4]
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Overall, these results suggest that while quantitative OCTA metrics are largely similar between OSSN and
pterygium, superficial vessel caliber and qualitative vascular patterns differ significantly, providing
potential noninvasive biomarkers for differentiation

DISCUSSION

Tumor expansion beyond a few millimeters requires sustained pathological angiogenesis to supply
oxygen and nutrients while facilitating metabolic waste removal. This process is primarily driven by
hypoxia-induced upregulation of angiogenic mediators, particularly vascular endothelial growth factor
(VEGF), and is characterized by structurally abnormal, tortuous, and inefficient vascular networks. 0711
ocular surface squamous neoplasia (OSSN), angiogenesis reflects the fundamental mechanisms of
tumor biology. Ultraviolet-induced DNA damage, together with viral oncogenesis and dysregulation of
angiogenic signaling pathways, promotes neoplastic transformation and upregulation of VEGF
expression. These molecular alterations stimulate the formation of immature, tortuous feeder vessels
and a disorganized intratumoral microvascular network, which are characteristic features of malignant
angiogenesis. [18.19) | contrast, although pterygium is now recognized as an active fibrovascular
proliferative disorder rather than a purely degenerative lesion, its angiogenesis is predominantly reactive
and more structurally organized. Chronic ultraviolet exposure, oxidative stress, and inflammatory
mediators promote subepithelial neovascularization and fibrovascular proliferation. Consequently,
pterygium typically demonstrates organized linear or arborizing vascular networks, whereas OSSN

exhibits more chaotic, tortuous, and irregular vascular patterns characteristic of malignant angiogenesis.
120, 21]

One of the most notable findings of the present study was the significantly lower superficial vessel
diameter index (VDI) in OSSN compared with pterygium, suggesting that superficial vessel caliber may
serve as a useful imaging biomarker for differentiating these lesions. Several mechanisms may explain
this observation. First, tumor angiogenesis typically produces numerous fine, tortuous, and highly
branched microvessels, which also may predominantly generate immature capillary-sized vessels rather
than dilated mature vessels 22 whereas pterygium contains well-developed fibrovascular tissue with
larger and more organized superficial vascular bundles. 23] These fundamental differences in vascular
architecture may partly account for the higher superficial VDI observed in pterygium. Second, epithelial
thickening and subepithelial tumor growth in OSSN [12] may compress superficial microvessels, reducing
their apparent caliber. Third, previous OCTA studies have shown that vascular density in OSSN is
greatest within the subepithelial tissue beneath the tumor, indicating that a substantial proportion of
tumor-associated vasculature is located in deeper tissue planes.'® This distribution may partly explain
the lower superficial VDI observed in our study, as superficial OCTA measurements may not fully capture
the deeper vascular component of OSSN. Finally, pterygium is characterized by chronic inflammation
and fibrovascular proliferation with increased expression of proangiogenic mediators, including VEGF,
which promotes vascular remodeling, vasodilation, and enlargement of superficial conjunctival vessels.
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[24,25] Gollectively, these biological differences in vascular remodeling may explain the significantly
higher superficial VDI observed in pterygium in our cohort.

Consistent with this finding, ROC analysis demonstrated that a superficial VDI cutoff of approximately
2.0 yielded an AUC of 0.73, with a sensitivity of 63% and specificity of 69%, suggesting that superficial
vessel caliber may serve as a useful adjunctive biomarker for the non-invasive differentiation of OSSN
from pterygium. [Fig. 2] Although the diagnostic performance was moderate, this threshold may provide
a practical adjunct to qualitative vascular assessment when differentiating OSSN from pterygium in
routine clinical practice.

In this study, we compared vascular characteristics of OSSN and pterygium using AS-OCTA. While
quantitative vascular parameters, except VDI in the superficial layer, did not significantly differ between
the two groups, distinct qualitative vascular patterns were observed. These findings suggest that AS-
OCTA may offer clinically meaningful, noninvasive differentiation of OSSN from pterygium, primarily
through qualitative vascular profiling.

Several previous studies have emphasized the role of AS-OCTA in characterizing vascular abnormalities
in ocular surface malignancies. Lee et al. reported that malignant lesions tend to exhibit larger peri-
lesional vessel diameters and deeper peri-lesional vasculature, consistent with feeder vessel formation

and tumor-driven angiogenesis.m In our study, although mean quantitative vessel diameter indices were
largely comparable between OSSN and pterygium, the qualitative presence of feeder vessels and flow
shadowing was significantly higher in OSSN, supporting the observation that malignant lesions exhibit
distinctive angiogenic behavior not fully captured by averaged quantitative metrics alone.

Similarly, Liu et al. performed detailed OCTA analyses of vascular morphology surrounding OSSN lesions
and demonstrated increased sub-epithelial vascular density and aberrant vessel architecture compared
with adjacent normal conjunctiva. Their findings highlight the capacity of OCTA to visualize abnormal
tumor-associated vascular networks, characterized by irregular branching and atypical vessel
morphology.['® In contrast to their results, our study did not identify significant differences in overall
vessel density or fractal dimension between OSSN and pterygium. Notably, Liu et al. compared OSSN
with normal conjunctiva, whereas our study compared OSSN with another fibrovascular pathology,
pterygium. Nevertheless, the higher prevalence of tortuous and anastomosing vessels in OSSN in our
cohort aligns with Liu et al.’s description of aberrant neoplastic vasculature and underscores the
importance of qualitative vascular assessment.

A case report done by Nampei et al. described characteristic vascular patterns in OSSN and other ocular
surface tumors using AS-OCTA, such as “zigzag” meandering vessels in OSSN versus straighter vessels
in pterygium, which can aid differentiation of these lesions. [26] Similarly, in our study, we identified
distinct vascular patterns that may help differentiate pterygium from OSSN.

Longitudinal evaluation of tumor vasculature has further supported the dynamic nature of OSSN
angiogenesis. Theotoka et al. demonstrated that longitudinal OCTA imaging could detect changes in
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vessel area density and vascular complexity following treatment, reinforcing the concept that tumor
angiogenesis is not static and can be monitored non-invasively over time. These findings suggest a
potential role for OCTA not only in diagnosis but also in treatment monitoring.[2”! Although our study was
cross-sectional and did not assess longitudinal changes, we observed marked differences in qualitative
vascular patterns between OSSN and pterygium at baseline.

Consistent with this therapeutic perspective, Ghasemi et al. evaluated OCTA parameters during topical
treatment of OSSN and reported significant changes in superficial vessel density and superficial vessel
diameter index, while deep vascular parameters and vessel length density remained unchanged. These
results suggest that superficial vascular layers may be more responsive to topical chemotherapy,
reflecting regression of tumor-associated angiogenesis at the epithelial and subepithelial levels.['®) n
our study, a similar pattern was observed in that only superficial VDI differed significantly between OSSN
and pterygium after adjustment, while deep-layer quantitative parameters showed no significant
differences. These findings support the hypothesis that superficial vascular alterations are more
sensitive markers of neoplastic activity, whereas deeper vessels may be less affected or more prone to
shadowing artifacts and segmentation limitations.

Interestingly, our findings align with more recent reports suggesting that OCTA-derived quantitative
parameters may be limited by projection artifacts, shadowing, and the inherently superficial nature of
many OSSN lesions. Instead, qualitative vessel morphology—such as tortuosity, feeder vessels, and
anastomoses—has been increasingly recognized as a more reliable indicator of neoplastic angiogenesis.
In the present study, tortuous, anastomosing, and feeder vessels were significantly more prevalent in
OSSN, consistent with tumor-driven vascular remodeling. Conversely, pterygium predominantly
demonstrated linear (straight) and arborizing vessels, reflecting its fibrovascular, non-neoplastic growth
pattern described in earlier histopathologic and angiographic studies.

Although OSSN and pterygium may appear clinically similar, their vascular physiology differs
considerably. OSSN typically exhibits chaotic and metabolically active angiogenesis; this was reflected in
our higher prevalence of tortuous, anastomosing, and feeder vessels, as well as the markedly increased
odds of flow shadowing in OSSN. Flow shadowing may be particularly useful clinically, as it suggests
dense cellular proliferation or keratinization—features frequently observed in OSSN but not in pterygium.

The lack of significant differences in quantitative OCTA metrics may indicate that vessel density and
other quantitative OCTA parameters alone may be insufficient to distinguish these lesions, particularly
when superficial and deep vasculature overlap or when lesions produce shadowing artifacts.
Additionally, current OCTA technology may be unable to fully visualize intratumoral vascularity. Thus,
OCTA-derived qualitative vascular signatures may offer greater diagnostic value in a real-world clinical
setting. Incorporating such patterns into routine evaluation could enhance the non-invasive detection of
OSSN, reducing the need for diagnostic biopsies in equivocal cases.

Study Limitations
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This study has several limitations. First, it was conducted at a single tertiary center, which may limit
generalizability. Second, OCTA images were obtained using a retina-designated system, which may not
provide optimal imaging depth, resolution, or segmentation accuracy for ocular surface tissue. [28 Third,
shadowing artifacts and variations in lesion thickness could have influenced quantitative measurements,
potentially masking subtle differences between the two groups. Fourth, we did not correlate OCTA
findings with histopathologic vascular analysis, which could have strengthened interpretation of the
qualitative vascular features.

Future Directions

Future research should focus on prospective studies using dedicated anterior segment OCTA devices
that offer improved segmentation, higher resolution, and better suppression of shadowing artifacts.
Incorporating automated machine-learning—based vascular pattern recognition may further enhance
diagnostic accuracy and allow development of standardized OCTA criteria for OSSN.

Conclusion

AS-OCTA demonstrated distinct qualitative vascular differences between OSSN and pterygium despite
overall similarity in quantitative vascular metrics. Features such as tortuous, anastomosing, and feeder
vessels, as well as pronounced flow shadowing, are strongly associated with OSSN and may serve as
valuable noninvasive indicators to aid in differentiating neoplastic from benign ocular surface lesions.
With further technological refinement and validation, AS-OCTA may become an important adjunct in the
diagnostic algorithm for ocular surface tumors.
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Supefrficial-layer anterior ssgment OCTA images of pterygium demonstrating predominantly linear
(straight),parallel-oriented vessels within the subepithelial fibrovascular tissue, reflecting organized, non-
neoplastic angiogenesis(A), arborizing (tree-like) vascular branching within the superficial conjunctival
network(B), looped (arcade) vessels, representing organized subepithelial vascular architecture(C).
Superficial-layer anterior sesgment OCTA images of OSSN demonstrating a central flow shadowing (yellow
star) surrounded by disorganized (chaotic) vasculature, consistent with neoplastic angiogenesis(D),
anastomosing vessels forming irregular peri-tumoral vascular networks(E), corkscrew (coiled) vessels,
reflecting abnormal tumor-associated vascular remodeling(F), a prominent feeder vessel(arrow) supplying
the neoplastic lesion(G), markedly tortuous vessels, a characteristic feature of malignant angiogenesis(H).
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Figure 2

Receiver operating characteristic (ROC) curve analysis evaluating the diagnostic performance of a
quantitative optical coherence tomography angiography (OCTA) superficial VDI and determining the optimal
cutoff value for differentiating Ocular Surface Squamous Neoplasia (OSSN) from Pterygium, with the best
threshold selected to maximize sensitivity and specificity.
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Figure 3

Age- and sex-adjusted differences in quantitative OCTA parameters between pterygium and OSSN. Points
represent adjusted mean differences and horizontal bars indicate 95% confidence intervals. The vertical
dashed line represents a difference of 0, indicating no between-group difference.
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Age- and sex-adjusted odds ratios for qualitative vascular patterns associated with pterygium relative to
OSSN. Points represent adjusted odds ratios and horizontal bars indicate 95% confidence intervals. The

vertical dashed line represents an odds ratio of 1, indicating no association between lesion type and the
vascular pattern.
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