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Introduction

Pterygium is a common and benign ocular surface disorder characterized by a corneal invasion of altered limbal epithelial cells. Although the pathogenesis of pterygium is not completely understood yet, involved mechanisms include stromal fibroblasts activation, neovascularization, inflammation, and extracellular matrix modifications [START_REF] Girolamo | Pathogenesis of pterygia: role of cytokines, growth factors, and matrix metalloproteinases[END_REF][START_REF] Hill | Pathogenesis of pterygium[END_REF] . The major role of chronic UV in the pathogenesis of pterygium is well established, supported by several studies and epidemiological data [3][START_REF] Coroneo | Pterygium as an early indicator of ultraviolet insolation: a hypothesis[END_REF][START_REF] Girolamo | UVB-mediated induction of interleukin-6 and -8 in pterygia and cultured human pterygium epithelial cells[END_REF][START_REF] Girolamo | UVB-Elicited Induction of MMP-1 Expression in Human Ocular Surface Epithelial Cells Is Mediated through the ERK1/2 MAPK-Dependent Pathway[END_REF][START_REF] Girolamo | UVB-Mediated Induction of Cytokines and Growth Factors in Pterygium Epithelial Cells Involves Cell Surface Receptors and Intracellular Signaling[END_REF] .

Clinical symptoms include eye redness, tearing, foreign-body sensation, aesthetic complaints or decreased visual acuity related to astigmatism and corneal-surface irregularities. The treatment can vary from conservative measures such as artificial tears, UV-protective sunglasses, anti-inflammatory drops to surgical techniques and immunosuppressive or antimetabolite adjuvant therapy [START_REF] Chu | Pterygium: new insights[END_REF] . Pterygium management remains challenging because of a high rate of recurrence after surgical treatment and ophthalmologists need to assess individual factors and characteristics to decide the best therapeutic strategy. With the improvement of new imaging techniques, sophisticated systems have been developed to improve pterygium evaluation. B-scan anterior segment optical coherence tomography (AS-OCT) has been widely used to investigate pterygium patterns [START_REF] Soliman | Spectral domain anterior segment optical coherence tomography assessment of pterygium and pinguecula[END_REF][START_REF] Welch | Pterygia measurements are more accurate with anterior segment optical coherence tomography -A pilot study[END_REF][START_REF] Gasser | Morphometric characterisation of pterygium associated with corneal stromal scarring using high-resolution anterior segment optical coherence tomography[END_REF] . With a higher resolution, in-vivo confocal microscopy (IVCM) allows the visualization of inflammatory cells, blood vessels, and normal cornea/pterygium limits [START_REF] Wang | In Vivo Confocal Microscopic Evaluation of Morphologic Changes and Dendritic Cell Distribution in Pterygium[END_REF][START_REF] Gheck | Apport de la microscopie confocale in vivo à l'étude des ptérygions[END_REF][START_REF] Shen | In Vivo Confocal Microscopy Observation of Cell and Nerve Density in Different Corneal Regions with Monocular Pterygium[END_REF][START_REF] Papadia | Anatomical and Immunological Changes of the Cornea in Patients with Pterygium[END_REF][START_REF] Labbé | An In Vivo Confocal Microscopy and Impression Cytology Evaluation of Pterygium Activity[END_REF] . More recently, en face OCT (EF-OCT) has been developed for anterior segment imaging. Based on OCT B-scan transversal section, reconstruction technique can rebuild frontal en face images. These coronal sections, also called C-scan, provide a new way to represent and analyze anterior segment tissues in vivo as a 2-dimensional. In a preliminary study, our group showed EF-OCT images of pterygium [START_REF] Joutei Hassani | En-face Optical Coherence Tomography as a Novel Tool for Exploring the Ocular Surface: A Pilot Comparative Study to Conventional B-Scans and in Vivo Confocal Microscopy[END_REF] . The study we present here aim to confirm the usefulness of EF-OCT in assessing pterygium severity and correlate IVCM findings.

Patients and methods

This observational single-center case series wtableas conducted at the Center for Clinical Investigation (CIC INSERM 1423) of the Quinze-Vingts National Ophthalmology Hospital, Paris, France. The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee CPP-Ile de France (number 10793). We prospectively included subjects with pterygium between April and September 2019.

Patients with recurrent pterygium were excluded.

After a written informed consent, all subjects underwent detailed ophthalmic examination, anterior segment photography, tear osmolarity measurement, Schirmer test, Break Up Time (BUT), IVCM, and EF-OCT imaging. Dry eye symptoms were assessed using OSDI questionnaire. A total of 12 questions about symptoms experienced over the previous week were administered to participants, with possible scores ranging from 0 to 48. Tear osmolarity was assessed using the TearLab device (TearLab Corp., San Diego, CA, USA). The Schirmer test was performed after topical anesthesia (oxybuprocaïne chlorydrate 0.4%, Thea, Clermont-Ferrand, France) by applying Whatman 41 filter paper strips (5 mmx30 mm) into the inferior-temporal part of the conjunctival sac. The wetted length was measured in millimeters after 5 minutes. To performed the BUT test, a drop of sodium fluorescein 0.5% (SERB, Paris, France) was applied in the inferior conjunctival sac and the patient was asked to blink several times to spread the fluorescein over the cornea. The tear film was then observed using the Cobalt blue light on the Goldmann slit lamp while the patient was asked not to blink. The time of appearance of the first dry spot was measured in second.

Clinical pterygium severity

Pterygium severity was graded according to the Modified Pterygium Classification System elaborated by Ke-Hung Chien et al. based on pterygium extension, vascularity, and thickness using slit-lamp examination [START_REF] Chien | Correlation of MicroRNA-145 Levels and Clinical Severity of Pterygia[END_REF] .

Severe Pterygium (SP) was defined as clinical severity score≥ 6 and/ or ocular surface disease index (OSDI) ≥ 30.

Mild Pterygium (MP) were defined as severity grading <6 and OSDI < 30.

En face OCT analysis

AS-OCT scans were acquired by a single trained operator using the RTVue Spectral Domain-OCT (SD-OCT) (Optovue Inc, Fremont, CA, USA) providing 26,000 A-scans per second with 5µm axial resolution and 15µm transversal resolution in tissue. Two different lenses were used for image acquisition: the Short Corneal Adaptor Module (CAM-S) which allows high-transverse-resolution imaging (10µm) with a scan size of 3x3mm and the Long Corneal Adaptor Module (CAM-L) which yields wide-field imaging (8 mm wide surface) with lower resolution (15µm). A high-density SD-OCT volume scan was acquired and 3D data were processed to generate C-scans. . AS-OCT volumes were visualized using the algorithm version A6, 2, 0, 68. The RTVue® OCT software automatically processed the OCT image. C-scans were automatically determined using the default thickness of 31 µm. The C-scan was manually swiped to explore the acquired volume and select en-face images allowing measurement of the FP maximum surface. C-scan images were qualitatively analyzed for shape and degree of reflectivity including pterygium stromal aspect, limit between the pterygium and the cornea and the adjacent cornea, the presence of hyperreflective spots (FP) in front of the tip of the pterygium. FP surface was measured (in mm 2 ) for each pterygium in a masked manner using the National Institutes of Health (NIH) ImageJ software (Bethesda, MD, USA).

IVCM analysis

IVCM was performed using the Heidelberg Retina Tomograph II/Rostock Cornea Module (Heidelberg Engineering GmbH, Heidelberg, Germany) confocal microscope by a single trained operator. Before examination, a drop of topical anesthetic (Novesine0.4% [oxybuprocaïne 0.4%] MSD-Chibret, Paris, France) and a drop of gel tear substitute (Lacrigel®, carbomer 0.2%, Europhta, Monaco) were instilled. The x-y position of the image and the section depth was controlled manually. Two-dimensional high-resolution optical sections covering an area of 400µm², with 2µm transversal resolution and 4 µm longitudinal optical resolution were acquired. IVCM analysis was focused on the corneal pterygium limits. IVCM allowed qualitative analysis of blood vessels, inflammatory cell infiltration, keratocyte activation and cornea/pterygium limits. Inflammatory cell infiltration were observed as infiltration of hyper-reflective cells whether in the corneal epithelium or corneal stroma in front of the pterygium head [START_REF] Labbé | An In Vivo Confocal Microscopy and Impression Cytology Evaluation of Pterygium Activity[END_REF] . Activated keratocytes were defined as keratocytes with hyperreflective cytoplasmic processes [START_REF] Hovakimyan | Morphological Analysis of Quiescent and Activated Keratocytes: A Review of Ex Vivo and In Vivo Findings[END_REF] . Cornea/pterygium limits were considered to be regular if the demarcation line between the pterygium and the cornea was sharp and linear. The limit was considered as blurry if the demarcation line was shattered at some points and irregular if the demarcation line was predominantly fragmented. Pterygium activity on IVCM was graded in four stages using a qualitative evaluation of pterygium activity characteristics previously described by our group (figure 1) [START_REF] Labbé | An In Vivo Confocal Microscopy and Impression Cytology Evaluation of Pterygium Activity[END_REF] :

-Stage 1: absence of blood vessel in the pterygium head, regular limit between cornea and pterygium without infiltrates or hyperreflective epithelial cells and few activated keratocytes within the corneal stroma adjacent to the pterygium head.

-Stage 2: linear blood vessels in the pterygium head, blurry limit between cornea and pterygium with mild infiltrates of hyperreflective cells (arrow) in the corneal epithelium and mild keratocytes activation within the corneal stroma adjacent to the pterygium head.

-Stage 3: blood vessel loops in the pterygium head, irregular limit between cornea and pterygium with moderate infiltrates of hyperreflective cells in the corneal epithelium and high keratocyte activation in the corneal stroma.

-Stage 4: numerous blood vessel loops in the pterygium head, irregular limit between cornea and pterygium with intense infiltrates of hyperreflective cells in the corneal epithelium and high keratocyte activation and hyperreflective cells in the stroma.

Statistical analysis

Results were expressed as standard error of the means (SEM). Statistical analyses were carried out using GraphPad Prism5 for Windows (GraphPad Software, Inc, San Diego, CA, USA). The paired Student t-test was used for quantitative data. P-values ≤0.05 were considered statistically significant.

Results

A total of 21 eyes of 17 patients with pterygium (11 men and 6 women) were included in the study (Table 1).

After assessment of clinical severity, patients were separated in two groups as follows: 11 eyes of 9 subjects with SP and 10 eyes of 8 subjects with MP. There were no significant differences in term of age (P=0. On EF-OCT pterygium stroma appears as a heterogeneous, hyperreflective lesion compared to normal cornea (figure 2). The contrast of reflectivity between the pterygium stroma and the adjacent hyperreflective and homogeneous cornea allows a clear visualization of pterygium corneal limits.

Mild pterygium group was characterized by a regular limit between the cornea and the pterygium and the absence of FP. On the contrary, severe pterygium group was characterized by irregular limits between cornea and pterygium and allowed clear visualization and evaluation of the FP surface as hyperreflective spots in front of the tip of the pterygium (figure 2 and3). FP surface measured with EF-OCT was significantly higher in the SP group (0.13 ± 0.06 mm2) than in the MP group (0.06±0.02 mm2) (P=0.003).

The pterygium-IVCM score was higher in SP group (2.36±0.81) than MP (1.20±0.42) (P= 0.0013). A larger FP

surface measured with EF-OCT was associated with higher score of activity on IVCM (linear regression r 2 =0.62, P<0.0001, figure 4).

Discussion

Evaluation of pterygium severity and progression greatly influence clinical decisions regarding the interval of follow-up and the type of surgical intervention. Since simple excision is associated with a higher rate of recurrence, various surgical techniques have been developed to prevent recurrence. The most common are excision associated with autologous conjunctival or limbal-conjunctival grafts, conjunctival flap or amniotic membrane graft [START_REF] Twelker | Evaluating Pterygium Severity: A Survey of Corneal Specialists[END_REF] . Alternately, adjuvant antimitotic treatment such as mitomycin C (MMC), 5-fluorouracil or even beta irradiation can also be used after excision to prevent cell proliferation. Intraoperative and postoperative MMC application has shown to be effective in recurrence prevention of primary and recurrent pterygium [START_REF] Lam | Intraoperative mitomycin C to prevent recurrence of pterygium after excision[END_REF][START_REF] Manning | Intraoperative Mitomycin in Primary Pterygium Excision[END_REF][START_REF] Raiskup | Mitomycin C for pterygium: long term evaluation[END_REF] . However, these adjuvant treatments are associated with potential sight-threatening complications such as scleral necrosis, corneal edema, corneal perforation, endophtalmitis [START_REF] Moriarty | Severe Corneoscleral Infection: A Complication of Beta Irradiation Scleral Necrosis Following Pterygium Excision[END_REF][START_REF] Rubinfeld | Serious Complications of Topical Mitomycin-C after Pterygium Surgery[END_REF] . . Evaluation of pterygium severity and activity appears to be indispensable to discuss the benefit-risk balance of the different treatments.

SD-OCT B-scan has been already for the qualitative and quantitative assessment of pterygium. On Bscan, pterygium appears as a mass of tissue separating the basal layer of corneal epithelium from the Bowman's membrane [START_REF] Soliman | Spectral domain anterior segment optical coherence tomography assessment of pterygium and pinguecula[END_REF] . Lluch et al. shown the correlation between the anomalous pterygium hyperreflectivity on OCT pattern and histological alteration including abnormal collagen arrangement, inflammatory cell infiltration and fibroblast subepithelial line [START_REF] Lluch | What biomarkers explain about pterygium OCT pattern[END_REF] . The cross-sectional B-scan images can also measure precisely the distance between the pterygium's apex and the limbus to provide a reproductible and accurate evaluation of pterygium extension [START_REF] Welch | Pterygia measurements are more accurate with anterior segment optical coherence tomography -A pilot study[END_REF] .

In a preliminary study, we had shown EF-OCT images of pterygium [START_REF] Joutei Hassani | En-face Optical Coherence Tomography as a Novel Tool for Exploring the Ocular Surface: A Pilot Comparative Study to Conventional B-Scans and in Vivo Confocal Microscopy[END_REF] . EF-SD-OCT allowed clear identification of the pterygium surface, borders and FP. These cell clusters, also known as Fuchs' flecks or Fuchs' islets, were first described by Ernst Fuchs as small spots visualized at the head of pterygium [START_REF] Fuchs | Ueber das Pterygium [Concerning the pterygium[END_REF] . Chui et al.

showed that FP corresponded to pterygium epithelial cells expressing putative limbal stem cell markers and hypothesize that they were at the origin of cell proliferation in pterygium [START_REF] Chui | Ophthalmic Pterygium[END_REF] . The presence of these islands of cells may represent a signal activation and proliferation related to UV damage [START_REF] Ip | Significance of Fuchs Flecks in Patients With Pterygium/Pinguecula: Earliest Indicator of Ultraviolet Light Damage[END_REF] . The presence of FP is a criterion for evaluating pterygium severity and is considered as a marker of pterygium progression [START_REF] Gheck | Apport de la microscopie confocale in vivo à l'étude des ptérygions[END_REF][START_REF] Labbé | An In Vivo Confocal Microscopy and Impression Cytology Evaluation of Pterygium Activity[END_REF][START_REF] Twelker | Evaluating Pterygium Severity: A Survey of Corneal Specialists[END_REF] . In the present study we showed that EF-SD-OCT yielded an accurate evaluation of FP surface of these patches and that highly active pterygium were associated with larger FP surface measured with EF-OCT.

IVCM offers a non-invasive method to study histologic characteristics of biological tissues in vivo [START_REF] Guthoff | In vivo confocal microscopy, an inner vision of the cornea -a major review[END_REF] . With IVCM, pterygium characteristics have been described, more particularly, in the transitional zone between the pterygium head and the healthy adjacent cornea [START_REF] Wang | In Vivo Confocal Microscopic Evaluation of Morphologic Changes and Dendritic Cell Distribution in Pterygium[END_REF][START_REF] Gheck | Apport de la microscopie confocale in vivo à l'étude des ptérygions[END_REF][START_REF] Papadia | Anatomical and Immunological Changes of the Cornea in Patients with Pterygium[END_REF][START_REF] Labbé | An In Vivo Confocal Microscopy and Impression Cytology Evaluation of Pterygium Activity[END_REF] . In a previous study, we identified IVCM characteristics associated with pterygium clinical activity [START_REF] Labbé | An In Vivo Confocal Microscopy and Impression Cytology Evaluation of Pterygium Activity[END_REF] . Inflammatory cells in the pterygium epithelium and stroma, blood vessels loops, irregular boundaries and the presence of FP were features associated with active pterygia, supporting the role of inflammation in pterygium pathogenesis [START_REF] Labbé | An In Vivo Confocal Microscopy and Impression Cytology Evaluation of Pterygium Activity[END_REF] l. We have used a qualitative evaluation of pterygium activity based on IVCM activity signs and found a significant positive correlation between FP surface on EF-OCT and the score of activity on IVCM. These findings confirm the significance of FP as a marker of activity and show that EF-OCT offers an interesting tool in clinical practice for assessing pterygium activity.

Compared to IVCM, EF-OCT brings some major advantages in clinical practice. First, SD-OCT device is widely available in ophthalmological centers much more than IVCM. Indeed, most of the OCT devices nowadays include an anterior segment module. EF-OCT image acquisition is achievable with limited experience whereas IVCM requires a trained operator to obtain high quality image. Moreover, the results are more operatordependent. EF-OCT is a rapid and non-contact technique which is beneficial for the patient as it avoids patient discomfort and contact with the cornea. The visualization window is also 100 times larger in EF-OCT than the surface analyzed by IVCM (4mm x 4mm versus 400 µm x 400µm), providing a better overall visualization of lesions with fewer image acquisitions. In contrast, a major limit of EF-OCT versus IVCM is the lower image resolution. However, recent SD-OCT technology has improved image resolution and further progress is expected in the future with the development of en face ultra-high-resolution (UHR) OCT [START_REF] Kieval | Ultra-High Resolution Optical Coherence Tomography for Differentiation of Ocular Surface Squamous Neoplasia and Pterygia[END_REF][START_REF] Wang | Ultra-High Resolution Optical Coherence Tomography for Imaging the Anterior Segment of the Eye[END_REF][START_REF] Shousha | Diagnosis and Management of Conjunctival and Corneal Intraepithelial Neoplasia Using Ultra High-Resolution Optical Coherence Tomography[END_REF] . RTVue software segmentation errors can cause incorrect EF-OCT reconstruction. Lastly, image acquisition can be biased because of image artifacts such as eyelashes shadowing or ocular movements. Despite these limitations, in our experience, EF-OCT is a reliable and reproducible imaging technique.

Our results suggest that the use of EF-OCT could be useful to assess pterygium severity by evaluating the extent of Fuchs patches. Associated with B-scan, AS-OCT acquisition also allows an accurate measurement of pterygium extension and detection of progression. AS-OCT associated with EF-OCT could be an interesting preoperative exam. There is a need for standardized method of grading pterygium severity to guide the treatment, thus EF-OCT could provide an interesting tool in clinical practice to assess pterygium severity.

Conclusion

EF-OCT could be useful to assess pterygium severity by evaluating the extent of FP. Higher FP surface on EF-OCT is correlated with higher clinical pterygium severity and pterygium activity on IVCM. By providing a simple, non-invasive and reproducible tool to analyze pterygium severity, EF-OCT could be a used as a complementary exam before surgery. Qualitative evaluation of pterygium activity based on IVCM characteristics of active pterygium we described in a previous study.

Stage 1: absence of blood vessel loops in the pterygium head (A), regular limit between cornea and pterygium without infiltrates or hyperreflective cells (E) and few activated keratocytes within the corneal stroma adjacent to the pterygium head (I).

Stage 2: linear blood vessels (*) in the pterygium head (B), blurry limit between cornea and pterygium with mild infiltrates of hyperreflective cells (arrow) in the corneal epithelium (F) and mild keratocytes activation within the corneal stroma adjacent to the pterygium head (J).

Stage 3: blood vessel loops (*) in the pterygium head (C), irregular limit between cornea and pterygium with moderate infiltrates of hyperreflective cells (arrow) in the corneal epithelium (G) and high keratocyte activation in the corneal stroma (K). 

Stage 4 :

 4 numerous blood vessel loops (*) in the pterygium head (D), irregular limit between cornea and pterygium with intense infiltrates of hyperreflective cells (arrow) in the corneal epithelium (H) and high keratocyte activation and hyperreflective cells (arrow) in the corneal stroma (L).

Figure 2 .

 2 Figure 2. EF-OCT analysis of MP and SPMild pterygium (A: C-scan, B and C: B-scan). EF-OCT of mild pterygium is characterized by regular limits between the cornea and the pterygium. Note the absence of hyperreflectivity in front of the tip of the pterygium.Severe pterygium (E: C-scan, F and G: B-scan). EF-OCT of severe pterygium reveals irregular limits between cornea and pterygium and allows clear visualization and evaluation of the FP surface as hyperreflective spots in front of the tip of the pterygium (red circles).

Figure 3 .

 3 Figure 3. EF-OCT of FP in pterygiumEF-OCT showing the absence of FP (A to F). FP appear as hyper-reflective areas in the cornea adjacent to the tip of the pterygium (G to L). EF-OCT allows an evaluation of the surface of the FP.

Figure 4 .

 4 Figure 4. Correlation between IVCM activity and FP surface. Linear regression between IVCM activity and FP surface (n=21) showing significant positive correlation.

  

Table 1 . Population characteristics Figure 1. IVCM pterygium staging.
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