

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83250-327-0
DOI 10.3389/978-2-83250-327-0

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





NOVEL DIAGNOSTIC AND THERAPEUTIC STRATEGIES FOR RETINAL DISEASES

Topic Editors:

Shaochong Zhang, Shenzhen Eye Hospital, China

Haijiang Lin, Massachusetts Eye & Ear Infirmary, Harvard Medical School

Hetian Lei, Shenzhen Eye Hospital, China

Citation: Zhang, S., Lin, H., Lei, H., eds. (2022). Novel Diagnostic and Therapeutic Strategies for Retinal Diseases. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83250-327-0





Table of Contents




Proteomics of Vitreous Humor Reveals PPARA, RXR, and LXR Are Possible Upstream Regulators of Proliferative Diabetic Retinopathy

Siyan Li, Enzhong Jin, Xuan Shi, Yi Cai, Hui Zhang and Mingwei Zhao

Beyond the Visual Acuity: Assessing the Visual Function in mCNV Patients After Anti-VEGF Treatment

Songshan Li, Limei Sun, Xiujuan Zhao, Zhaotian Zhang, Xiaoling Luo and Xiaoyan Ding

Microvasculature Features of Vogt-Koyanagi-Harada Disease Revealed by Widefield Swept-Source Optical Coherence Tomography Angiography

Xiaoyuan Ye, Haiping Zhang, Peng Xiao, Gengyuan Wang, Xiaoqing Hu, Chun Yan, Fan Li, Yixin Hu, Lishi Su, Jiawen Luo, Jin Yuan, Feng Wen and Wei Chi

Elevated NLRP3 Inflammasome Levels Correlate With Vitamin D in the Vitreous of Proliferative Diabetic Retinopathy

Li Lu, Gaocheng Zou, Li Chen, Qianyi Lu, Mian Wu and Chunxia Li

Long-Term Retinal Neurovascular and Choroidal Changes After Panretinal Photocoagulation in Diabetic Retinopathy

Tian Huang, Xiaoli Li, Jie Xie, Liang Zhang, Guanrong Zhang, Aiping Zhang, Xiangting Chen, Ying Cui and Qianli Meng

Efficacy of Conbercept in the Treatment of Choroidal Neovascularization Secondary to Pathologic Myopia

Hui Lu, Tao Yue, Na Liu, Zuo-Fen Wang, Gai-Xia Zhai, Dong-Ming Mi, Jing Zhang and Shao-Peng Wang

Effects of the Pars Plana Vitrectomy on the Chronic Total Rhegmatogenous Retinal Detachment in the Young Adults

Jinguo Yu, Xingxing Hu, Jiangkai Zhang, Han Han, Bo Huang, Rodrigo Brant, Cheng Zhang and Hua Yan

Clinical Characteristics of Pediatric Coats’ Disease With Retinal Cyst Using Wide-Angle Fluorescein Angiography

Jing-Hua Liu, Guangda Deng, Jing Ma, Liang Li, Yuxin Fang, Songfeng Li and Hai Lu

Ellipsoid Zone and External Limiting Membrane-Related Parameters on Spectral Domain-Optical Coherence Tomography and Their Relationships With Visual Prognosis After Successful Macular Hole Surgery

Jiarui Yang, Huaqin Xia, Yushi Liu, Xinglin Wang, Hao Yuan, Qingyi Hou, Yimeng Ge, Yi Ding, Yuexin Wang, Changguan Wang and Xuemin Li

Factors for Visual Acuity Improvement After Anti-VEGF Treatment of Wet Age-Related Macular Degeneration in China: 12 Months Follow up

Yan Lu, Wenzhi Huang, Yuehong Zhang, Xiongfei Huang, Xu Zhang, Haizhi Ma, Guoliang Ren, Feng Shi, Lihui Kuang, Shigang Yan, Shuke Luo, Junyan Zhang, Jingfang He, Weizhong Yang, Zongyin Gao and Yunxia Leng

Dysregulated Serum Lipid Metabolism Promotes the Occurrence and Development of Diabetic Retinopathy Associated With Upregulated Circulating Levels of VEGF-A, VEGF-D, and PlGF

Xinyuan Zhang, Bingjie Qiu, Qiyun Wang, Sobha Sivaprasad, Yanhong Wang, Lin Zhao, Rui Xie, Lei Li and Wenting Kang

Choroidal Neovascularization in Pediatric Patients: Analysis of Etiologic Factors, Clinical Characteristics and Treatment Outcomes

Ting Zhang, You Wang, Wenjia Yan, Yafen Liu, Jinglin Lu, Limei Sun, Songshan Li, Li Huang, Zhaotian Zhang and Xiaoyan Ding

Retinal Nerve Fibre Layer Thickness Change Following Femtosecond Laser-Assisted in situ Keratomileusis

Yang Jiang, Zhonghai Wang, Ying Li, Yong Li and Thomas Chengxuan Lu

Evaluation of Choroidal Thickness Using Optical Coherent Tomography: A Review

Rui Xie, Bingjie Qiu, Jay Chhablani and Xinyuan Zhang

Sustained Release of Gas6 via mPEG-PLGA Nanoparticles Enhances the Therapeutic Effects of MERTK Gene Therapy in RCS Rats

Shen Wu, Yingyan Mao, Qian Liu, Xuejing Yan, Jingxue Zhang and Ningli Wang

Comparison of Intraocular Cytokine Levels of Choroidal Neovascularization Secondary to Different Retinopathies

Chenyi Liu, Shian Zhang, Xinyi Deng, Yijing Chen, Lijun Shen, Liang Hu and Jianbo Mao

Peroxisome Proliferator-Activated Receptor α Activation Protects Retinal Ganglion Cells in Ischemia-Reperfusion Retinas

Fei Yao, Xuan Zhang, Xueyan Yao, Xiaohua Ren, Xiaobo Xia, Jian Jiang and Lexi Ding

Axl Is Essential for in-vitro Angiogenesis Induced by Vitreous From Patients With Proliferative Diabetic Retinopathy

Wenyi Wu, Huizuo Xu, Zhishang Meng, Jianxi Zhu, Siqi Xiong, Xiaobo Xia and Hetian Lei

Erratum: Axl Is Essential for in-vitro Angiogenesis Induced by Vitreous From Patients With Proliferative Diabetic Retinopathy

Frontiers Production Office

Serum Sodium Concentration and Increased Risk for Primary Epiretinal Membrane

Can Can Xue, Jing Cui, Xiao Bo Zhu, Jie Xu, Chun Zhang, Dong Ning Chen, Ya Xing Wang and Jost B. Jonas

Targeting Pyroptotic Cell Death Pathways in Retinal Disease

Mary Zhao, Siqi Li and Joanne A. Matsubara

Choroidal Morphologic and Vascular Features in Patients With Myopic Choroidal Neovascularization and Different Levels of Myopia Based on Image Binarization of Optical Coherence Tomography

Xinglin Wang, Jiarui Yang, Yushi Liu, Luling Yang, Huaqin Xia, Xiaotong Ren, Qingyi Hou, Yimeng Ge, Changguan Wang and Xuemin Li

The Role of Internal Limiting Membrane as a Biomarker in the Evolution of Myopic Traction Maculopathy

Dong Fang, Jindi Su, Lu Chen and Shaochong Zhang

Novel Findings of Retinal and Choroidal Features Utilizing Optical Coherence Tomography Angiography Analysis in Patients With Autoimmune Posterior Uveitis

Junhui Shen, Jinfeng Kong, Si Chen, Xin Liu, Yan Teng, Hailan Wu, Lijuan Wang, Manman Wu, Zhaoan Su and Lei Feng

Adalimumab in Vogt-Koyanagi-Harada Disease Refractory to Conventional Therapy

Shizhao Yang, Tianyu Tao, Zhaohao Huang, Xiuxing Liu, He Li, Lihui Xie, Feng Wen, Wei Chi and Wenru Su

Case Report: Associated Ocular Adverse Reactions With Inactivated COVID-19 Vaccine in China

Kunpeng Pang, Lijie Pan, Hui Guo and Xinyi Wu

Commentary: Case report: Associated Ocular Adverse Reactions With Inactivated COVID-19 Vaccine in China

Yusuke Kameda, Yutaka Kaneko, Megumi Sugai, Karin Ishinabe and Nichika Fukuoka

Study of the Biological Developmental Characteristics of the Eye in Children After Laser Surgery for the Treatment of Retinopathy of Prematurity

Xianlu Zeng, Miaohong Chen, Lei Zheng, Ruyin Tian, Yi Chen, Honghui He, Jian Zeng, Jicang He and Guoming Zhang

Treat-and-Extend vs. Pro Re Nata Regimen of Ranibizumab for Diabetic Macular Edema—A Two-Year Matched Comparative Study

Tso-Ting Lai, Ta-Ching Chen, Chang-Hao Yang, Chung-May Yang, Tzyy-Chang Ho and Yi-Ting Hsieh

A Comparison of Face-Down Positioning and Adjustable Positioning After Pars Plana Vitrectomy for Macular Hole Retinal Detachment in High Myopia

Yan Gao, Ting Ruan, Nan Chen, Bin Yu, Xiaoli Xing, Qing Du, Yan Qi and Jun Li

Screening of Common Retinal Diseases Using Six-Category Models Based on EfficientNet

Shaojun Zhu, Bing Lu, Chenghu Wang, Maonian Wu, Bo Zheng, Qin Jiang, Ruili Wei, Qixin Cao and Weihua Yang

Predicting Optical Coherence Tomography-Derived High Myopia Grades From Fundus Photographs Using Deep Learning

Zhenquan Wu, Wenjia Cai, Hai Xie, Shida Chen, Yanbing Wang, Baiying Lei, Yingfeng Zheng and Lin Lu

Air Tamponade for Rhegmatogenous Retinal Detachment With Inferior Breaks After 25-Gauge Pars Plana Vitrectomy: Technique and Outcome

Peiyang Shen, Xiangbin Kong, Lijun Zhou, Peng Su, Xiaohe Lu and Mingguang He

Clinical Relevance of Body Fluid Volume Status in Diabetic Patients With Macular Edema

Jie Yao, Qingsheng Peng, Yuanhong Li, Anyi Liang, Jianteng Xie, Xuenan Zhuang, Ruoyu Chen, Yesheng Chen, Zicheng Wang, Liang Zhang and Dan Cao

Chaperonin-Containing TCP1 Subunit 5 Protects Against the Effect of Mer Receptor Tyrosine Kinase Knockdown in Retinal Pigment Epithelial Cells by Interacting With Filamentous Actin and Activating the LIM-Kinase 1/Cofilin Pathway

Lujia Feng, Haichun Li, Yong Du, Ting Zhang, Yingting Zhu, Zhidong Li, Ling Zhao, Xing Wang, Gongpei Wang, Linbin Zhou, Zhaorong Jiang, Zheng Liu, Zhancong Ou, Yuwen Wen and Yehong Zhuo

Blue Light Induces RPE Cell Necroptosis, Which Can Be Inhibited by Minocycline

Weilin Song, Ruilin Zhu, Wenna Gao, Chen Xing and Liu Yang

Cytomegalovirus-Immune Recovery Retinitis After Initiation of Highly Active Antiretroviral Therapy: A Case Series

Yiwen Qian, Luoziyi Wang, Jing Jiang, Jinshan Suo, Huan Weng, Xin Che, Hongzhou Lu and Zhiliang Wang

Differences in Vitreous Protein Profiles in Patients With Proliferative Diabetic Retinopathy Before and After Ranibizumab Treatment

Xinping She, Chen Zou and Zhi Zheng

Optical Coherence Tomography Biomarkers in Predicting Treatment Outcomes of Diabetic Macular Edema After Dexamethasone Implants

Yu-Te Huang, Yen-Chieh Chang, Ping-Ping Meng, Chun-Ju Lin, Chun-Ting Lai, Ning-Yi Hsia, Huan-Sheng Chen, Peng-Tai Tien, Henry Bair, Jane-Ming Lin, Wen-Lu Chen and Yi-Yu Tsai

Uveal Effusion Syndrome: Clinical Characteristics, Outcome of Surgical Treatment, and Histopathological Examination of the Sclera

Nan Zhou, Lihong Yang, Xiaolin Xu and Wenbin Wei

A Novel Role of IL13Rα2 in the Pathogenesis of Proliferative Vitreoretinopathy

Hui Qi, Lijun Dong, Dong Fang, Lu Chen, Yun Wang, Ning Fan, Xingxing Mao, Wenyi Wu, Xiaohe Yan, Guoming Zhang, Shaochong Zhang and Hetian Lei

Inner Retinal Layer Hyperreflectivity Is an Early Biomarker for Acute Central Retinal Artery Occlusion

Daniel A. Wenzel, Sven Poli, Maria Casagrande, Vasyl Druchkiv, Martin S. Spitzer, Karl Ulrich Bartz-Schmidt, Carsten Grohmann and Maximilian Schultheiss












	
	ORIGINAL RESEARCH
published: 17 August 2021
doi: 10.3389/fmed.2021.724695






[image: image2]

Proteomics of Vitreous Humor Reveals PPARA, RXR, and LXR Are Possible Upstream Regulators of Proliferative Diabetic Retinopathy

Siyan Li1†, Enzhong Jin1†, Xuan Shi1, Yi Cai1, Hui Zhang2 and Mingwei Zhao1*


1Department of Ophthalmology, Peking University People's Hospital, Eye Diseases and Optometry Institute, Beijing Key Laboratory of Diagnosis and Therapy of Retinal and Choroid Diseases, College of Optometry, Peking University Health Science Center, Beijing, China

2Department of Ophthalmology, Beijing Jingmei Group General Hospital, Beijing, China

Edited by:
Shaochong Zhang, Sun Yat-sen University, China

Reviewed by:
Qing Chang, Fudan University, China
 Xu Xun, Shanghai General Hospital, China

*Correspondence: Mingwei Zhao, zhaomingwei64@163.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

Received: 14 June 2021
 Accepted: 19 July 2021
 Published: 17 August 2021

Citation: Li S, Jin E, Shi X, Cai Y, Zhang H and Zhao M (2021) Proteomics of Vitreous Humor Reveals PPARA, RXR, and LXR Are Possible Upstream Regulators of Proliferative Diabetic Retinopathy. Front. Med. 8:724695. doi: 10.3389/fmed.2021.724695



Purpose: To investigate the key regulators of the disease by comparing the abundance of vitreous proteins between the patients with proliferative diabetic retinopathy (PDR) and the controls with idiopathic epiretinal membrane (iERM).

Methods: Vitreous humor (VH) samples were derived from patients with PDR or iERM through the pars plana vitrectomy. The VH proteins were identified by liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis. MaxQuant software and Metascape were applied to explore the enrichment of differentially expressed proteins in biological processes, cellular components, and molecular functions. Enrichr online tool and Gene Set Enrichment Analysis (GSEA) were performed to detect upstream transcriptional regulators of the highly expressed proteins.

Results: The present study collected 8 vitreous humor samples from 5 PDR eyes and 3 iERM eyes and identified 88 highly expressed proteins in PDR patients. We validated our highly expressed proteome was able to distinguish the PDR patients from the non-PDR patients by using the VH proteomics data from a previous study. The majority of highly expressed proteins were involved in complement and coagulation cascades, regulating exocytosis, and hemostasis. Using the Gene Set Enrichment Analysis (GSEA), we identified that transcription factors (TFs) PPAR-α, RXR, LXR regulate these proteins.

Conclusions: In this study, we identified a highly expressed proteome in VH of PDR patients. The role of the complement and coagulation system, regulating exocytosis, and hemostasis has been of great significance to PDR. Nuclear receptors PPARA, RXR, LXR were possible upstream regulators of disease progression and required further study.

Keywords: proliferative diabetic retinopathy, proteomics, vitreous humor, transcription factors, mass spectrometry


INTRODUCTION

Diabetic retinopathy (DR) has become the most prevalent cause of blindness among adults aged 20–74 and the major complication of patients with either type of diabetes (1). In the early, non-proliferative stage of the disease, DR begins with abnormal microvascular changes, which are characterized by microaneurysms, increased vascular permeability, capillary closures. With increasing duration, these microangiopathies can lead to neovascularization, indicates a proliferative stage developed. Proliferative diabetic retinopathy (PDR) is characterized by retinal neovascularization due to retinal ischemia. The overgrowth of the neovascular tufts toward the vitreous leading vitreous hemorrhage and fibrovascular membranes (FVMs) formation. In the severe stage of PDR, the FVMs can cause tractional retinal detachment and result in devastating vision impairment.

The progressive course of DR is often irreversible. Laser photocoagulation, intravitreal anti-vascular endothelial growth factor (VEGF) agents, and vitreoretinal surgery are classic treatments of the disease (2). Even if many patients have received proper treatment, it cannot deter the advancement of the disease. New therapeutic strategies are being explored in numerous ongoing trials, but most target the advanced stages of the disease. The complexity of pathophysiological mechanisms and molecular events contributing to DR creates obstacles in finding effective intervention in the very early stage.

The vitreous humor (VH) contains a variety of soluble proteins and has a close relationship with the progress of DR. Besides, the VH is the first site in the eye where anti-VEGF agents exert their curative effects. Many studies have demonstrated that label-free quantitative proteomics analysis is capable of detecting proteins in the VH and provided quantitatively mapped proteome changes of the VH in the DR patients (3). However, these data have not been fully used for further analysis and research to understand the complexity of pathophysiological mechanisms and molecular events contributing to the disease. In the present study, we firstly performed label-free quantitative proteomics analysis to identify the differentially expressed proteins between patients with PDR and patients with idiopathic epiretinal membrane (iERM). We determined 88 highly expressed proteins in PDR and found they can also distinguish PDR patients from non-PDR by using the previous VH protein profiles. Then we analyzed the upstream regulators of these proteins by combining our data with previous proteomics data. Using the Gene Set Enrichment Analysis (GSEA), we identified that transcription factors (TFs) including PPAR-α, RXR and LXR regulate these proteins.



MATERIALS AND METHODS

This was a cross-sectional, observational study of consecutive PDR patients who underwent surgical treatment at the Department of Ophthalmology, Peking University People's Hospital, Beijing, China, between March 2019 and December 2019. Patients in the control group underwent vitreoretinal surgery due to iERM. This study was approved by the Clinic Institutional Review Board of Peking University People's Hospital and complied with the Declaration of Helsinki. Written informed consent was obtained from all patients before enrollment in the present study. All patients underwent comprehensive preoperative eye examinations by the recruiting surgeons. Clinical data, including the medical history and treatment of diabetes mellitus, were collected. Each patient underwent eye examinations including visual acuity, intraocular pressure, axial length, slit-lamp biomicroscopy, dilated funduscopic examination, and optical coherence tomography before and after surgery.

VH samples (up to 200 μL) were collected before conventional three-port pars plana vitrectomy without artificial humor infusion. A 25-gauge trocar was introduced into the inferior temporal sclera, and a closed infusion tube was inserted. The stopcock of the vitrector aspiration line was opened, and a 5 mL sterile syringe was attached. By active cutting combined with syringe suction, 100–200 μL vitreous was aspirated into the syringe, the aspiration line was closed, and the infusion was initiated to stabilize the intraocular pressure. The samples were transferred into sterile 1.5 mL microcentrifuge tubes, snap-frozen, and stored at −80°C until further analysis.

VH samples were centrifuged at 20,000 g for 15 min at 48°C to remove cells or cell debris. Nanodrop determined the concentration of protein. For liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis, samples were separated by a 120 min gradient elution at a flow rate of 0.300 μL/min with the Thermo Ultimate 3000 nano-UPLC system which was directly interfaced with the Thermo Fusion LUMOS mass spectrometer. The analytical column was an Acclaim PepMap RSLC column (75 μm ID, 250 mm length, C18). Mobile phase A consisted of 0.1% formic acid, and mobile phase B consisted of 100% acetonitrile and 0.1% formic acid. The Fusion LUMOS mass spectrometer was operated in the data-dependent acquisition mode using Xcalibur 4.1.50 software, and there is a single full-scan mass spectrum in the Orbitrap (375–1,500 m/z, 60,000 resolution) followed by data-dependent MS/MS scans. The MS/MS spectra from each LC-MS/MS run were searched against the selected database using the software Proteome Discovery (version 2.2).

Label-free quantification was performed using MaxQuant software (version 1.5.3.30), and the iFOT (defined as iBAQ/iBAQ_total) values were used to quantify protein expression. The cutoff of the false discovery rate for peptide and protein identification was set to 0.05. Gene ontogeny (GO) analysis was applied to explore the possible biological functions of the differentially expressed proteins via Metascape (4); p-values of Fisher's exact test were calculated to measure the significance of enriched ontology terms and pathways.

TFs and target genes of each TF were extracted from ChIP-seq data in the ChEA database (5). TFs that regulate highly expressed proteins were enriched using the Enrichr online tool (6). The predicted regulating TFs were validated in an external validation set (7). Gene Set Enrichment Analysis (GSEA) was applied to quantify the activity of each candidate TF in different samples using the GSEApy package (https://github.com/zqfang/GSEApy).



RESULTS


Patient Information

A total of eight patients (8 eyes) was recruited in our study, including 5 PDR eyes and 3 non-diabetic eyes (control). Three eyes underwent vitreoretinal surgery due to tractional retinal detachment, and 2 eyes due to persistent vitreous hemorrhage. Three non-diabetic eyes underwent surgery due to iERM. The two groups were well-balanced for demographics. The VH protein concentrations were not significantly different among the two groups. The characteristics of the PDR and control patients were summarized in Table 1.


Table 1. Data for patients with proliferative diabetic retinopathy or idiopathic epiretinal membrane.

[image: Table 1]

After proteome profiling, differentially expressed proteins were identified between PDR and control group as shown in Figure 1 proteomic analysis identified 239 and 218 intravitreal proteins by LC/MS-MS in PDR and control group. Among these proteins, 50 proteins were detected only in the PDR group, and 29 proteins were detected only in the control group. Among the total 268 proteins, 189 proteins were detected in both groups, 88 proteins were significantly highly expressed in PDR patients, and 68 proteins were significantly low expressed in PDR patients. We defined those 88 highly expressed proteins as the highly expressed proteome.


[image: Figure 1]
FIGURE 1. Differentially expressed proteins between PDR patients and control. (A) Proteins detected in (a) only PDR group (n = 5), (b) only control group (n = 3), (c) both groups. (B) Distribution of protein expression level in PDR patients (log2 fold change of expression level in PDR to control, x-axis) and significance (P-value, y-axis).


We used the VH proteomics data from a previous quantitative proteomics analysis study as an independent validation set to validate the highly expressed proteome is specific in PDR patients (7). The highly expressed proteome in our cohort remained highly expressed in PDR patients in the independent cohort (P = 9.4E-9, Figure 2A). Figure 2B shows the ROC curve and AUC which examine the performance of the mean Z-score of the highly expressed proteome to separate PDR patients from the non-PDR patients.


[image: Figure 2]
FIGURE 2. (A) Highly expressed proteome levels in PDR and non-PDR patients from an independent cohort; the mean Z-scores of highly expressed proteins in each patient from two groups were shown. A one-tailed Mann–Whitney U-test was applied to calculate the p-value. (B) ROC curve for the highly expressed proteomes at separating PDR patients from non-PDR patients. ROC curves are plots of the true positive rate (vertical axis) against the false positive rate (horizontal axis) for the different possible cutoff points of a diagnostic test.




Gene Ontology Enrichment Analysis

Gene enrichment analysis was performed to identify the enrichment of differentially expressed proteins in biological processes, cellular components, and molecular functions. The results demonstrated that the majority of highly expressed proteins were involved in complement and coagulation cascades, regulating exocytosis, and hemostasis (Figure 3A). Conversely, the low expressed proteins were mainly associated with the regulation of insulin-like growth factor transport and uptake by insulin-like growth factor Bi (Figure 3B).


[image: Figure 3]
FIGURE 3. Gene Ontology enrichment analysis of the main altered proteins. (A) the most notable 20 GO annotations of the increased proteins, (B) the most notable 20 GO annotations of the decreased proteins.




Enrichr Analysis and TFs Identification

We analyzed the upstream TFs which promote the expression of these PDR-related proteins in the ChEA database. As the result, most of the highly expressed proteins were regulated by peroxisome proliferative-activated receptor alpha (PPAR-α), retinoid-X receptor (RXR), Liver X receptor (LXR), forkhead activin signal transducer 1 (FOXH1), octamer-binding transcription factor 4 (OCT4), RELA/transcription factor p65, early growth response 1 (EGR1), estrogen receptor 1 (ESR1), enhancer-binding protein α (CEBPA), and enhancer-binding protein β (CEBPB) (Figure 4).


[image: Figure 4]
FIGURE 4. Gene Set Enrichment Analysis (GSEA) of TFs in PDR patients. The cluster gram shows highly expressed proteins and top 10 upstream TFs inferred from ChIP-seq data.


Using GSEA in the previous PDR/non-PDR proteome study (7), we identified target genes of TFs including PPARA, RXR, LXR, FOXH1, OCT4, RELA, EGR1, ESR1, CEBPA, and CEBPB were significantly up-regulated in the proteome data of PDR patients in the independent cohort. We reanalyzed the transcriptome of vascular endothelial cells obtained from FVMs in a previous study (8), and consistently, the results demonstrated that gene targets of these TFs were also up-regulated in the PDR related vascular endothelial cells (Figure 5).


[image: Figure 5]
FIGURE 5. Gene Set Enrichment Analysis (GSEA) of TFs in vascular endothelial cells obtained from FVMs compared with control retinal endothelial cells.





DISCUSSION

We performed label-free quantitative proteomics analysis to compare the vitreous humor (VH) of PDR patients and iERM patients, and identified proteins explicitly expressed within the PDR patients. A few proteomics studies focused on the VH in DR, but most of them did not compare PDR patients and non-DR patients. Li et al. conducted the proteomic analysis on VH from PDR patients and idiopathic macular hole patients and identified 52 proteins over-expressed in PDR patients out of 610 proteins (3). In this study, though the number of proteins we demonstrated was less than them, more highly expressed proteins (88 proteins) were identified compared with iERM. Since the collection of an ordinary person's VH is unethical, we suggest iERM patients are more suitable as controls. The highly expressed collection of proteins can also properly separate PDR patients from non-PDR patients in the most extensive VH proteomics analysis by far (7), suggesting amounts of proteins in the vitreous humor of diabetic retinopathy patients might indicate the progress of proliferation. It can be used to understand the comprehensive molecular pathogenesis of PDR and help with individualized treatment.

We performed Gene enrichment analysis to identify the enrichment of differentially expressed proteins in biological processes, cellular components, and molecular functions. We noticed that the proteins up-regulated in the PDR samples most significantly were attributed to complement and coagulation cascades. The role of the complement and coagulation system in angiogenesis has become of prime importance. Previous studies indicated that the complement components were present in the early stages of the DR (9–11). Indeed, the proteomics profile of our enriched results indicated the abundance of cascade components increased dramatically in the proliferative stage. Our results suggest that the role of the complement system might be an important mediator of DR pathogenesis. Previous research demonstrated prolonged exposure to elevated glucose alters the exocytosis in retinal neurons, which contributes to the pathogenesis of DR (12). Notably, we demonstrated that the 27 highly expressed proteins (including CAT, CHI3L1, FABP, CTSB, etc.) were functionally involved in the regulation of exocytosis. These results suggest that exocytosis is the major pathologic event in PDR, and future researches need to focus on the exocytosis mechanism in the development of PDR.

Presently, there are already some proteomics researches on PDR, however, these data have not been fully used for further analysis and research. Since we found the highly expressed proteome in our cohort remained highly expressed in PDR patients in the largest-scale cohort (7), we sought to determine the upstream regulator of these proteins. Therefore, enrichment analysis was performed by the Enrichr online tool, and we identified the top 10 TFs including PPARA, RXR, LXR, FOXH1, OCT4, RELA, EGR1, ESR1, CEBPA, and CEBPB regulated these highly expressed proteins. Then, GSEA analysis was performed to elucidate the target genes regulated by these identified TFs in PDR patients. Our results showed that the expression of these genes was elevated in PDR. We demonstrated that the target genes of the top 10 TFs were overexpressed in FVMs. Therefore, our results highlighted these TFs play an important role in the pathogenesis of PDR. The highly expressed proteins in VH might be released from FVMs in PDR. The present study is the first to utilize bioinformatics tools based on previous proteomics data of VH in PDR.

Among those transcription factors, PPARA, RXR, and LXR are nuclear receptors deserving more concern. PPARA, also known as PPARα, is one of the three subtypes of peroxisome proliferator-activated receptors (PPARs). It plays a crucial role in the regulation of ketogenesis, lipid transport, lipogenesis, cholesterol metabolism, fatty acid transport, and oxidation (13). For PPARs to induce gene expression, they must also interact with their co-activator, the retinoid-X receptor (RXR) (14). Previous studies related to decreased PPARA expression in diabetic retinas contributed to retinal inflammation and neovascularization in DR (15). Cells treated with RXR agonists were demonstrated to prevent the effect of high glucose (16). Besides, activation of LXR was reported to prevent inflammation and the formation of diabetes-induced acellular capillaries (17). All these studies revealed the upregulation of PPARA/RXR/LXR contributed to DR progression delay by playing a protective role in the retina. However, in the current study, we found that highly expressed proteins were regulated by PPARA/RXR/LXR, suggesting that these TFs might be activated in the stage of PDR. Compared with a study of saliva samples collected from DR patients, the differentially expressed proteins also indicated increased LXR/RXR activation (13). Our study provided the evidence for the first time that PPARA/RXR/LXR was activation in PDR. There should be careful consideration of the use of PPARA/RXR/LXR agonists recommended by previous studies. The comprehensive mechanism, as well as for drug instructions, needs to be explored by future studies.

The primary limitations of this study were the scale of the enrolled patients and the number of proteins we identified, which limited the available pool of data to analyze. Non-DR patients with iERM were enrolled as controls, but they were not disease-free status. Some iEMR-related proteins in the VH might have affected the differentiation from the PDR group.



CONCLUSIONS

In this study, we identified a highly expressed proteome in VH of PDR patients. The role of the complement and coagulation system, regulating exocytosis, and hemostasis has been of great significance to PDR. Nuclear receptors PPARA, RXR, LXR were possible upstream regulators of disease progression and required further study.
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Purpose: To investigate visual function and vision-related quality of life (VR-QoL) changes in patients with myopic choroidal neovascularization (mCNV) after ranibizumab treatment.

Methods: Quantitatively evaluate the objective tests of visual function (visual acuity, microperimetry, and metamorphopsia by m-Charts) before and after 3+prn (pro re neta) ranibizumab treatment for 1 year. The National Eye Institute 25-Item Visual Function Questionnaire (VFQ-25) was performed to evaluate the VR-QoL.

Results: A total of 57 eyes of 57 patients were included in this study. The median average metamorphopsia score was 0.65 before treatment and improved to 0.45 after treatment (p = 0.0003). There was also a significant difference in the average threshold, macular integrity, and proportion of patients with stable fixation by the microperimetry (p < 0.000, p < 0.0001, and p = 0.03, respectively). After treatment, the VR-QoL composite, general vision subscale, and vision-related mental health subscale score were increased with borderline or statistical significance (p = 0.088, p = 0.0038, and p = 0.012, respectively). Subgroup analysis demonstrated parallel improvement of the VR-QoL score, metamorphopsia, average macular threshold, and fixation stability in patients with or without visual acuity increase. By multiple linear regression analysis, the VFQ-25 score after anti-VEGF treatment was only associated with the baseline VFQ-25 score and macular integrity. Improvements in the VFQ-25 score were only associated with changes in the metamorphopsia score.

Conclusions: Integral lifting in several aspects of visual function was observed in mCNV after ranibizumab treatment. Macular integrity and metamorphopsia, but not visual acuity, were associated with VR-QoL.

Keywords: myopic choroidal neovascularization, visual function, metamorphopsia, microperimetry, mCNV


INTRODUCTION

Myopic choroidal neovascularization (mCNV) is one of the most common vision-threatening complications of pathological myopia, affecting 5–11% of patients with pathological myopia and 0.04–0.05% of the general population (1). It is particularly prevalent among young and middle-aged Asians (2). Vision-related quality of life (VR-QoL) is significantly compromised in mCNV patients (3, 4), probably caused by not only the decrease in visual acuity (VA) but also the presence of metamorphopsia, scotomata, and fixation ability (5, 6). To date, VA is the standard, most common way to evaluate visual function in mCNV. In most clinical studies, it is even the only way to assess the visual function (7, 8). VR-QoL and other aspects of visual function, including the fixation ability, metamorphopsia, and scotomata, are barely studied.

To date, several quantifiable measurements have been developed for a wide recognition of the total visual ability and subjective perception of VR-QoL, including microperimetry, contrast sensitivity, metamorphopsia, and the 25-item National Eye Institute Visual Function Questionnaire (VFQ-25). The macular sensitivity measured by microperimetry has been used for the assessment of macular function in several diseases and showed correlation with the VA or VFQ-25 in several diseases (9, 10). Some studies in wet age-related macular degeneration (wAMD) demonstrated the discrepancy between VA and other visual functions. Tran et al. reported severe impairment of macular sensitivity by microperimetry in AMD patients with good central visual acuity (11). Discrepant changes of VA and metamorphopsia improvement were also reported after treatment in wAMD or after surgery in patients with macular holes (12, 13).

In patients with mCNV, VA improved about 13–15 Early Treatment Diabetic Retinopathy Study (ETDRS) letters 1 year after a scheduled anti-VEGF treatment (7, 8, 14). Without treatment, VA may drop to 20/200 or worse within 5 years in patients with mCNV (15, 16). However, very few studies paid attention to changes in other aspects of visual function impairment except VA. In the limited studies, the improvement of macular sensitivity or fixation ability was noticed after bevacizumab or photodynamic therapy but failed to correlate the improvement with patient-reported outcomes (5, 17, 18). It was observed in the MYRROR study (VEGF trap-eye in choroidal neovascularization secondary to pathologic myopia, NCT01249664) that more than 10% mCNV patients did not achieve substantial VA improvement (≥5 letters) after 12 months of anti-VEGF treatment (7), while the changes in VR-QoL and other aspects of visual function in these patients remain unknown.

During anti-VEGF treatment, monitoring visual function and VR-QoL not limited to the VA could be helpful for recognizing the entire picture of the disease and for assessing the benefits of anti-VEGF therapy. Therefore, the purpose of this study was to investigate visual functional improvements and VR-QoL changes during anti-VEGF treatment in patients with mCNV. Indicators in addition to VA were prospected for visual function assessment.



METHODS


Patients

This retrospective case series was conducted in Zhongshan Ophthalmic Center, Sun Yat-Sen University with the permission of the Institutional Review Board (2015MEKY053). All investigations followed the tenets of the Declaration of Helsinki. A total of 57 eyes of 57 patients with active unilateral mCNV were enrolled in this study from March 2014 to July 2018, including 20 patients who participated in a previous published study (SMILE: a single blind clinical trial “Treatment and assessment Strategy for MyopIc CNV with LucEntis: a single-center, prospective randomized controlled study,” NCT03042871) (14). The inclusion criteria were as follows: (1) unilateral active subfoveal or juxtafoveal CNV associated with high myopia (spherical equivalence < −6.0 D or axial length > 26 mm) confirmed by fundus fluorescein angiography (FFA) with a hyperfluorescent CNV network on early frames and leakage on late frames; (2) patients with baseline best-corrected visual acuity (BCVA) in the affected eye from 24 to 73 ETDRS letters; and (3) patients who received 3+prn (pro re neta) intravitreal ranibizumab treatments for 12 months. The exclusion criteria were as follows: (1) presence of other ocular diseases or evidence of any condition other than CNV associated with high myopia that affected the VA for both eyes (including moderate to dense lens opacity); (2) any anti-VEGF therapy performed within the last 6 months; (3) previous photodynamic therapy (PDT); (4) intraocular surgery performed within the last 3 months; and (5) pregnancy or severe systemic conditions, including uncontrolled systemic hypertension, or any history of thromboembolic or ischemic cardiovascular diseases. The retreatment was administered in patients who met any of the following criteria: (a) reduction of BCVA > 5 letters from the previous visit; (b) increase in central retinal thickness (CRT) > 50 μm from the previous visit; new or persistent cystic retinal changes, subretinal fluid or pigment epithelial detachment; and (c) new or persistent bleeding or leakage in FFA or fundus examination.

BCVA, optical coherence tomography (OCT), and FFA were measured before and after 12-month ranibizumab treatments. Quantitative evaluation of metamorphopsia using m-Charts (Inami Co., Tokyo, Japan) and macular function assessed by microperimetry (MAIA, Centervue, Italy) were performed on each patient. The m-Charts were used to analyze the metamorphopsia score by quantifying the minimum visual angle (from 0 to 2 degrees) of a dotted straight line for patients to recognize the distortion. The measurement was conducted in a bright light at a distance of 30 cm. Both vertical and horizontal metamorphopsia scores were measured and repeated three times. The mean m-Charts value was used in the statistical analysis. Microperimetry was performed using a macular integrity assessment (MAIA) by an expert 4-2 examination covering 10 degrees of diameter of the macular area. The examination included 37 measurement points in three circles with 2, 6, and 10 degrees of diameter, respectively. The stimulus was Goldman III in magnitude and lasted 200 ms. The illumination of the stimulus was distributed from 0 to 36 dB. The results of average threshold of macular sensitivity, macular integrity index, P1, P2, 63% bivariate contour ellipse area (BCEA), and 95% BCEA were analyzed and classified. Fixation stability was classified according to Fujii et al. (19): (1) If P1 is ≥75%, the fixation was classified as “stable”; (2) if P1 < 75% but P2 is ≥75%, the fixation was classified as “relatively unstable”; and (3) if P2 < 75%, the fixation was classified as “unstable.” VR-QoL, using the National Eye Institute 25-Item Visual Function Questionnaire (VFQ-25), was reported in all patients before and 12 months after 3+prn intravitreal ranibizumab treatment. The composite score and the score of each subscale were calculated followed the specifications of the National Eye Institute (20).



Statistical Analysis

Statistical analysis was performed using GraphPad (GraphPad Software, CA, USA) or SPSS (SPSS Inc., Chicago, IL, USA). Shapiro–Wilk test was used to test for the normality distribution. Comparisons of the continuous variables were performed using the two-tailed Student's t-test or the Mann–Whitney test when appropriate. Paired two-tailed Student's t-tests or Wilcoxon matched-pairs signed rank tests were used for paired data. Analysis of the dichotomous variables was performed using the chi-square test (or Fisher's exact test when appropriate). To determine the factors that might be correlated with the VA and the VR-QoL score, multiple linear regression analyses by the stepwise methods were conducted. Three dependent variables were used: the final BCVA after 12 months of treatment, the final composite VR-QoL score, and the improvement of the composite VR-QoL score. According to the reported possible prognostic factors, the independent variables included gender, age, BCVA, macular integrity, average threshold, P1, P2, 63% BCEA area, 95% BCEA area, composite VR-QoL score, and average metamorphopsia score (3, 9, 10, 20). The level of significance was set at p < 0.05.




RESULTS


Demographics

A total of 57 eyes in 57 patients were enrolled in this study. Overall, 33/57 (57.9%) of the patients were female, and the mean age was 50.51 ± 13.80 years old (range: 20–76 years). The average spherical equivalent refractive error was −11.76 ± 5.03 D, and the mean axial length was 28.65 ± 1.40 mm. The average baseline BCVA was 51.89 ± 14.89 ETDRS letters. mCNV was located subfoveally in 82.5% (47/57) patients. The other 17.5% (10/57) was juxtafoveal CNV (Table 1).


Table 1. Demographic and baseline characters.
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VA and Structural Improvement in Patients With mCNV Before and After Treatment

After 12-month 3+prn intravitreal ranibizumab (IVR) treatments, the average BCVA increased from 51.89 ± 14.89 to 62.95 ± 14.52 letters (p < 0.0001). Of these, more than 5-letter improvements were found in 66.7% (38/57) patients. The central retinal thickness (CRT) decreased from 261.6 ± 85.7 to 215.9 ± 70.1 μm (p < 0.0001) (Table 2).


Table 2. Functional visual performance before and after anti-VEGF treatment.
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Functional Visual Performance in Patients With mCNV Before and After Treatment

The functional visual changes following IVR treatments are summarized in Table 2. The mean average metamorphopsia score was 0.90 ± 0.70 (median 0.65) before treatment and improved to 0.58 ± 0.55 (median 0.45) after treatment (p = 0.0003). There was also a significant difference in the average threshold (18.50 ± 5.99 median 19.3 to 22.42 ± 5.11 median 23.6, p < 0.0001) and macular integrity (94.65 ± 17.03 median 100 to 82.81 ± 25.43 median 97.6, p < 0.0001) by the microperimetry. Fixation was significantly more stable in P1, P2, 63% area of BCEA, and 95% area of BCEA after treatment, when compared with those at baseline (details in Table 2). The proportion of patients with normal fixation stability also increased from 22.8% (13/57) to 43.9% (25/57) (p = 0.03).



Changes of VR-QoL in Patients With mCNV Before and After Treatment

The changes of VR-QoL measured using the VFQ-25 questionnaire are summarized in Table 3. After IVR treatment, most subscale scores and the composite score were numerically increased, except for the “peripheral vision subscale.” Although no statistical significance was observed (p = 0.088), the composite score modestly increased from 65.42 ± 14.05 to 68.12 ± 14.28. The “general vision subscale” and the “vision related mental health subscale” significantly increased after treatment (26.93 ± 17.21 to 35.36 ± 17.47, p = 0.0038 and 47.48 ± 19.97 to 53.24 ± 21.09, p = 0.012, respectively).


Table 3. Subjective QoL score by VFQ25 before and after anti-VEGF treatment.
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Parallel Improvement of VR-QoL in Subgroups With/Without VA Improvement

As mentioned above, not all patients gained significant VA improvement after the treatment. Among the 57 patients, two-thirds (38/57, 66.7%) showed a BCVA improvement of more than 5 ETDRS letters (mean ± SD, 15.82 ± 7.81 letters) and were subdivided into group A, and the other one-third (19/57, 33.3%) of patients were subdivided into group B [with BCVA improvement ≤ 5 ETDRS letters (mean ± SD, 1.53 ± 3.75 letters)]. No patients experienced a VA loss of more than 5 ETDRS letters. The average injection number was 3.31 ± 0.69 in group A, while it was 3.61 ± 0.91 in group B (p = 0.17). The median age was 53.5 years old (range: 23–76 years) in group A and 50 years old (range: 20–71 years) in group B (p = 0.42). In addition, no statistical difference was found about the sex between the two subgroups (male/female, 14/24 in group A and 10/9 in group B, p = 0.27).

The changes of VR-QoL before and after treatment between the two subgroups were then analyzed (Table 4). The composite score increased from 65.33 ± 13.14 to 68.44 ± 14.00, and the score of vision subscale statistically increased from 27.76 ± 17.89 to 36.22 ± 17.54 (p = 0.003) in group A. Despite poor improvement of VA, the patients in group B gained parallel improvement in VR-QoL compared with group A. The composite score increased from 65.60 ± 16.09 to 67.48 ± 15.19, and the score of vision subscale increased from 25.26 ± 16.11 to 33.68 ± 17.71 (p = 0.011). Furthermore, the change of vision subscale before and after treatment was comparable between the two subgroups (p = 0.976, Table 5).


Table 4. Visual function and VR-QoL parameters in BCVA improved subgroup and BCVA sustained subgroup.
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Table 5. Visual function and VR-QoL changes in BCVA improved subgroup and BCVA sustained subgroup.
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Parallel Resolution of Metamorphopsia in Subgroups With/Without VA Improvement

We then analyzed the metamorphopsia evaluation with or without BCVA improvement after ranibizumab treatment (Table 4). The average m-Charts score significantly improved from 0.89 ± 0.70 (median 0.70) to 0.55 ± 0.51 (median 0.425) (p = 0.010) in group A and from 0.91 ± 0.71 (median 0.60) to 0.64 ± 0.64 (median 0.50) in group B (p = 0.016). The resolution of metamorphopsia was also comparable in the two subgroups (p = 0.79).



Visual Function by Microperimetry in Subgroups With/Without VA Improvement

Visual function parameters measured using microperimetry were also compared between groups A and B (Table 4). In group B, the macular integrity did not dramatically change after 3+prn IVR. In the BCVA improved subgroup, the macular integrity improved statistically from 97.86 ± 7.33 (median 100) to 81.95 ± 23.76 (median 96.15) (p < 0.0001). However, the average macular threshold in groups A (18.27 ± 5.51 to 22.66 ± 4.93, p < 0.0001) and B (18.97 ± 6.99 to 21.93 ± 5.57, p = 0.001) both significantly increased. All parameters focusing on the macular fixation stability, including P1, P2, 63% BCEA area, and 95% BCEA area, were all significantly ameliorated no matter the VA improvement or not. No statistical difference could be detected between the two subgroups (Table 4; Figures 1, 2).


[image: Figure 1]
FIGURE 1. Representative MP1 findings in an mCNV patient without VA improvement after ranibizumab treatment. (A) Shows the image of the MP1 before ranibizumab treatment in an mCNV patient with baseline BCVA as 67 ETDRS letters. After treatment, the VA increased by only 1 ETDRS letter. Nevertheless, the macular sensitivity and fixation improved dramatically by MP1 (B). OCT images also show the remission of the CNV lesion in the macular (C,D).



[image: Figure 2]
FIGURE 2. Another representative patient without VA improvement after ranibizumab treatment. (A) Shows the image of the MP1 before ranibizumab treatment in an mCNV patient with baseline BCVA as 35 ETDRS letters. After treatment, the VA increased by 3 ETDRS letters. Nevertheless, the macular sensitivity and fixation improved dramatically by MP1 (B). OCT images also show the remission of the CNV lesion in the macular (C,D).


Comparing changes of vision function between groups A and B, a board line difference was found only in the change of macular integrity (p = 0.06). The improvement of average threshold and retinal fixation were comparable regardless of whether BCVA improved or sustained.



Multiple Regression Analysis for the Visual Functional Performance After the Treatment

According to the reported possible prognostic factors, age, sex, baseline BCVA, final macular integrity, final average threshold, final P1, final P2, final 63% BCEA area, final 95% BCEA area, final average metamorphopsia score, and final composite VFQ-25 score were included in the multiple linear regression analysis to identify the possible factors that might have influenced the final BCVA. Among these factors, the final BCVA after anti-VEGF treatment correlated only with baseline BCVA (R = 0.789, p < 0.0001) (Table 6).


Table 6. Multiple linear regression model to evaluate the factors associated with the final BCVA.
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We then determined which parameter correlated with the final composite VFQ-25 score. The baseline composite VFQ-25 score and macular integrity were both significantly correlated with the final composite VFQ-25 score, with the betas equal to 0.666 and −0.335, respectively, in a model including gender, age, baseline VFQ-25 composite score, final BCVA, final macular integrity, final average threshold, final P1, final P2, final 63% BCEA area, final 95% BCEA area, and final average metamorphopsia score (R = 0.830, p < 0.0001) (Table 7).


Table 7. Multiple linear regression model to evaluate the factors associated with the final composite VFQ-25 score.
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The change of average metamorphopsia score was the only factor that correlated with the change of the composite VFQ-25 score, with beta = −0.284 and p = 0.039, respectively, in a model including gender, age, the change of macular integrity, the change of average threshold, the change of P1, the change of P2, the change of 63% BCEA area, the change of 95% BCEA area, and the change of BCVA (R = 0.284, p = 0.039) (Table 8).


Table 8. Multiple linear regression model to evaluate the factors associated with the change of VR-QoL score.
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DISCUSSION

In the present study, patients with mCNV underwent a wide range of visual function tests that included microperimetry, m-Charts, VA, as well as subjective judgment of the VR-QoL by VFQ-25 before and after 3+prn anti-VEGF treatments for 1 year. Based on the findings of this retrospective study in mCNV, comprehensive visual function measured by fixation ability, whole macular sensitivity, macular integrity, and the metamorphopsia improved dramatically after anti-VEGF treatment, suggesting the integral lifting in several aspects of visual function. Interestingly, the promotion could still be observed in macular average sensitivity, fixation ability, the metamorphopsia score, and the VFQ-25 score in patients with BCVA improvement ≤ 5 ETDRS letters. That is, even when VA did not improve dramatically after anti-VEGF treatment, these patients nevertheless benefited from anti-VEGF treatment.

VA, especially BCVA in distance, has been considered the gold standard for the assessment of visual function in macular disease, including AMD and mCNV (7, 8, 21). Nevertheless, BCVA only represents the acuity of macular fovea. Surprisingly, as the most commonly used measurement, distance visual acuity failed to correlate with patient-reported visual impairment scores in several diseases as well as in our current study (11–13). However, the metamorphopsia score (22) and general retinal sensitivity (23) correlated with patient-reported VR-QoL in wAMD patients or patients with retinitis pigmentosa. In the present study, we showed that the VR-QoL VFQ-25 score after anti-VEGF treatment was only associated with the baseline VFQ-25 score and macular integrity. Improvements in the VFQ-25 score were associated with changes in the metamorphopsia score. By contrast, no correlation was observed between the BCVA and the VR-QoL.

Microperimetry and m-Charts were widely used in the macular function assessment in AMD and other ocular disease but were barely reported in mCNV (11, 24). The visual function development in mCNV patients with limited BCVA changes was also ignored previously. VA is an important indicator, reflecting part of the visual function. On the other hand, microperimetry and m-Charts are distinct and irreplaceable for quantitative measurement of metamorphopsia, fixation, and general macular sensitivity. As the inexpensive and quickly conducted examination, microperimetry and m-Charts could be examined to obtain a comprehensive understanding of visual function especially in patients with limited or no VA improvement after treatment.

Limitations of this study included the retrospective nature and the relatively limited sample size, possibly explaining the negative results of the change of the VFQ-25 composite score before and after treatment. Twenty patients in the study were also included in a prospective single-blind clinical trial, the SMILE study (NCT03042871). Similar including criteria were used in these two studies to limit the selection bias. Additionally, economic burden may limit the practical application of the multiple examination of visual function in the real world. Furthermore, only 1-year results after the anti-VEGF treatment were analyzed in this study. Future studies with longer follow-up would be greatly beneficial to determining the long-term visual functional improvement.

In conclusion, VA is not the only part that should be noticed following the treatment of mCNV. The severity of macular integrity, macular sensitivity, fixation, and metamorphopsia should also be paid attention after anti-VEGF treatment, especially in patients with limited BCVA gain, whose visual function could still improve. Macular integrity and metamorphopsia, but not VA, were associated with reported VR-QoL, suggesting that VA is far from sufficient for the assessment of visual function. Microperimetry and m-Charts serve as important supplements to measure mCNV treatment responses.
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Background: Vogt-Koyanagi-Harada (VKH) disease is a multisystem autoimmune disorder which could induce bilateral panuveitis involving the posterior pole and peripheral fundus. Optical coherence tomography angiography (OCTA) provides several advantages over traditional fluorescence angiography for revealing pathological abnormalities of the retinal vasculature. Until recently, however, the OCTA field of view (FOV) was limited to 6 × 6 mm2 scans.

Purpose: This study examined retinal vasculature and choriocapillaris abnormalities across multiple regions of the retina (15 × 9 mm2 wide field, macular, peripapillary regions) among acute and convalescent VKH patients using a novel widefield swept-source OCTA (WSS-OCTA) device and assessed correlations between imaging features and best-corrected visual acuity (BCVA).

Methods: Twenty eyes of 13 VHK disease patients in the acute phase, 30 eyes of 17 patients in the convalescent phase, and 30 eyes of 15 healthy controls (HCs) were included in this study. Vascular length density (VLD) in superficial and deep vascular plexuses (SVP, DVP), vascular perfusion density (VPD) in SVP, DVP, and choriocapillaris (CC), and flow voids (FV) in CC were measured across multiple retinal regions via WSS-OCTA (PLEX Elite 9000, Carl Zeiss Meditec Inc., USA) using the 15 × 9 mm2 scan pattern centered on the fovea and quantified by ImageJ.

Results: Compared to HCs, acute phase VKH patients exhibited significantly reduced SVP-VLD, SVP-VPD, and CC-VPD across multiple retinal regions (all p < 0.01). Notably, the FV area was more extensive in VKH patients, especially those in the acute phase (p < 0.01). These changes were reversed in the convalescent phase. Stepwise multiple linear regression analysis demonstrated that macular DVP-VLD and macular CC-VPD were the best predictive factors for BCVA in the acute and convalescent VKH groups.

Conclusion: The wider field of SS-OCAT provides more comprehensive and detailed images of the microvasculature abnormalities characterizing VKH disease. The quantifiable and layer-specific information from OCTA allows for the identification of sensitive and specific imaging markers for prognosis and treatment guidance, highlighting WSS-OCTA as a promising modality for the clinical management of VKH disease.

Keywords: Vogt-Koyanagi-Harada disease, widefield swept-source optical coherence tomography angiography, vascular length density, vascular perfusion density, flow voids


INTRODUCTION

Vogt–Koyanagi–Harada (VKH) disease is a multisystemic autoimmune disorder primarily afflicting pigmented tissues. In Asia, VKH disease is a relatively common vision-threatening disorder (1).The classic clinical characteristics are bilateral panuveitis, hypoacusis, meningitis, and cutaneous involvement such as poliosis, vitiligo, and alopecia (2). While the precise mechanisms underlying targeted pigmented tissue attack are still uncertain, it is likely that aberrant T cell-mediated inflammation contributes to disease initiation and maintenance (3, 4). Ophthalmic manifestations could involve the choroidal stroma, retinal pigment epithelium, and outer retina at the posterior pole and peripheral fundus. Inflammation of the choroidal stroma and retinal pigment epithelium layer (RPE) results in a series of changes, including choroidal depigmentation, sunset glow fundus (SGF), subretinal neovascularization, and even exudative retinal detachment (5–7). The clinical course of ophthalmic manifestations can be divided into four stages, prodromal, uveitic, chronic, and chronic recurrent, according to findings from multimodal ocular vascular imaging, traditional indocyanine green angiography (ICGA), fluorescein angiography (FA), and optical coherence tomography (OCT) (5). Injection of fluorescent dye into the circulation reveals characteristic vascular patterns that provide clues to disease progression (8). However, fluorescent imaging modalities (ICGA and FA) do not allow for quantitative analysis of retinal and choroidal blood flow characteristics. Moreover, there are inherent risks from intravenous administration of these dyes.

Optical coherence tomography angiography (OCTA) permits non-invasive, detailed, and depth-resolved imaging of the chorioretinal microvasculature in disease states such as diabetic retinopathy, age-related macular degeneration, retinal vein occlusion, and uveitis (9–15). In addition, several OCTA studies have documented changes in the chorioretinal microvasculature associated with VKH disease (16–24). However, traditional OCTA images provide a limited field-of-view, necessitating montage imaging. Further, the aforementioned OCTA studies analyzed limited vascular features.

The introduction of swept-source technology to OCTA has substantially expanded the potential field of view (FOV), which is particularly advantageous for disorders such as VKH disease afflicting broad regions of the retina. In this study, we enrolled VKH patients in acute and convalescent phases and used the newest PLEX Elite 9000 swept-source OCTA (SS-OCTA) system to capture widefield (15 × 9 mm2) OCTA images of the chorioretinal microvasculature in macular and peripapillary regions to provide a more detailed description of disease progression and identify signs indicative of visual dysfunction and recovery.



MATERIALS AND METHODS


Study Population

This cross-sectional, observational study, included 20 eyes of 13 patients with acute VKH disease, 30 eyes of 17 VKH disease patients in the convalescent stage, and 30 eyes of 15 age-matched healthy volunteers without any ophthalmological and/or systemic disorders examined at the Zhongshan Ophthalmic Center from November 2019 to December 2020. Patients were diagnosed based on revised diagnostic criteria established by the First International Workshop on Vogt-Koyanagi-Harada (VKH) disease (25), and grouped according to disease stage. Patients initially diagnosed or receiving systemic corticosteroids for <2 weeks were considered in the acute stage. Among these patients, those with severe exudative retinal detachment, severe anterior chamber inflammation, or vitreous opacity were excluded, and the rest were allocated to the acute stage group. Alternatively, patients receiving systemic corticosteroids for over 3 months and showing no signs of acute ocular inflammation such as choroiditis, serous retinal detachment, disc edema, or exudative retinal detachment were included in the convalescent stage group.

All procedures were performed in compliance with the tenets of the Declaration of Helsinki, and the study was approved by the Ethics Committee of Zhongshan Ophthalmic Center (Guangzhou, China 2019KYPJ127). Written informed consent was obtained from each participant. The following data were collected for all participants: age, sex, best-corrected visual acuity (BCVA) as measured using a Snellen chart, and bilateral intraocular pressure. Patients also received slit-lamp microscopy, indirect fundus ophthalmoscopy, and FA examinations.



Optical Coherence Tomography Angiography Acquisition

All widefield swept-source OCTA (WSS-OCTA) images were acquired using a PLEX Elite 9000 SS-OCTA device (Carl Zeiss Meditec Inc., USA) that simultaneously assesses the fundus with a central wavelength of 1,060 nm (1,000–1100 nm full bandwidth) and operates at 100,000 A-scans per second. The system also includes an active eye-tracking system. For each eye, OCTA scans of 15 × 9 mm2 centered on the fovea were performed after pupil dilation. All images were collected by the same experienced technician (Hu). Images with either substantial motion artifact or incorrect segmentation were excluded. Representative pictures are presented in Figure 1. To quantify the foveal avascular zone (FAZ), vascular length density (VLD), vascular perfusion density (VPD), and flow voids (FV) across regions and layers, all images were first segmented using built-in software. Segmentation lines defining the inner limiting membrane (ILM), inner plexiform layer (IPL), outer plexiform layer (OPL), and RPE were automatically delineated in each B-scan. Any notable segmentation error was manually corrected. Image slabs were generated to reveal the superficial retinal vascular plexus (SVP) (from the ILM to the outer boundary of IPL), the deep retinal vascular plexus (DVP) (from the outer boundary of IPL to the outer boundary of OPL), and the choriocapillaris (CC) (derived from a 10 μm slab 31–40 μm below the RPE) as previously described (26). Projection artifacts caused by the overlying retinal circulation were removed using built-in software.


[image: Figure 1]
FIGURE 1. Demonstration of representative images of different slabs in three groups. (A,D,G) Slabs are from a healthy volunteer (No. 14, the right eye). (B,E,H) Slabs are from a patient with acute VKH disease (No. 12, the left eye). (C,F,I) Slabs are from a patient with quiescent VKH disease (No. 17, the right eye).




Image Processing and Measurements of the Parameters

All images were checked independently by two trained graders (Ye and Zhang). The OCTA slabs were processed and analyzed according to the procedure used in previous works (16, 27–30). Each OCTA slab was loaded into ImageJ (National Institutes of Health, Bethesda, Maryland, USA; https://imagej.net/Welcome) to measure FAZ, VLD or VPD, and FV parameters as follows. The area and perimeter of the FAZ from the SVP slab were measured by two trained graders by manually outlining the FAZ border in ImageJ and measuring the area and length. The Acircularity Index (AI), defined as the ratio of the FAZ perimeter to the perimeter of a circle with equal area (16), was introduced to describe the acircularity of FAZ shape. “Vascular Perfusion Density” is defined as the fraction of area covered by vessels in an enface slab view (more specifically, the ratio of the vessel area to the total region of interest or ROI), and ranges from 0 (no perfusion) to 1 (fully perfused). The procedure for VPD quantification was as follows. First, images were converted to 8-bit format. Second, the ROI tool in ImageJ was used to select the target regions for analysis, which included the macular region (a 6 mm diameter circle centered at the fovea), the peripapillary area (a 500 μm-wide ring of 2 mm inner diameter and 3 mm outer diameter centered at the optic nerve head), and the whole field of view (whole FOV) with optic papilla area (a 3 mm diameter circle) and the image label “PLEX® Elite” excluded (cropped). Next, images were binarized using commands “Huang's fuzzy” for SVP and DVP slabs or “Phansalkar method” with radius = 15 for CC slabs (27). Finally, the fractional area of vessels within the ROI (or the perfusion density) was measured. To remove large vessel projection artifacts within the 15 × 9 mm2 CC slab, we obtained a large retinal vessel mask from the SVP slab by applying “Default” threshold and then used the ImageJ “wand tool” to select the region representing the large vessels. The superficial retinal vessels were successively masked from the CC slab and then the CC slab was binarized using the “Phansalkar method.” Detailed procedures are provided in Figure 2.


[image: Figure 2]
FIGURE 2. Representation of the regions used to explore OCTA parameters, slabs are from a healthy volunteer (No. 13, the right eye). OCTA parameters were investigated in different regions of the superficial vascular plexus (SVP) slab (A) and deep vascular plexus (DVP) slab (B): (1) the macular region (red circle with a diameter of 6 mm centered at the fovea); (2) the peripapillary region (a 500 μm-wide ring of 2 mm inner diameter and 3 mm outer diameter centered at the optic nerve head) (green annulus); and (3) the whole field of view (FOV) with optic papilla area (a 3 mm diameter circle) and the image label “PLEX® Elite” excluded (cropped) (blue polygon shape). (C) Representation of whole FOV removing the large retinal vessel mask used to explore OCTA parameters in choriocapillaris slab (shown in magenta). (D) Representation of regions to explore flow voids metrics: (1) the macular region (shown in red) and (2) the peripheral region (three 3 mm-diameter circles next to the macular region) (shown in yellow).


“Vascular Length Density” is defined as the vessel length per unit area (31). As far as we know the VPD algorithm is greatly influenced by large blood vessels, and has low sensitivity for detecting capillary changes. Alternatively, the VLD algorithm can more sensitively detect changes in small blood vessels and capillaries. To calculate VLD, we binarized the slab using the “Huang's fuzzy” command and then skeletonized the binary image, followed by measurement of vessel length in the ROI and calculation of VLD as described previously (31, 32). Choriocapillaris flow voids (CC-FV), also termed flow deficit in other studies, is defined as the area lacking flow or with flow below the detectable threshold of OCTA (28, 29). Flow voids were calculated in the macular region (a 6 mm-diameter circle centered at the fovea) and the peripheral region (three 3 mm-diameter circles next to the macular region). Flow void metrics, including total flow void area fraction (ROI area divided by total flow void area), number of FV, and average size of FV, were calculated for FV area > 1,000 μm2 (FV1,000) using the “Analyze Particles” function in ImageJ (30).



Statistical Analysis

All statistical analyses were conducted using SPSS software 22 (SPSS Inc., Chicago, IL). Continuous variables were first tested for normality using the Shapiro–Wilk test and then for homogeneity of variance. Normally distributed variables are presented as mean ± standard deviation (SD) and variables following a skewed distribution as median and 25th percentile to 75th percentile range (P25–P75). Means of parametric datasets were compared by one-way analysis of variance (ANOVA) and non-parametric datasets by the Kruskal–Wallis test, followed by post-hoc Bonferroni test or Student t-test for pair-wise comparisons. Correlations between parametric variables and logMAR BCVA were analyzed using Pearson Correlation analysis. Stepwise multiple linear regression analysis was run to detect the significant predictors of BCVA. A p < 0.05 was considered statistically significant for all tests.




RESULTS


Study Population Characteristics

Twenty eyes of 13 patients in the acute phase of VKH disease, 30 eyes of 17 patients in the convalescent phase of VKH disease, and 30 eyes of 15 age-matched healthy controls (HCs) were included in this study. Images of 10 eyes with VKH disease were excluded due to significant motion artifacts or incorrect segmentation. Best-corrected visual acuity of the HCs was not available. The demographic and clinical characteristics of study groups are summarized in Table 1.


Table 1. Demographic and clinical characteristics of study groups.
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Widefield OCTA Parameters of Each Group
 

FAZ and AI

The FAZ was smaller in eyes of patients with acute or convalescent VKH disease compared to control eyes, while AI was smaller in acute VKH disease eyes than convalescent VKH disease or control eyes. However, neither difference reached statistical significance (p = 0.055 and 0.0869, respectively) (Table 1).



Vascular Perfusion Density and Vascular Length Density

The VPD of the SVP (SVP-VPD) was significantly lower in the peripapillary region, macular region, and whole FOV of acute VKH disease patients compared to HCs and convalescent VKH disease patients (all p < 0.001). The same tendency was observed in CC and DVP slabs of the macular region and whole FOV scans. The CC-VPD was also significantly lower in acute VKH disease patients compared to convalescent patients and HCs (both p < 0.001). DVP-VPD was also lower in acute phase patients compared to convalescent patients within whole FOV (p < 0.05). Compared to HCs, convalescent VKH patients exhibited slightly decreased SVP-VPD and modest increased CC-VPD and DVP-VPD in multiple regions but without statistical significance (Table 2) and (Figures 3A,B). Group differences in VLD roughly mirrored those of VPD, albeit with a few notable differences. In contrast to VPD differences between HCs and convalescent VKH patients, the SVP-VLD of convalescent VKH patients was slightly greater in three regions compared to HCs, but again without reaching statistical significance (Table 3) and (Figures 3C,D).


Table 2. The vascular perfusion density (VPD) measurements in different slabs and regions.
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FIGURE 3. Comparisons of different parameters among three groups in accordance to Tables 2–4. Bar-graphs represent mean (range) (A–F) or median (range) (G,H). (*p < 0.05; ***p < 0.001; n.s., non-significant).



Table 3. The vascular length density (VLD) measurements in different slabs and regions.
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Flow Voids in Choriocapillaris

Acute-stage VKH patients exhibited significantly larger FV area fractions and average FV sizes in both macular and peripheral retinal regions compared to convalescent-stage patients and HCs (all p < 0.001). Compared to HCs, convalescent-stage patients exhibited a smaller FV area fraction but larger numbers of FV1,000 (single flow void area >1 000 μm2) and larger mean FV1,000 area size in the peripheral region; however, these differences did not reach statistical significance. Details of these comparisons are presented in Table 4 and (Figures 3E-H).


Table 4. The flow void parameters in CC slab.

[image: Table 4]



Correlations Between OCTA Parameters and BCVA

To identifying those parameters most strongly associated with BCVA and thus of potential prognostic or diagnostic utility, we conducted Pearson correlation analysis (Table 5). There were strong negative correlations between BCVA and macular DVP-VLD in patients with acute VKH. While at convalescent stage, macular SVP-VPD and parameters in CC have a stronger correlation with BCVA. Stepwise multiple linear regression analysis demonstrated that macular DVP-VLD and macular CC-VPD were the best predictive factors for BCVA in the acute and convalescent VKH groups (Table 6).


Table 5. Correlation of best-corrected visual acuity with the parameters of VKH patients in acute phase and convalescent phase.
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Table 6. Stepwise Multiple Linear Regression Analysis for the Predictors of LogMAR BCVA.
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DISCUSSION

Vogt-Koyanagi-Harada disease is a multisystemic autoimmune disorder that attacks tissues containing melanin, and thus mainly damages the RPE and choroid in the eyes (2). Acute uveitic phase is characterized by acute, bilateral and diffuse uveitis; hyperemia and edema of the optic disk; choroidal thickening and serous retinal detachment (33, 34). As the disease progresses, there can be signs of SGF or RPE clumping/migration, Dalen-Fuchs nodules or multifocal chorioretinal atrophy (34). Multiple imaging modalities have been used to examine the choroidal features in different stages of VKH disease. On fluorescein fundus angiography (FFA), the retina exhibited disseminated spotted choroidal hyperfluorescence and choroidal hypofluorescence in both acute and chronic uveitic stages (35), while ICGA showed hypofluorescent dark dots during initial acute VKH uveitis episodes that usually resolved after therapy (36). Laser speckle flowgraphy (LSFG), which can non-invasively visualize the hemodynamics of choroidal circulation, revealed inflammation-related impairment in choroidal blood flow velocity at the macula that was again improved by systemic corticosteroid therapy (37).

Optical coherence tomography angiography is a new non-invasive imaging technique that can detect the movement of erythrocytes within blood vessels (9). Compared to spectral-domain OCT (SD-OCT), swept-source OCT (SS-OCT) is able to incorporate longer wavelengths (1,040 to 1,060 nm) and to simultaneously provide images of the vitreous, retina, and choroid (9), yielding high-resolution near-complete images of choroidal anatomy and CC perfusion (38). Therefore, SS-OCTA is a better imaging modality tool for detailed chorioretinal angiography than SD-OCTA.

Flow voids appear as dark foci in the OCTA CC slab and multiple studies have demonstrated that most FV revealed by OCTA correspond to hypofluorescent spots on ICGA images (19, 24, 39–42) and hyporeflective spots on enhanced-depth imaging (EDI)-OCT (43). Aggarwal et al. reported that the CC FV on OCTA images reflected true CC ischemia instead of a shadowing effect from overlying subretinal fluid and RPE detachment as was observed in central serous chorioretinopathy (19). Thus, hypoperfusion spots in CC may be attributed to choroidal granulomas (24, 39) or blood flow perturbance caused by choroidal vessel inflammation (39).

In our study, VKH disease patients demonstrated increased CC-FV and FV average size during the acute phase but not the convalescent phase, consistent with previous studies reporting that systemic corticosteroids can mitigate FV (17, 22, 24, 40). Indeed, the CC-FV observed in convalescent-stage VKH disease patients did not differ significantly from those measured in HCs. Further, the CC-FV area fraction and CC-VPD correlated strongly with logMAR BCVA during the convalescent phase. The CC-VPD was also dramatically reduced during the acute stage but fully restored during the convalescent phase, in contrast to several previous reports (21–23, 44). We speculate that this reflects effective recovery of CC blood flow after appropriate treatment. These positive correlations strongly suggest that choroidal granulomas and persistent inflammation contribute to the vision impairment in VKH disease. Consistent with this notion, Wintergerst et al. reported a case of acute VKH syndrome with massively hypoperfusion in Sattler's layer on OCTA that fully resolved after 4 weeks of treatment concomitant with improved BCVA (20). However, that study was the first to use SS-OCTA for evaluation of CC abnormalities in VKH, so differences in detection device, retinal region, and (or) retinal stratification may have accounted for changes between pre- and post-treatment.

Luo et al. divided acute VKH patients into two subgroups (1 and 2) according to choroid flow area (21), while in the current study we did not observe the subgroup 1 showing significantly enhanced capillary signals, possibly due to the small sample size. Moreover, perfusion density in the CC and flow void size were correlated with visual acuity in our study, suggesting that higher perfusion density [or greater flow area as described by Luo et al. (21)] predict better visual outcome.

In addition to CC, OCTA also allows visualization and quantitative analyses of retinal vessel morphology and perfusion in SVP and DVP slabs. Many researches have revealed a decrease of vascular density when inflammation occurs in fundus, such as Behçet Uveitis (10) and retinal vasculitis (45). Correspondingly, SVP-VPD was markedly reduced in acute VKH disease patients, and a similar trend was also found for the DVP (but did not reach significance). Previous studies have reported similar findings for the SVP, while others have found greater changes in the DVP (16, 23). Different stratification methods may account for these discrepancies. Compared to VPD, the alteration in VLD was relative mild. The SVP-VLD of convalescent VKH disease patients was slightly increased compared to HCs. Though these values were not statistically significant, based on the fact that a minority of VKH patients will develop macular choroidal neovascularization (46), the difference suggests that flow through small blood vessels and capillaries may increase during the convalescent phase as a compensatory mechanism against ischemia caused by inflammation.

A classic manifestation of acute VKH disease revealed by fundus photography is hyperemia and by FFA, hyperfluorescence around the optic disc (35). Surprisingly, however, we found that the peripapillary region VPD was lower among acute VKH disease patients. Therefore, we suggest that inflammation may also affect small vessels near the optic disc. Indeed, peripapillary blood flow is also reduced in patients with optic neuritis (47–49). However, we cannot exclude possible papilledema as eyes afflicted with optic neuritis also showed decreased blood flow (48). Further studies are awaited.

In the current study, logMAR BCVA was strongly correlated with DVP-VLD despite the insignificant changes in DVP among acute VKH disease patients compared to convalescent patients and controls. This may due to enhanced importance of the DVP for outer retina perfusion when the choroid is ischemic (23). Pearson correlation analysis showed parameters in CC slab correlate best with BCVA and stepwise multiple linear regression analysis demonstrated that macular CC-VPD were the best predictive factors for BCVA in the convalescent VKH group. The results indicated a more significant role of CC slab than SVP/DVP in convalescent VKH disease.

Limitations of this study include the modest sample size and grouping based mainly on manifestations in the eye rather than more extensive clinical features. Further, patients received different treatment regimens. Manual correction for inaccuracies of retinochoroidal layer segmentation in images acquired using PLEX 9000 OCTA (performed in this study) may lead to errors in vessel density and perfusion calculations.

To the best of our knowledge, this is the first study to apply a SS-OCTA device to capture widefield 15 × 9 mm2 images revealing microvasculature changes associated with VKH disease. The large imaging field avoid potential mistakes of montage pictures thus allow for better simultaneously observation of macular and peripapillary areas in fundus thereby mitigating the many potential errors inherent in analysis of montages. We explore the peripapillary microvasculature for the first time. Besides, we also calculate the total length of blood vessel per unit area (vessel length density) in the retina of VKH patients, which offers a fresh perspective to explore vascular changes in VKH disease. Further studies are needed to confirm our results.

In conclusion, the quantifiable and layer-specific characteristics of wider field SS-OCAT enable better evaluation of the microvasculature features of VKH disease and identification of superior markers for prognosis and treatment guidance.
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Purpose: This study aims to determine vitamin D concentrations in the vitreous and serum, as well as the expression levels of NLRP3 inflammasome pathway in the vitreous of patients with proliferative diabetic retinopathy (PDR). In addition, we investigated the possible correlation between NLRP3 inflammasome levels and vitamin D concentrations.

Methods: We obtained vitreous samples before vitrectomy from 55 PDR patients, 25 non-diabetic patients with idiopathic macular hole (IMH), and 10 non-proliferative diabetic retinopathy (NPDR) patients. We also collected serum samples from the same patients. Enzyme-linked immunosorbent assay (ELISA) was used to examine NLRP3 inflammasome pathway proteins, including NLRP3, caspase-1, IL-1β, and VEGF. In addition, vitamin D concentrations were analyzed in Roche Cobas 6000's module e601 platform using electrochemiluminescence immune assay.

Results: The levels of NLRP3 inflammasome pathway and VEGF increased dramatically in PDR vitreous. However, vitamin D concentrations in vitreous and serum followed the opposite trend. Meanwhile, vitreous and serum vitamin D concentrations were significantly negatively correlated with vitreous NLRP3 expression in PDR patients. Moreover, serum and vitreous vitamin D concentrations were positively correlated and demonstrated discriminatory ability in DR. The subgroup analysis of PDR group revealed that eyes with tractional retinal detachment (TRD) had higher NLRP3 inflammasome pathway and VEGF levels but lower vitamin D concentrations. Conversely, eyes that received preoperative pan-retinal photocoagulation (PRP) exhibited lower levels of NLRP3 inflammasome pathway, but vitamin D concentrations were irrelevant to laser treatment.

Conclusions: Our results demonstrate a strong correlation between increased NLRP3 inflammasome pathway and decreased vitamin D concentrations in the vitreous of PDR patients, which may be linked to PDR pathogenesis. In addition, vitamin D supplementation may play a key role in preventing, treating, and improving PDR prognosis due to its inhibitory impact on NLRP3 inflammasome pathway and VEGF.

Keywords: proliferative diabetic retinopathy (PDR), vitamin D, NLRP3 inflammasome, VEGF, vitrectomy


INTRODUCTION

Diabetic retinopathy (DR) is the most frequent microvascular complication of diabetes, causing blindness and vision impairment in the working-age population worldwide (1). About 35% of diabetes patients suffer from DR, 6.8% have diabetic macular edema, 7.0% have proliferative diabetic retinopathy (PDR), and 10.2% have vision-threatening DR (2). Notably, China has the highest number of diabetes mellitus (DM) patients globally, with about 116.4 million cases, implying a sizable burden of DR (3). Numerous sophisticated treatments, including anti-vascular endothelial growth factor (VEGF) therapy and vitrectomy, can minimize the vision loss of severe DR patients. However, DR pathogenesis, particularly proliferative diabetic retinopathy (PDR), remains unclear.

Much DR pathogenesis is attributed to the aberrant production of reactive oxygen species (ROS) and chronic inflammation (4, 5). Recently, our research group and Chaurasia et al. demonstrated that ROS/TXNIP/NLRP3 inflammasome pathway is a major mechanism in DR and that NLRP3 inflammasome is involved in vascular impairment in the advanced stages of the disease (6, 7). NLRP3 inflammasome is the best-characterized inflammasome, including sensor protein NLRP3, adaptor protein apoptosis-associated speck-like protein (ASC), and proinflammatory caspase, procaspase-1 (8). Upon recognition and activation by danger signals, NLRP3 inflammasome mediates caspase-1 activation, cleaving proIL-1β, and proIL-18 into their active forms (9–11). Furthermore, Loukovaara et al. discovered that caspase-1 and IL-18 levels were significantly higher in the vitreous of PDR eyes than non-proliferative diabetic retinopathy (NPDR) eyes (12), confirming the dominating role of NLRP3 in PDR pathogenesis.

In addition, our previous research found that 1,25-dihydroxy vitamin D was able to confer protection of retinal structure and function by down-regulating ROS and suppressing inflammation and apoptosis (7). The antioxidant and anti-inflammatory properties of vitamin D have been the focus of recent diabetes research (13, 14). In addition, several clinical and epidemiological studies reported an inverse relationship between retinopathy severity and serum vitamin D concentrations, with vitamin D deficiency serving as an independent determinant of DR (15–18). Therefore, based on our prior work and other studies stated above, we hypothesize that NLRP3 levels and vitamin D concentrations in vitreous fluid may be correlated and hold a critical function in DR pathogenesis.

To further investigate this issue, we conducted this study to compare NLRP3 and vitamin D levels in vitreous fluid of patients with or without PDR and analyze their relationship. Meanwhile, we evaluated the association between vitreous vitamin D concentration and serum vitamin D concentration. As a result, this study may provide advanced evidence for vitamin D as a considerable potential target for DR prevention and treatment.



MATERIALS AND METHODS


Participants

This retrospective study was conducted following the Declaration of Helsinki and approved by the First Affiliated Hospital of University of Science and Technology of China. All participants underwent preoperative examinations, including eye examination, history taking, physiological, and laboratory blood tests. DR was diagnosed by a retinal specialist based on ICO Guidelines for Diabetic Eye Care (19). Before surgery, we excluded participants with repeated vitrectomy, vitamin D supplementation, or anti-VEGF therapy, and endocrine or digestive diseases that could affect vitamin D concentrations. In addition to main diseases of each group, we excluded patients with other ophthalmological diseases (glaucoma, serious cataract, age-related macular degeneration, rhegmatogenous retinal detachment, etc.). Finally, we excluded eyes with recent vitreous hemorrhage (<1 month) to avoid possible interference of intravitreal hemoglobin.

The study recruited 90 eyes of 90 inpatients from the ophthalmology department of the First Affiliated Hospital of University of Science and Technology of China, between June 2019 and September 2019. After that, the patients were divided into three groups: the control group (25 eyes of 25 patients with idiopathic macular hole), NPDR group (10 eyes of 10 patients with NPDR), and PDR group (55 eyes of 55 patients with PDR). None of these control patients had any severe systemic medical problems, including diabetes, while all patients in NPDR and PDR groups had type 2 diabetes (T2DM). The demographic details of patients are summarized in Table 1.


Table 1. Systemic and ocular characteristics of participants.
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Vitrectomy and Biological Samples Collection

The patient's blood and vitreous samples were collected during the same period of hospitalization. All patients among the three groups underwent a 23-gauge standard three-port pars plana vitrectomy without an infusion of artificial fluid using CONSTELLATION Vision System (Alcon Laboratories, Inc., Fort Worth, TX, USA). The vitreous fluid (0.3–0.5 mL) was collected by manual aspiration into a syringe via the vitrectomy with the cutting function activated (12). Vitreous samples were immediately centrifuged at 13,000 rpm for 5 min at 4°C in sterile 1.5 mL Eppendorf tubes. Supernatants were rapidly collected and stored at −80°C until the assay was performed (20). After fasting overnight for at least 10 h, blood samples of patients were taken by aseptic vein puncture and submitted for testing.



Laboratory Assessments

The blood samples of subjects underwent the following tests: HbA1c, triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) using an automatic biochemical analyzer (FUJI DRI-CHEM 4000i, Fuji, Japan). In addition, all participants were evaluated clinically and in the laboratory according to established procedures.



Measurement of NLRP3 Inflammasome Pathway and VEGF by Enzyme-Linked Immunosorbent Assay (ELISA)

The vitreous NLRP3 levels were measured using a commercially available ELISA kit (Cusabio, Wuhan, China), following the manufacturer's instructions. Moreover, IL-1β, caspase-1, and VEGF levels in the vitreous fluid were also determined using ELISA following the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).



25 (OH) D Measurements

Vitreous and serum 25 (OH) D concentrations were determined using Roche Cobas electrochemiluminescence immunoassay. The samples were processed in a single batch in duplicate on each analyzer according to manufacturer's instructions. A total of 200 μL of each vitreous or serum sample was used per assay without dilution. The calibration curves were constructed using calibrators provided in the kits. Roche Cobas Vitamin D total assay had a measurement range of 2.9–63.4 ng/mL (21).



Statistical Analysis

GraphPad Prism 7.0 Software (GraphPad, San Diego, CA, USA) was deployed to accomplish all data analysis and graph drawing. The measurement data were presented as mean ± SD. The Mann–Whitney U-test was employed to compare the parameters of the two groups. The Kruskal–Wallis test followed by Dunns was employed to compare the three groups among each other. Spearman correlation coefficients were used to determine correlations. A receiver-operating characteristic (ROC) curve was used to estimate the predictive value of the vitreous or serum 25 (OH) D concentrations. For all comparisons, a value of P < 0.05 was considered statistically significant.




RESULTS


Patients Characteristics

In this study, the patients were randomly assigned to control, NPDR, and PDR groups. Table 1 summarizes the basic systemic and ocular characteristics. Among the three groups, no significant difference was observed in gender, body mass index (BMI), or blood pressure. While the mean age of patients in PDR group was 51.07 ± 11.50, this was significantly lower than that in control (61.68 ± 10.63, P < 0.01) and NPDR (65.50 ± 9.30, P < 0.01) groups. In addition, the PDR group had a higher HbA1c level than NPDR group. Regarding the ocular characteristics, vitreous hemorrhage, tractional retinal detachment (TRD), previous laser treatment, epiretinal fibrosis, and silicon oil filling were recorded in NPDR and PDR groups after operations.



Quantitative Analysis of NLRP3 Inflammasome Pathway, 25 (OH) D Concentration, and VEGF

We evaluated the expression of NLRP3 inflammasome pathway, including NLRP3, caspase-1, and IL-1β in vitreous, as well as the concentration of 25 (OH) D both in vitreous and serum among the three groups (Table 1). We found that PDR group had significantly higher NLRP3 expression than the control group. Moreover, PDR eyes had a much higher expression of NLRP3 than NPDR eyes (Figure 1A). Meanwhile, 25 (OH) D concentrations were significantly lower in the PDR group than in the control group, both in serum and vitreous fluid (Figures 1B,C). Finally, the expression of IL-1β, caspase-1, and VEGF followed the same pattern as NLRP3 (Figures 1D–F).


[image: Figure 1]
FIGURE 1. The levels of NLRP3 and the concentrations of serum and vitreous 25 (OH) D in three groups. (A) Vitreous NLRP3 levels in PDR, NPDR, and control groups. (B) Vitreous 25 (OH) D concentrations in PDR, NPDR, and control groups. (C) Serum 25 (OH) D concentrations in PDR, NPDR, and control groups. (D) Vitreous IL-1β levels in PDR, NPDR, and control groups. (E) Vitreous caspase-1 levels in PDR, NPDR, and control groups. (F) Vitreous VEGF levels in PDR, NPDR, and control groups. #P < 0.01, Control vs. NPDR; *P < 0.01, Control vs. PDR; &P < 0.01, NPDR vs. PDR.




Correlation Analysis of Vitreous 25 (OH) D Concentrations and Serum 25 (OH) D Concentrations as Well as Their Predictive Value for DR

Using Spearman's correlation test, the three groups exhibited a significant positive correlation between vitreous and serum 25 (OH) D concentrations. Specifically, the PDR group had the highest correlation (R = 0.95, P < 0.0001, Figure 2A), which was slightly higher than NPDR group (R = 0.87, P = 0.0022, Figure 2B). Conversely, the control group exhibited a relatively weak positive correlation between vitreous and serum 25 (OH) D concentrations (R = 0.60, P = 0.0026, Figure 2C). According to ROC-curve analyses, both serum and vitreous 25 (OH) D showed discriminatory ability in predicting DR (NPDR and PDR) and PDR. In DR prediction, they obtained the same area under curve (AUC) of 0.77 (Figure 3A). In particular, serum 25 (OH) D has a better predictive value (AUC: 0.77) than serum 25 (OH) D (AUC: 0.66) in PDR prediction (Figure 3B).
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FIGURE 2. Correlations between vitreous and serum 25 (OH) D concentrations. Spearman's correlation tests showed positively significant correlations (A) in PDR group (R = 0.95, P < 0.0001); (B) in NPDR group (R = 0.87, P = 0.0022), and (C) in control group (R = 0.60, P = 0.0026).
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FIGURE 3. Prediction of DR and PDR by vitreous and serum 25 (OH) D. (A) The ROC-curve of the serum 25 (OH) D and vitreous 25 (OH) D for predicting DR. (B) The ROC-curve of the serum 25 (OH) D and vitreous 25 (OH) D for predicting PDR. [SVD: serum 25 (OH) D; VVD: vitreous 25 (OH) D].




Correlation Analysis of Vitreous NLRP3 Pathway Levels and 25 (OH) D Concentrations

The correlations between vitreous NLRP3 levels and 25 (OH) D concentrations varied significantly among the three groups. The control group exhibited no significant correlation between vitreous NLRP3 levels and serum/vitreous 25 (OH) D concentrations (R = 0.06, P = 0.77; R = 0.152, P = 0.47, Figures 4A,B). However, the PDR group exhibited a negative association between vitreous NLRP3 levels and both serum and vitreous 25 (OH) D concentrations (R = 0.71, P < 0.0001; R = 0.77, P < 0.0001, Figures 4C,D). The same negative correlations were also observed in NPDR group (R = 0.72, P = 0.0239; R = 0.69, P = 0.0328, Figures 4E,F). Moreover, in PDR group, we tested the correlation between 25 (OH) D concentrations and the downstream effects of NLRP3 such as IL-1β and caspase-1 levels. Again, the negative correlation trends were observed between the downstream of NLRP3 pathway and 25 (OH) D concentrations (Figure 5).


[image: Figure 4]
FIGURE 4. Correlations between vitreous NLRP3 levels and serum/vitreous 25 (OH) D concentrations. Spearman's correlation tests exhibited no significant correlations (A) between vitreous NLRP3 level and serum 25 (OH) D concentration in control group (R = 0.06, P = 0.77), and (B) between vitreous NLRP3 level and vitreous 25 (OH) D concentration in control group (R = 0.152, P = 0.47). Spearman's correlation tests presented negatively significant correlations (C) between vitreous NLRP3 level and serum 25 (OH) D concentration in PDR group (R = 0.71, P < 0.0001), (D) between vitreous NLRP3 level and vitreous 25 (OH) D concentration in PDR group (R = 0.77, P < 0.0001), (E) between vitreous NLRP3 level and serum 25 (OH) D concentration in NPDR group (R = 0.72, P = 0.0239) and (F) between vitreous NLRP3 level and vitreous 25 (OH) D concentration in NPDR group (R = 0.69, P = 0.0328).
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FIGURE 5. Correlations between vitreous Caspase-1/IL-1β levels and serum/vitreous 25 (OH) D concentrations in PDR group. Spearman's correlation tests presented negatively significant correlations (A) between vitreous Caspase-1 level and serum 25 (OH) D concentration (R = 0.46, P = 0.0004), (B) between vitreous IL-1β level and serum 25 (OH) D concentration (R = 0.664, P < 0.0001), (C) between vitreous Caspase-1 level and vitreous 25 (OH) D concentration (R = 0.46, P = 0.0004) and (D) between vitreous IL-1β level and vitreous 25 (OH) D concentration (R = 0.62, P < 0.0001).




Subgroup Analysis of PDR Group

Based on various ocular characteristics observed during operations, we further performed subgroup analyses from two perspectives in PDR group. First, based on TRD presence, we divided the results into two parts and compared the levels of NLRP3 inflammasome pathway, 25 (OH) D, and VEGF in vitreous fluid (Table 2). We found that TRD eyes (n = 21) had significantly higher levels of NLRP3 (P < 0.0001), caspase-1 (P = 0.0182), IL-1β (P = 0.0007), and VEGF (P = 0.0011) and lower concentrations of 25 (OH) D (P < 0.0001). Second, we classified patients into three groups depending on their past laser treatment status, including no laser treatment group, incomplete pan-retinal photocoagulation group, and pan-retinal photocoagulation (PRP) group. PRP is defined following our previously published study (22). Then, the factors compared in the first perspective were compared in the second perspective. All above proteins were considerably decreased in the PRP group compared with the no laser treatment group, while 25 (OH) D concentrations did not differ significantly across the three groups (Table 3).


Table 2. Level of inflammatory factor and vitreous 25 (OH) D in PDR patients with or without tractional retinal detachment.
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Table 3. Level of inflammatory factor and vitreous 25 (OH) D in PDR patients according to pan-retinal laser photocoagulation state.
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DISCUSSION

Vitamin D, a steroid hormone, is critical for calcium and bone homeostasis. Extraskeletal effects have also been documented (23), including regulating cardiovascular homeostasis, tuning immunity systems, and modulating inflammation (24, 25). Furthermore, several clinical research studies have indicated the link between DR characterized by persistent low-grade inflammation and vitamin D deficiency (15, 26). This study confirmed that PDR patients had significantly lower vitreous or serum 25 (OH) D concentrations and higher vitreous levels of NLRP3 inflammasome than those without DM. Meanwhile, we observed a significant positive correlation between vitreous and serum 25 (OH) D concentrations in the three groups and a negative correlation between vitreous NLRP3 levels and serum/vitreous vitamin D concentrations in NPDR and PDR groups. To the best of our knowledge, this is the first report to evaluate vitamin D concentrations in human vitreous fluid. Our current findings imply that vitamin D deficiency may be a possible mechanism to activate NLRP3 inflammasome pathway during PDR pathogenesis.

The tendency of vitamin D observed in the present study was consistent with other studies on DM or diabetic complications (27–29). The majority of those studies have concluded that the link between vitamin D and DM as well as its complications is mainly because vitamin D deficiency contributes to their key pathological processes through multiple mechanisms such as enhancement of insulin resistance and β-cell death (30). In other words, vitamin D deficiency is a factor in DM development and its complications. Vitamin D deficiency and insufficiency is a global health problem. About 30% of children and 60% of adults worldwide are vitamin D deficient and insufficient, respectively (31). In this study, even the serum vitamin D concentrations of the control patients (19.83 ± 4.51) were defined as vitamin D deficiency (32). The main cause of vitamin D deficiency is inadequate dietary intake and lack of exposure to sunlight, which is the main source of vitamin D synthesis for most children and adults (33). As PDR patients with the highest BMI of the three groups, T2DM-related obesity may lead to vitamin D dilution in body fat and exacerbate vitamin D deficiency (34). Besides, vitamin D deficiency is also an issue affecting people of all ages, especially the elderly. Individuals older than 51 years have less sun exposure and a weaker capacity of the skin to produce vitamin D (32). However, in this study, most participants were older than 51 years, indicating that age was not the primary factor for the difference in vitamin D concentrations between PDR and control groups. Most PDR patients hospitalized for surgery were in the working population, whereas IHM patients in the control group tended to be older when they underwent surgery. It is well-known that the vitreous becomes more liquefied with age (35). During surgery, we found that vitreous liquefaction occurred in most participants, resulting in a more uniform distribution of factors tested in the vitreous fluid.

Other studies have also focused on vitamin D's impact on inflammation, which has been demonstrated to reduce the numbers of activated macrophages and chronic inflammatory response in retina (36). On the other hand, vitamin D deficiency might cause increased production of proinflammatory cytokines in PDR patients (37). However, combining our present and previous studies has enabled us to thoroughly discuss the underlying mechanisms of vitamin D's role in DR. In vivo, we demonstrated that vitamin D3 could maintain normal retinal structure and retinal vascular function and suppress apoptosis of retinal cells in diabetic rats. While, in vitro, we provided evidence that vitamin D3 decreased ROS and further suppressed ROS/TXNIP/NLRP3 inflammasome pathway in high-glucose-induced retinal microvascular endothelial cells (7). As a result, our prior findings partially explained the differences in NLRP3 levels and 25 (OH) D concentrations among the three groups in the current study, while the correlation between vitreous NLRP3 levels and serum/vitreous 25 (OH) D concentrations also provides further evidence for previous animal and cellular research.

Despite the above-mentioned principal conclusions, several valuable analyses were conducted and yielded intriguing findings. First, we performed additional correlation analysis of vitreous and serum 25 (OH) D concentrations in the three groups and obtained positive correlation results in each case. Interestingly, the correlation degree appears to be linked to DR severity, with the highest correlation observed in PDR group (R = 0.95). There is a dearth of evidence reporting the correlation between vitamin D levels in different body fluids. Lin et al. reported that following 8 weeks of vitamin D supplementation, the elevated vitamin D levels in the tear fluid and aqueous humor were parallel with increased plasma concentrations in rabbits, but this was not found in the vitreous fluid (38). We believe that the dominant reason for this discrepancy is that blood-retinal barrier (BRB) was destroyed in PDR patients, facilitating vitamin D shift due to higher vascular permeability (39). Simultaneously, ROC-curve analyses revealed that serum 25(OH) D performed well in predicting DR, especially PDR. Thus, serum 25(OH) D concentration could be an accessible potential diagnostic marker of PDR. Second, a subgroup analysis was performed in PDR group based on two dimensions: whether the patient presented with TRD and whether the patient received preoperative laser photocoagulation treatment. We found that PDR eyes with TRD had significantly lower concentrations of vitreous 25 (OH) D and higher levels of NLRP3 inflammasome pathway as well as VEGF (Table 2). Angiogenesis and fibrous tissue proliferation are critical in diabetic TRD pathophysiology (40, 41). Undoubtedly, VEGF is the most crucial factor in this process. In addition, activating NLRP3 inflammasome pathway is required for fibrosis development (42). Notably, vitamin D3 can concurrently suppress NLRP3 inflammasome pathway while decreasing VEGF level, as demonstrated by our results from diabetic animals (7), which could also account for our present findings. Preoperative PRP may be considered as an effective DR treatment, particularly if the eye never received any laser or if the previous laser appears inadequate. As a result, it prevents TRD by inhibiting neovascularization and stabilizes PDR eyes with TRD. The main mechanism underlying this effect is to produce oxygen benefit in the treated area of retina, thereby alleviating the elevated VEGF levels in diabetic retina (22, 43). Whereas, vitreous 25 (OH) D concentrations did not appear to be influenced by PRP's completion, with no significant difference among the three groups (Table 3). We speculate that instantaneous thermal effect generated by laser targeting neuroretina and retinal pigment epithelium (RPE) will have little influence on the vitreous during laser irradiation (44). There is a possibility that vitamin D supplementation could play a greater role in conjunction with PRP treatment.

Several limitations remain in the current study. To better reflect the actual pathological changes in the retinal microenvironment, we evaluated 25 (OH) D concentrations and NLRP3 inflammasome pathway levels, mainly in the vitreous. Although we excluded eyes with recent vitreous hemorrhage (<1 month), the slower degrading blood components may still pose a potential contamination risk to the vitreous sample. Unlike our earlier research, which employed the activated metabolite, 1,25-dihydroxy vitamin D3 as a target, the present study utilized the best marker of vitamin D status, 25 (OH) D, to measure vitamin D concentrations in human tissues (45), benefiting from its longer half-life and better stability (46).

In conclusion, our current study confirmed NLRP3 inflammasome pathway activation and serum/vitreous vitamin D deficiency in PDR patients. In particular, we found a significant positive correlation between vitamin D and the inflammatory factor NLRP3. By combining our prior findings in diabetic rats and high glucose-induced human retinal microvascular endothelial cells, we partly demonstrated that decreased NLRP3 inflammasome pathway levels caused by vitamin D have protective effects on DR, particularly PDR pathogenesis. Additionally, the link between vitreous and serum vitamin D concentrations and ROC-curve analyses may offer a potentially accessible diagnostic marker of PDR. Moreover, subgroup analyses highlighted the clinical value of vitamin D during PDR treatment. All above results demonstrate the critical importance of vitamin D supplementation in preventing DR onset and/or progression.
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Purpose: To evaluate the long-term retinal microvascular, neural, and choroidal changes in the patients with severe nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR) following panretinal photocoagulation (PRP).

Methods: Forty-five eyes of 28 patients with treatment-naive severe NPDR and PDR were included and followed for 12 months after PRP. Microvascular and neural changes in the macular and peripapillary areas were assessed by using optical coherence tomography angiography. Subfoveal choroidal thickness (SFCT) was measured by using optical coherence tomography. A Linear mixed-effects model was used to highlight the differences for the variables after adjusting for sex, age, and axial length.

Results: Compared to baseline, there were no statistical differences in the best corrected visual acuity (BCVA), macular and peripapillary vessel density (VD), and SFCT following PRP. Macular thickness significantly increased at 1 and 3–6 months after PRP (p < 0.05), while the peripapillary retinal nerve fiber layer (RNFL) and ganglion cell complex (GCC) thickness significantly increased at 1 month postoperatively (p < 0.01). Global loss volume and focal loss volume significantly decreased at the same time point (p < 0.05).

Conclusion: The unchanged BCVA, VD, the thickness of RNFL and GCC, and SFCT during the 12-month follow-up period suggest that PRP may prevent the retinal neurovascular and choroidal damage.

Keywords: choroid, diabetic retinopathy, microvasculature, neural retina, optical coherence tomography angiography, panretinal photocoagulation


INTRODUCTION

Diabetic retinopathy (DR) is one of the most common microvascular complications of diabetes and is the leading cause of visual impairment among the working-age population across the globe (1). Changes in the retinal microvascular and neural structure due to diabetes are considered fundamental to the pathophysiology and progression of DR. Reduction of the choroidal thickness (CT) (2, 3) and choroidal perfusion (4, 5) has also been reported in DR. Panretinal photocoagulation (PRP) is demonstrated to prevent the impairment of visual function due to the proliferative diabetic retinopathy (PDR) and diabetic macular edema (DME) in the landmark clinical trials such as the Diabetic Retinopathy Study (DRS) (6, 7) and the Early Treatment Diabetic Retinopathy Study (ETDRS) (8). The physiological mechanism of PRP is generally considered to involve the physical light energy destroying the photoreceptors and decreasing oxygen consumption, which improves oxygen flux to reach the inner retina, relieves inner retinal hypoxia, and raises the oxygen tension, resulting in reducing or stopping the production of the growth factors and neovascularization (9, 10).

Since fundus fluorescein angiography (FFA) is a gold standard for the diagnosis and grading of DR, the neural and choroidal changes cannot be evaluated by FFA with two-dimensional images. Emerging as a noninvasive and depth-resolved imaging technique without dye injection, optical coherence tomography angiography (OCTA) allows for fast visualization of the macular microvasculature, differentiation of various retinal vascular layers, and quantification of vessel density or thickness of macular area, retinal nerve fiber layer (RNFL), and ganglion cell complex (GCC). Accumulating evidence supports OCTA as a potential tool for the evaluation of the severity of DR and efficacy of the therapies for DR (11, 12). A previous study quantified a set of the neurovascular parameters of OCTA related to the severity of DR, which might have potential clinical applications for DR staging (11). Previous longitudinal studies have shown that the microangiopathy and neurodegeneration appear in parallel and are highly progressive even in the early stage of DR (13), but few studies explored these features following PRP. To the best of our knowledge, the comprehensive retinal vascular and neural changes in the macular and peripapillary area and subfoveal choroidal thickness (SFCT) changes after PRP have not been reported.

In this study, we present a prospective, longitudinal, and observational study to investigate the retinal microvascular, neural, and choroidal changes up to 1 year after PRP in severe non-PDR (NPDR) and PDR by using multimodal imaging.



MATERIALS AND METHODS

This study was conducted at the Department of Ophthalmology of Guangdong Provincial People's Hospital between October 2018 and June 2020. All the procedures adhered to the tenets of the Declaration of Helsinki and were approved by the research ethics committee of Guangdong Provincial People's Hospital. All the participants provided written informed consent.


Patients

Patients with type 2 diabetic diagnosed with severe NPDR or PDR who were the candidates for PRP treatment were enrolled. The DR assessment and grading were based on the FFA and color fundus photography (CFP) by using the proposed international Diabetic Retinopathy Severity Scale (14). The exclusion criteria, as shown in Figure 1, included the history of ophthalmic intervention, the coexistence of the other ocular diseases affecting the assessment, clinically significant macular edema (CSME) (central subfield macular thickness ≥ 300 μm) (15), axial length (AL) <20.0 mm or > 27.0 mm, and the low-quality OCTA images.


[image: Figure 1]
FIGURE 1. Flowchart detailing enrollment and follow-up of the subjects in the study.




Ophthalmic and Systemic Examinations

A comprehensive ophthalmic examination was performed in all the participants at baseline and at 1, 3–6, and 12 months after PRP including best corrected visual acuity (BCVA), intraocular pressure, slit-lamp examination, dilated fundoscopy, 45° CFP (TRC-NW8 fundus camera, TOPCON, Tokyo, Japan), OCT (HRA-OCT, Heidelberg Engineering, Germany), and OCTA (Optovue, Fremont, California, USA). FFA (Spectralis HRA, Heidelberg Engineering, Jena, Germany) was performed at baseline and 3–6 and 12 months after PRP. AL was obtained by using ocular biometry (LS900 Haag-Streit Diagnostics, Köniz, Switzerland) at baseline to correct the retinal magnification of each OCTA image.

Demographic and systemic parameters including the age, sex, duration of diabetes, blood pressure, body mass index (BMI), waist-hip ratio (WHR), glycated hemoglobin (HbA1c), creatinine, and creatinine clearance rate (Ccr) within 1 week before initiating PRP were recorded.



Optical Coherence Tomography Angiography and OCT Image Process

The OCTA images were obtained by using the split-spectrum amplitude-decorrelation angiography algorithm incorporated with the RTVue XR Avanti device with AngioVue 2.0 (Optovue Inc., Fremont, California, USA) (16). In this study, the OCTA image acquisition and parameter analysis are described in detail (11). In brief, HD Angio Retina 6.0 mm scan centered on the fovea was used to assess the retinal vessel density (VD), macular thickness, and foveal avascular zone (FAZ). Macular VD and thickness were distinctly evaluated in both the superficial capillary plexus (SCP) and deep capillary plexus (DCP) within the ETDRS 6 × 6 whole grid. The FAZ parameters, including the FAZ area, FAZ perimeter, acircularity index (AI), and FD-300, were evaluated by using the nonflow area tool to provide the automated FAZ segmentation. HD Angio Disk 4.5 mm scan centered on the optic disk was used to quantify the inside of disk and peripapillary VD and the RNFL thickness in the radial peripapillary capillary segment (refer to figure, Supplementary Figure 1, which shows the angio retina and disk measurement zones). The GCC scan focused on the ganglion cells was used to automatically calculate the GCC thickness, global loss volume (GLV), and focal loss volume (FLV). SFCT was assessed by using OCT with the enhanced depth-imaging (OCT-EDI) technique.

Optical coherence tomography angiography and OCT images were independently evaluated by the two masked ophthalmologists (XL and YC) at different time points and in different orders. A third trained grader (QM) adjudicated all the cases of discrepancy. All the images were evaluated on the instrument display screen in a standardized and dimmed environment. Manual segmentation was performed to correct the automated segmentation errors when needed.



Panretinal Photocoagulation

All the participants received the first PRP session within 3 days of the baseline evaluation by using a frequency doubled scan laser relying on a 532 nm (green) light according to the recommendations of the ETDRS (6). PRP was performed in the three or four sessions with an interval of 1 week between the sessions. The retinal spot size of 200 μm and laser duration of 0.2 s were employed. The effective power of the laser was determined by the yellowish-white coagulative spots. The average number of the shots was 1,373 burns (range: 868–1,982). Treatment was deemed adequate when no further neovascularization or hemorrhage was detected during follow-up visits at 1, 3–6, and 12 months after the final laser treatment session.



Statistical Analysis

The statistical analyses were performed by using SPSS version 25.0 software (SPSS Inc., Chicago, Illinois, USA). Graphs were plotted by using GraphPad Prism 8 (GraphPad Software, San Diego, California, USA). Quantitative variables were tested with Shapiro–Wilk to determine the normality and presented as mean ± SD, median (interquartile range), or 95% CI. For statistical analysis, visual acuity was converted to the logarithm of the minimum angle of resolution (LogMAR). Descriptive statistics were used to characterize the demographics of the study population. A linear mixed-effects model was used to highlight the differences for the continuous OCTA and OCT parametric variables, adjusting for sex, age, and AL. All the statistical tests were two-sided and a p < 0.05 was considered statistically significant.




RESULTS

In this prospective study, a total of 45 eyes with treatment-naive severe NPDR and PDR from 28 patients with type 2 diabetes were enrolled. An overview of the demographic and clinical characteristics at baseline and 12 months after PRP is presented in Table 1. To avoid the effects of antivascular endothelial growth factor (VEGF) intravitreal injection (IVI) and vitrectomy on the retinal neurovascular and choroidal parameters measured by OCTA and OCT, the patients who received IVI for CSME or vitrectomy for the vitreous hemorrhage and severe fibrovascular proliferation during the follow-up were excluded. Some participants were lost to follow-up due to the novel coronavirus disease 2019 (COVID-19). Thus, the number of eyes included in 1, 3–6, and 12 months after PRP was 30, 20, and 21, respectively (Figure 1).


Table 1. Demographic and systemic characteristics of the participants.

[image: Table 1]

There were no significant differences in age, BMI, blood pressure, HbA1c, and renal function at baseline and at 12 months after PRP. The BCVA was LogMAR 0.20 (95% CI 0.10–0.29) at baseline adjusting for the age, sex, and AL and showed an improved trend after PRP, although no statistical difference was observed (Table 2).


Table 2. Longitudinal changes of the best corrected visual acuity (BCVA), subfoveal choroidal thickness (SFCT), macular vessel density, and foveal avascular zone (FAZ) after panretinal photocoagulation [mean (95% CI)].

[image: Table 2]


Longitudinal Changes of the Retinal Vessel Density, Thickness, and FAZ in the Macular Area After PRP

There were no statistical differences in the macular VD including SCP and DCP and FAZ between the baseline and after PRP (Table 2), while macular thickness including whole parafoveal areas and perifoveal areas was significantly increased at 1 and 3–6 months (whole macular thickness: p = 0.007, p = 0.016, respectively; parafoveal thickness: p = 0.022, p = 0.002, respectively; and perifoveal areas: p = 0.023, p = 0.034), but then declined at 12 months after PRP. However, increased foveal thickness persisted up to 12 months postoperatively (p < 0.001, p = 0.019, p = 0.007, respectively) (Figures 2A–D, Supplementary Table 1).


[image: Figure 2]
FIGURE 2. Quantitative analyses of the longitudinal microvascular and neural changes in the macular and peripapillary areas during 12 months after panretinal photocoagulation (PRP). (A–D) Longitudinal changes of macular thickness [mean (95% CI), μm] after PRP. (E–M) Longitudinal changes of peripapillary retinal nerve fiber layer (RNFL) thickness [mean (95% CI), μm] after PRP. (N–P) Longitudinal changes of the ganglion cell complex (GCC) thickness [mean (95% CI), μm]; global loss volume (GLV) [mean (95% CI), %]; and focal loss volume (FLV) [mean (95% CI), %] after PRP. *p < 0.05, **p < 0.01, ***p < 0.001.




Longitudinal Changes of the Peripapillary VD and RNFL Thickness After PRP

None of the statistical changes were observed in the whole peripapillary VD and eight peripapillary segments (Table 2). Compared to baseline, RNFL thickness in the whole peripapillary area and seven peripapillary segments except for the temporal inferior segment significantly increased at 1 month after PRP (whole peripapillary RNFL thickness, superior nasal peripapillary RNFL thickness, nasal superior peripapillary RNFL thickness, nasal inferior peripapillary RNFL thickness, inferior nasal peripapillary RNFL thickness, inferior temporal peripapillary RNFL thickness, temporal superior peripapillary RNFL thickness, superior temporal peripapillary RNFL thickness: p < 0.001, p = 0.023, p = 0.018, p = 0.001, p = 0.013, p = 0.013, p = 0.031, p = 0.003, respectively), while temporal inferior RNFL thickness was unchanged during 12 months. However, the nasal inferior RNFL thickness was significantly increased at 1 and 12 months (1 month: p = 0.001, 12 months: p = 0.025) (Figures 2E–M, Supplementary Table 1).



Longitudinal Changes of the GCC Thickness, GLV, and FLV After PRP

Figures 2N–P shows the GCC thickness, GLV, and FLV that were stable at 12-month follow-up. However, compared to baseline, GCC thickness significantly increased (p = 0.005) and GLV and FLV significantly decreased at 1 month postoperatively (p = 0.003, p = 0.013, respectively) (Supplemental Table 1).



Longitudinal Changes of SFCT After PRP

Table 2 shows the mean SFCT that was 252.43 μm (95% CI 220.92–283.95) at baseline. No statistical differences of SFCT were observed during the follow-up visit after PRP, although an increasing trend was shown.



Longitudinal Morphological Changes of Vascular Abnormality by Using the Multimodal Images

We observed the changes in the morphology of the neovascularization of the disk (NVD), from large and dense to small and loose, in eight eyes out of 12 eyes (67%) during the follow-up visit after PRP by using OCTA. Correspondingly, reduced fluorescein leakage of the NVD was observed on FFA (Figure 3). Furthermore, regression of neovascularization after PRP was documented in 18 eyes (18/22 eyes, 82%; Figure 4) and among them, the complete regression was in two eyes and partial regression was in 16 eyes post-PRP. No significant longitudinal changes of parameters, including BCVA, retinal VD and thickness, FAZ, peripapillary VD and RNFL thickness, GCC thickness, FLV and GLV, and SFCT, were observed in the total 18 PDR eyes with regression of neovascularization after PRP during the follow-up period (Supplementary Table 2). In addition, the new blood vessels, similar to the intraretinal microvascular abnormalities (IRMAs), were observed in the macular nonperfusion area of the severe NPDR eyes (Figure 5) and the changes of vascular morphology in the macular arch were also observed during the follow-up period.


[image: Figure 3]
FIGURE 3. A typical proliferative diabetic retinopathy case showed the neovascularization of the disk (NVD) changed from large, dense, and strong fluorescein leakage to small, loose, and weak fluorescein leakage at 6 months after panretinal photocoagulation (PRP). (A–D) Retina en-face slab images of NVD were observed by optical coherence tomography angiography (OCTA). (E–H) Vitreous en-face slab images of OCTA. (I–L) B-scan image of OCTA. (M,N) Images of fluorescein angiography at baseline and 6 months.



[image: Figure 4]
FIGURE 4. A typical proliferative diabetic retinopathy case showed the retinal neovascularization regression with the unchanged vessel density, the thickness of retinal nerve fiber layer and ganglion cell complex, and subfoveal choroidal thickness at 12 months after panretinal photocoagulation (PRP) in the multimodal images. (A,B) Images of color fundus photography. (C,D) Images of fundus fluorescein angiography. (E,G) Retina en-face slab images in HD Angio Retina 6.0 mm scan by optical coherence tomography angiography (OCTA). (F,H) Full retinal thickness images in HD Angio Retina 6.0 mm scan of OCTA. (I,J) B-scan images in HD Angio Retina 6.0 mm scan of OCTA. (K,M) Retina en-face slab images in HD Angio Disk 4.5 mm scan by OCTA. (L,N) Retinal nerve fiber layer thickness images of OCTA. (O,P) B-scan images in HD Angio Retina 6.0 mm scan of OCTA. (Q,R) Ganglion cell complex scan images of OCTA. (S,T) Images of the OCT with the enhanced depth-imaging (OCT-EDI) technique.



[image: Figure 5]
FIGURE 5. A typical severe nonproliferative diabetic retinopathy (NPDR) case showed the morphological changes of the similar intraretinal microvascular abnormalities (IRMAs) in the nonperfusion area following panretinal photocoagulation (PRP). (A–D) Retina en-face slab images of optical coherence tomography angiography (OCTA). (E–H) B-scan images of OCTA.





DISCUSSION

This study was a prospective longitudinal study to investigate the long-term comprehensive changes of the retinal microvasculature, neural retina, and choroid following PRP. In this study, results showed no significant microvascular (macular and peripapillary VD); neural (whole macular thickness, peripapillary RNFL thickness, and GCC thickness); and the SFCT changes at 12 months after PRP, despite the increase of whole macular thickness, peripapillary RNFL, and GCC thickness at the early post-PRP phase. The regression of neovascularization and the unchanged BCVA in this study confirmed that PRP effectively alleviated retinal ischemia and protected the neural retina. These findings suggest that PRP may prevent diabetic microvascular, neural, and choroidal damage at 12 months in the treatment-naive patients with severe NPDR and PDR without DME.

There were no statistical differences in macular VD after PRP, although the decreased trend was observed at the 3–6 months follow-up, which was similar to the results reported in other literature (17–19). Microvascular abnormalities and subsequent capillary occlusion have been demonstrated to aggravate the decrease of the VD and enlargement of the FAZ with the progression of DR (11). However, Fawzi et al. found an overall increase in the flow metrics of all the macular capillary layers following PRP by the mathematical model, although no significant difference for the vascular density parameters was shown (17). Therefore, the unchanged macular VD and FAZ area during the 12 months following PRP in this study may indicate stabilization of the macular microcirculation and control of ischemia.

Although several studies showed a significant reduction in the macular choroidal thickness after PRP (20–22), results showed no significant change during the 12-month follow-up. This discrepancy might be due to the differences in the profiles of the patient. This study included the severe NPDR or PDR patients without DME, while the previous reports included the eyes with DME or with IVI. On one hand, the subfoveal choroid is thicker in the eyes with DME compared to those without the eyes with DME (22), which leads to a higher baseline level. On the other hand, the downregulation of VEGF due to the IVI may induce a decrease in choroidal blood flow and thickness (23), which perhaps affect the assessment of the macular choroidal thickness after PRP. Taken together, our results showing the long-term stability of VD in the macula, peripapillary area, and subfoveal choroid indicate an overall redistribution of the capillary blood flow to the posterior pole following PRP.

Although the VD in the posterior pole remained unchanged, macular retinal thickness significantly increased after PRP, especially at the fovea 1–6 months postoperatively. This finding may be explained by the retinal inflammation and edema caused by PRP in the early postoperative phase (24). However, we found that macular thickness was significantly decreased in the eyes receiving IVI plus PRP (Supplementary Table 3). This group included 10 eyes with CSME (central subfield macular thickness ≥ 300 μm) in seven patients with severe NPDR and PDR. All of the participants received one-time IVI before initial PRP within 7 days. Reinjection was performed if obvious CSME reoccurred during the 12-month follow-up. These findings supported by the other studies (25, 26) suggest that treatment with adjunctive IVI before or after PRP could reduce macular edema and stabilizes the blood-retinal barrier. Of course, it is necessary to perform a further study in a larger sample to confirm this finding.

The changes in the RNFL and GCC thickness showed similar trends that were significantly increased at 1 month following PRP, while the GLV and FLV were significantly decreased during the early post-PRP period. Over the long-term follow-up, they gradually returned to the baseline level. Many of the previous studies using OCT obtained similar results (27, 28). They considered that the retinal inflammation and edema caused by PRP at the early postoperative phase could damage the retinal neural cell and tissue and later recovery might be attributed to the absorption and healing of the edema and the laser-induced photoreceptors and ganglion cell damage. However, other studies showed PRP to decrease the thickness of the peripapillary RNFL and GCC (29) suggesting that the presence of diabetes itself could cause neurodegenerative changes in the retina and subsequent degeneration of RNFL by retinal cell loss in the late PRP phase. To the best of our knowledge, there are no relevant studies observing the changes of the RNFL and GCC after PRP using OCTA.

This study comprehensively evaluated the retinal microvascular, neural, and choroidal changes after PRP in the treatment-naive patients with severe NPDR and PDR during a long-term follow-up period. To achieve the standard differences among the visits, all the OCTA and OCT metrics were adjusted for age, sex, and AL. This study had some limitations. First, the limited field view provided by OCTA only showed the macular area without the laser spots and could not completely evaluate the whole retina. Thus, wide-field OCTA will improve the accuracy of evaluation in the future. Second, the patients were excluded due to the changes in treatment (such as IVI and PPV), which resulted in the absence of observation in some of the patients with DME or with aggravation. Third, the dropout of the subjects during the follow-up period, partially due to the COVID-19, might make the resulting bias. In addition, since PRP is generally recommended for the treatment of the severe stages of DR (severe NPDR and PDR), it is difficult to longitudinally observe the changing features of these parameters in the untreated patients with severe DR, which is the main cause for the lack of a control group in this study.

In conclusion, the unchanged BCVA, VD, the thickness of RNFL and GCC, and SFCT during the 12-month follow-up period suggest that PRP may prevent the retinal microvascular, neural, and choroidal damages in the eyes with the severe NPDR and PDR without DME. Inclusion of the other metrics of visual function such as contrast sensitivity and visual field testing will help to better understand the mechanism of PRP.
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Purpose: To observe the clinical efficacy of conbercept in the treatment of choroidal neovascularization (CNV) secondary to pathologic myopia.

Methods: We used retrospective analysis of the clinical data of 20 patients (24 eyes) with pathologic myopia choroidal neovascularization (PM-CNV). All patients were treated with intravitreal injection of conbercept 0.5 mg (0.05 ml), a vascular endothelial growth factor (VEGF) receptor fusion protein, and all patients completed at least 6 months of follow-up. Fundus, best corrected visual acuity (BCVA), fundus fluorescein angiography (FFA), optical coherence tomography (OCT), multifocal electroretinogram (mfERG) were assessed before and after treatment. Primary outcome was the functional change in amplitude by mfERG and secondary outcome was the structural change in central macular thickness (CRT) by OCT. The CNV area, leakage of CNV lesions, ocular and systemic adverse events were observed before and after treatment.

Results: The BCVA were 64.33 ± 10.83 letters, 65.42 ± 11.24 letters, 67.67 ± 7.07 letters after treatment 1, 3, 6 month, respectively, which showed improvement compared with the baseline (P < 0.05). The CRT decreased significantly from 308.50 ± 45.48 μm to 219.63 ± 30.27 μm, 221.33 ± 40.65 μm, 220.96 ± 33.09 μm after treatment 1, 3, 6 month, respectively (P < 0.05). The P1 response of mfERG amplitude improved from 40.71 ± 9.69 nv/deg2 to 50.67 ± 9.48 nv/deg2, 54.92 ± 8.45 nv/deg2, 55.67 ± 6.74 nv/deg2 after treatment 1, 3, 6 month, respectively (P < 0.05). After 6 months of treatment, the leakage of CNV lesions disappeared in 20 (83.3%) eyes, and the leakage area of CNV lesions was significantly reduced in 4 (16.7%) eyes.

Conclusion: The intravitreal injection of conbercept significantly reduced CRT and the CNV area, inhibited the leakage of CNV, improved the BCVA, increased the response of mfERG amplitude, and restored the retinal function. The intravitreal injection of conbercept can change the morphology and function of the macular in PM-CNV, which is safe and effective for the treatment of PM-CNV.

Keywords: conbercept, vascular endothelial growth factor, choroidal neovascularization, pathologic myopia, efficacy, VEGF receptor fusion protein


BACKGROUND

Pathological myopia (PM) is an important cause of low vision and blindness, especially in Asian populations (1). PM was originally described as high myopia accompanied by characteristic degenerative changes in the sclera, choroid, and retinal pigment epithelium (RPE) with compromised visual function (2). Although there is no universally accepted definition of PM, it is frequently defined as globe elongation and a refractive error of at least 26 diopters (3) and/or axial length of >26.5 mm (4) associated with degenerative changes in the retina (5, 6). The typical pathological features include arc spots, posterior staphyloma, lacquer cracks, Fuchs spots, choroidal atrophy, choroidal neovascularization (CNV), etc., of which the major cause of visual impairment is macular CNV (7). The pathogenesis of PM-CNV is still unclear. The possible mechanisms are choroidal and retinal microcirculation disorders, Bruch membrane rupture, hypoxic and ischemic macular areas, stimulation of the secretion of vascular endothelial growth factor (VEGF) and promotion of CNV breakage through the Bruch membrane into the subretinal space (8). The treatment of PM-CNV includes surgical treatment, drug treatment, laser photocoagulation, etc. (9).

The factors that stimulate pathologic neovascularization are not very clear, but VEGF is considered to be one of the main elements in angiogenesis, and several reports have provided evidence that VEGF-a plays an important role in promoting CNV in PM (10–15). Moreover, studies have shown increased VEGF concentrations in the aqueous humor of patients with CNV secondary to PM compared to controls (16).

Before 2011, the most widely used pharmaceutical agents were monoclonal antibodies that block VEGF-A, which include ranibizumab (Lucentis; Genentech, Inc., South San Francisco, CA, USA) that has been approved by the Food and Drug Administration, and bevacizumab (Avastin; Genentech Inc.) (17–19). Aflibercept (Eylea; Regeneron, Inc., Tarrytown, NJ, USA) was approved as a VEGF receptor fusion protein in 2011 in the USA, and it works as a multitarget VEGF family blocker and binds to isoforms of VEGF-A and VEGF-B as well as placenta growth factor (PlGF) (20). Conbercept (Langmu; Kanghong, Inc., Sichuan, China) is a different VEGF receptor (VEGFR) fusion protein that blocks all isoforms of VEGF-A, VEGF-B, VEGFC, and PlGF, and it has a long half-life in the vitreous body (21). Studies on conbercept have shown that it is an efficient drug for the treatment of neovascular age-related macular degeneration (AMD) (22).

In this study, we observed the clinical efficacy of conbercept for the treatment of PM-CNV to provide guidance for the clinical application of conbercept in PM-CNV.



METHODS

A retrospective analysis of the clinical data from 20 patients (24 eyes) with PM-CNV diagnosed in Department of Ophthalmology, Zibo Central Hospital, from September 2016 to June 2018 was performed. The diagnosis of PM-CNV was confirmed by choroidal neovascular leakage on fluorescein fundus angiography (FFA) and intraretinal or subretinal fluid as determined by optical coherence tomography (OCT). The inclusion criteria were eyes with refractive diopter ≥ 6.0 D or axial length ≥ 26.0 mm, PM-CNV without any treatment, CNV leakage seen with FFA, and a minimum follow-up period of 6 months after the first intravitreal conbercept injections. This study excluded patients with the following criteria: (1) history of ocular trauma; (2) age-related macular degeneration, uveitis, vasculitis, retinal breaks, etc.; (3) history of intraocular injection of drugs and previous photodynamic therapy of PM-CNV; (4) syphilis, tuberculosis and other systemic diseases; (5) refractive interstitial opacity could not be smoothly examined other retinal diseases; (6) patients refused to sign informed consent; and (7) pregnant women. This study was conducted in line with the Helsinki Declaration and was approved by the Ethics Committee of the Zibo Central Hospital, and all patients signed informed consent before surgery.

The intraocular injections were carried out under operating theater conditions. Following topical application of proparacaine, the eyelids, lashes, and conjunctiva were cleaned with 5% povidone iodine. After placement of a speculum to keep the eyelids open, conbercept (0.05 ml/0.5 mg; Chengdu Kang Hong Biotechnology Co., Ltd.) was injected at a distance of 4 mm from the superior temporal quadrant. After the injection, the patient was given a topical antibiotic in the quinolone group to use 4 times each day for a period of 7 days.

The decision to administer further injections was made on an as-needed basis. Each visit incorporated a biomicroscopic examination of the anterior segment, the best-corrected visual acuity (BCVA) was measured using the ETDRS scale, intraocular pressure (IOP) measured using non-contact tonometer (TX-20,Canon, Japen), a fundus examination, and a central retinal thickness (CRT) measurement using OCT (Optovue, Inc., Fremont, CA, USA). The mean central retinal thickness (CRT) was defined as the sum of the thickness of the neurosensory retina and the height of the subretinal fluid. FFA (Spectralis, Heidelberg, Germany) was performed before and 6 months after the intravitreal conbercept injections. The size of CNV was measured in the early-phase FA images using VK-2 5.5.5.0 in the fundus camera (KOWA non-myd 7; Kowa, Japan). Multifocal electroretinogram (mfERG) were examined before and after treatment in 1, 3, 6 month after treatment.

MfERG stimulation was performed with the Visual Evoked Response Imaging System (Retiscan, Wiesbaden/Brandenburg, Germany) equipped with a CRT stimulator. Responses were recorded monocularly using Jet electrode, which was positioned on the inferior cornea along the lid margin and temporally fixed. The pupil of the eye was dilated (≥8 mm) with tropicamide (0.5%, Santen, Japan). Gold-cup reference and surface electrodes were applied on the temple and forehead, respectively. The measurement of mfERG was done as reported (23). Waveform Analysis For each waveform, the amplitude of the first positive peak (P1) of the first-order kernel were determined. P1 amplitude was measured from the trough of the first negative wave to the peak of the positive wave while the implicit time was measured from stimulus onset to the first prominent response peak. MfERG data were grouped into five concentric rings, with ring 1 representing the foveal response.

The following criteria were considered when making a decision about reinjection: persistence or recurrence of subretinal fluid or cystic structures via OCT, an increase in the most recent OCT measurement of CRT of 50 μm or more, incipient CNV, incipient hemorrhage, and a loss of 5 or more letters when compared with the last recorded BCVA.

SPSS version 17.0 was used for statistical analysis. The values are presented as the mean ± SD. The Student's t-test or the Mann–Whitney U test was used to determine the significance of the differences in the BCVA, CRT, CNV area and P1 amplitude in ring 1 of mfERG value recorded. A P-value < 0.05 considered statistically significant.



RESULTS

The study included 9 males (11 eyes) and 11 females (13 eyes); the age ranged from 21 to 65 years, with an average value of 40.30 ± 14.27 years; the refractive diopter ranged from −6.5 to −15.5 D, with an average value of −10.58 ± 2.49 D; the average axial length was 28.28 ± 1.53 mm; and there were 12 eyes with the subfoveal type and 12 eyes with the parafoveal type (Table 1).


Table 1. Patients bisic characteristics ([image: image] ± s n = 24).
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All 24 eyes had reduced or stable size of CNV at the last visit (Figure 1). In terms of the mean CNV size, patients with intravitreal conbercept showed a significant reduction of mean CNV size reduction from 0.35 ± 0.13 mm2 at baseline to 0.20 ± 0.10 mm2 at month 6 (p < 0.05) (Table 2; Figure 2). An absence of CNV angiographic leakage was observed by FFA in in 20 eyes (83.3%), while slight leakage persisted in 4 eyes (16.7%) at month 6.


[image: Figure 1]
FIGURE 1. The fundus, FFA and OCT results before (A1–C1) and after treatment (A2–C2) with intravitreal injection of conbercept in 6 month. The leakage of CNV were inhibited and the CRT and the CNV area were reduced. Bars = 200 μm. FFA, fundus fluorescein angiography; OCT, optical coherence tomography; CRT, central retinal thickness; CNV, choroidal neovascularization.



Table 2. BCVA, CRT, Amp-P1 before and after treatment ([image: image] ± s n = 24).
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[image: Figure 2]
FIGURE 2. Mean change in choroidal neovascularization (CNV) area over 6 month. The significant reduction of CNV area were observed at 6 month compared with baseline values (*P < 0.05). Error bar represents standard deviation.


After 1 month of treatment, 2 eyes (8.33%) demonstrated an increase in the BCVA to <5 letters, 2 eyes (8.33%) increased to 5–10 letters, 16 eyes (66.7%) increased to 10–20 letters, and 4 eyes (16.7%) increased to ≥ 20 letters. The BCVA were 64.33 ± 10.83 letters, 65.42 ± 11.24 letters, 67.67 ± 7.07 letters after treatment 1, 3, 6 month, respectively, which showed improvement compared with the baseline (P < 0.05; baseline vs. 1, 3, 6 months) (Table 2; Figure 3). The CRT decreased significantly from 308.50 ± 45.48 μm to 219.63 ± 30.27 μm, 221.33 ± 40.65 μm, 220.96 ± 33.09 μm after treatment 1, 3, 6 month, respectively (P < 0.05; baseline vs. 1, 3, 6 months) (Table 2; Figure 4). The P1 response of mfERG amplitude improved from 40.71 ± 9.69 nv/deg2 to 50.67 ± 9.48 nv/deg2, 54.92 ± 8.45 nv/deg2, 55.67 ± 6.74 nv/deg2 after treatment 1, 3, 6 month, respectively (P < 0.05; baseline vs. 1, 3, 6 months) (Table 2; Figure 5).


[image: Figure 3]
FIGURE 3. Mean change in best-corrected visual acuity (BCVA) over 6 months. The significant improvements in vision were observed at each followup visit compared with baseline values (*P < 0.05). Error bar represents standard deviation.



[image: Figure 4]
FIGURE 4. Mean change in central retinal thickness (CRT) over 6 months. The significant improvements in CRT were observed at each follow-up visit compared with baseline values (*P < 0.05). Error bar represents standard deviation.



[image: Figure 5]
FIGURE 5. Mean change in amplitude response density in ring 1 of mfERG amplitude (Amp-P1) over 6 months. The significant improvements in Amp-P1 were observed at each follow-up visit compared with baseline values (*P < 0.05). Error bar represents standard deviation.


During the follow-up period of 6 months, 17 eyes received 1 intravitreal injection of conbercept, 5 eyes received 2 injections, and 2 eyes received 3 injections.

Subconjunctival hemorrhage occurred in 3 eyes and was absorbed spontaneously 7 days later. The intraocular pressure in 2 eyes increased temporarily and then decreased to normal levels without any treatment. Corneal epithelial injury occurred in 1 eye and was repaired 3 days later. None of the 24 eyes showed obvious ocular or systemic adverse events, such as endophthalmitis, glaucoma, cataract progression, or embolism.



DISCUSSION

The main treatment for PM-CNV is considered to be photodynamic therapy (8), but the efficacy is poor. Research has reported that (16) the VEGF concentration in the eyes of PM-CNV patients significantly increases, suggesting that the pathogenesis of CNV may be related to VEGF. Conbercept, as a recombinant fusion protein, can inhibit the binding of VEGF to its receptor, thus inhibiting the formation of CNV. Conbercept has many characteristics, such as having many targets, a strong affinity and a long intraocular action time (24). Lu Hang et al. (25) retrospectively observed the clinical data of 62 wet AMD eyes treated with intravitreal injection of conbercept. At the last follow-up, the visual acuity of ETDRS increased to 26.20 letters on average compared with the baseline value. The CRT was significantly thinner than the baseline value, and the difference was statistically significant. In view of the significant efficacy of conbercept in wet AMD patients, this drug may also have a certain effect on PM-CNV.

Some studies (26) have already evaluated the clinical efficacy of conbercept in the treatment of PM-CNV according to the BCVA, CRT and lesion leakage. OCT reflects the regression of macular edema, and FFA reflects the leakage of CNV lesions. How to predict the clinical efficacy of anti-VEGF drugs in the treatment of PM-CNV is difficult. Studies have shown that the anti-VEGF drug response is related to the corrected visual acuity, individual gene type, and size and type of CNV lesions secondary to wet AMD (27).

OCT and FFA can only observe retinal morphology but cannot quantify retinal function. mfERG is currently an effective method for assessing posterior retinal function (28) and has great value for microscopic macular degeneration before morphological changes occur. The P1 response of mfERG amplitude (Amp-P1) values before and after treatment in this study could be sensitive and intuitive for demonstrating that conbercept could improve retinal function of the macular area in PM-CNV. This study innovatively combined the BCVA, CRT and Amp-P1 data to observe the changes in the morphology and function of the macular area in PM-CNV via treatment with conbercept in order to evaluate the efficacy and monitor the changes in the disease (29).

This study was a retrospective analysis of clinical data from 20 patients (24 eyes) with PM-CNV. The results showed that after 1 month ofintravitreal conbercept injection, 2 eyes (8.33%) demonstrated an increase in the BCVA to <5 letters, 2 eyes (8.33%) increased to 5–10 letters, 16 eyes (66.7%) increased to 10–20 letters, and 4 eyes (16.7%) increased to ≥ 20 letters; additionally, there were no significant differences in the BCVA, CRT or Amp-P1 between 1, 3, and 6 months (P > 0.05). CNV size and CRT decreased significantly until the end of the follow-up period. This indicates that conbercept is effectively combined with a high concentration of VEGF to improve the BCVA. There were significant differences in the BCVA, CRT and Amp-P1 at each time point after treatment compared with the baseline values (P < 0.05). A study showed that (30) the ocular axis of pathologic myopia was >30 mm, and the incidence of fundus lesions was significantly increased. At the same time, we found that 2 eyes with a BCVA increase <5 letters after 1 month of treatment had an axis of >30 mm. In this study, the intraocular pressure increased temporarily in 2 eyes, probably due to the increase in the vitreous cavity content.

A phase III clinical trial of conbercept showed that most patients with retinal disease had a significant increase in visual acuity after 1 month of intravitreal injections and 3 consecutive injections (29, 31). In this study, during the follow-up period of 6 months, 17 eyes received 1 intravitreal injection of conbercept, 5 eyes received 2 injections, and 2 eyes received 3 injections, indicating that the 1+PRN treatment strategies may improve prognosis for most PM-CNV patients and may reduce the economic burden of patients. Advantages of conbercept over other anti-VEGF drugs in PM-CNV need to be observed in the future. A study (32) reported that anti-VEGF drugs increased the risk of cardiovascular and cerebrovascular diseases, but no systemic adverse events were found in this study.

This study found that after conbercept treatment, subretinal fluid and/or intraretinal fluid were significantly absorbed, macular edema was significantly reduced, and corrected visual acuity was significantly improved. We also sensitively and intuitively found that the value of Amp-P1 was significantly improved, so conbercept improved the retinal function of the macular area in PM-CNV. In addition, after 6 months of treatment, the leakage of CNV lesions disappeared in 20 (83.3%) eyes, and the leakage area of CNV lesions was significantly reduced in 4 (16.7%) eyes.

Intravitreal injection of conbercept can reduce the CNV area, macular CRT, inhibit CNV leakage, improve the BCVA, increase the response density of the macular central retina, and restore retinal function in PM-CNV patients. Conbercept can change macular morphology and function in PM-CNV patients, and it is safe and effective for the treatment of PM-CNV. Due to the limited sample size and short observation duration, the long-term efficacy may need long-term observation of large samples.
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Objective: To observe the characteristics and evaluate the efficacy and safety of the chronic total rhegmatogenous retinal detachment (RRD) treatment by the 23-gauge pars plana vitrectomy (PPV) in young adults and to analyze the related factors.

Methods: A retrospective chart review was performed for the young adults who underwent the 23-gauge PPV for the chronic total RRD at the Tianjin Medical University General Hospital from 2011 to 2018. A total of 54 eyes of 48 patients were included in this study. The preoperative vision ranged from 2.00 to 1.00. The mean duration of RRD was 9 ± 0.6 months with a range from 4 to 18 months. The proliferative vitreoretinopathy (PVR) grade D1 and grade D2 was diagnosed in 48 eyes and 6 eyes, respectively. About 37 eyes were filled with C3F8 and 17 eyes were filled with silicone oil tamponade. The follow-up ranged from 9 to 78 months with a mean of 23 ± 2.2 months.

Results: The postoperative visual acuity increased in all the eyes at the final observation. The retinal attachment was achieved in 49 eyes (90.7%) in the primary PPV. Five eyes (9.3%) with the failed retinal attachment finally achieved the attachment after the second procedure. The postoperative complications mainly included temporary intraocular pressure (IOP) elevation, hyphema, and retinal redetachment.

Conclusion: Chronic total RRD can be treated via the 23-gauge PPV with a great anatomical and visual prognosis in the young adult. The successful treatment of the chronic total RRD in young adults is mainly associated with the complete dissection of the severe vitreoretinopathy, especially for the epiretinal membrane at the retinal breaks and degenerations and the subretinal proliferation during surgery.

Keywords: rhegmatogenous retinal detachment, 23-gauge pars plana vitrectomy, proliferative vitreoretinopathy, young adults, surgery


INTRODUCTION

Rhegmatogenous retinal detachment (RRD), which often causes difficult recovery of the retinal function due to the delayed retinal reattachment by a surgical procedure, is one of the most common reasons for severely decreased vision in young adults. RRD has multiple etiologies in young adults (1). The characteristics and outcomes of the pediatric RRD have been reported in numerous studies (2–6). It has been reported that the incidence of RRD in the young adults is different from RRD in the adults; it is ~0.38–0.69 per 100,000 individuals in the children and 7.98–12.4 per 100,000 individuals in the adults (2, 7).

Chronic total RRD is one of the most refractory retinal detachments with poor outcomes in young adults. Two approaches, a scleral buckling procedure and pars plana vitrectomy (PPV), are typically used to treat RRD in young adults. The selection of surgical procedures according to the vitreoretinopathy is important for the final outcomes in the chronic total RRD in the young adults. The purpose of choosing an optimal approach to treating the chronic total RRD in young adults is to provide the patients with an individualized management conceptual design according to the etiology and severity of the proliferative vitreoretinopathy (PVR).

The scleral buckling procedure has been an effective surgical approach for RRD for more than 60 years (8). However, this procedure is only compatible with simple RRD. PPV has been adopted in treating RRD with PVR grade C or worse with the successful results in many instances in adults. Since PPV is effective for RRD, this study strictly choose the surgery for the chronic total RRD in young adults because of the difficulty in completely removing the cortical vitreous, higher postoperative intraocular cellular activity, unpredictable tamponade such as silicone oil or gas intraoperatively, and difficulty in maintaining the head position.

In this retrospective study, the anatomical characteristics of the chronic total RRD in the young adults were reported and emphasized the experiences in surgical expertise with the management of the epiretinal membrane around the retinal breaks and retinal degenerations and the subretinal proliferation in treating the chronic total RRD by the 23-gauge PPV.



METHODS


Patients

This study was approved by the Medical Ethics Committee of the Tianjin Medical University General Hospital and complies with the Declaration of Helsinki including current revisions and with the Good Clinical Practice guidelines. The procedures followed were in accordance with the institutional guidelines and all the subjects provided their written informed consent for the treatment according to the Declaration of Helsinki. All the subjects were recruited from the ophthalmology department of the Tianjin Medical University General Hospital.

In this study, the age of the young adults ranged from 12 to 35 years old. About 54 eyes of 48 consecutive young adult patients who had the chronic total RRD underwent the 23-gauge PPV combined with tamponades of C3F8 or silicone oil at the Tianjin Medical University General Hospital from 2011 to 2018. About 34 patients were male and 14 patients were female. The age ranged from 12 to 33 years with a mean of 23 ± 2 years. The mean refraction of myopia was −6.50 ± −1.25 diopters with a range from −2.75 to −10 diopters. The lens was transparent in all the patients. The mean duration of RRD was 9 ± 0.6 months with a range from 4 to 18 months. The preoperative vision ranged from 2.00 to 1.00 and the mean preoperative intraocular pressure (IOP) was 14.12 ± 2.22 mm Hg. The follow-up ranged from 9 to 78 months with an average of 23 ± 2.2 months (shown in Table 1). Eyes with a prior history of congenital or developmental structural ocular abnormalities, ocular trauma, previous ophthalmologic surgery, retinal laser photocoagulation, ocular tumors, corneal opacity, and preceding uveitis were excluded.


Table 1. Characteristics of the young adult patients with chronic total RRD.
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Preoperative Examinations

Complete preoperative evaluations including symptoms, best corrected visual acuity (BCVA) [logarithm of the minimum angle of resolution (LogMAR)], IOP, duration of retinal detachment, ocular and systemic disease history, and funduscopy were obtained. The extension of retinal detachment, number and location of the retinal break(s), and grade of PVR were evaluated by using the indirect ophthalmoscopy and the Goldmann three-mirror contact lens. Additional B-scan examinations were adopted in all the patients to exclude the other retinal and choroidal diseases.



Surgical Procedures

All the surgeries were performed by the same surgeon, Dr. Yan, with the 23-gauge PPV by using a three-port technique. The eye received 2% lidocaine retrobulbar anesthesia and was then prepared for a standard three-port 23-gauge PPV. The 23-gauge infusion cannula was placed 3.5 mm behind the limbus at the inferotemporal quadrant; then, the 23-gauge sclerotomies for the optic fibers and vitrectomy (Stellaris® PC, Bausch & Lomb, USA) were created. A non-contact wide-angle viewing system (Resight 700, Carl Zeiss Meditec AG, Jena, Germany) was activated and the fundus could be viewed thoroughly and clearly by the illumination of the light probe. A full examination of the fundus was performed to locate all the retinal breaks and to detect the additional areas of the vitreoretinopathy intraoperatively.

During PPV, the posterior hyaloid separation was induced and completely excised by the suction and cutting by using a vitreous cutter over the optic nerve head in the eyes without the posterior vitreous detachment. Then, triamcinolone (TA) was injected into the vitreous cavity for staining the residual proliferative vitreous and epiretinal membrane that was difficult to discriminate. In each case, the meticulous shaving of the vitreous base and epiretinal membrane at the retinal breaks and degeneration area was performed under a wide-angle viewing system with the assisted sclera depression. Retinectomy was conducted and the subretinal membrane was removed appropriately in the cases with the local severe retinal stiffness and shrinkage. The intraocular laser photocoagulation was applied around the margins of the retinal breaks and degenerations in all the patients without any additional cryotherapy after the air-fluid exchange. About 37 eyes were filled with C3F8 and 17 eyes were filled with silicone oil tamponade. The routine postoperative examinations were performed 1, 2, 3, and 7 days; 2, 3, and 12 weeks; and 1 year after the surgery. The postoperative evaluations included BCVA, IOP, retinal anatomy, and complications. The paired Student's t-test was used to analyze the changes in the pre- and postoperative IOP.




RESULTS


Best Corrected Visual Acuity

The postoperative BCVA ranged from 1.30 to 0.10 (LogMAR). The BCVA increased in all eyes (100%) at the final follow-up. The symptoms of the visual field defects disappeared in all the eyes (shown in Table 1).



Retinal Anatomy


Retinal Breaks

There was only one retinal break in 16 eyes (29.6%), two retinal breaks in 11 eyes (20.4%), three retinal breaks in 15 eyes (27.8%), four retinal breaks in 6 eyes (11.1%), six retinal breaks in 4 eyes (7.4%), and seven retinal breaks in 2 eyes (3.7%). The retinal breaks were found in the superior site in 16 eyes (29.6%), in the inferior site in 28 eyes (51.9%) (shown in Figure 1), and in both the superior and inferior sites in 10 eyes (18.5%) (shown in Table 1).


[image: Figure 1]
FIGURE 1. Retinal break (white arrow) and degeneration (black arrow) were observed in the inferior site intraoperatively.




Proliferative Vitreoretinopathy

The criteria of the PVR classification were obtained from the Retina Society Terminology Committee. PVR grade D1 was diagnosed in 48 eyes (88.9%) and PVR grade D2 was diagnosed in 6 eyes (11.1%) (shown in Table 1).



Retinal Attachment

Overall, retinal attachment with a single surgery was achieved in 49 eyes (90.7%) among all the operated eyes (shown in Figure 2). Only five eyes (9.3%) received a second vitrectomy procedure for the recurrent retinal detachment repair and the retina finally attached (100%). The retinal reattachment rate was 100% at the final follow-up.


[image: Figure 2]
FIGURE 2. Retinal break closure and retinal attachment were present with the laser scar formation at the final follow-up.




Intraocular Pressure

The postoperative IOP was 13.75 ± 3.13 mm Hg and there was no significant difference between the postoperative and preoperative IOP at the final follow-up (p > 0.05).




Postoperative Complications

The postoperative complications mainly included the temporary IOP elevation in five eyes (9.3%), hyphema in one eye (1.9%), and retinal redetachment in five eyes (9.3%) after the primary PPV. No epiretinal membrane formation occurred after PPV at the final observation.




DISCUSSION

According to the previous studies, the main reasons for RRD in children are trauma, myopia, previous ophthalmic surgeries, and congenital or developmental anomalies (2, 9–13). However, the idiopathic or unknown causes of retinal detachment are still a common phenomenon in young adults. The retinal breaks are present in 5–10% of the general public; however, very few lead to RRD. PVR is always significant when RRD is diagnosed in young adults. In this study, grade D PVR was present in all the young adult RRD patients, possibly because of their delayed diagnosis. Akabane (14) reported a PVR incidence in the children was 29.8–37.5%, while in adults, it was 5–10%. Therefore, the early precision examination, diagnosis, and treatment are important in young adults who have the symptoms of blurred vision or vision loss and potential RRD.

The symptoms and retinal structures of the chronic total RRD in young adults have their own special characteristics. Young adults with RRD may not have any complaints of the decreased vision or loss of vision at the beginning and a few patients detect the decreased vision incidentally when covering the fellow eye due to the chronic and mild retinal detachment. In this study, the most common presenting symptom was a gradual vision decrease or loss of vision in 88% of the eyes and the retinal detachments had a longer history ranging from 4 to 18 months. Sultan (15) reported that the most common presenting symptom was a gradual vision decrease or loss of vision in 45.7% of the eyes and the incidental findings in the routine examinations or follow-up in 23% of the eyes. Gonzales (13) reported that 46% of the patients had to present symptoms related to retinal detachment. There is no obvious ocular history in most of the RRD in young adults; therefore, complete and careful examinations of the vitreous and retina should be performed by the different methods preoperatively.

Since all the retinal breaks were small and/or various in the patients, this study detected all the retinal breaks by the indirect ophthalmoscopy and the Goldmann three-mirror contact lens preoperatively. In this study, total retinal detachment was found in all the eyes and the main reasons might be the small retinal holes and chronic nature. Sultan (15) reported that the vast majority of the cases had retinal breaks or holes identified in 86.75% of the eyes intraoperatively, while no retinal breaks or holes were identified in 7.22% of the eyes. In this study, it is found that all the retinal breaks, including the atrophic holes in the lattice, were the round holes with RRD and without any horseshoe tears. There was only one retinal hole in 29.6% of the eyes, two retinal holes in 20.4% of the eyes, and multiple holes in 50% of the eyes. The retinal breaks were found in the superior site in 29.6% of the eyes, in the inferior site in 51.9% of the eyes, and in both the superior and inferior sites in 18.5% of the eyes. Sultan (15) reported multiple holes in 22.3% of the eyes with RRD in the children. In this study, there was no macular hole, giant retinal tear, or retinal dialysis. Sultan (15) reported that 20.8% of the eyes with RRD had retinal dialysis and giant tears were found in 22.9% of the eyes. Yokoyama (3) reported retinal dialysis in 27% of RRD in the children. From the previous study, it is known that after an RRD in one eye, the risk of RRD is ~10% in the fellow eye. Therefore, the fellow eye should be examined carefully and treated early.

The surgical repair methods in the young adults RRD generally include the buckling procedure and PPV. The selection of surgical repair for the young adults RRD depends on the etiology and features of retinal detachment such as the severity of PVR, site, size, and the number of the retinal breaks. The scleral buckling procedure was the commonly used method for the treatment of RRD in young adults before PPV was widely used (16). However, the scleral buckling or band as the primary procedure was not commonly used in the total RRD after the PPV era. In this study, all the RRDs had a chronic nature and PVR was severe at grade D. Total RRD in the young adults with PVR grade D cannot be treated successfully with the scleral buckling procedure. Therefore, the only vitrectomy is the optimal method for treating the chronic total RRD with PVR grade D in young adults by completely eliminating PVR, peeling the epiretinal membrane, and even performing retinectomy for the removal of the subretinal membrane. Some surgeons reported that the vitrectomy with or without a buckling procedure was adopted in the primary surgical procedure for RRD in the children and achieved better results (14, 15, 17–19).

Treatment of the chronic total RRD with the 23-gauge PPV in the young adults has superiority with more safety, quick recovery, and less damage compared to the 20-gauge PPV due to a small sutureless self-sealing incision. The technique of treating the chronic total RRD in young adults is different from the fresh RRD for its own peculiarity of vitreoretinopathy, especially at the retinal holes and degenerations. Performing complete removal of the cortical vitreous on the detached retina is often difficult, as there is less frequent posterior vitreous detachment and stronger vitreoretinal adhesion in the young adult patients with RRD. The most important procedure of treating the chronic total RRD in young adults during vitrectomy is to address the vitreous adherent to the retinal holes and degenerations. Usually, the vitreous is ropier in young adults, especially at the vitreous base and peripheral retinal area (10, 20). In addition, the posterior vitreous adherent to the epiretinal proliferative membrane becomes tighter at the retinal holes and degeneration, which is more difficult to excise completely during the vitrectomy. In this study, five eyes with the failed retinal attachment at the primary PPV had the retinal detachment at the inferior site and the epiretinal membrane and vitreous traction were not completely removed. Therefore, in cases with the retinal detachment at the inferior site, the local proliferative vitreous and epiretinal membrane should be excised completely because they can cause recurrent retinal detachment, which is easily induced by the traction of the residual vitreous and epiretinal membrane. Else, the successful retinal attachment will not be obtained even with C3F8 or silicone oil tamponade. Conversely, the scleral buckling procedure may have a better success rate in the retinal attachment because it does not disturb the intraocular tissue compared with vitrectomy. TA is always used for staining the proliferative vitreous and epiretinal membrane during the vitrectomy (21), but with TA, difficulty in discriminating the proliferative vitreous and epiretinal membrane can be easily resolved, providing the clear observation and thorough excision that promote the final successful rate by closing the retinal hole with the laser photocoagulation during surgery. Both the cryopexy and laserpexy can be used for closing the retinal holes and as the prophylactic treatment for retinal degenerations. Generally, the vitreous and retina have a proliferative trend after the cryotherapy for the retinal hole closure and retinal degeneration compared with after laser photocoagulation (22, 23) and this effect is more significant in young adults than in adults. Therefore, laser photocoagulation was adopted to manage the retinal holes and degenerations in all of our patients who did not experience any related postoperative proliferations. Retinectomy is a better option to preserve the retinal attachment in cases with local severe retinal stiffness and shrinkage induced by fibrosis. Adequate retinectomy should be performed and the subretinal membranes should be removed appropriately if needed. Complete subretinal fluid drainage during the vitrectomy seems to be unnecessary for all the RRD surgical procedures in cases with a retinal hole in the peripheral area.

The final visual outcome after the treatment of the chronic total RRD in the young adults is associated with retinal attachment, especially for the macular attachment and function. Since the retinal hole closure and retinal attachment are achieved, the final vision improvement is still limited in some of the cases due to the long-term retinal and macular detachment. In this study, the postoperative vision ranged from 1.30 to 0.10 with increased vision in 100% of the eyes at the final follow-up. The symptoms of the visual field defects disappeared in all the eyes. Since 100% of the eyes achieved the vision improvement after the successful retinal attachment, the vision remained inadequate postoperatively due to the chronic nature of total RRD, initial poor vision, greater extent of RRD such as total RRD, and the presence of preoperative PVR grade D. This analysis of poor postoperative vision is almost the same compared to the previous reports (3, 4, 13, 16, 24).

In this study, only five eyes (9.3%) had postoperative temporary IOP elevation. This temporary elevation is probably caused by the intrinsic characteristics of RRD and/or surgical procedures. In patients with RRD, the aqueous humor circulation has a passageway in addition to the routine anterior chamber passageway in which the aqueous humor outflows and is absorbed through the choroid and sclera due to the retinal detachment that induces decreased IOP. However, the passageway of the aqueous humor outflowing through the choroid and sclera is significantly decreased or stopped due to the closure of the retinal holes and retinal attachment after vitrectomy and the aqueous humor mainly outflows through the anterior chamber intensively. Therefore, IOP elevation may occur in some of the successful retinal attachment cases. Alternatively, an early postoperative IOP increase may be caused by the severe inflammation and ciliary body stimulation during the vitrectomy and the possible mechanisms include ciliary body edema and inflammatory trabecular meshwork obstruction. Other reasons for the postoperative IOP elevation may be intraocular gas expansion, a pupillary block from gas or fibrin, erythroclastic glaucoma, and silicon oil-related glaucoma (25–28).

The risk factors of hyphema after the RRD surgeries include high myopia, aspirin treatment, cryotherapy impacts, trans-scleral drainage, scleral buckling, PPV, surgery duration, IOP, and systemic hypertension (29). In this study, only one eye (1.9%) had hyphema postoperatively and it was absorbed spontaneously within 7 days. The anterior chamber bleeding might come from the sclerotomies rather than from the episcleral vessels. In this study, the occurrence of hyphema did not affect the final anatomical success rate which was the same as compared to the previous studies (15, 30). The single-operation anatomical success rate was 90.7% in the primary PPV and 100% after the second PPV. Sultan (15) reported that the single-operation anatomical success rate was 74.2% in the primary PPV group and 77% in the second PPV group.

In summary, since, the 23-gauge PPV is an effective and safe approach by completely removing the epiretinal proliferation around the retinal breaks and retinal degenerations and the subretinal proliferation under a non-contact wide-angle viewing system in treating the chronic total RRD of the young adults, the vitreoretinal surgery should be prudently employed in treating the fresh RRD because it is more complex compared to the scleral buckling procedures. The details of symptoms and characteristics of the chronic total RRD in young adults should be emphasized.
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Purpose: To assess the demographic and treatment features of pediatric patients of Coats' disease with retinal cyst using wide-angle FA.

Design: A retrospective, hospital based, cross-sectional study.

Participants: Pediatric patients of Coats' disease underwent wide-angle FA.

Methods: A retrospective review of pediatric patients of Coats' disease who underwent wide-angle FA at a single center from January 2015 to July 2020. Demographic and treatment features were compared between patients with or without retinal cyst.

Main Outcome Measures: Demographic and treatment outcomes.

Results: There were 123 pediatric Coats' patients in our study, and 18.70% (23/123) of the patients developed complications with retinal cyst, 73.9% (17/23) of the retinal cysts were located in the inferior-temporal quadrant and 82.6% (19/23) of the retinal cysts were located in the peripheral retina anterior to the vortex veins. Compared with patients without retinal cyst, patients with retinal cyst had more clock-hours of telangiectasia on FA (7.32 vs. 5.41, p = 0.031), and may need more total treatments (7.47 vs. 3.53, p = 0.023) including laser photocoagulation (4.08 vs. 2.31, p = 0.019) or intravitreal anti-VEGF (3.13 vs. 2.23, p = 0.039), and also required a longer time for telangiectasia resolution (22.33 vs. 18.53 months, p = 0.043).

Conclusion: Pediatric patients with Coats' disease complicated by retinal cyst presented with more clock-hours of telangiectasia on FA and needed more total treatments and longer time for telangiectasia resolution.

Keywords: pediatric, Coats' disease, retinal cyst, wide-angle fluorescein angiography, clinical characteristics


INTRODUCTION

Coats' disease is a congenital, idiopathic retinal telangiectasia characterized by intraretinal and/or subretinal exudation leading to progressive exudative retinal detachment without retinal or vitreous traction (1, 2). It remains a great challenge of diagnosis and treatment because of its varied clinical presentation, and the majority of the cases present with advanced stages ending with poor visual acuity prognosis in spite of aggressive treatment (3, 4).

Retinal cyst is defined as a fluid-filled space derived from or in the retina (5), and may be related to focal anoxia or degeneration caused by long-standing retinal detachment such as Coats' disease (6). There are a few reports about Coats' disease complicated with retinal cyst, but these have either been single cases or have given few details of its clinical and treatment features (7, 8).

We hereby retrospectively reviewed a case series of pediatric Coats' disease and gave a descriptive analysis of pediatric Coats' disease complicated with retinal cyst, using RetCam III imaging combined with wide-angle fluorescence angiography (FA).



METHODS

The medical and imaging records of 123 children (≤ 18 years) with Coats' disease who underwent treatment with the surveillance of RetCam III imaging combined with wide-angle FA in Beijing Tongren Hospital from January 2015 to July 2020 were retrospectively reviewed. This study has been approved by the Hospital Board and was performed in accordance with the Declaration of Helsinki and we have obtained informed consent from guardians of all the patients. To be included in the study, the patients had to show idiopathic retinal telangiectasia defined as irregular, dilated small, or medium vessels manifested on wide-angle FA, and/or retinal lipid exudation. Patients with uncertain diagnosis and without complete records were excluded.

Coats' disease was staged based on a previously published classification system (9): Stage 1 (only retinal telangiectasia); Stage 2a (telangiectasia and extrafoveal exudation); Stage 2b (telangiectasia and foveal exudation); Stage 3a (subtotal exudative retinal detachment); Stage 3b (total exudative retinal detachment); Stage 4 (total exudative retinal detachment and secondary glaucoma); Stage 5 (phthisis bulbi).

Fundus examination under anesthesia including indirect ophthalmoscopy, color photography and FA with Retcam III was arranged for both eyes of all the patients, each patient was given an intravenous bolus of 20% sodium fluorescein (0.1 ml/kg) before performing FA. Color Doppler ultrasonography and OCT were used to document the presence and extent of retinal detachment and retinal cyst in some cases.

Ablative therapies such as 532-nm laser, cryotherapy, or both were administrated to the areas of retinal non-perfusion and telangiectatic vessels according to FA findings. Cryotherapy was used only when there was confluent extensive exudation of the telangiectatic vascular areas. Intravitreal injection of Ranibizumab (Lucentis; Genentech Inc., South San Francisco, CA, USA) was used for patients with exudative retinal detachment (stage 3 or over). Vitreoretinal surgery, which included any combination of subretinal fluid drainage, pars plana vitrectomy were arranged for some cases.

The patients were monitored between 4 and 12 weeks after treatment, and further treatment was undertaken if there was a lack of telangiectatic vascular resolution or an increase of exudation at follow-up appointment. Demographic data including age at presentation, sex, laterality, clinical features such as pre- and postoperative visual acuity, Coats' disease stages, macular involvement (macular involvement was defined in this study as retinal detachment or yellow hard exudate involving the macular fovea and with a diameter more than one optic disc), retinal cyst and its location, clock hours of FA telangiectasia, treatment modalities, and anatomical prognosis were reviewed and compared between the two groups with or without retinal cysts. Snellen visual acuities were recorded and converted to logarithm of the minimum angle of resolution (log MAR) units for statistical evaluation.

Statistical analysis was performed using SPSS software (version 17.0, SPSS Inc., Chicago, IL, USA). Kolmogorov-Smirnov test was used to analyze the normal distribution of continuous variables, and Mann-Whitney U test was used to compare continuous variables if the data did not follow a normal distribution, Student sample t-test was used to compare continuous variables if the data followed a normal distribution between groups with or without retinal cyst; Fisher exact test was used to compare categorical variables between groups and p-value of 0.05 or less was considered statistically significant.



RESULTS

Demographic features of the study participants: 123 children with Coats' disease (123 eyes) were identified in this study, with at least 6 months follow-up. Overall average age at presentation was 5.59 years (5.59 ± 2.40) and the predominant sex was male (113/123, 91.87%). Retinal cyst was complicated in 23 patients (23 eyes, 23/123, 18.70%), and a comparison of demographic features between patients with and without retinal cyst were listed in Table 1. Statistical analysis revealed no significant difference in presenting age, sex, affected eye (Table 1), preoperative visual acuity, Coats' disease stages and macular involvement between the two groups, but FA showed more clock hours of telangiectasia in the group of patients with retinal cyst compared with cases without retinal cyst (7.32 vs. 5.41, p = 0.031), and there was a trend for eyes in patients with retinal cyst to demonstrate more advanced stages of disease (stage 3A to 5) than those in patients without retinal cyst (73.91 vs. 50.0%, p = 0.023) (Table 2).


Table 1. Demographics of Coats' disease with or without retinal cyst.
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Table 2. Baseline ocular characteristics of Coats' disease with or without retinal cyst.
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Retinal cysts complicated in those cases with Coats' disease manifested as round, clear-demarcated, protuberant cystic pathologies located in posterior or peripheral retina. Retinal cysts were mostly located in the inferior-temporal quadrant (17/23, 73.91%) and the superior-temple quadrant (5/23, 21.72%), only 1 eye with retinal cyst located in the superior-nasal quadrant, and no eye with retinal cyst located in the inferior-nasal quadrant was seen in our case series; 82.60% (19/23) of the retinal cysts located in the peripheral retina (anterior to the vortex veins), and 17.39% (4/23) of the retinal cysts located in the posterior retina (posterior to the vortex veins).

In addition to common clinical features on FA of Coats' disease such as widespread retinovascular telangiectasia, microaneurysms as well as capillary non-perfusion, retinal cyst on FA revealed round, well-demarcated, bullous pathologies with cystic cavity, with capillary non-perfusion areas in the anterior layer of the cyst and late-phase punctate hyperfluorescence of the posterior layer, also telangiectatic and aneurysmal vessels and multiple areas of peripheral capillary non-perfusion at or around the edge of the cyst (Figure 1).


[image: Figure 1]
FIGURE 1. RetCam fundus and FA photographs showing Coats' disease with retinal cysts: (A) bullous retinal cyst in the inferior quadrant, surrounded with yellow hard exudation (white dotted circle); (B) FA of (A) showing well-demarked, protuberate pathology, with anterior layer capillary non-perfusion and late-phase punctate hyperfluorescence of the posterior layer, telangiectasia located at the edge of the cyst (white dotted circle). (C) retinal cyst (white dotted circle), surrounded with massive telangiectasia; (D) FA of (C) showing protuberate cyst, with anterior layer capillary non-perfusion and telangiectasia.


Color Doppler Image (CDI) showed intraocular cystic mass connected with the hyperechoic area of ocular wall (Figure 2), with localized vascular signal on the anterior layer (Figure 2C). OCT showed retinal cyst as separation of the inner and the outer layer of the retina (Figure 3).


[image: Figure 2]
FIGURE 2. Color Doppler Image showing Coats' disease with retinal cysts: (A,B) intraocular cystic mass connected with the hyperechoic area of ocular wall (white dotted circle); (C) localized vascular signal on the anterior layer (red signal).



[image: Figure 3]
FIGURE 3. RetCam fundus, FA and OCT images showing Coats' disease with retinal cysts: (A) retinal cyst (white dotted circle), white arrow showing OCT scan direction; (B) FA of (A), white arrow showing OCT scan direction; (C) OCT image showing retinal cyst with separation of the inner and outer layers of retina (white arrow showing OCT scan direction).


Treatment features of patients in our study are listed in Table 3 and a comparison of treatment features between the two groups revealed that the group of patients with retinal cyst had greater total number of treatments (7.47 vs. 3.53, p = 0.023); and more use of laser photocoagulation (4.08 vs. 2.31, p = 0.019), and intravitreal anti-VEGF (3.13 vs. 2.23, p = 0.039).


Table 3. Treatment features of Coats' disease with or without retinal cyst.
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Other treatment modalities such as cryotherapy, pars plana vitrectomy and subretinal fluid drainage were also used for these patients, but without statistically significant differences between the two groups (p = 0.072): 11 eyes of the 123 eyes (11/123, 8.9%) underwent cryotherapy, of which 3 eyes presented with retinal cyst and the other 8 eyes without retinal cyst; 8 eyes of the 123 eyes (8/123, 6.5%) underwent pars plana vitrectomy, of which 2 eyes presented with retinal cyst and the other 6 eyes without retinal cyst; 8 eyes of the 123 eyes (8/123, 6.5%) underwent subretinal fluid drainage, of which 3 eyes presented with retinal cyst and the other 5 eyes without retinal cyst.

Figures 4, 5 showed fundus photographs of pre-and postoperative fundus photographs of patients with retinal cysts, indicating different degrees of retinal cyst resolution after combined treatment modalities.


[image: Figure 4]
FIGURE 4. Pre-and postoperative fundus photographs of Coats' with retinal cyst.: (A) preoperative retinal cyst (white dotted circle), surrounded with exudative retinal detachment; (B) FA showing protuberate cyst (white dotted circle); (C) decreased retinal cyst (white dotted circle), with retinal attachment after 2 laser photocoagulation combined with intravitreal anti-VEGF; (D) retinal cyst resolution (white dotted circle), with retinal attachment after 2 additional laser photocoagulation.



[image: Figure 5]
FIGURE 5. Pre-and postoperative fundus photograph of Coats' with retinal cyst.: (A) preoperative retinal cyst (white dotted circle); (B) FA showing protuberate cyst (white dotted circle); (C) decreased retinal cyst (white dotted circle) after 3 laser photocoagulation combined with intravitreal anti-VEGF; (D) partial retinal cyst resolution (white dotted circle), with minimal vitreous hemorrhage after 3 additional laser photocoagulation combined with 2 intravitreal anti-VEGF.


Postoperative last-visit visual acuity and percentages of resolution of leaking telangiectasia were also compared and without statistically significant differences between the two groups, but patients with retinal cysts needed longer times for the resolution of leaking telangiectasia (22.33 vs. 18.53 months, p = 0.043) (Table 4).


Table 4. Outcomes of Coats' disease with or without retinal cyst.
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DISCUSSION

Coats' disease represents a broad clinical spectrum of retinal vasculopathy and presents numerous challenges in the management across the disease spectrum (10, 11). Retinal cyst is usually complicated in long-standing rhegmatogenous or exudative retinal detachment such as Coats' disease, which causes focal retinal anoxia or focal retinal cell liquefaction and degeneration.

With the advent of wide-field portable RetCam III imaging, intraoperative FA can be obtained and thus facilitates full identification of abnormal retinovascular areas, where treatment such as laser or cryotherapy could be administrated under general anesthesia for pediatric patients (12–15). The purpose of the study was to investigate the clinical and treatment features of Coats' disease with retinal cyst compared with that without retinal cyst in pediatric patients underwent RetCam III wide-angle FA guided treatment.

We reviewed our clinical experience with Coats' disease in pediatric patients and found that several factors have not changed compared with previous studies (16–19), such as median age at presentation, predominant sex as male (113/123, 91.8%), predominant Coats' disease stage as stage 3a (48.78 vs. 42%). Our study also showed that patients with retinal cyst had more clock hours of telangiectasia on FA compared with patients without retinal cyst, indicating that patients with retinal cyst may had longer and much severe exudative retinal detachment that induced longer time of retinal anoxia or degeneration, which is the pathophysiological basis of retinal cyst formation.

We reviewed the literature and found only Vineet Mutha described the location of retinal cyst in a 5-year-old boy with Coats' disease staged as 3A, and the complicated retinal cyst located in the superonasal quadrant of the fundus (7). In our study, retinal cysts were mostly located in the inferior-temple quadrant and the superior-temporal quadrant, and 82.6% (19/23) of the retinal cysts located in the peripheral retina. We also found in our study that severe combined stages of Coats' disease (3A-5) had larger proportions of retinal cysts formation (p = 0.023). It is not difficult to interpret those results because subretinal fluid accumulated in the inferior quadrant because of gravity, or around the telangiectasia area, which is always located in the peripheral fundus, especially in cases with much severe stages, so long-time exudative retinal detachment may be located in the inferior and peripheral retina in cases with severe Coats' stages, thus forming the pathological basis of retinal cyst formation.

In addition to FA documentation of telangiectasia, light bulb aneurysm, peripheral non-perfusion, and cystoid macular edema, which are frequently seen in Coats' patients (20–22), patients with retinal cysts also demonstrated with well-demarcated, bullous cystic pathologies with the hypo-fluorescence anterior layer “flapping” in the vitreous cavity, late-phase hyper-fluorescence or capillary fluorescence leakage of the posterior layer of the cyst could also be seen, which is different from FA appearance of retinal detachment. Another differential diagnosis of FA appearance of Coats' disease with retinal cysts is retinoschisis, which is always bilaterally involved and without telangiectasia or light bulb aneurysm.

Ultrasonography has long been known to be an essential tool for diagnosis of ocular cysticercosis, and Coats' disease with retinal cyst could manifest as a cystic mass on ultrasonography mimicking a cysticercus cyst with scolex (10). Color Doppler image showed intraocular cystic masses with its hyperechogenic wall connected with the echo of ocular wall, also red vascular signals on the anterior layer, which can be differentiate from cysticercus scolex.

But a smaller retinal cyst (<2 diameters of optic disc) which was buried in extensive retinal detachment, was difficult to distinguish by FA or Ultrasonography.

Exudative retinal detachment complication in Coats' disease is difficult to differentiate from retinal cyst on a fundus photograph, but OCT may give an excellent differentiation as Figure 3 showed: retinal cyst manifested as separation of the inner and the outer layer of the neuroretina, while retinal detachment was the separation of neuroretina and the retinal epithelium.

Treatment of Coats' disease should be directed toward obliterating the telangiectasia by laser photocoagulation or cryotherapy (23–25), more advanced cases complicated by severe exudative retinal detachment may require combined therapies such as intravitreal anti-VEGF, or subretinal fluid drainage to facilitate resolution of the exudate or subretinal fluid (26, 27). For cases complicated with vitreoretinal traction or opacities, pars plana vitrectomy may be needed (28).

The average total number of treatments of all the patients in our study is 4.42, which is comparable with the latest studies in the 2010's (8, 15, 19). Our results also revealed that patients with retinal cyst had a greater total number of treatments, and more use of laser photocoagulation and intravitreal anti-VEGF, probably because of the increased number of hours of telangiectasia on FA of patients with retinal cyst which needs more treatments including laser photocoagulation and intravitreal anti-VEGF for the complete resolution of Coats' pathologies, furthermore, vascular telangiectasia may locate around the anterior edge of retinal cyst just as Figure 1 shows, and the protuberant cyst may make it much more difficult for the thorough laser photocoagulation of the telangiectasia area through binocular indirect ophthalmoscope. Comparisons of other treatments such as cryotherapy, pars plana vitrectomy or subretinal fluid drainage between the two groups in our study revealed no statistical differences, probably because a small number of patients underwent those treatments in our study, and future research with many more patients will be needed.

The presence of thick foveal exudation (stage 2B and above) usually portends a worse visual prognosis both preoperatively and postoperatively, our study showed that 70.27% (78/111) of the patients had postoperative visual acuity worse than log MAR 1.70, which was comparable to previous studies (29, 30), and statistical differences about postoperative visual acuity were not found between the two groups with or without retinal cyst, because most of the patients in our study presented with late Coats' disease stages accompanied by retinal detachment or thick foveal exudation involving the macular with no statistical differences in the macular involvement percentages (p = 0.238) between the two groups, hence the poor visual acuity prognosis.

Shields et al. reported that improvement of stabilization of the disease was achieved in almost 76% of their patients from an anatomic standpoint, and 85.37% (105/123) of the patients in our study had leaking telangiectasia resolution at last visit, with no statistical differences between the two groups (p = 0.750). However, our results showed that patients with retinal cysts needed longer time for resolution of leaking telangiectasia (22.33 vs. 18.53 months, p = 0.043), which may be explained by the fact that patients with retinal cysts had much more clock-hours of telangiectasia and needed longer time for total resolution of leaking telangiectasia.

This retrospective study has many limitations including its relatively short time of follow-up and the potential bias that patients in our study were mostly referred from other hospitals and had very severe pathologies with lower ages at presentation, so the retinal cyst percentage of 18.70% may not be suitable for all the Coats' patients. But it has its advantages of being the largest series of studies investigating the clinical characteristics of pediatric Coats' patients with retinal cyst. However, with the long life span of these patients, further studies with longer-term follow up and more paralleled cases is necessary to explore the visual and anatomical prognosis of these patients.

In summary, we have reviewed our experience with Coats' disease complicated with retinal cysts, and our results showed that 18.70% (23/123) of the Coats' patients may present with complications of retinal cyst, and retinal cysts were mostly located in the inferior-temporal quadrant and in the peripheral retina; patients with retinal cyst had more clock-hours of telangiectasia on FA, and may need more treatments including laser photocoagulation or intravitreal anti-VEGF, also longer time for telangiectasia resolution. Our results should assist the ophthalmologist in predicting treatment difficulties or poorer prognoses for Coats' patients with retinal cyst.



SYNOPSIS

123 children with Coats' who underwent wide-angle FA were retrospectively reviewed and results showed 18.70% (23/123) of the patients developed complications with retinal cyst and patients with retinal cyst presented with more clock-hours of telangiectasia on FA and needed more total treatments and longer time for telangiectasia resolution.
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Purpose: To compare structural diameters of the ellipsoid zone (EZ) and external limiting membrane (ELM) bands on spectral domain-optical coherence tomography (SD-OCT) images between vision-improved (group A) and vision-unimproved (group B) patients, and investigate the connection between these parameters and visual prognosis.

Materials and Methods: Forty-five eyes of 43 patients with idiopathic full-thickness macular hole closed after vitrectomy were retrospectively reviewed. Best-corrected visual acuity (BCVA) and SD-OCT were conducted preoperatively and at 1 week, 1 month and 6 months postoperatively. Structural and functional parameters were then measured using ImageJ software.

Results: Among structural and functional parameters, the relative reflectivity of EZ and the ratio of continuous ELM and EZ in group A were significantly higher than in group B from the 1-month postoperative visit. At the 6-month follow-up, the diameter of EZ disruption in group A was significantly smaller than in group B, and the relative reflectivity of ELM/EZ was significantly higher than group B. At 6-months, BCVA was statistically significantly correlated with baseline BCVA, basal diameter (BD), macular hole index (MHI), and diameter of ELM/EZ disruption. Change in BCVA from baseline was found to be significantly correlated with axial length and diameter hole index (DHI).

Conclusions: Postoperative BCVA outcome was significantly correlated with integrity, thickness and reflectivity of the EZ band. Patients with smaller diameter of EZ disruption and higher reflectivity of EZ band tended to have better visual outcomes. Given that the EZ band reflects the recovery of mitochondria in photoreceptors, it is a promising parameter for their functional evaluation.

Keywords: idiopathic macular hole, optical coherence tomography (OCT), ellipsoid zone (EZ), external limiting membrane, visual prognosis


INTRODUCTION

Idiopathic macular hole (MH), first described by Johnson and Gass in 1988 (1), is a full-thickness anatomical defect of the neural retina at the fovea that can lead to central vision loss. The standard treatment for MH is pars plana vitrectomy with internal limiting membrane (ILM) peeling and intravitreal gas tamponade, for which anatomic success rates of 85–100% have been reported (2–4). However, a sealed MH does not guarantee improvement in visual acuity despite the high surgical success rate, and studies have been conducted to identify the factors affecting the post-operative vision outcome of MH.

Optical coherence tomography (OCT) is a widely used non-invasive medical imaging technique that provides in vivo retinal images and is considered the current gold standard for MH diagnosis, staging, and monitoring (5–7). Recent developments in OCT have furthered the understanding of the healing process after MH closure and may provide insight into maximizing surgical success and predicting visual outcomes. Several OCT measurements including MH width, height, and volume, along with ellipsoid zone (EZ) alterations and external limiting membrane (ELM) features have been associated with successful MH closure and visual acuity improvement (8–13). However, limited data exist on the comprehensive evaluation of these OCT features after successful surgical repair, and it is not clear whether one single parameter or time point on OCT correlates best with visual outcome.

This study aimed to evaluate anatomical outcomes of MH surgery and their associations with visual function. We assessed OCT measurements of the EZ and ELM, including the newly developed EZ-related angle parameters of MH, in subjects with successfully closed idiopathic MH and identified factors affecting postoperative visual acuity outcomes.



MATERIALS AND METHODS


Patients

This was a retrospective study approved by the Institutional Review Board of Peking University Third Hospital and conducted in accordance with the tenets of the Declaration of Helsinki. Subjects who met the following criteria were included in this study: diagnosed with stage 2, 3, or 4 MH between January 2018 and July 2020 with follow-up surgery; postoperative follow-up duration longer than 6 months and at least 3 visits; best-corrected visual acuity (BCVA) and spectral-domain OCT (SD-OCT) measured at each postoperative visit. We excluded patients with other retinal diseases such as age-related macular degeneration, diabetic retinopathy, retinal detachment, and epiretinal membrane, as well as patients whose MH was not successfully closed via primary surgery. Patients with newly developed cataract postoperatively were also excluded. Demographic information was obtained from medical records, and axial length was measured using IOL Master Biometry (Carl Zeiss Meditec, Jena, Germany).

All patients underwent 25-gauge pars plana vitrectomy, 0.25% indocyanine green was used to facilitate ILM peeling, and sterilized air tamponade was applied. All patients were instructed to maintain a prone position for at least 3 days. In cases with cataract, phacoemulsification was performed before vitrectomy. Slit lamp examinations were performed at every postoperative visit, and no obvious turbidity was found in the phakic eye. All patients provided written informed consent prior to surgery.

Patients were classified into two groups based on BCVA at the 6-month postoperative visit. Group A consisted of patients whose BCVA improved two lines or more on a standard logarithmic visual acuity chart, and those who improved less than 2 lines were included in group B. BCVA then was converted to logMAR units for statistical analysis, and ΔBCVA was defined as preoperative BCVA minus 6-month postoperative BCVA.



OCT

OCT images were captured using SD-OCT in Autorescan mode (Spectralis; Heidelberg Engineering, Heidelberg, Germany) before the surgery and at 1 week, 1 month, and 6 months after surgery. Due to the delay in air absorption, qualified images were obtained in only 32 eyes (22 in group A and 10 in group B) at the 1-week postoperative visit. Minimum linear diameter (MLD) (14), basal diameter (BD) (14), height (H) of MH (15), diameter of ELM disruption, diameter of EZ disruption (16), maximum distance between EZ and retinal pigment epithelium (RPE), macular ILM-RPE distance, ELM reflectivity, EZ reflectivity, and RPE reflectivity were measured using ImageJ software (1.47v, Wayne Rasband, National Institutes of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij) on the horizontal orientation of the OCT image. MLD was defined as the minimal extent of the hole (14). BD was defined as the diameter of the hole at the level of the RPE (14). H was defined as the vertical distance from the midpoint of the nerve fiber layer on both edges to the RPE (15). Diameter of ELM disruption was defined as the distance between the two edges at the ELM, as was the diameter of EZ (16). Other indexes were calculated using the above parameters: diameter hole index (DHI)=MLD/BD, MH index (MHI)=H/BD, and traction hole index (THI) = H/MLD (17). The absolute reflectivity of ELM, EZ and RPE were obtained using the “plot profile” function of ImageJ (18). This function drew the reflectivity graph from a straight line through the center of the fovea. As the outermost highly reflective band was thought to represent the RPE, we regarded the highest value as the reflectivity of the RPE, the high reflectivity value adjacent to the RPE band was assumed to represent the EZ band, and high reflectivity value adjacent to the EZ band was assumed to represent the ELM band. If the EZ or ELM band was disrupted at the fovea, the reflectivity at the corresponding position was recorded. Relative reflectivity was calculated according to the following formula: Relative reflectivity (arbitrary unit) = (reflectivity of EZ or ELM)/(reflectivity of RPE)x100 (18).

Additionally, we developed new EZ-related structural parameters including EZ-MH angle, EZ-edge angle, EZ-nerve fiber layer (EZ-NFL) angle, EZ-ganglion cell layer (EZ-GCL) angle, EZ-internal nuclear layer (EZ-INL) angle, EZ-outer plexiform layer (EZ-OPL) angle, and EZ-outer nuclear layer (EZ-ONL) angle. The EZ-MH angle referred to the angle whose vertex was located at the center of the hole, and the endpoints of both sides were located at the anterior border of the EZ band edge. The EZ-edge angle was between a line connecting the upper edge of the EZ band and a line through the most protruding point of either edge of the MH. The EZ-NFL, EZ-GCL, EZ-INL, EZ-OPL, and EZ-ONL angles were each between a line connecting the two upper edges of the EZ band, and a line through the upper edge of the respective band. We then take the average angle of two sides for analysis (Figure 1). All measurements were performed twice by the same clinician and the average of the two measurements were used for analysis.


[image: Figure 1]
FIGURE 1. Diagrams showing angles measured. (A) EZ-MH angle: the angle whose vertex located at the center of the hole and the endpoints of both sides were located at the anterior border of the EZ band edge, (B) EZ-edge angle: the angle between a line connecting the upper edge of the EZ band and a line through the most protruding point of either edge of the MH, (C) EZ-NFL angle, (D) EZ-GCL angle, (E) EZ-INL angle, (F) EZ-OPL angle, (G) EZ-ONL angle. The EZ-NFL, EZ-GCL, EZ-INL, EZ-OPL, and EZ-ONL angles were each between a line connecting the two upper edges of the EZ band, and a line through the upper edge of the respective band. If measurements were different between left and right hole edge, the smaller angle was recorded. EZ, ellipsoid zone; GCL, ganglion cell layer; INL, inner nuclear layer; NFL, nerve fiber layer; ONL, outer nuclear layer; OPL, outer plexiform layer.




Statistical Analysis

All statistical analyses were performed using IBM SPSS for Mac version 26.0 (IBM Corp., Armonk, NY, USA). The repeatability was excellent for the measurement of structural parameters (intraclass correlation coefficient > 0.90 for all parameters). Parameters between the two groups before surgery and 1 week, 1 month, 6 months after surgery were compared using independent-sample t-tests if they showed homogeneity of variance on Levene's test, otherwise non-parametric analyses were used. Repeated-measures analysis of variance was used to compare BCVA, diameter of EZ/ELM disruption, and ELM/EZ relative reflectivity over time. Chi-square tests were used to compare whether the rate of closed ELM/EZ band in group A was higher than that in group B at the 1- and 6-month follow-up visits. Spearman's correlation analysis was used to test the correlation between each preoperative parameter and baseline BCVA, ΔBCVA, and BCVA at 6 months. P < 0.05 was considered statistically significant.




RESULTS


Demographics and Baseline Data

Initially, 46 eyes were included in this study, of which 1 eye with MH recrudescence at the 6-month postoperative visit was excluded. Therefore, 45 eyes (19 OD, 26 OS) of 43 patients (12 male, 31 female) with a mean (± standard deviation) age of 64.33 ± 7.60 years were included in this study. Sixteen eyes were classified as stage 2 MH, nine eyes as stage 3, and twenty eyes as stage 4. The mean BCVA was 0.98 ± 0.33 logMAR; the mean axial length was 23.83 ± 1.36 mm; and the mean MLD, BD, and H were 578.46 ± 339.65 μm, 1319.17 ± 575.10 μm, and 439.87 ± 105.53 μm, respectively. The mean preoperative diameters of ELM and EZ disruption were 2049.94 ± 700.77 μm and 2379.87 ± 799.06 μm, respectively (Table 1).


Table 1. Demographic dataa.
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On a standard logarithmic visual acuity chart, BCVA improved two lines or more in 30 eyes (group A) and less than 2 lines in 15 eyes (group B). Demographic parameters such as age, axial length, and proportion of patients at each MH stage showed no significant differences between groups (P = 0.902, P = 0.729). Baseline BCVA was also similar in the two groups (P = 0.096). From the structural perspective, BD was significantly smaller in group A than group B (P = 0.031). Distance parameters MLD (P = 0.276), H (P = 0.277), diameter of ELM and EZ disruption (P = 0.149 and 0.710, respectively), maximum distance between EZ and RPE (P = 0.444), and fovea ILM-RPE distance (P = 0.621) showed no significant difference between groups. Indexes calculated based on the above parameters were also similar between groups (DHI, P = 0.886; THI, P = 0.148; FC, P = 0.886). All angle parameters were comparable in both groups (EZ-MH angle, P = 0.866; EZ-end angle, P = 0.084; EZ-NFL angle, P = 0.485; EZ-GCL angle, P = 0.337; EZ-INL angle, P = 0.146; EZ-OPL angle, P = 0.177; EZ-ONL angle, P = 0.219) (Table 2).


Table 2. Preoperative parameter comparisons between groups A and Ba.
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Functional and Anatomic Rehabilitation

BCVA changes over time were significantly different between groups (P < 0.001). BCVA in both groups first declined at 1 week compared with baseline, then improved at 1 and 6 months postoperatively. BCVA in group A improved from 0.93 ± 0.32 at baseline to 0.45 ± 0.24 at 6 months and in group B from 1.10 ± 0.34 to 1.00 ± 0.20, and BCVA differed between groups at 1 and 6 months postoperatively (P = 0.001 and P < 0.001 respectively) (Figure 2A).


[image: Figure 2]
FIGURE 2. Changes in parameters over time in groups A and B. (A) BCVA, (B) diameter of ELM disruption, (C) diameter of EZ disruption, (D) ELM relative reflectivity, (E) EZ relative reflectivity, (F) ELM thickness, (G) EZ thickness. BCVA, best-corrected visual acuity; ELM, external limiting membrane; EZ, ellipsoid zone. *P < 0.05; **P < 0.01; ***P < 0.001.


The ELM and EZ disruption diameters reduced at each postoperative visit in both groups. Although the change over time, analyzed by repeated-measures analysis of variance, showed no significant difference between groups A and B (P = 0.961 and P = 0.706 respectively), Group A had less EZ disruption at 6 months postoperatively (P = 0.045) (Figures 2B,C).

Reflectivity is reportedly an essential parameter when evaluating the recovery of ELM and EZ bands (18). Both the absolute (Supplementary Figure 1) and relative reflectivity of ELM and EZ bands (Figures 2D,E) increased over time in both groups, and both the absolute and relative reflectivity of the EZ band in group A was higher than that in group B at 1 month (P = 0.024, P = 0.015) and 6 months (P < 0.001, P < 0.001) postoperatively, and for the ELM band at 6 months (P = 0.012, P = 0.015).

Foveal ILM-RPE thickness showed no significant difference at any time between the two groups (Supplementary Table 1), while group A showed greater ELM and EZ thickness compared with group B at the 1-month (P = 0.009, P = 0.001) and 6-month (P = 0.001, P < 0.001) postoperative visits (Figures 2F,G). Our results indicate that the thicknesses and reflectivity of EZ and ELM might better predict visual rehabilitation than integrity indicators.



Factors Associated With Visual Rehabilitation

Due to unabsorbed intraocular gas in 13 eyes at the 1-week postoperative visit, a total of 32 OCT images were captured at this time point. In group A, ELM was restored in one (4.5%) eye at the 1-week postoperative visit, 12 (40%) eyes at 1 month, and 23 (76.7%) eyes at 6 months postoperatively. No eyes with continuous EZ bands were found in group A at 1-week; this band was intact in 9 (30%) eyes and 19 (63.3%) eyes at 1 and 6 months, respectively. In Group B, none of the eyes showed an intact ELM band at the 1-week postoperative visit, and the band was restored in 1 (6.7%) eye and 5 (33.3%) eyes at 1- and 6-months respectively. The EZ band was intact only in one (6.7%) eye at the 6-month postoperative visit (Table 3). At the 1-month visit, the ratio of intact ELM and EZ were both significantly higher than in group B (P = 0.034 and P = 0.020, respectively) and remained significantly higher at 6 months (P = 0.008 and P < 0.001, respectively).


Table 3. Cases of ELM/EZ restored in groups A and B over time.
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In further exploration of the predictive value of baseline parameters for visual rehabilitation, correlation analysis showed a significant correlation between baseline BCVA and preoperative diameter of ELM disruption (r = 0.350, P = 0.029), MLD (r = 0.334, P = 0.035), DHI (r = 0.366, P = 0.019), MHI (r = −0.376, P = 0.015), and THI (r = −0.393, P = 0.012). BCVA at 6 months was significantly correlated with baseline BCVA (r = 0.615, P < 0.001), BD (r = 0.398, P = 0.010), MHI (r = −0.392, P = 0.011), preoperative diameter of ELM (r = 0.461, P = 0.003), and EZ disruption (r = 0.395, P = 0.013). ΔBCVA was significantly correlated with axial length (r = −0.424, P = 0.013) and DHI (r = 0.435, P = 0.004) (Table 4). Our results showed that BCVA outcome was strongly correlated with baseline BCVA and that no EZ-related parameter was predictive of BCVA improvement.


Table 4. Spearman's correlation analysis between preoperative factors and baseline BCVA, 6-month postoperative BCVA and ΔBCVA.
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DISCUSSION

The role of EZ and ELM bands in the recovery of BCVA following MH repair has attracted much attention in recent years. Here we divided MH patients into two groups based on whether their BCVA improved at the 6-month postoperative visit and analyzed the pre- and postoperative parameters including the EZ and ELM bands to explore whether they could predict BCVA outcome. To our knowledge, this is the first study to explore differences of structural and functional parameters of EZ band between BCVA-improved patients and BCVA-unimproved patients. Our results showed that EZ and ELM recovery are strongly related to visual rehabilitation, suggesting that the EZ and ELM bands played important roles in visual recovery. Baseline BCVA correlated most strongly with BCVA outcome, and ΔBCVA correlated only with DHI and axial length.

Currently, pars plana vitrectomy with ILM peeling is the standard treatment for MH, but successful MH closure does not suggest the recovery of BCVA, and some studies have found BCVA recovery to be closely related to EZ band status (13, 19). In the present study, the parameters used to evaluate the EZ band included integrity, thickness, angle and reflectivity. For integrity of EZ band, Ooka et al. reported that EZ disruption at 1, 3, and 6-months postoperatively were closely correlated with BCVA (20). de Sisternes et al. showed that less EZ disruption indicated better BCVA outcome (21). Our study found that the ratio of closed EZ band in Group A was significantly higher than in Group B at 1- and 6-months postoperative visits, showing a positive correlation between EZ band recovery and BCVA, which is consistent with previous studies. In terms of thickness, Lee et al. found that BCVA was affected by inner retinal layer thickness, which was in turn significantly associated with EZ recovery (22). A study by Sevgi et al. showed that EZ-RPE thickness at 1-month follow-up in MH patients was significantly correlated with BCVA at 12 months postoperatively (23). We found that ELM and EZ in group A were significantly thicker than in group B at the 1- and 6-month postoperative visits, suggesting that recovery of ELM and EZ band thicknesses also indicate better BCVA outcome. As for angle, we initially hypothesized that the EZ-related angle reflected MH structural aspects and may be one of the predictive factors for BCVA recovery. However, although parameters including a range of EZ angles were larger in group B than in group A, the difference was not statistically significant. Chhablani et al. found no significant correlation between MH angle and final visual acuity (24), which correlated with our results. However, in some patients with high myopia, posterior scleral staphyloma may affect the measurement of these angles mentioned above. Of the 45 eyes involved in this study, only one eye had posterior scleral staphyloma, thus we did not separate this patient for analysis. In future research, it is necessary to explore the influence of the posterior pole scleral morphology on angle measurement. In terms of reflectivity, Tuan et al. found that the absolute and relative reflectivity of the EZ band gradually increased after MH surgery and were significantly correlated with improvement in BCVA (18). To exclude the influence of the image itself, we used RPE reflectivity as a reference to obtain the relative reflectivity for analysis. Relative reflectivity of EZ band in group A was higher than in group B from 1 month postoperatively, and the ELM showed a similar difference at the 6-month visit. These results suggest that relative reflectivity is related to BCVA and could be a promising parameter to describe the EZ function.

The ELM is the outermost hyperreflective band on SD-OCT and is thought to be composed of Müller cell terminal processes and microvilli (25). From a pathological perspective, it was hypothesized that Müller cells provide primary structural support for the fovea, acting like a plug to bind together photoreceptor cells (26). Müller cell dysfunction would increase susceptibility to MH formation, so Müller cell recovery is thought to be essential for retinal structure repair and later for visual rehabilitation. From a clinical perspective, Padron-Perez et al. demonstrated that ELM recovery after treatment was positively correlated with visual acuity recovery (27). Consistent with this, our results showed that the ELM closure rate was higher in group A than group B at 1 and 6 months postoperatively.

The EZ band is adjacent and anterior to ELM, the second outer hyperreflective band on SD-OCT, and its anatomical correlation remains contentious (28). It was previously believed to represent the junction between the inner and outer segments (IS/OS junction) of the photoreceptors (29). Recent research suggests that it is anatomically related to (and named for) the ellipsoid portion of the photoreceptor inner segment, a cellular compartment containing numerous mitochondria (28). Since mitochondria are the most light-scattering organelles, this explanation for a hyper reflective band seems reasonable (30). As a result, the recovery of the EZ band after MH surgery is thought to represent the enrichment of mitochondria generating cellular energy in the photoreceptors (25), and therefore EZ recovery may indicate improved photoreceptor function. In our study, the relative reflectivity of EZ in group A was significantly higher than that of group B from the 1-month visit and after and was connected to BCVA improvement. Therefore, we speculate that reflectivity may be a promising indicator of mitochondria recovery, which then extending to the recovery of photoreceptor function. More studies are needed to confirm correlation between EZ reflectivity and functional recovery of photoreceptors, and the measurement of reflectivity needs to be standardized.

The ELM and EZ bands are closely connected. Bottoni et al. reported that the ELM was the first structure to recover after MH closure (9). Lee and colleagues demonstrated that ELM and EZ recovery occurred 1.5 and 6.1 months after full-thickness MH, respectively, and all subjects with intact EZ showed intact ELM, indicating that ELM may be a prerequisite for EZ recovery (22). In our study, the rate of EZ recovery was lower than that of the ELM, and patients with an intact EZ also had an intact ELM, supporting the hypothesis that their recoveries are closely connected. We speculate that Müller cell recovery may be helpful to enhance mitochondria numbers in photoreceptors. However, we only recorded structural changes in the first 6 months after surgery, and it is possible that once ELM integrity is restored, EZ recovery might be observed over long-term follow-up.

Although EZ recovery was found connected with visual rehabilitation in our study, no preoperative EZ-related parameter was significantly different between the two groups, and BD appeared to be more valuable for visual prognosis. A study by Sevgi et al. showed that baseline MH width and volume were negatively correlated with postoperative BCVA (23). Our research revealed that mean MLD, mean BD, and mean diameter of ELM and EZ disruption in group A were smaller than those in group B, but only BD was statistically significant. Spearman's correlation analysis showed that 6-month BCVA was mainly determined by the baseline BCVA, BD, MHI, and diameter of ELM/EZ disruption, among which baseline BCVA showed the strongest significance, indicating that patients with better baseline BCVA tend to have better BCVA outcomes. ΔBCVA was significantly correlated with axial length and DHI at baseline. Lee et al. found that long axial length may impair EZ recovery, resulting in poorer functional visual outcomes (22), which is consistent with our finding of a negative correlation between axial length and ΔBCVA. As no single EZ-related preoperative parameter differed significantly between groups A and B, a larger sample size and measurement of other OCT parameters related to the EZ band are needed in future research investigating the close relationship between the EZ band and photoreceptor function. The effects of different treatment strategies on the EZ band also need to be clarified.

Our study had several limitations. First, the number of eyes included was not large, and the 6-month follow-up time was relatively short. Second, our data were collected in clinical practice, so there was a lack of uniform protocols to ensure consistency for patients at different clinical visits. Third, we only evaluated BCVA to assess visual function, and adding more parameters such as visual field tests would make the results more comprehensive. Last, we only measured the horizontal direction of OCT image, and future study should focus on all directions of OCT images to comprehensively analyze the structural parameters.

In conclusion, this study demonstrated significant correlations between EZ band integrity, thickness, and reflectivity and postoperative BCVA outcome. Patients with smaller diameter of EZ disruption and higher EZ band reflectivity tend to have better BCVA. Moreover, given that the EZ band reflects mitochondria recovery in photoreceptors, related parameters could be useful for evaluation of photoreceptor function after MH treatment.
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Purpose: To evaluate the treatment solutions and effectiveness of intravitreal ranibizumab (RBZ) or conbercept in patients with wet age-related macular degeneration (wAMD) in a real-life setting in China.

Methods: The medical records of 368 patients with wAMD who started RBZ or conbercept treatment between 1 May 2014 and 30 April 2018 were evaluated. All patients were defined on fundus angiography at baseline to determine the subtype of AMD (PCV or CNV). We report visual acuity (VA) and central retinal thickness (CRT) measurements at baseline and 12 months.

Results: The average number of anti-VEGF injections was 2.1 ± 1.2. The BCVA improvement of these two groups was similar with a difference of 1.00 letter (95% CI: −1.4~3.4, p = 0.8505). At the end of the study, a BCVA increase of at least 5 letters was determined to be a satisfactory efficacy endpoint. Several factors were related to the possible improvement in the satisfactory efficacy endpoint, including female sex (OR 2.07, 95% CI 1.22~3.51), number of injections (OR 1.40, 95% CI 1.12~1.75) and VA change at the first month (OR 13.75, 95% CI 7.41~25.51). Additionally, some factors were related to the possible reduction in the satisfactory efficacy endpoint, including diabetes (OR 0.27, 95% CI 0.10~0.73) and disease history (OR 0.75, 95% CI 0.57~0.98).

Conclusion: Our study demonstrates that anti-VEGF drugs can effectively improve BCVA and reduce CRT in AMD patients. Sex, number of injections, VA change at the first month, diabetes and disease history are the most important factors affecting visual acuity.

Keywords: age-related macular degeneration, ranibizumab, conbercept, polypoidal choroidal vasculopathy (PCV), choroidal neovascularization (CNV)


INTRODUCTION

Age-related macular degeneration (AMD) is a chronic degenerative disease that occurs in the macular area of the retina. The number of moderate-to-severe visual impairments caused by AMD is more than 8 million globally, and it is one of the main causes of irreversible visual impairment in people over 55 years old in developed countries (1, 2). The prevalence of AMD is increasing in China due to the accelerated aging of the population (3–5). The early stages of AMD are hidden, and progression is slow. If the lesion progresses to the macular area, the patient's vision will be severely reduced. This will acutely affect the patient's quality of life (6). The main pathological change in exudative AMD is the formation of choroidal neovascularization (CNV) in the macular region (1, 3, 7). Many studies have shown that overexpression of vascular endothelial growth factor (VEGF) plays a decisive role in its pathogenesis (8–11).

The last decade has seen the introduction of intravitreal anti-VEGF agents, which have revolutionized the treatment of wAMD, offering patients previously unachievable improvements in vision. Bevacizumab (avasin) was approved for use in the treatment of AMD in 2005 (12, 13), RBZ (lucentis) was approved in 2006 (14, 15), and conbercept was approved in 2013 (16, 17). RBZ (Lucentis) is a humanized monoclonal antibody fragment (18, 19). Conbercept, also known as KH902 (Chengdu Kanghong Biotech Co., Ltd, Sichuan, China), is a recombinant fusion protein designed as a decoy receptor and is composed of the VEGF-binding domains of VEGFR-1 and VEGFR-2 with the Fc portion of human IgG1 (16, 17).

Recently, a large number of real-world studies in developed countries in Europe and the Americas have shown that anti-VEGF requires regular and continuous administration for AMD to achieve better vision improvement (20). AMD treatment guidelines in many countries recommend 3 injections plus the Pro Re Nata (3+PRN) regimen to achieve better results.

However, the 3+PRN treatment regimen deviates significantly from real-world clinical use data, and the economic status of patients in China largely determines the number of injections. The deviation of treatment plans also led to a large difference in the efficacy of anti-VEGF treatments for AMD reported in China and other countries (21, 22).

Therefore, we designed this retrospective study to assess the usage and efficacy of intravitreal anti-VEGF (including RBZ and conbercept) in patients with untreated wAMD in real-world practice conditions in China.



METHODS


Ethical Approval

The medical ethics committee of Second Affiliated Hospital of South China University of Technology and Foshan Second People's Hospital approved this study. The accession number was K-2018-123-02.



Research Subjects

Patients diagnosed with wAMD who were treated in the Department of Ophthalmology at Second Affiliated Hospital of South China University of Technology or Foshan Second People's Hospital from 1 May 2014 to 30 April 2018 were recruited. These patients were diagnosed with wAMD by ophthalmologists according to fundus fluorescein angiography (FFA), indocyanine green angiography (ICGA) and optical coherence tomography (OCT) examination, including polypoidal choroidal vasculopathy (PCV) and CNV.

Study Design: All patients were continuously followed up at the Second Affiliated Hospital of South China University of Technology and at Foshan Second People's Hospital. They were treated at least once with intravitreal injections of anti-VEGF (RBZ or conbercept). During the follow-up process, it is recommended that patients visit the doctor every 4–8 weeks for at least 1 year. Patients were required to undergo best-corrected visual acuity (BCVA) assessment, slit-lamp examination, indirect ophthalmoscopy, fundus photography, and optical coherence tomography (OCT) each time. The standards and recommendations for retreatment also depend on the results of these examinations.



The Inclusion Criteria

• Diagnosis of wAMD with completed follow up data.

• Age above 18 years.

• At least one treatment with anti-VEGF intraocular injection.

• Follow-up for at least 1 year after the first injection.



The Exclusion Criteria

• Major ocular surgical procedures 3 months before the first injection.

• Myopia >-6.00 D.

• Ocular axial length >26 mm.

• Concurrent retinal vascular disorders in the studied eyes.

• All patients who underwent ocular surgery performed during the follow-up period, including cataract, glaucoma, vitreoretinal, macular laser grid photocoagulation, or YAG (neodymium-doped yttrium aluminum garnet) capsulotomy.



Examinations

For all patients, the examinations included the BCVA based on the Snellen chart. The Snellen fraction was converted into an approximate Early Treatment Diabetic Retinopathy Study (ETDRS) equivalent letter score (23). Before anti-VEGF intravitreal injection, all patients had to be diagnosed with CNV or PCV by the results of FFA or ICGA (Heidelberg, Germany). A Cirrus HD-OCT 5000 (Zeiss, Germany) was used for OCT. The central retinal thickness (CRT) was measured before the first anti-VEGF injection and after the initial injection at 1, 2, 3, 6, and 12 months.



Treatment Regimens

Before the initial anti-VEGF injection, patients were advised to take the continuous regimen of 3+PRN. Additional reinjections were given if any of the following changes were observed by the evaluating physician: (1) visual acuity loss of at least five letters and (2) an increase in OCT central retinal thickness of at least 100 μm. However, additional injections and treatment regimens were dependent on many factors, such as the patient's visual acuity improvement and economic status.



Data Collection

The following data were collected retrospectively: the number of injections, intraocular pressure, BCVA, CRT, subtype of AMD, lesion diameter, duration, hypertension, diabetes, and demographic data. Each patient had baseline characteristics and data from the 12 months of follow-up. BCVA was recorded using the Snellen visual acuity chart, and the Snellen readings were converted into ETDRS letters for statistical analysis, according to Amoaku et al. (24).



Statistical Analysis

Stata SE 13 (serial number 401306302851) was used for the statistical analysis. Continuous variables with normal distributions are presented as means and standard deviations. Continuous variables with abnormal distributions are continuous variables which were, respectively, presented as medians and interquartile ranges (IQRs). Baseline normal and abnormal quantitative data were respectively analyzed using student T-test and Wilcoxon rank-sum test. Categorical variables at baseline were analyzed using the chi-square test. For the outcomes analysis, multivariate logistic regression analysis was performed to identify the associations between dependent and independent variables. The results are expressed as adjusted odds ratios (ORs) with 95% confidence intervals (95% CIs). Significance was accepted as two-sided test with an alpha level of 0.05. Restricted cubic spline(RCS) analyses were performed by using EmpowerStats software (www.empowerstats.com, X&Y solutions, Inc. Boston MA).

Two-sided 95% confidence intervals was used to calculate sample size together with 95% power. Assuming 40% of patients with diabetics can improve their BCVA to 5 letters while OR was 4 for those without diabetics based on our clinical experiences. Since there were more patients without diabetes than those with, we used a 10:1 ratio to put their data into this study.




RESULTS


Patient Characteristics

According to our inclusion criteria, 368 untreated wAMD (PCV/CNV) patients (368 eyes) were included. Among them, 223 were males, and 145 were females. All patients received intravitreal injections of RBZ or Conbercept at least once from May 2014 to November 2018. Each of these patients was followed up for at least 12 months. The mean age was 68.9 ± 9.5 years. A total of 781 anti-VEGF injections were used (605 RBZ and 176 conbercept). Table 1 shows the baseline characteristics and clinical data of all patients. The average number of intraocular anti-VEGF injections was 2.1 ± 1.2 (showed in Table 2).


Table 1. Baseline characteristics of all patients.

[image: Table 1]


Table 2. Number of injections of all patients.
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BCVA Changes Compared With Baseline Values (ETDRS Letters)

In this study, BCVA was 31.3 ± 13.3 letters at baseline with a median of 25. Table 2 shows that the mean changes in the BCVA letters at the 1st, 2nd, 3rd, 6th, and 12th months after the initial anti-VEGF injection were 5.09 ± 10.09, 6.33 ± 10.16, 8.77 ± 11.5, 9.18 ± 11.41, and 8.23 ± 10.80, respectively (Table 3, Figures 1A,B).


Table 3. Mean BCVA changes compared with baseline (ETDRS letters).
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[image: Figure 1]
FIGURE 1. BCVA (A,B) and CRT (C,D) changes from baseline to month 12 in different grouping methods.




CRT Changes Compare With Baseline Values (μm)

CRT was 440.6 ± 228.6 μm at baseline with a median of 372. Table 2 also shows that the mean changes in CRT at the 1st, 2nd, 3rd, 6th, and 12th months after the initial anti-VEGF injection were −93.9 ± 148.1, −142.8 ± 187.1, −151.8 ± 200.9, −163.6 ± 203.0, and −154.18 ± 236.3, respectively (Table 4, Figures 1C,D).


Table 4. Mean CRT changes compared with baseline (μm).
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Comparative Analysis of the RBZ Group With Conbercept Group

Two anti-VEGF drugs, RBZ and conbercept, were used in this analysis. Two hundred eighty patients were treated with RBZ, while the other 88 patients were treated with conbercept. There were no differences between these two groups at baseline in terms of epidemiological data and disease characteristics (Table 1). However, the average injection numbers of the two drugs were different (Table 2). The average number of injections for RBZ was 2.2 ± 1.2 and that for Conbercept was 1.8 ± 1.2 (p = 0.001). The difference between the two groups was 0.41 (SE 0.15, 95% CI 0.12~0.70).

Analysis of the BCVA improvement with the two treatment regimens (Table 3) showed that in the first month after the initial injection, the RBZ group increased by 5.3 ± 10.5 (median 1) letters, while the conbercept group increased by 4.3 ± 8.7 (median 1.5) letters. The BCVA improvement of these two groups was similar with a difference of 1.00 letter (95% CI: −1.4~3.4, p = 0.8505). At the 12th month after the initial injection, the RBZ group increased by 8.7 ± 11.0 (median 5) letters, and the conbercept group increased by 6.9 ± 10.0 (median 4) letters. The BCVA improvement of these two groups was similar with a difference of 1.8 (95% CI −0.8 ~4.4, p = 0.1561). A comparative analysis of CRT changes showed that during the first month after the initial injection, the CRT change in the RBZ group was −99.7 ± 150.7 (median −61) mm and that in the conbercept group was −75.8 ± 138.9 (median −56.5) mm. The CRT change value of the RBZ group at the 12th month after the initial injection was −164.7 ± 215.4 (median −116) mm, while it was −120.8 ± 292.0 (median −102) mm in the conbercept group. There was no significant difference between the two groups; the difference was 43.9 μm (95% CI: −12.7~100.6).



Comparative Analysis of PCV and CNV

This study included two subtypes of wAMD. One hundred thirty-five (36.68%) of all patients were diagnosed with PCV, and the other 233 (63.32%) were diagnosed with CNV. There was no significant difference in epidemiological data between the two groups. The average injection number of patients with PCV was 2.0 ± 1.2, and the average injection number for those with CNV was 2.2 ± 1.2, as shown in Table 2.

A comparative analysis of the BCVA improvement of the two subtype groups at the 1st month after the initial injection showed that the BCVA increased by 4.6 ± 9.7 (median 2) letters among PCV patients and 5.4 ± 10.3 (median 1) letters among CNV patients. The BCVA increased by 7.30 ± 10.41 (median 4) letters at the 12th month for these PCV patients and 8.8 ± 11.0 (median 5) letters for the CNV patients (Table 3).

There was no significant difference between the two groups. At the 1st month after the initial injection, CRT changes were −107.3 ± 169.5 (median −79) μm for PCV patients and −86.2 ± 134.0 (median −53) μm for CNV patients. At the 12th month, CRT changes were −179.7 ± 249.2 (−138) μm for PCV patients and −139.4 ± 227.8 (median −96) μm for CNV patients. There was no significant difference between the two groups (Table 3).



Univariate and Multivariate Analyses

BCVA improvement of more than 5 letters on the ETDRS chart was considered to be a satisfactory efficacy endpoint. The univariate and multivariate analyses are shown below in Table 5.


Table 5. Univariate and multivariate analyses.
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Several factors were related to the increased probability of reaching this satisfactory efficacy endpoint, including female sex (OR 2.07, 95% CI 1.22~3.51), number of injections (OR 1.40, 95% CI 1.12~1.75) and VA change at the first month (OR 13.75, 95% CI 7.41~25.51). Additionally, some factors were related to reducing the probability of reaching a satisfactory efficacy endpoint, including diabetes (OR 0.27, 95% CI 0.10~0.73) and AMD disease history (OR 0.75, 95% CI 0.57~0.98).

RCS analyses generated a curve showing that those patients whose VA was not decreased at the 1st month had a higher probability of gaining more than 5 letters at month 12 (p < 0.001 Figure 2).


[image: Figure 2]
FIGURE 2. The y-axis shows the possibility to get more than 5 letters at the 12th month with the 95% CI. The model was adjusted by sex, age, smoking status, hypertension, diabetes, PCV or CNV, history of wet AMD, PDT (photodynamic therapy), treatment groups, number of injections, diameter of lesions, and baseline OCT.





DISCUSSION

This was a real-life study of anti-VEGF therapy for wAMD between 2014 and 2018 in Guangdong Province, China, which reported changes in the BCVA and CRT of patients from initial baseline to the 12th month. Our results confirmed that BCVA and anatomical benefits could be maintained for at least 12 months after intravitreal injection of anti-VEGF. This outcome is consistent with the results of most previous anti-VEGF studies in the treatment of wAMD (25–28).

Many previous studies have shown more effectiveness of anti-VEGF in the treatment of wAMD if patients accepted the 3 + PRN or 5 + 3 + 2 in the 3-year treatment regimen (29–31). However, in China, these two anti-VEGF drugs were not approved by health insurance for use in patients with wAMD until May 2019. Prior to this date, the large cost of high-priced drugs greatly affected the patient's treatment compliance and compromised data integrity (32, 33). Therefore, the anti-VEGF treatment regimen and its efficacy in wAMD patients in China before 2019 were different from the data reported worldwide. For example, in our study, the mean number of intravitreal injections of anti-VEGF was only 2.1, and only 37.5% of patients completed the treatment regimen of 3+PRN, which was far lower than the mean number of injections reported in European countries (34–37).

The first-year result of the LUMINOUS study with 3,379 patients globally showed that the mean number of intravitreal injections was 5.0, and VA increased by 3.1 letters on average (38). In China (92 patients), the average number of intravitreal injections was 2.9, and VA increased by 1.1 letters on average. In Canada (376 patients), the average number of intravitreal injections was 7.0, with VA increasing by an average of 2.5 letters. In Germany (128 patients), the average number of intravitreal injections was 5.2, with VA increasing by an average of 2.3 letters. In South Korea (52 patients), the average number of intravitreal injections was 5.2, and VA increased by an average of 9.8 letters. The average number of injections and the increase in VA letters at 1 year in our study results were different from the multinational data in the LUMINOUS study.

Conbercept is an anti-VEGF drug produced in China that is permitted for the treatment of wAMD. However, the efficacy of conbercept in wAMD still lacks data support compared with other anti-VEGF drugs (39–42). In this study, we compared RBZ and conbercept, two kinds of anti-VEGF drugs. The results showed that the mean number of injections for RBZ was slightly higher than that for conbercept and that the BCVA improvement of RBZ was better than that of conbercept. However, there were no significant differences between the two groups. This indicates that RBZ and conbercept have similar efficacy in wAMD. The reason for the difference may be that more injections lead to better visual benefits. Our result was similar to the results of a randomized controlled study between RBZ and aflibercept. Many real-world studies did not show any significant difference in VA improvement between RBZ and aflibercept (43–47).

PCV and CNV are two subtypes of wAMD. They have many common clinical characteristics and risk factors, but there are also many different epidemiological characteristics, indicating that they have different pathophysiological processes (48–50). These differences have led to a certain difference in the therapeutic effect between intravitreal injection of anti-VEGF drugs on PCV and CNV (51, 52). In epidemiology, compared to CNV secondary to AMD in Western populations, polypoidal PCV appears to be the main subtype of exudative AMD in Asian populations (53).

Our study included 135 PCV and 233 CNV cases. Our analysis found that the average number of injections for PCV was lower than that for CNV. However, the changes in BCVA and CRT in CNV were better than those in PCV. This finding is consistent with previous reports in the relevant literature (54).

At the end of the treatment in the 12th month, BCVA improved more than 5 letters on the ETDRS chart and was considered satisfactory efficacy. Univariate and multivariate analyses showed that females were more likely to experience good treatment effects than males. Moreover, increasing the number of injections has better vision benefits. This result is consistent with a number of studies (33, 38, 55).

Because this was a retrospective study, there were some limitations. First, we found that treatment was more effective in women than men. This may be related to the fact that Chinese women are more likely to follow the doctor's advice on matters such as less alcohol consumption and less tobacco usage, but we did not collect data on the frequency or amount of alcohol consumed. Although our results showed that tobacco had no significant effect on the efficacy of wAMD, the interaction between alcohol and tobacco was not included. Additionally, conbercept has been used only since the beginning of 2016, causing the sample size for conbercept to be smaller than that for RBZ. Therefore, the efficacy comparison between RBZ and conbercept still needs to be confirmed by further studies, especially RCTs.

Overall, this study is about the actual application of anti-VEGF in the treatment of wAMD among Chinese patients from 2014 to 2018. The Chinese medical insurance system did not reimburse such wAMD patients due to the cost of anti-VEGF treatment during that period. The anti-VEGF treatment of AMD patients was largely limited by their financial status. Therefore, the average number of injections for AMD in this study was much lower than that in developed countries. However, since 2019, anti-VEGF treatment for AMD has entered the era of comprehensive medical insurance payment in China. AMD patients in China can be more active in the selection of anti-VEGF treatment, which may produce better treatment results.
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Purpose: This study aims to explore the correlations of arteriosclerosis-associated plasma indices with various severity levels of diabetic retinopathy (DR) and to test the hypothesis that elevated circulating level of known angiogenic cytokines induced by hyperglycemia is associated with dyslipidemia on DR.

Methods: This cross-sectional study consists of 131 patients with type 2 diabetes. The patients were categorized based on their DR status into those with no DR (diabetes mellitus, DM), non-proliferative diabetic retinopathy (NPDR), and proliferative diabetic retinopathy (PDR) groups. The biochemical profile including fasting glucose, glycated hemoglobin (HbA1c), lipid profile were estimated, plasma angiogenic cytokines (vascular endothelial growth factor, VEGF-A, -C, -D) and placental growth factor (PlGF) were analyzed by protein microarrays. The atherogenic plasma index (API) was defined as low-density lipoprotein cholesterol/high-density lipoprotein cholesterol (LDL-C/HDL-C); atherogenic index (AI) was calculated as (TC-(HDL-C))/HDL-C and atherogenic index of plasma (AIP) was defined as log (TG/HDL-C).

Results: No significant differences were detected in the duration of hypertension, age, and gender between the three groups. Serum TC and LDL-C, AI, and API in the NPDR group and PDR group were significantly higher than those in the DM group. The circulating level of PlGF, VEGF-A, and VEGF-C were significantly correlated with the severity of DR. VEGF-D is a risk factor independent of API (Z = −2.61, P = 0.009) and AI (Z = −2.40, P = 0.016). Multivariate logistic regression showed that AI and API are strong risk factors for the occurrence and severity of DR. Associated with AI and API, VEGF-D and PlGF contribute to DR: VEGF-D [AI: P = 0.038, odd ratio (OR) = 1.38; VEGF-D: P = 0.002, OR = 1.00. API: P = 0.027, OR = 1.56, VEGF-D:P = 0.002, OR = 1.00] and PlGF [AI: P = 0.021, OR = 1.43; VEGF-D: P = 0.004, OR = 1.50. API: P = 0.011, OR = 1.66; VEGF-D: P = 0.005, OR = 1.49].

Conclusions: Total cholesterol (TC) and LDL-C are risk factors for presence of any DR. Atherogenic index and API are novel and better predictive indicators for the occurrence and severity of DR in comparion with the traditional lipid profiles. Abnormal lipid metabolism are associated with the upregulation of circulating cytokines that are linked to the severity of DR.

Keywords: dyslipidemia, diabetes mellitus, diabetic retinopathy, lipid profile, serum cytokines, arteriosclerosis-associated plasma parameters


INTRODUCTION

Diabetic retinopathy (DR) is the most common ocular microvascular complication of diabetes mellitus (DM). Vision threatening diabetic retinopathy (VTDR) is a leading cause of blindness in the working-age (20–65 years) in both developed and developing countries (1). Duration of diabetes is an established non-modifiable risk factor for DR (1, 2). Hyperglycemia is the strongest modifiable risk factor but people with optimal glycemic control also develop DR. The fenofibrate intervention and event lowering in diabetes (FIELD) and the action to control cardiovascular risk in diabetes (ACCORD) studies demonstrated that abnormal lipid metabolism is associated with the onset and progression of DR but the underlying mechanisms are yet to be elucidated (3, 4).

Anti-vascular endothelial grow factor (VEGF) therapy has revolutionized the management of DR and diabetic macular edema (DME). Ranibizumab and bevacizumab are VEGF-A inhibitors while aflibercept blocks VEGF-A and placental growth factor (PlGF). Although these anti-VEGF agents are superior to macular laser and a considerable proportion of patients improve visual acuity, the results of Diabetic Retinopathy Collaboration Network (DRCR.net) Protocol I and T studies show that persistent macular edema was seen in approximately 51–73% at 12 weeks and 32–66% after 24 weeks of regular anti-VEGF injections (5–8).

The role of dyslipidemia in DR risk is now receiving increasing attention. However, unlike the well-established direct correlations between serum lipid dysregulated with macrovascular complication (9, 10), the correlation of traditional serum lipid parameters with DR is controversial (11, 12). In recent years, a large number of clinical and laboratory studies have confirmed that arteriosclerosis-associated plasma parameters, including atherogenic plasma index (API), low-density lipoprotein cholesterol/high-density lipoprotein cholesterol (LDL-C/HDL-C), atherogenic index (AI), total cholesterol (TC)-HDL-C/HDL-C, and atherogenic index of plasma (AIP), log (triglycerides(TG)/HDL-C) are critical indicators of cardiovascular and microvascular diseases (13, 14). These lipid ratios reflect two or three traditional lipid parameters, respectively, and could be better indicators to mirror the metabolic and clincial interactions between lipid fractions. Atherogenic plasma index is an independent risk factor for the occurrence of DM, and AIP has a predictive effect on the occurrence of macrovascular and microvascular diseases in the early stage of DM, but it is not known whether these indices are associated with the presence of DR (15, 16).

In the present study, we aimed to explore the association of arteriosclerosis-associated plasma indices with increasing severity of DR. We further investigated the correlations between these atherogenic indices and circulating levels of VEGF-A, VEGF-C, VEGF-D, and PlGF in patients with DM with and without DR to elucidate disease mechanisms that can be translated to novel therapeutic targets for DR.



SUBJECTS AND METHODS


Participants

This prospective study followed the principles of the Declaration of Helsinki and was approved by the Ethics Committee of Beijing Tongren Hospital, Capital Medical University. All subjects signed an informed consent form before participation.

A total of 131 patients with type 2 DM, including 77 males and 54 females, aged 27–76 years old were recruited from the outpatient clinic of Beijing Tongren Hospital from April 2016 to September 2020. The participants were assigned to the DM group if they had no DR [32 patients, aged 37–75 years, median (IQR): 56 (48–65) years], non-proliferative diabetic retinopathy (NPDR) [56 patients, aged 29–76 years, 56 (51–61)] years, and proliferative diabetic retinopathy (PDR) [43 patients, aged 27–74 years, 55 (49–60) years].



Inclusion and Exclusion Criteria

Participants with type 2 DM were included in the study. Type 2 DM was defined according to the 2020 American Diabetes Association (ADA) guidelines of DM (5) and 2017 A Position Statement of DR (6). Those with the ability to provide informed consent were included in the study. Exclusion criteria included people with type 2 DM with macular edema secondary to other retinal vascular diseases; co-existent other retinal diseases such as age-related macular degeneration, uveitis, and inherited retinal diseases; recent history of posterior segment or cataract surgery; ocular media opacity; and unable to tolerate examinations due to severe system diseases. Patients with history of lipid disorders or on lipid-lowering therapy were also excluded.



Eye Examination
 
Routine Eye Examination

The participants underwent assessment of best-corrected visual acuity (BCVA), non-contact intraocular pressure (TX20 Automatic Non-contact Tonometer, Canon Co., Ltd., Tokyo, Japan), slit-lamp microscopic examination (SL-IE Slit Lamp Microscope, Topcon Co., Ltd., Tokyo, Japan), and fundus examination with mydriasis. Fundus photography (CR-1 non-mydriatic Fundus Camera, Canon Co., Ltd.) was done to capture at least two-field centered on optic disc and macula of both eyes. Ophthalmologists ascertained the DR status of the participants based on the International DR severity scale (6). Swept-source optical coherent tomography was applied (DRI OCT1 Atlantis scanner, Topcon Co., Ltd., Tokyo, Japan or Plex Elite 9000, Carl Zeiss Meditec, Inc., Oberkochen, German) for all the enrolled subjects. B-scan images were obstaind by a 9 × 9 mm scanning range mode. The DR status of the worse eye was recorded as an individual's DR grade. The participants were categorized into “PDR” group if they had retinal and/or optic disc neovascularization in at least one eye. Those with any other DR grade were categorized as NPDR group and participants with no DR in both eyes were assigned to the “DM” group.

Other data was also collected included age, gender, and duration of diabetes.

Blood biochemistry profile: Fasting biochemical examination was performed to detect the blood lipid profile of the participants. These include TC and LDL-C TGs, glycated hemoglobin (HbA1c), fasting blood glucose ect.




Definition of Dyslipidemia

The definition was followed to the national cholesterol education program (NCEP) adult treatment panel-III (ATP-III) report in 2001 and the guidelines for the prevention and treatment of dyslipidemia in Chinese adults 2016. Dyslipidemia was defined as high cholesterol (TC) group (TC > 5.17 mmol/L), high TG group (TG > 1.70 mmol/L), or high low-density lipoprotein cholesterol (low-density lipoprotein cholesterol, LDL-C) group (LDL-C > 3.37 mmol/L).



Determination of the Cutoff Value of AIP, API, and AI by Receiver Operating Characteristic Curve

Arteriosclerosis indices including API (LDL-C/HDL-C), AI [(TC-HDL-C)/HDL-C), and AIP (log(TG/HDL-C)] were calculated. Atherogenic plasma index, AI, and AIP with high sensitivity and specificity were selected as the cutoff values on receiver operating characteristic (ROC) curve. Patients with API > 2.24 (AUC: 0.746; sensitivity = 0.708, specificity = 0.517), AI > 2.91 (AUC, 0.723; sensitivity = 0.629; specificity = 0.724) or AIP > 0.01 (AUC 0.564; sensitivity = 0.607, specificity = 0.552) were assigned to high API, high AI, and high AIP groups, respectively.



Determination of the Plasma Level of Cytokines

The Luminex technology (Luminex 200™ liquid chip detector, Millipore, Boston, Massachusetts, USA) was applied to detect the plasma level of cytokines, VEGF-A, VEGF-C, VEGF-D, and PlGF according to the manufacturer's instructions.



Sample Size Calculation

Sample size was determined by using the Cochran's sample size formula and also reference the previous studies (12). Sample size was calculated at 95% confidence level with a margin of error of ±5%. To detect the difference (0.83) between means of expression level of angio-cytokines with a significance level of (alpha) 0.05. The minimum sample size was calculated to be 25 in each group. However, since there is variability in the circulating level of angio-cytokines/serum lipid profiles and highly variable parameters, the sample size was increased to above 30 in the present study.



Statistical Analysis

Statistical analysis was performed using SPSS software (SPSS, Inc., 23.0, Chicago, IL, USA). Normality was assessed by Kolmogorov-Smirnov test and Shapiro-Wilk test. Variance homogeneity was tested by the Levene's test. Age of participant, duration of diabetes, fasting blood glucose, glycosylated hemoglobin, hypertension, TG, TC, and LDL-C were described by means ± standard deviation (mean ± SD) or median (interquartile range). The comparisons among groups were analyzed by one-way analysis of variance (ANOVA) or the Kruskal–Wallis test. The circulating levels of cytokines VEGF-A, VEGF-C, VEGF-D, and PlGF were reported as mean ± SD or median (interquartile range), comparisons between groups [DM, NPDR, and PDR groups, or DM and DR groups (combined NPDR with PDR as DR group)] was analyzed by independent sample t-test or Mann–Whitney U-test according to the data distribution (If the data were not normally distributed or variance homogeneity was not met). Bonferroni corrections was applied for comparison between the three groups. The effects of age, gender, the duration of diabetes, AI, API, AIP as well as their relationships with VEGF-A, VEGF-C, VEGF-D, and PlGF on DR patients were analyzed by multiple logistic regression analysis. P < 0.05 indicated statistical significance.




RESULTS


Baseline Demographic and Clinical Characteristics

No statistically significant differences in age or gender were detected between the DM (with no DR), NPDR and PDR groups (Page = 0.692; Pgender = 0.756). The average duration of DM was shorter in the DM group compared to that in the NPDR and the PDR group (12.59 ± 5.79 vs. 9.14 ± 6.76 years, PNPDRvs.DM = 0.013; 12.86 ± 6.76 vs. 9.14 ± 6.76 years, PPDRvs.DM = 0.021). There was no statistical significance of fasting blood glucose in the DM, NPDR, and PDR groups (P = 0.151). The difference between the NPDR and the DM groups [6.80 (6.18–7.83) vs. 7.75 (7.03–8.98) years, P = 0.018)], PDR and the DM groups [6.80 (6.18–7.83) vs. 7.80 (6.68–9.10) years, P = 0.017] of the glycosylated hemoglobin levels were statistically significant. No significant difference was detected in the duration of hypertension among the three groups (χ2 = 4.27, P = 0.118) (Table 1).


Table 1. Baseline demographic, clinical characteristics, biochemical parameters, and the circulating angiogenic cytokines of the enrolled subjects.
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Correlations Between Lipid Profile and DR Severity

The level of TC in the three groups differed significantly [4.30 (3.91–5.03) vs. 4.59 (3.74–5.68) vs. 4.99 (4.32–5.89) mmol/L, P = 0.033], with the level of TC in the PDR group being higher than that in the DM group [4.99 (4.32–5.89) vs. 4.30 (3.91–5.03) mmol/L, P = 0.006]. In addition, LDL-C also showed statistical differences [2.50 (2.05–3.09) vs. 2.80 (2.03–3.60) vs. 3.06 (2.58–3.92) mmol/L, P = 0.011], with the level in the PDR group being higher than that in the DM group [3.06 (2.58–3.92) vs. 2.80 (2.03–3.60) mmol/L, P = 0.002]. No statistically significant difference was detected in the three groups with respect to TG and HDL (PTG = 0.312; PHDL−C = 0.562) (Table 1).



Associations Between Atherogenic Indices and DR

The API in the three DR groups showed a statistically significant difference (2.19 ± 0.71 vs. 2.42 ± 0.91 vs. 2.82 ± 0.95, P = 0.008), with the value of the PDR group higher than that of the DM group (P = 0.003). The difference of AI in the three groups also differed significantly (2.75 ± 0.97 vs. 2.92 ± 1.17 vs. 3.44 ± 1.20, P = 0.019), with the value in the PDR group significantly higher than that in the NPDR and DM group (PPDRvs.NPDR = 0.024, PPDRvs.DM = 0.010). There was no difference of the AIP-value between the three groups (P = 0.247) (Table 1).



Correlations Between the Circulating Level of Angiogenic Cytokines and DR Severity

The plasma level of VEGF-A differed significantly [15.47 (11.40–25.92) vs. 27.64 (20.62–35.32) vs. 24.85 (18.59–33.54) pg/ml, P < 0.001], with the level of VEGF-A in NPDR and PDR groups significantly higher than that in the DM group (PNPDRvs.DM = 0.002, PPDRvs.DM = 0.001). There was also a significant difference in VEGF-D between the three groups (P < 0.001), with higher level in NPDR and PDR groups than that in DM group (PNPDRvs.DM < 0.001, PPDRvs.DM < 0.001). The level of PlGF in the three groups differed significantly [1.41 (0.58–2.44) vs. 2.69 (1.89–3.31) vs. 2.41 (1.65–3.87) pg/ml, P < 0.001], with the level of PlGF in the NPDR and PDR groups significantly higher than that in the DM group [2.69 (1.89–3.31) vs. 1.41 (0.58–2.44) pg/ml, PNPDRvs.DM = 0.012, 2.41 (1.65–3.87) vs. 1.41 (0.58–2.44) pg/ml, PPDRvs.DM < 0.001]. No statistical significance was detected in the three groups with the circulating level of VEGF-C (P = 0.088) (Table 1).



Associations Between Atherogenic Indices and the Circulating Level of Angiogenic Cytokines

There was a significant difference in the plasma level of VEGF-D between the normal and abnormal API group [154.10 (71.78–274.36) vs. 255.58 (147.91–400.44) pg/ml, P = 0.009]. Similarity, differed expression level of VEGF-D was found between the normal AI and abnormal group [179.77 (72.09–280.18) vs. 255.59 (147.91–400.45) pg/ml, P = 0.016]. There is no significant difference in the expression level of VEGF-A, VEGF-C, and PlGF in between the normal API, AI, and AIP groups. No significant difference was found in the expression level of VEGF-D between the normal AIP and abnormal AIP groups (Table 2).


Table 2. Comparison of the circulating level of VEGF-A, VEGF-C, VEGF-D, and PlGF in patients with abnormal and normal arteriosclerosis-associated plasma indices (API, AI, AIP).
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Associations Between VEGF-A, -B, -C, -D, PGF in All Patients With Abnormal and Normal TC, TG, LDL-C, and HDL-C

The level of VEGF-A, VEGF-C, VEGF-D, PlGF is significantly higher in the abnormal TC group in comparison with the normal TC group (PVEGF−A = 0.008; PVEGF−C = 0.001, PVEGF−D = 0.035; PPlGF = 0.004). Similarity, in the abnormal LDL-C group, the level of VEGF-A, VEGF-C, VEGF-D, and PlGF is significantly higher than that in the normal LDL-C group (PVEGF−A = 0.032; PVEGF−C = 0.006; PVEGF−D = 0.018, PPlGF = 0.006). No statistical difference was found between the circulating level of VEGF-A, -C, -D, and PlGF in the abnormal TG, HDL-C groups, compared with that in the normal TG and HDL-C groups, respectively, indicating the circulating level of the angiogenic cytokines is correlated with the abnormal serum level of TC and LDL-C (Table 3).


Table 3. Comparison of the circulating level of VEGF-A, VEGF-C, VEGF-D, and PlGF in all patients with abnormal and normal TC, LDL, TG, and HDL.
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Multiple Ordinal Logistic Regression Models Show the Correlations of AI, AIP, API, and Circulating Levels of VEGF-A, VEGF-C, VEGF-D, PlGF in Normal, DM, or DR Groups

Table 4 shows the correlations of the plasma level of VEGF-A, VEGF-C, VEGF-D, and PlGF with atherogenic indices on the occurrence and severity of DR using multiple ordinal logistic regression models. When DM, NPDR, and PDR were considered as independent variables, after controlling the duration of diabetes and hypertension, the serum level of hemoglobins and fasting glucose, AI and API are strong risk factors for the occurrence and severity of DR. Atherogenic index is associatd with VEGF-D [AI: P = 0.038, OR = 1.38 (1.02–1.86); VEGF-D: P = 0.002, OR = 1.00 (1.00–1.01)] and PlGF [AI: P = 0.021, OR = 1.43 (1.06–1.92); PlGF: P = 0.004, OR = 1.50 (1.14–1.98)] contributed to DR (Table 4A). Atherogenic plasma index is associated with VEGF-D (Table 4B): [API: P = 0.027, OR = 1.56 (1.05–2.30); VEGF-D:P = 0.002, OR = 1.00 (1.00–1.01)] and PlGF [API: P = 0.011, OR = 1.66 (1.12–2.47); PlGF: P = 0.005, OR = 1.49 (1.13–1.96)] (Table 4B). The correlations etween AIP and VEGF-C, VEGF-D, VEGF-A, PlGF were summarized in Table 4C.


Table 4. Multiple ordinal logistic regression models showing that AI and API contributed to the occurrence and severity of DR asscociated with elevated circulating level of VEGF-D and PIGF.
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The Arteriosclerosis-Associated Plasma Indices AI and API Are More Reliable DR Predictors Than the Traditional Lipid Parameters LDL-C, TC TG, and HDL-C

The above analysis has proved that API and AI strongly associated with DR severity. A greater area under the ROC (AUC) means a more useful test of the statistical model. The AUC of AI (AUC:0.72; 95% CI: 0.62–0.82) and API (AUC: 0.75;95%CI: 0.65–0.84) is much higher than TC (AUC:0.68; 95%CI: 0.58–0.78), TG (AUC: 0.54; 95% CI 0.41–0.67) LDL-C (AUC:0.72; 95% CI: 0.62–0.82), HDL-C (AUC:0.57, 95% CI: 0.45–0.69), indicating that both API and AI have higher capacity to differential DR.




DISCUSSION

In this study, we found that serum TC, LDL-C, AI, and API in the NPDR and PDR groups were significantly higher than those in the DM group. The circulating level of PlGF, VEGF-A, and C were significantly correlated with the severity of DR. Multivariate logistic regression showed that diabetes duration, AI and API are strong risk factors for DR. Furthermore, AI and API have synergic effects with VEGF-D and PlGF with various severity levels of DR, indicating AI and API are novel predictors of DR. This study, for the first time, clarified and elucidated the pathological mechanism of dyslipidemia in the pathogenesis of DR.

It has been reported that the prevalence of DR is 35% globally by a meta-analysis (17). The duration of DM is a key risk factor for DR. In addition, systemic factors such as hyperglycemia, hypertension and hyperlipidemia contribute and accelerate the progression and deterioration of DR. Several studies have indicated that a high level of TC and LDL-C promotes the occurrence and progression of retinopathy and coronary heart disease in DM (18–20). The exact mechanism(s) underlying hyperlipidemia-mediated DR has not yet been elucidated. The current study provided the first evidence that abnormal lipid metabolism promotes the occurrence and development of DR by upregulating the expression of VEGF-A, VEGF-C, VEGF-D, and PlGF in the circulating of patients with DR.


Abnormal Lipid Metabolism Is Closely Correlated to the Occurrence and Progression of DR

The Wisconsin Epidemiologic Study of DR first identified that a long-term increase in the serum level of TC might be a risk factor for hard exudates in DR in 1991 (21), FIELD and ACCORD study further confirmed that lipid-lowing therapy with fenofibrate significantly reduce the progression of DR and the need for laser treatment (3, 22), indicating that intensive lipid control is correlated with improved clinical prognosis. Statins are the most effective drug to reduce TC and LDL-C. However, the role of statins is more profound in cardiovascular disease than DR (3, 22–24).

Our study found that the levels of TC and LDL-C in the NPDR and PDR groups were significantly higher than those in the DM group, which are consistent with the results of previous studies on type 1 DM (25). In addition, the serum levels of TC and LDL-C in PDR patients were significantly increased compared to those patients with NPDR and DM, suggesting that the increased levels of TC and LDL-C in serum accelerate the progression of DR.



AI and API Are Independent Risk Factors for DR

In this study, the lipid metabolism indices were used to explore the relationship between dysregulated lipid metabolism and the expression level of circulating cytokines and DR severity. In routine clinical practice, LDL-C is calculated (by the Friedewald formula) than measured directly. Several studies have found that the estimation of LDL-C has significant limitations, especially in individuals with hypertriglyceridemia with DM (it may contain abnormal composition of the TG-rich lipoproteins which is not considered in the Friedewald formula) (14, 26–28).

Non-HDL-C represents the cholesterol components carried by atherogenic lipoproteins such as LDL, very low density lipoprotein, and intermediate density lipoprotein and has been recommended as the primary lipid-lowing target by the 2019 American College of Cardiology (ACC) and American Heart Association (AHA) guidelines on the management of blood cholesterol (29).

It has been confirmed by studies in cardiovascular diseases that AI and API reflect two or three traditional parameters, which are simple and economic and can be used as biomarkers. Atherogenic index and API have several key advantages than the traditional lipid parameters: they have explicit pathophysiologic link to the development of atherosclerosis, robust from a laboratory measurement standpoint etc. (14) API, AI, and AIP have been applied for assessing plasma lipid homeostasis and are also implicated in the pathogenesis of macrovascular complications, especially in the early stage of the disease when the unaltered concentration of various lipids is increased (30). Atherogenic plasma index is a sensitive predictor of asymptomatic type 2 DM patients with coronary atherosclerosis and the incidence of microvascular complications and peripheral neuropathy in DM patients increased significantly with the increased AIP (15, 31). Since this is the first study to apply the indices in eye study, we used the ROC curve, the objective method to obtain the cut off value, and also referred to the value of the lipid metabolism in cardiovascular and atherosclerosis studies [API: 0.16–2.24 (32), AI: 3.21–3.37 (33), AIP: 0.6–0.21 (34, 35)].

In this study, we found that the AUC of AI (TC-(HDL-C)/HDL-C) (a) and API (LDL-C/HDL-C) is significantly higher than TC, TG, LDL-C, and HDL-C, indicating these simpler combined parameters have higher diagnostic capacity than the traditional parameters for DR. Furthermore, logistic regression analysis showed that AI and API are independent risk factors for DR, and provide evidence for a link between lipid metabolism and DR.



Dysregulated Circulating Lipid Metabolism Promotes the Occurrence and Development of DR by Upregulating VEGF-A, VEGF-C, VEGF-D, and PlGF

VEGF-A is not only the most important vascular leakage inducer but also a key angiogenesis factor and a target of anti-VEGF therapy in ocular conditions (36, 37). However, macular oedema does not resolve completely in a number of patients with DR suggesting that there are other influencers in the pathogenesis of DR. Our study shows that other family members of VEGF are also raised in DR, indicating the need for novel molecular targets. Both VEGF-C and VEGF-D are secreted glycoproteins that exhibit structural homology but have differential receptor binding (Flk-1 and Flt-3, respectively) and regulatory mechanism is a vital mediator to angiogenesis in ischemic heart disease in type 2 DM (38). These cytokines have been demonstrated as independent predictors for suspected coronary artery disease and are associated with all-cause mortality (39). In a previous study, VEGF-A-FLK-1 signaling has been shown as a primary mediator of endothelial cell mitogenesis, survival, and microvascular permeability (40). Together with VEGF-A, VEGF-C, and VEGF-D promote blood vessel development (angiogenesis) by binding and activating VEGF-R-2 and VEGF-R-3. VEGF-C is also a potent inducer of vascular permeability and angiogenesis in AMD. The ongoing phase III trial is investigating a soluble form of VEGF-R-3, which comprises the extracellular domains 1–3 of human VEGF-R3. In addition, the Fc fragment of human IgG1 suppresses the binding of VEGF-C and -D to VEGF-R 2 and 3, respectively (ClinicalTrials.gov Identifier: NCT02543229). The positive outcome from the phase II trial has shown that the combined intravitreal administration of OPT-302 and ranibizumab is better than ranibizumab alone for the patient's vision prognosis. Furthermore, PlGF is deemed to play a crucial role in both experimental animal models and retinal vascularization (41, 42). A high expression level of PlGF has also been detected in vitreous and PDR membrane in patients with PDR (43–46).

In the present study, based on a significant body of evidence in preclinical and clinical studies that support the pathological function of VEGF-A, -C, -D, and PlGF, a protein chip-Luminex technology was applied to quantitatively detect the circulating expression levels in patients with abnormal lipid metabolism group and normal group, respectively. We found that the circulating level of VEGF-D significantly contributed to the occurrence and servierty of DR associated with AI and API, confirmed the previous finding that VEGF-D is also an important regulator of genes related to lipid metabolism and inflammation (47–50). Our results also provide evidence for the first time that besides diabetes duration, AI, API, VEGF-D, and PlGF are strong risk factors for the occurrence and progression of DR. Atherogenic index and API have synergic effects with VEGF-D and PlGF. Placental growth factor may release VEGF-A by binding to VEGF-R-1 to activate VEGF-R-2, thereby indirectly stimulating angiogenesis, or combined with VEGF-R-1 to promote the proliferation of endothelial cells and angiogenesis (44). Animal experiments also have shown that PlGF promotes the infiltration of macrophages in early atherosclerotic lesions in apolipoprotein E deficiency (Apo E−/−) mice and rabbits with high TC. In this study, by logistic regression analysis, after controlling the age, sex, duration of diabetes and VEGF-A, -C, -D, the serum level of TC and LDL was found to concomitant with higher level expression of PlGF in either DM or DR group, HDL was found to be negatively with PlGF expression. Thus, it could be speculated that high non-HDL-C promotes the development of DR by upregulating the expression of PlGF.

Presently, the specific regulatory mechanism of abnormal lipid metabolism involved in the progression of DR is yet to be clarified. Nevertheless, the present study has some limitations. Due to the small sample size, confounding factors could not be eliminated in the analysis process, and various measurement methods and correction factors might also affect the results of this study. Well-matched and large-scale prospective clinical trials and cohort studies are warranted to validate the conclusions in the study.

In summary, the ratios of LDL-C/HDL-C and TC-LDL-C/HDL-C are useful and simple indicators of DR. The present study further found that dysregulation of lipid metabolism promotes the development of DR and are associated with upregulation of circulating VEGF-A, VEGF-C, VEGF-D, and PlGF. The current results may partly explain why the response to anti-VEGF varies between individuals. Strengthening the management of blood lipids in patients with DM may help to reduce the levels of VEGF and PlGF and resultant oedema. Therefore, patients with DM should focus on the management of blood lipids in addition to their glycemic status. Further understanding the correlation between the arteriosclerosis-associated plasma indices and circulating levels of angiogenic cytokines can be translated to novel therapeutic targets for DR.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Beijing Tongren Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XZ contributed to conception and design of the study, perform the statistical analysis, revise and draft the manuscript. BQ and QW organized the database, performed the experiments, performed the statistical analysis and drafted the manuscript. SS provided comments and revised the manuscript. LZ, RX, and WK helped to enroll patients and were involved in the experiments. YW and LL performed the statistical analysis. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (Grants 81570850, 81170859, and 82070988) and the Ministry of Science and Technology Foundation of China (Grant 2016YFC1305604).



ABBREVIATIONS

ADA, American Diabetes Association; ACCORD study, action to control cardiovascular risk in diabetes study; AI, atherogenic index; AIP, atherogenic index of plasma; API, atherogenic plasma index; BCVA, best corrected visual acuity; DM, diabetes mellitus; DME, diabetic macular edema; DR, diabetic retinopathy; FIELD study, fenofibrate intervention and event lowering in diabetes study; HDL, high density lipoprotein; IQR, interquartile range; LDL, low density lipoprotein; NPDR, non-proliferative diabetic retinopathy; NCEP, national cholesterol education program; PDR, proliferative diabetic retinopathy; PlGF, placental growth factor; TC, total cholesterol; TG, triglycerides; VEGF, vascular endothelial growth factor; VTDR, vision threatening diabetic retinopathy.



REFERENCES

 1. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. (2010) 376:124–36. doi: 10.1016/S0140-6736(09)62124-3

 2. Sayin N, Kara N, Pekel G. Ocular complications of diabetes mellitus. World J Diabetes. (2015) 6:92–108. doi: 10.4239/wjd.v6.i1.92

 3. Keech AC, Mitchell P, Summanen PA, O'Day J, Davis TME, Moffitt MS, et al. Effect of fenofibrate on the need for laser treatment for diabetic retinopathy (FIELD study): a randomised controlled trial. Lancet. (2007) 370:1687–97. doi: 10.1016/S0140-6736(07)61607-9

 4. Chew EY, Ambrosius WT. Update of the ACCORD eye study. N Engl J Med. (2011) 364:188–9. doi: 10.1056/NEJMc1011499

 5. Diabetic Retinopathy Clinical Research Network, Wells JA, Glassman AR, Ayala AR, Jampol LM, Aiello LP, Antoszyk AN, et al. Aflibercept, bevacizumab, or ranibizumab for diabetic macular edema. N Engl J Med. (2015) 372:1193–203. doi: 10.1056/NEJMoa1414264

 6. Diabetic Retinopathy Clinical Research Network, Bressler SB, Ayala AR, Bressler NM, Melia M, Qin H, Ferris FL, et al. Persistent macular thickening after ranibizumab treatment for diabetic macular edema with vision impairment. JAMA Ophthalmol. (2016) 134:278–85. doi: 10.1001/jamaophthalmol.2015.5346

 7. Diabetic Retinopathy Clinical Research Network, Bressler NM, Beaulieu WT, Glassman AR, Blinder KJ, Bressler SB, Jampol LM, et al. Persistent macular thickening following intravitreous aflibercept, bevacizumab, or ranibizumab for central-involved diabetic macular edema with vision impairment: a secondary analysis of a randomized clinical trial. JAMA Ophthalmol. (2018) 136:257–69. doi: 10.1001/jamaophthalmol.2017.6565

 8. Diabetic Retinopathy Clinical Research Network, Elman MJ, Aiello LP, Beck RW, Bressler NM, Bressler SB, Edwards AR, et al. Randomized trial evaluating ranibizumab plus prompt or deferred laser or triamcinolone plus prompt laser for diabetic macular edema. Ophthalmology. (2010) 117:1064–77.e35. doi: 10.1016/j.ophtha.2010.02.031

 9. Benarous R, Sasongko MB, Qureshi S, Fenwick E, Dirani M, Wong TY, et al. Differential association of serum lipids with diabetic retinopathy and diabetic macular edema. Invest Ophthalmol Vis Sci. (2011) 52:7464–9. doi: 10.1167/iovs.11-7598

 10. ACCORD Eye Study Group, Chew EY, Ambrosius WT, Davis MD, Danis RP, Gangaputra S, Greven CM, et al. Effects of medical therapies on retinopathy progression in type 2 diabetes. N Engl J Med. (2010) 367:2458. doi: 10.1056/NEJMoa1001288

 11. Miljanovic B, Glynn RJ, Nathan DM, Manson JE, Schaumberg DA. A prospective study of serum lipids and risk of diabetic macular edema in type 1 diabetes. Diabetes. (2004) 53:2883–92. doi: 10.2337/diabetes.53.11.2883

 12. Klein BEK, Myers CE, Howard KP, Klein R. Serum lipids and proliferative diabetic retinopathy and macular edema in persons with long-term type 1 diabetes mellitus: the Wisconsin Epidemiologic Study of Diabetic Retinopathy. JAMA Ophthalmol. (2015) 133:503–10. doi: 10.1001/jamaophthalmol.2014.5108

 13. Dobiásová M, Frohlich J. The plasma parameter log (TG/HDL-C) as an atherogenic index: correlation with lipoprotein particle size and esterification rate in apoB-lipoprotein-depleted plasma (FER(HDL)). Clin Biochem. (2001) 37:583–8. doi: 10.1016/S0009-9120(01)00263-6

 14. National Lipid Association Taskforce on Non-HDL Cholesterol, Blaha MJ, Blumenthal RS, Brinton EA, Jacobson TA. The importance of non-HDL cholesterol reporting in lipid management. J Clin Lipidol. (2008) 2:267–73. doi: 10.1016/j.jacl.2008.06.013

 15. Hermans MP, Ahn SA, Rousseau MF. The atherogenic dyslipidemia ratio [log(TG)/HDL-C] is associated with residual vascular risk, beta-cell function loss and microangiopathy in type 2 diabetes females. Lipids Health Dis. (2012) 11:132. doi: 10.1186/1476-511X-11-132

 16. Wei L, Wei M, Chen L, Liang S, Gao F, Cheng X, et al. Low-density lipoprotein cholesterol: high-density lipoprotein cholesterol ratio is associated with incident diabetes in Chinese adults: a retrospective cohort study. Diabetes Investig. (2021) 12:91–8. doi: 10.1111/jdi.13316

 17. Yau JWY, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, et al. Global prevalence and major risk factors of diabetic retinopathy. Diabetes Care. (2012) 35:556–64. doi: 10.2337/dc11-1909

 18. Srinivasan S, Raman R, Kulothungan V, Swaminathan G, Sharma T. Influence of serum lipids on the incidence and progression of diabetic retinopathy and macular oedema: Sankara Nethralaya Diabetic Retinopathy Epidemiology And Molecular genetics Study-II. Clin Exp Ophthalmol. (2017) 45:894–900. doi: 10.1111/ceo.12990

 19. Itoh H, Ueshima K, Komuro I. Intensive treat-to-target statin therapy in high-risk japanese patients with hypercholesterolemia and diabetic retinopathy: report of a randomized study. Diabetes Care. (2018) 41:1275–84. doi: 10.2337/dci18-0028

 20. Zhou Y, Wang C, Shi K, Yin X. Relationship between dyslipidemia and diabetic retinopathy: a systematic review and meta-analysis. Medicine (Baltimore). (2018) 97:e12283. doi: 10.1097/MD.0000000000012283

 21. Klein BE, Moss SE, Klein R, Surawicz TS. The wisconsin epidemiologic study of diabetic retinopathy XIII. Relationship of serum cholesterol to retinopathy and hard exudate. Ophthalmology. (1991) 98:1261–5. doi: 10.1016/S0161-6420(91)32145-6

 22. Action to Control Cardiovascular Risk in Diabetes Eye Study Research Group. Chew EY, Davis MD, Danis RP, Lovato JF, Perdue LH, Greven C, et al. The effects of medical management on the progression of diabetic retinopathy in persons with type 2 diabetes: the Action to Control Cardiovascular Risk in Diabetes (ACCORD) Eye Study. Ophthalmology. (2014) 121:2443–51. doi: 10.1016/j.ophtha.2014.07.019

 23. Nielsen SF, Nordestgaard BG. Statin use before diabetes diagnosis and risk of microvascular disease: a nationwide nested matched study. Lancet Diabetes Endocrinol. (2014) 2:894–900. doi: 10.1016/S2213-8587(14)70173-1

 24. Kang EY-C, Chen T-H, Garg SJ, Sun C-C, Kang J-H, Wu W-C, et al. Association of statin therapy with prevention of vision-threatening diabetic retinopathy. JAMA Ophthalmol. (2019) 137:363–71. doi: 10.1001/jamaophthalmol.2018.6399

 25. Wong TY, Cheung N, Tay WT, Wang JJ, Aung T, Saw SM, et al. Prevalence and risk factors for diabetic retinopathy: the Singapore Malay Eye Study. Ophthalmology. (2008) 115:1869–75. doi: 10.1016/j.ophtha.2008.05.014

 26. Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults. Executive Summary of the third report of the national cholesterol education program (NCEP) expert panel on detection, evaluation, and treatment of high blood cholesterol in adults (adult treatment panel III). JAMA. (2001) 285:2486–97. doi: 10.1001/jama.285.19.2486

 27. Tremblay AJ, Morrissette H, Gagné J-M, Bergeron J, Gagné C, Couture P. Validation of the Friedewald formula for the determination of low-density lipoprotein cholesterol compared with beta-quantification in a large population. Clin Biochem. (2004) 37:785–90. doi: 10.1016/j.clinbiochem.2004.03.008

 28. Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-density lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin Chem. (1972) 18:499–502. doi: 10.1093/clinchem/18.6.499

 29. Pwf W, Polonsky TS, Miedema MD, Khera A, Kosinski AS, Kuvin JT. Correction to: Systematic Review for the 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline on the management of blood cholesterol: a report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Circulation. (2019) 139:e1144–61. doi: 10.1161/CIR.0000000000000700

 30. Brizzi P, Tonolo G, Carusillo F, Malaguarnera M, Maioli M, Musumeci S. Plasma lipid composition and LDL oxidation. Clin Chem Lab Med. (2003) 41:56–60. doi: 10.1515/CCLM.2003.010

 31. Fujihara K, Suzuki H, Sato A, Kodama S, Heianza Y, Saito K, et al. Carotid artery plaque and LDL-to-HDL cholesterol ratio predict atherosclerotic status in coronary arteries in asymptomatic patients with type 2 diabetes mellitus. Atheroscler Thromb. (2013) 20:452–64. doi: 10.5551/jat.14977

 32. Zhu XW, Deng FY, Lei SF. Meta-analysis of atherogenic index of plasma and other lipid parameters in relation to risk of type 2 diabetes mellitus. Prim Care Diabetes. (2015) 9:60–7. doi: 10.1016/j.pcd.2014.03.007

 33. Wasana KGP, Attanayake AP, Weerarathna TP, Jayatilaka KAPW. Efficacy and safety of a herbal drug of Coccinia grandis (Linn.) Voigt in patients with type 2 diabetes mellitus: a double blind randomized placebo controlled clinical trial. Phytomedicine. (2021) 81:153431. doi: 10.1016/j.phymed.2020.153431

 34. Cho SK, Kim JW, Huh JH, Lee KJ. Atherogenic index of plasma is a potential biomarker for severe acute pancreatitis: a prospective observational study. J Clin Med. (2020) 9:2982. doi: 10.3390/jcm9092982

 35. Wang Q, Zheng D, Liu J, Fang L, Li Q. Atherogenic index of plasma is a novel predictor of non-alcoholic fatty liver disease in obese participants: a cross-sectional study. Lipids Health Dis. (2018) 17:284. doi: 10.1186/s12944-018-0932-0

 36. Ferrara N. Role of vascular endothelial growth factor in physiologic and pathologic angiogenesis: therapeutic implications. Semin Oncol. (2002) 29:10–4. doi: 10.1053/sonc.2002.37264

 37. Sharma T. Evolving role of anti-VEGF for diabetic macular oedema: from clinical trials to real life. Eye (Lond). (2020) 34:415–7. doi: 10.1038/s41433-019-0590-0

 38. Klimontov VV, Tyan NV, Orlov NB, Shevchenko AV, Prokofiev VF, Myakina NE, et al. Association of serum levels and gene polymorphism of vascular endothelium growth factor with ischemic heart disease in type 2 diabetic patients. Kardiologiia. (2017) 57:17–22.

 39. Wada H, Suzuki M, Matsuda M, Ajiro Y, Shinozaki T, Sakagami S, et al. Distinct characteristics of VEGF-D and VEGF-C to predict mortality in patients with suspected or known coronary artery disease. Amer Heart Assoc. (2020) 9:e015761. doi: 10.1161/JAHA.119.015761

 40. American Diabetes Association. Standards of Medical Care in Diabetes-2017. Diabetes Care. (2017) 40:S4–5. doi: 10.2337/dc17-S003

 41. Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, Mol MD, et al. Synergism between vascular endothelial growth factor and placental growth factor contributes to angiogenesis and plasma extravasation in pathological conditions. Nat Med. (2001) 7:575–83. doi: 10.1038/87904

 42. Huang H, He J, Johnson DK, Wei Y, Liu Y, Wang S, et al. Deletion of placental growth factor prevents diabetic retinopathy and is associated with Akt activation and HIF1α-VEGF pathway inhibition. Diabetes. (2015) 64:200–12. doi: 10.2337/db14-0016

 43. Kahtani EA, Xu Z, Rashaed SA, Wu L, Mahale A, Tian J, et al. Vitreous levels of placental growth factor correlate with activity of proliferative diabetic retinopathy and are not influenced by bevacizumab treatment. Eye (Lond). (2017) 31:529–36. doi: 10.1038/eye.2016.246

 44. Nguyen QD, Falco SD, Behar-Cohen F, Lam W-C, Li X, Reichhart N, et al. Placental growth factor and its potential role in diabetic retinopathy and other ocular neovascular diseases. Acta Ophthalmol. (2018) 96:e1–9. doi: 10.1111/aos.13325

 45. Khaliq A, Foreman D, Ahmed A, Weich H, Gregor Z, McLeod D, et al. Increased expression of placenta growth factor in proliferative diabetic retinopathy. Lab Invest. (1998) 78:109–16.

 46. Miyamoto N, Kozak YD, Jeanny JC, Glotin A, Mascarelli F, Massin P, et al. Placental growth factor-1 and epithelial haemato-retinal barrier breakdown: potential implication in the pathogenesis of diabetic retinopathy. Diabetologia. (2007) 50:461–70. doi: 10.1007/s00125-006-0539-2

 47. Tirronen A, Vuorio T, Kettunen S, Hokkanen K, Ramms B, Niskanen H, et al. Deletion of lymphangiogenic and angiogenic growth factor VEGF-D leads to severe hyperlipidemia and delayed clearance of chylomicron remnants. Arterioscler Thromb Vasc Biol. (2018) 38:2327–37. doi: 10.1161/ATVBAHA.118.311549

 48. Chakraborty A, Barajas S, Lammoglia GM, Reyna AJ, Morley TS, Johnson JA, et al. Vascular endothelial growth factor-D (VEGF-D) overexpression and lymphatic expansion in murine adipose tissue improves metabolism in obesity. Am J Pathol. (2019) 189:924–39. doi: 10.1016/j.ajpath.2018.12.008

 49. Alitalo AK, Proulx ST, Karaman S, Aebischer D, Martino S, Jost M, et al. VEGF-C and VEGF-D blockade inhibits inflammatory skin carcinogenesis. Cancer Res. (2013) 73:4212–21. doi: 10.1158/0008-5472.CAN-12-4539

 50. Karaman S, Hollmén M, Robciuc MR, Alitalo A, Nurmi H, Morf B, et al. Blockade of VEGF-C and VEGF-D modulates adipose tissue inflammation and improves metabolic parameters under high-fat diet. Mol Metab. (2015) 4:93–105. doi: 10.1016/j.molmet.2014.11.006

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.

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 © 2021 Zhang, Qiu, Wang, Sivaprasad, Wang, Zhao, Xie, Li and Kang. 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.












	
	ORIGINAL RESEARCH
published: 29 November 2021
doi: 10.3389/fmed.2021.735805






[image: image2]

Choroidal Neovascularization in Pediatric Patients: Analysis of Etiologic Factors, Clinical Characteristics and Treatment Outcomes

Ting Zhang1,2†, You Wang1,2†, Wenjia Yan1,2, Yafen Liu1,2, Jinglin Lu1,2, Limei Sun1,2, Songshan Li1,2, Li Huang1,2, Zhaotian Zhang1,2 and Xiaoyan Ding1,2*


1State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-Sen University, Guangzhou, China

2Guangdong Provincial Key Laboratory of Ophthalmology and Visual Science, Guangdong Provincial Clinical Research Center for Ocular Diseases, Guangzhou, China

Edited by:
Haijiang Lin, Harvard Medical School, United States

Reviewed by:
Changzheng Chen, Renmin Hospital of Wuhan University, China
 Sumit Randhir Singh, University of California, San Diego, United States

*Correspondence: Xiaoyan Ding, dingxiaoyan@gzzoc.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

Received: 03 July 2021
 Accepted: 27 October 2021
 Published: 29 November 2021

Citation: Zhang T, Wang Y, Yan W, Liu Y, Lu J, Sun L, Li S, Huang L, Zhang Z and Ding X (2021) Choroidal Neovascularization in Pediatric Patients: Analysis of Etiologic Factors, Clinical Characteristics and Treatment Outcomes. Front. Med. 8:735805. doi: 10.3389/fmed.2021.735805



Background and Objectives: Choroidal neovascularization (CNV) is a common pathologic lesion that occurs in various chorioretinopathy, but very limited published data have reported in pediatric patients. This study aimed to investigate the etiologic factors, clinical features, and treatment outcomes of choroidal neovascularization (CNV) in children.

Methods: In this study, 33 eyes in 30 patients aged 18 years or younger with CNV were included. Comprehensive ophthalmic examination was performed in all the patients. The demographic profiles, laterality, visual acuity, optical coherence tomographic findings, fundus fluorescein angiographic findings, and the underlying pathology were analyzed. The types, locations, treatment outcomes, and recurrences of CNV were noted.

Results: The average age was 11.2 ± 4.6 (range, 1–18) years. Most CNVs affecting children were classic and type 2. The most common etiologic factors of CNV in pediatric patients were congenital/developing abnormalities (9/30, 30.0%) and inflammatory retinochoroidopathy (9/30, 30.0%), followed by idiopathic CNV (8/30, 26.7%). Subtype analysis showed that the etiologic factor was inflammatory retinochoroidopathy in children 12 years or older, whereas congenital/developing abnormalities were present in children younger than 12 years. Eyes with active CNVs required a mean of 1.40 ± 0.58 injections. No recurrence was observed during follow-up.

Conclusions: The etiologic factors of CNV in young Chinese patients were diverse, with congenital/developing abnormalities, inflammatory retinochoroidopathy and idiopathic CNV being the 3 most common ones. Eyes with active CNVs had good responses to antivascular endothelial growth factor treatment with low recurrence.

Keywords: pediatric choroidal neovascularization, etiologic factor, congenital/developing abnormality, inflammatory retinochoroidopathy, anti-vascular endothelial growth factor


INTRODUCTION

Choroidal neovascularization (CNV) is a common pathologic lesion that occurs in various chorioretinopathy. The most common cause of CNV is age-related macular degeneration, followed by pathologic myopia (1). However, in children and adolescents, the reasons related with CNV are diverse and the lesion have a severe impact on visual acuity and quality of life over patients' lifetime (2–4). Although the incidence of CNV is quite rare in children and adolescents, its impact in view of the number of blind years lived is tremendous (5).

In the pediatric population, CNV has been reported to be collected with myopia, infection, inflammation, congenital anomalies, retinal dystrophies, and may also be idiopathic (2). The management of CNV in the pediatric patient setting is challenging, and a number of options, such as observation, photodynamic therapy, laser photocoagulation and anti-vascular endothelial growth factor (anti-VEGF) treatment has been reported, variable visual outcomes has been observed (6–9). However, because of the lack of complaints and symptoms, early diagnosis and regular monitoring of CNV is difficult in young children.

So far, very limited published data have reported the etiologic factors, clinical characteristics, natural history, and treatment outcomes of CNV in pediatric patients, and the observed subjects were mostly Western (10). Hence, we performed this study to investigate the etiologic factors, clinical characteristics, and treatment outcomes of CNV in Chinese pediatric patients.



MATERIALS AND METHODS

This was a consecutive case series of patients aged 18 years or younger with CNV who were referred to Zhongshan Ophthalmic Center in Guangzhou, China, from January 2014 to September 2020. The study protocol was approved by the Institutional Review Board at Zhongshan Ophthalmic Center, Sun Yat-sen University, and was in accordance with the tenets of the Declaration of Helsinki. Informed consent was obtained from the parents of all the patients.

Complete ophthalmic examination was performed in children with CNV and their family members, including the visual acuity test, intraocular pressure test, slit-lamp biomicroscopy, optical coherence tomography (OCT), optical coherence tomography angiography (OCTA), fundus autofluorescence (FAF), fundus fluorescein angiography (FFA) and indocyanine green angiography (ICGA). The diagnosis of CNV was made on the basis of fundus findings, OCTA and FFA. Clinical data were collected, including age at presentation, gender, laterality, refractive errors, axial length, family history, and ocular findings in their family members.

With FFA and OCT, CNV lesions were classified as type 1 [within the sub-retinal pigment epithelium (RPE) space, typically corresponding to angiographically occult CNV], type 2 (within the subretinal space, typically corresponding to angiographically classic CNV), and type 3 (intraretinal retinal angiomatous proliferation) (11). CNVs were identified as active in case of any of the following findings: clinical evidence of exudate, presence of fluid or hemorrhage, leakage on FFA, and presence of sub- or intraretinal fluid on OCT. With or without treatment, the lesion was considered regressed if there was no hemorrhage clinically, no dye leakage on FFA, and no sub- or intraretinal fluid on OCT. CNV was considered stable if lesion characteristics and visual acuity (if available) remained unchanged for at least 6 months. We defined recurrence as the reappearance or worsening of lesion activity after complete regression or stabilization. The types of lesions, frequency of treatment, duration of follow-up, and recurrence rate of CNV were recorded. According to FFA and OCT, if CNV included the central fovea, the location of CNV was classified as subfoveal; if the margin of CNV was within 200 μm from the central fovea, it was classified as juxtafoveal (12). Peripapillary CNV (ppCNV) is defined as CNV located within 1 disc diameter of the margin of the optic nervehead (13).

The etiology of CNV was documented as follows. Simple high myopia was defined as a refractive error of −6 diopters (D) or worse, whereas pathologic myopia was defined as an refractive error of −6 D or worse, along with fundus changes such as diffuse/patchy chorioretinal atrophy, macular atrophy, lacquer cracks, or posterior staphyloma (14). Multifocal choroiditis was observed as chorioretinal lesions extending to the periphery and was associated with peripheral inflammation or panuveitis (15). The diagnosis of Best vitelliform macular dystrophy was confirmed by typical macular lesions and genetic testing. Other etiologies of CNV—such as optic disc hamartoma, ocular toxoplasmosis, optic disc drusen, and morning glory syndrome (MGS) —were defined on the basis of the presence of specific clinical and angiographic findings. If a case of CNV could not be attributed to any etiology, it was defined as idiopathic.

Statistical analyses were performed using SPSS Statistics for Windows (v23; IBM Corp, Armonk, NY, USA). Continuous variables were presented as mean (SD) after assessing for normality by inspecting histograms and were compared using the unpaired t-test. The chi-squared or Fisher exact test was used for categorical data. Statistical significance was defined as a P-value < 0.05.



RESULTS


Characteristics of CNV in Children

A total of 30 pediatric patients (33 eyes) with a mean age of onset 11.2 ± 4.6 (range, 1–18) years were included in this study. The youngest patient was 1.8 years old. The number of males and females was 17 (56.7%) and 13 (43.3%), causing a male-to-female ratio of 1.3:1.0. The mean age of onset in males and females was 12.5 ± 3.9 and 10.1 ± 4.9 years, respectively, with no statistical differences (P = 0.39). Among the participants, 29 were Hans and 1 was Russian. The average duration of follow-up was 29.0 ± 13.8 months, ranging from 6 to 60 months. None of the patients had any systemic diseases. Unilateral presentation was the most common, which was found in 27/30 (90.0%) children. Bilateral CNVs were noted in 3/30 (10.0%) children. Best corrected visual acuity (BCVA) was present in 87.9% (29/33) eyes, and the mean BCVA was 0.95 ± 0.63 logMAR.

Among the 33 affected eyes with CNV, the majority (32/33, 97.0%) were with type 2 CNV, only 1/33 (3.0%) eye was with type 1, and no eye with type 3; 84.8% (28/33) CNVs were active and 15.2% (5/33) inactive; 84.8% (28/33) CNVs were located subfoveally, and 15.2% (5/33) CNVs were located in the peripapillary area (Table 2). All 5 eyes with ppCNV had congenital pathology: optic disc drusen (1 eye), morning glory syndrome (1 eye), congenital optic disc hamartoma (2 eyes), and retinitis pigmentosa (1 eye), and 80.0% (4/5) ppCNVs were active. The demographic profiles, characteristics of all affected eyes, and etiologic factors are presented in Tables 1, 2.


Table 1. Demographic profile and ocular associations.
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Table 2. Characteristics of CNVM.
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Analysis of Etiologic Factors Associated With CNV in Children

A wide range of etiologic factors associated with CNV were identified in this study. Diverse congenital retinal or optic disc anomalies were seen in 10 eyes in 9 children, including Best vitelliform macular dystrophy (4 eyes in 3 children) (Figure 1), retinitis pigmentosa (2 eyes in 2 children), optic disc drusen (1 eye in 1 child) (Figure 2), morning glory disc anomaly (1 eye in 1 child), and optic disc hamartoma (2 eyes in 2 children). Inflammatory retinochoroidopathy was observed in 10 eyes in 9 children, including toxoplasma chorioretinitis (6 eyes in 5 children) (Figure 3), multifocal choroiditis (3 eyes in 3 children), and ocular toxocariasis (1 eye in 1 child). Simple high myopia was identified in 4 eyes in 3 children, and 1 eye with pathologic myopia with fundus changes was found (Figure 4). In addition, idiopathic CNV was defined in 8 eyes in 8 children. Overall, within these associated factors, congenital retinal or optic disc anomalies (9/30, 30.0%) and inflammatory retinochoroidopathy (9/30, 30.0%) are the most common etiologic factors, followed by idiopathic CNV (8/30, 26.7%). Details of all affected eyes are presented in Table 1.


[image: Figure 1]
FIGURE 1. Multimodal imaging of a 17-year-old male who presented with choroidal neovascularization (CNV) related to Best vitelliform macular dystrophy. His family history was unremarkable. His BCVA was 0.1 logMAR in the right eye and 1.1 logMAR in the left eye. (A) Fundus examination of the right eye revealed a color photo: a vitelliform lesion in the submacular area indicating Best disease. (B) The left eye showed a yellow-white fibrotic membrane—an area of atrophy and pigmentation. (C,D) The red-free images showed macular hyperautofluorescence in both eyes. (E) OCT revealed the typical subfoveal hyperreflective at the level of the RPE. (F,H,J) FFA demonstrated mild hyperfluorescence in the macular area and frank hyperfluorescence in the late phase consistent with subfoveal CNV in the left eye. (G,I,K) ICGA showed hypofluorescence in the macular area consistent with the lesion. (L) FFA demonstrated mild hyperfluorescence in the macular area secondary to a vitelliform lesion in the right eye. (M) ICGA showed mild hypofluorescence secondary to a vitelliform lesion in the right eye. The patient underwent intravitreal ranibizumab treatment for his left eye. However, he did not notice any significant visual improvement.



[image: Figure 2]
FIGURE 2. Multimodal imaging of an 11-year-old female with optic disc drusen. Her BCVA was 0.8 logMAR in the left eye and 0.1 logMAR in the right eye. Her ocular and systemic history was unremarkable. (A,B) Fundus photograph showed elevated optic discs with blurred margins in both eyes. (C,D) Mild hyperautofluorescence was observed around the disc bilaterally. (E–G) FFA showed a lesion located in the peripapillary area with hyperfluorescence in the early phase and leakage in the late phase in the left eye. (H) FFA image of the right eye. (I,J) OCT angiography clearly showed CNV located in the peripapillary area. (K) OCT image of the left eye revealed subretinal hyperreflectivity. (L) Ultrasound B-scan showed a strong signal in front of the optic disc. The girl underwent intravitreal ranibizumab treatment, and her BCVA improved to 0.1 logMAR at final follow-up.



[image: Figure 3]
FIGURE 3. Multimodal imaging of a 14-year-old female with idiopathic choroidal neovascularization. Her BCVA was 0.9 logMAR in the right eye and 0.1 logMAR in the left eye. (A) A parafoveal yellowish lesion was noted on funduscopy. (B) OCT showed a hyperreflective area located in subretinal space with arounding serous retinal detachment. (C,D) Hyperfluorescence in the early phase and leakage in the late phase FFA revealed an active lesion parafoveally.
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FIGURE 4. Multimodal imaging of an 11-year-old female who presented with decreasing vision in her left eye. Her BCVA was 0.3 logMAR with a refraction of −6.00 – 1.50*5 in the left eye and 0.9 logMAR with a refraction of −5.5 – 1.25*177 in the right eye. (A) Color fundus demonstrated mottled fundus, lacquer cracks, and myopia conus. (B) OCT showed a subretinal high-refractive material with fuzzy margins and the absence of the inner segment/outer segment junction. (C) FAF showed hypofluorescence secondary to mechanical linear breaks in the elastic layer of the Bruch membrane. (D,E) ICGA showed an abnormal vascular network and hypofluorescence corresponding to the areas of LC. (F–H) FFA demonstrated hyperfluorescence in the early phase and leakage in the late phase of CNV and a hyperfluorescence linear area consistent with LC. This patient received 1 intravitreal injection of ranibizumab, and the vision was stable at 0.3 at follow-up.


Subgroup analysis based on the age of onset showed the most common etiologic factor of CNV in patients 12 years or older was inflammatory chorioretinopathy (5/13, 38.5%), followed by high myopia (4/13, 30.7%), idiopathic CNV (3/13, 23.1%), and congenital/developmental anomalies (1/12, 7.7%). However, congenital/developmental anomalies were the major etiologic factor in patients younger than 12 years (8/17, 47.1%), followed by idiopathic CNV (5/17, 29.4%) and inflammatory chorioretinopathy (4/17, 23.5%). A statistically significant difference was found in etiology between patients 12 years or older and those younger than 12 years (χ = 9.3, P = 0.02) (Table 3).


Table 3. Distribution of etiology by age range for patients with choroidal neovascular membrane.

[image: Table 3]

Among these 30 children, three cases presented with bilateral CNVs, including Best disease (1), high myopia (1), and toxoplasma (1). The patient with Best disease has active stage III lesion in both eyes at the time of diagnosis. The bilateral CNVs in high myopia were active. However, the bilateral CNVs secondary to toxoplasma were inactive and this child was left to observe without any treatment.



Anti-VEGF Treatment and Outcomes of CNV in Pediatric Patients

According to the reported studies and our previous experience with myopic CNV in adults, where the majority belonged to type 2 CNV, one anti-VEGF injection followed by a pro re nata (1 + PRN) regimen was found to be quite effective (16). Thus, the 1+ PRN treatment modality was used in 25 eyes in 23 children with active CNV lesions in this study. The eye with active CNV due to toxocariasis uveitis was treated with pars plana vitrectomy combined with oral anti-inflammatory glucocorticoid. Two eyes in 2 children did not receive treatment because of rejection from their guardians. Five eyes with inactive CNVs were left to observe, including 2 eyes in 1 patient with toxoplasma. Standard dose of anti-VEGF (aflibercept 2 mg and ranibizumab 0.5 mg) was used in this study.

The outcome of anti-VEGF treatment for CNVs in 25 eyes (23 children) is summarized in Table 4. BCVA was available in 23/25 eyes. The average baseline BCVA before anti-VEGF treatment was 0.96 ± 0.49 logMAR; it increased to 0.85 ± 0.44 logMAR 3 months after the treatment and stabilized at 0.85 ± 0.42 logMAR at final follow-up. No significant difference was noted in comparing BCVA pre- and post-treatment (P > 0.05). A slight improvement in BCVA was seen in 12 (12/23, 52.1%) eyes at follow-up, including 6 (6/6, 100%), 1 (1/7, 14.3%),1 (1/5, 20%) and 4 (4/5, 80%) eyes with idiopathic CNV, congenital retina and optic disc anomalies, high myopia and inflammatory retinochoroidopathy, respectively. No significant changes were observed in 11 (11/23, 47.9%) eyes at follow-up, including 0 (0/6, 0%), 6 (6/7, 85.7%), 4 (4/5, 80%), and 1 (1/5, 20%) eyes with idiopathic CNV, congenital retina and optic disc anomalies, high myopia and inflammatory retinochoroidopathy, respectively. The average frequency of initial anti-VEGF treatment was 1.40 ± 0.58 injections. Among the eyes that received 1+ PRN intravitreal anti-VEGF treatment as the loading dose, CNVs in 16/25 (64.0%) eyes in 14 children were stabilized with 1 injection only, whereas 8/25 (32.0%) eyes received a second injection during the loading stage at treatment initiation, and 1 eye received a third injection. No recurrence occurred during the study period. CNVs in 25/25 (100.0%) eyes were stabilized at final follow-up. There were no significant ocular or systemic complications in these children.


Table 4. Treatment profile.
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DISCUSSION

CNV is quite a rare, but sight-threatening disease affecting children and adolescents. The first and only available population-based incidence of CNV was reported recently by Moosajee et al. from the United Kingdom in those aged 16 years or younger, with an annual incidence of 0.21 per 100 000 (2). To date, there are no other detailed data on the prevalence of CNV in the pediatric population, and most knowledge of this topic comes from case series or single case reports. Because of the low incidence, only a few series of CNVs in children have been reported. To the best of our knowledge, this is the first study to report the etiologic factors, clinical characteristics, and treatment outcomes of CNV in a series of Chinese pediatric population younger than 18 years.


Etiologic Factors and Clinical Characteristics

In this study including 33 eyes of 30 pediatric patients with CNV, at least 1 contributing etiology could be identified in 25/33 (75.8%) eyes of the patients. A study by Tapas et al. demonstrated that retinal dystrophies had the leading ocular correlation with CNV in pediatric patients younger than 18 years (10). In our series, identifiable ocular association could not be found in only 8/30 (26.7%) patients, whereas congenital/developing anomalies and inflammatory retinochoroidopathy were noted to be the major etiologic factors of CNV in children. Among them, Best vitelliform macular dystrophy was the most common reason, which is in line with the study of Tapas et al. (10). Furthermore, one of the strengths of our study is the findings concerning the distribution of etiology. Subgroup analysis based on the age of the patients at the onset of CNV showed that the most common etiology of CNV in patients younger than 12 years was congenital/developmental anomalies (8/17, 47.1%), whereas inflammatory retinochoroidopathy was the major etiologic factor in patients older than 12 years (5/11, 38.5%).

Moreover, in previous studies on CNV in the pediatric population, high myopia had a low incidence, especially in studies conducted in the West (5). However, our data showed that high myopia (4/11, 30.7%) plays an important role in Chinese patients 12 years or older with CNV, which was probably because myopia is more prevalent in Eastern Asians (17). Interestingly, in adults, subretinal CNV generally develops in an eye with diffuse or patchy macular atrophy and lacquer cracks, which was identified as pathologic myopia. CNVs are usually present at the edges of lacquer cracks, atrophy plaque, or steep staphylomatous area (18, 19), whereas in pediatric patients in our study, they were observed in 1 pathologic myopic eye with lacquer cracks and 3 highly myopic eyes without evident myopic fundus changes at the posterior pole, which was identified as simple high myopia. All CNVs due to simple high myopia were seen in teenagers, ranging from 14 to 18. The underlying pathogenesis is still elusive. We suggest that the contribution of dramatic elongation of the globe during adolescence is considered, which may produce biomechanical stretching of the retina, RPE, and choroid with a straightening and thinning of retinal vessels with reduction of retinal vascular flow and a diminished density of the retinal capillary network and choriocapillaris (20).

Because of the rarity of ppCNV in the pediatric population, the natural history, prognosis, and treatment strategy are not clear so far. In the current series, all 5 ppCNVs occurred in patients younger than 12 years who had a preexisting ocular pathology, including optic nervehead drusen, optic disc hamartoma, morning glory disc anomaly, and retinitis pigmentosa. In our series, 4/5 (80%) ppCNVs were active. The natural course of untreated ppCNVs has been reported to be variable by ranging from spontaneous involution to fulminant enlargement toward the fovea, which is vision threating (21). Thus, in our series, all the active lesions, although some of them were not affecting the vision, were treated with anti-VEGF therapy. CNVs responded well with an average of 1.25 injections. Non-active CNVs associated with MGS were left to observe and kept stable within the 36 months of follow-up.



Treatments and Outcomes

Children with CNVs seem to respond well to anti-VEGF treatment. Kozak et al. analyzed the data of 45 eyes in 39 children with intravitreal bevacizumab or ranibizumab for CNV over a mean follow-up period of 12.8 months. 2.2 injections per eye was required for treatment. An improvement in BCVA of 3 lines was seen in 22 (49.0%) eyes, and only 1 eye had worsened vision after treatment (7). In our study, it was found that an average of 1.40 ± 0.58 anti-VEGF injections were needed for the regression or stabilization of CNV membrane (CNVM), which is significantly lower than what is commonly seen with CNVM in adults, even less than that reported in a study by Kozak et al. (7, 16). Injections on a 1+PRN basis demonstrated similar results as monthly injections. The need for retreatments is definitely much less than that for adults in prior reports (16). In our series, it was usually between 1 and 3 in only 36% of children. However, the number of patients in this study was too small to draw any clear conclusions regarding which options performs better for post-treatment recurrence. However, visual improvement is poor in CNVs in the pediatric population after the stabilization, or even regression, of CNV lesions. In our series, 12/23 (52.1%) patients showed a slight improvement, whereas 11/23 (47.9%) did not show any significant improvement in visual acuity during follow-up. Similarly, 90% of the patients in a case series of Goshorn et al. with initial visual acuity of <1.0 logMAR remained unchanged (22). The improvement in BCVA was seen in 6 (6/6, 100%) eyes with idiopathic CNV and 4 (4/5, 80%) eyes with inflammatory retinochoroidopathy, respectively. The results showed better treatment effects in idiopathic CNV and inflammatory retinochoroidopathy.

CNV in children has a more favorable prognosis than in adults with AMD, even if left for observation. In our cohort, 2 eyes with active CNV in 2 patients were left to observe because of rejection from their guardians, including 1 eye with retinitis pigmentosa and 1 with ocular toxoplasma retinochoroiditis. Both eyes had a spontaneous regression of CNV, although visual acuity did not show any improvement. Five eyes with inactive CNV in 4 patients still remained inactive, and no improvement in BCVA was observed during follow-up. Goshorn et al. reported spontaneous regression of CNV in 11/19 (58.0%) untreated eyes in children and 9 patients obtained visual acuity better than or equal to 20/50 (22). Rishi et al. reported spontaneous involution of CNV in 15/17 untreated eyes and suggested the less need for treatment was related to the better health of RPE pump in children (3). RPE play an important role by mixing with fibrocytes, collagen, vascular endothelium and lymphocytes to form the CNV. In the late stage of CNV, the RPE proliferated to enclose CNV and caused its regression (23). Observation of CNVs in children might be a reasonable option; but, so far, it is difficult to assess which CNV would regress or progress. Moreover, Rishi et al. noted that visual outcome in eyes with treated CNV was better than in those with spontaneously regressed CNV (3). Thus, according to the effectiveness and favorable prognosis with limited anti-VEGF treatment, we suggest timely treatment is considered for CNV in the pediatric population.

There are several limitations of this study that need to be considered. First, as CNV is rare in the pediatric population, the number of included patients was limited. Second, because of the young age of the patients in this case series, some details—such as visual acuity, refractive status, clinical presentation, and OCT findings—were lacking. Third, referral biases might be existed as our hospital is a tertiary referral institute for pediatric retinal diseases. Fourth, the non-compliance of OCTA in young cases limited the consequent analysis of the microstructure modeling of CNV. Therefore, a prospective multicenter clinical study with more detailed objective information may be warranted. However, this study—with a relatively large sample size—was the first to reveal that the etiologic factors of CNV in the Chinese pediatric population varied significantly from those in adults.

In conclusion, we analyzed the etiologic factors, clinical features, and treatment outcomes of CNV in the pediatric population. Most of the CNVs were found to be classic on FFA and type 2 on OCT and had a subfoveal location. In our study, according to age, congenital/developmental abnormalities were the major etiologic factor in patients younger than 12 years, whereas inflammatory retinochoroidopathy was the most common reason in those older than 12 years. The high prevalence of inflammatory CNV in pediatric and young teenage patients catches the attention of ophthalmologists. Intravitreal anti-VEGF treatment on a PRN basis after the first injection was demonstrated to be effective. With a long follow-up, it has been shown that children with CNVs respond well to anti-VEGF treatment. In summary, CNV in the pediatric population in our study differed from that in the adult population according to etiology, angiographic characteristics, and treatment response.
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Purpose: To evaluate the effect of femtosecond laser-assisted in situ keratomileusis (FS-LASIK) on retinal fovea thickness, volume, and retinal nerve fibre layer (RNFL) thickness.

Methods: Thirty-seven eyes (37 patients) undergoing FS-LASIK were included in this prospective study. Optical coherence tomography (OCT) was performed 1 day before, 1 h and 1 day after FS-LASIK surgery.

Result: Eighteen male and nineteen females were enrolled. Mean patient age was 22.94 ± 4.22 years. One hour postoperatively, macula fovea thicknesses, macula fovea volume, macula parafovea thickness, macula parafovea volume, macula perifovea thickness, macula perifove volume, temporal RNFL thickness, and superior RNFL thickness measures showed significant decrease (t = 6.171, 6.032, and 9.837, 9.700, 2.532, 4.393, 4.926, 2.265; p = 0.000, 0.000, 0.000, 0.000, 0.016, 0.000, 0.000, and 0.011). Day 1 post-operation, macula fovea thicknesses, macula fovea volume, macula parafovea thickness, macula parafovea volume, and inferior RNFL thickness measures showed significant change compared to preoperative measures (t = 3.620, 3.220, 2.901, 2.910, 3.632; p = 0.001, 0.003, 0.006, 0.006, and 0.001).

Conclusion: Our data suggest there are alterations in retinal foveal and RNFL measurements by OCT 1 h and 1 day after FS-LASIK surgery.

Keywords: femtosecond laser-assisted in situ keratomileusis, macular thickness, retinal nerve fibre layer thickness, optical coherence tomography, myopia


INTRODUCTION

Laser-assisted in situ keratomileusis is a popular corneal refractive technique utilised to enhance visual acuity. Both traditional microkeratome and modern femtosecond laser laser-assisted in situ keratomileusis (FS-LASIK) involve the dissection of a superficial lamellar flap by suction to reveal the corneal stroma for remodelling. FS-LASIK creates a predictable homogeneously thick stromal flap, which is elevated by a suction ring. It leads to better refractive results in comparison to standard microkeratomes most likely due to more predictable and planar corneal flaps (1).

During the LASIK procedure, the intraocular pressure (IOP) is abruptly increased. Dramatic IOP change has been theorised to vitreous traction, thereby causing postoperative optic nerve and vitreoretinal complications. As such, glaucoma is also a contraindication (2, 3). It is evident from the literature that LASIK with mechanical microkeratome is not detrimental to retinal neve fibre layers of healthy individuals (4, 5). The evidence surrounding FS-LASIK and foveal and retinal thickness is conflicting and sparse. Some studies have demonstrated changes within the retina, following FS-LASIKS (6), whilst other have not (7), and there is uncertainty in the clinical significance of such change (8).

The objective of this study was to determine whether FS-LASIK induces changes in retinal foveal and RNFL measurements with optical coherence tomography (OCT) immediately post-procedure.



MATERIALS AND METHODS

All patients underwent corneal pachymetry and topography preoperatively. Patients with contraindication to LASIKs were excluded. Contraindications include ocular disease, ocular surface disorder, glaucoma, corneal thickness <500 microns, and/or irregular corneal topography. The patients were also excluded from the study if their preoperative best-corrected visual acuity was <20/40 or if they had prior laser or intraocular surgery. Our prospective study recruited patients undergoing FS-LASIK by one surgeon (WZH).

All patients on examination had an intraocular pressure (IOP) <21 mmHg and normal optic disk. A normal optic disc was defined by a vertical cup-to-disk asymmetry <0.2, cup/disk ratio <0.6, and an intact neuro-retinal rim without peripapillary haemorrhages, notches, localised pallor, or nerve fibre layer defect.

All patients underwent FS-LASIK treatment using the VISX™ (Abbott Medical Optics Inc., Santa Clara, CA, USA) under topical anaesthesia. A corneal flap, 110-micron thick, was created by IFS IntraLase™ 150 HZ (Abbott Medical Optics Inc., Santa Ana, CA, USA). Suction during the creation of a flap lasted ~45 s. Retinal fovea thickness, volume, and retinal nerve fibre layer (RNFL) thickness were measured preoperatively, and postoperatively at 1 h and 1 day, following FS-LASIK surgery. OCT (Optovue Inc., Fremont, CA, USA) performed 360° circular scans with a diameter of 3.45 mm centred on the optic disk.

Only the right eyes of the participants were included to be observed.


Statistical Analysis

Volume and thickness of the inner retina (macula fovea, parafovea, and perifovea), and the thickness of the RNFL (superior, inferior, nasal, and temporal) were recorded pre- and postoperatively. The mean and standard deviation were calculated for both pre- and postoperative measurements. A paired t-test was utilised to determine any statistical difference between pre- and postoperative measurements. A p-value < 0.05 was considered statistically significant.




RESULT

Eighteen males and nineteen females (n = 37) were enrolled in this study. Mean patient age was 22.94 ± 4.22 years. The thickness and volume of the macula declined significantly 1 h post operation (Table 1). By Day 1, post operation, five out of the six measures of the macula showed decreases compared to the preoperative values, but only four (fovea thickness and volume, parafovea thickness, and volume) of these were statistically significant (Table 1). All showed increases compared to immediate postoperatively.


Table 1. Mean macular fovea thickness and volume before and after femtosecond laser laser-assisted in situ keratomileusis (FS-LASIK) surgery.

[image: Table 1]

The mean RNFL decreased 1 h postoperatively in the temporal and superior RNFL (Table 2). At 1 day post-operation, the RNFL was only significantly increased in the inferior portion compared to the preoperative measures. All measurements of macula and RNFL thickness and volume increased between 1 h postoperatively and 1 day postoperatively.


Table 2. Mean retinal nerve fibre layer thickness before and after FS-LASIK surgery.

[image: Table 2]



DISCUSSION

Our study showed significant differences in preoperative and postoperative FS-LASIKs measurements of the macula and RNFL thickness as determined by OCT. Eight of ten measurements 1 h after FS-LASIKs were significantly different, whilst only five of ten measurements 1 day after FS-LASIKs were significantly different compared to preoperative measurements of the macula and RNFL. All measurements showed improvement between 1 and 1 day postoperatively. We hypothesise that our results are due to alterations in corneal architecture, thereby inducing artefactual OCT measurements.

There is conflicting evidence regarding measurements of macular edema and RNFL measurements by OCT in FS-LASIKs. Some studies have demonstrated changes within the macula and RNFL post FS-LASIKs (6, 8) and have attributed these effects to macular edema associated with IOP elevation during procedure. Elevation of IOP during LASIKs can be significant. In a previous study, intraoperative microkeratome LASIKs lead to IOP values of > 150 mmHg (9). Whilst FS-LASIKs leads to reduced IOP values during the suction, they lead to a greater period of maintenance of high IOP pressure, and there is uncertainty in comparative effect of FS-LASIKs on retinal measurements (10).

A range of microkeratome LASIK studies has demonstrated no detrimental effects on RNFL and macular thickness (3–5) and suggested that changes demonstrated via OCT are secondary to corneal aberrations, leading to artefactual measurements of the retina and fovea since there was no possibility that substantive decrease and the following increase of retina thickness can happen. The most likely cause of this phenomenon would be the reflectivity change, following the refractive procedure. Furthermore, larger studies with longer follow-up times have demonstrated that LASIKs is rarely associated with vitreoretinal pathology (11, 12).

Optical coherence tomography evaluates the reflectivity of posterior segment structures. Utilising these data, the RNFL thickness can consequently be calculated. FS-LASIK produces corneal spherical aberrations (13) and alters the refractive properties of the cornea. Consequently, this can interfere with OCT measurements, reducing reliability within the immediate postoperative period. These changes in refraction can be compensated for such as in scanning laser polarimetry (SLP) (14, 15). We should be aware of this measurement changes following the refractive procedure, since the myopia patients are the well-known potential high-risk group of glaucoma and retina disease in which OCT is one of the most important diagnostic tools.



CONCLUSION

In our study, FS-LASIKs induced alterations in the inner retina and RNFL measurements by OCT. This is unlikely to be actual structural changes but is associated with changes in refractive properties of the cornea.
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The choroid is the main source of blood and nourishment supply to the eye. The dysfunction of the choroid has been implicated in various retinal and choroidal diseases. The identification and in-depth understanding of pachychoroid spectrum disorders are based on the tremendous progress of optical coherence tomography (OCT) technology in recent years, although visibility of choroid is challenging in the era of the time or spectral domain OCT. The recent rapid revolution of OCTs, such as the enhanced depth imaging OCT and the swept-source OCT, has greatly contributed to the significant improvement in the analysis of the morphology and physiology of the choroid precisely, especially to the choroid–scleral boundary and vasculature. The present review highlights the recently available evidence on the measurement methodology and the clinical significance of choroidal thickness in retinal or choroidal disorders.

Keywords: choroidal thickness, optical coherence tomography, swept-source optical coherence tomography, methodology, morphological investigation


INTRODUCTION

The choroid is mainly composed of blood vessels and is the posterior portion of the uveal tract with rich and slow blood flow. As the main source of blood supply to the retinal epithelium, the outer retina, and the optic nerve, the choroid plays a significant role in maintaining the normal metabolism of the retinal pigment epithelium (RPE) and photoreceptors (1). The dysfunction of the choroid has been implicated in various retinal and choroidal diseases. Additionally, choroidal thickness (ChT) is a sensitive biomarker in the prediction, diagnosis, intervention, and follow-up of various acute or chronic retinal and choroidal diseases, including polypoidal choroidal vasculopathy (PCV), central serous chorioretinopathy (CSCR), and idiopathic macular hole (IMH) (2–4).

Optical coherence tomography (OCT) is a non-invasive fundus imaging modality, which plays a vital role in revealing the pathogenesis and development of retinal–choroidal diseases. Compared to other imaging modalities, OCT has greatly improved clinical diagnosis and research since its inception in the 1990s. Furthermore, the wide use of OCT-angiography boosts the OCT field from structural imaging to vascular imaging and provides an opportunity for the quantitative analysis of both ocular structure and vasculature, especially the choroid thickness. Compared to the traditional methods such as ultrasound and indocyanine green angiography (ICGA), the advantage of OCT is non-invasive and repeatable with a higher resolution (5, 6).

Choroidal thickness measuring in vivo has been reported in various diseases using different available methods/devices including ultrasound and OCT since 1979 (7, 8). To date, ChT has become a vital predictive imaging biomarker for both retinal and choroidal disorders. In-depth understanding of pathogenesis of these disorders drives us to understand the standard method to measure ChT.

Presently, there is no unified international protocol for ChT measurement by OCT, the most popular methods being manual and automatic segmentation. In this review, we have highlighted the recently available evidence on the measurement methodology of ChT, and the significance of ChT in various retinal or choroidal disorders.



ANATOMICAL CHARACTERISTICS OF THE CHOROID

The choroid is located between the retina and the sclera. Anatomically, from inside toward outside, it has been described as five layers: Bruch's membrane (BrM), the choroidal capillary (CC), the Sattler, the Haller layers, and the suprachoroid cavity. Approximately 90% of the ocular blood perfusion is supplied by the choroid, 70% of which is from the CC layer. The CC layer has high blood flow, high vascular density, and abundant interstices that play a significant role in the metabolism of photoreceptor cells and the RPE (9). The choroidal blood vasculature is distributed in a leaflet shape and arranged into layers. As the choroidal blood vessel is the only source of nourishment supply for the fovea, the sub-macular choroid is the thickest part. The large vessel calibers of the Haller layer run parallel with its branch in a fan shape, forming a network of lobular capillaries, which communicate with each other and supply blood in different regions. The function of these anastomoses is to shunt blood to balance the circulation pressure of the lobules, and it is the basis for maintaining the function of the retina (9–11). In addition to the blood supply, choroid tissue has various functions, including temperature regulation and the absorption of light to form a dark chamber (12) (Figure 1).


[image: Figure 1]
FIGURE 1. A schematic diagram of the human choroid and the corresponding OCT signal. (A) Segmentation of the retina and choroid as shown by SS-OCT B-scan (Plex Elite 9000, Carl Zeiss Meditec, Inc., Oberkochen, Germany). (B) A partially enlarged image of the OCT B-scan signal corresponding with a schematic diagram (C). OCT, optical coherence tomography; SS-OCT, swept-source OCT; RPE, retinal pigment epithelium.




PRINCIPLE OF CHOROID IMAGING BY OCT

As a non-invasive fundus imaging technology, OCT works by dividing the monochromatic light into two beams through the coupler: the reference arm and the measuring arm, which penetrates the intraocular refractive stroma to the surface of the retina. The two beams are reflected by a mirror, and the fundus tissue could be assessed, respectively. After being combined with the coupler from the interference, the beams were detected by the photodetector based on the heterogeneity and different depths of the tissue. The two or three-dimensional structure images of the biological tissue can be obtained by collecting the varied reflected interference signal (13).

Time domain (TD)-OCT realizes axial scanning (A scan) by reference to the rapid changes in the optical delay lines generated by the mechanical motion of the reference arm, but the scanning depth is limited, and the speed is slow (14, 15). The reference arm of the spectral domain (SD)-OCT is fixed, the interference signal data is recorded through the spectrometer receiver and assessed by Fourier (inverse) transform to obtain the axial depth information, thus greatly improving the speed and depth of the OCT (16). Nevertheless, due to the attenuation and scattering of light by the RPE, TD-OCT, and SD-OCT cannot delineate the choroid details and choroidal scleral interface, rendering it challenging to achieve a high-resolution tomography of the choroid. In addition, Spaide et al. developed an enhanced depth imaging (EDI)-OCT in 2008, which can measure ChT for the first time by moving the zero delay line toward the choroid to present the choroid details of the structure (17). With the development of laser technology, swept-source (SS)-OCT emerged, which improved the imaging speed, depth, software algorithm, and eye-movement tracking technology. This increases the tissue resolution and image signal-to-noise ratio and contributed to an in-depth understanding of choroidal diseases (18–20).

However, compared to ICGA, OCT can only detect the lesion in a static state. Various blood flows are graded to interpret the active blood flow lesions in the dynamic state and quantitate the blood signal, which would be the trend in the future.


EDI-OCT and the Choroid

Conventional SD-OCT uses a high-resolution spectrophotometer to separate the wavelengths due to the zero-delay line at the posterior vitreous boundary level and the light scattering of the RPE layer, making the obtained tomographic images unable to identify the choroid–scleral interface clearly. EDI-OCT proposed by Spaide for the first time in 2008 (17), with a central wavelength of 850 nm, made the zero-delay line to the choroid by moving the device closer to the eye, thus improving image resolution and facilitating the identification of the choroid–scleral interface. In addition, the image averaging technique could increase the signal-to-noise ratio and reduce speckle for enhanced choroid visualization (21, 22) (Figure 2).


[image: Figure 2]
FIGURE 2. A representative EDI-OCT B-scan imaging of a 57 years old subject. The choroid boundary is detected vaguely. An EDI-OCT (Optovue, Inc., California, United States) B-scan image shows the choroid–sclera boundary (arrows) with a central wavelength of 850 nm, which made the zero-delay line to the choroid by moving the device closer to the eye, thus improving image resolution and facilitating the identification of the choroid–scleral interface. EDI OCT, enhanced depth imaging OCT; SD-OCT, spectral domain OCT.




SS-OCT and the Choroid

Compared to SD-OCT, SS-OCT uses a light source with a longer wavelength and a double-balanced light detector. The central wavelength is 1,050 nm/1,060 nm, with strong penetration, and hence is less affected by the light scattering of RPE, lens turbidities, and less signal attenuation, giving a better visualization of the deep layer (23–25). SS-OCT could reach up to 6 mm of depth, 200,000 A scans per second (Plex Elite 9000, Carl Zeiss Meditec, Inc., Oberkochen, Germany), and 6.3 μm of axial resolution (26). After technical innovation of SS-OCT in microelectronics mechanical systems, tunable filter technology, and vertical-current surface-emitting laser, an intensive scanning mode and greater scanning area are realized. Beyond that, the eye movement artifact could be reduced to improve the quality of imaging and make faster imaging inspection with higher efficiency and a wide scanning range (27–29) (Figure 3).


[image: Figure 3]
FIGURE 3. A representative imaging of SS-OCT in normal subject. The boundary of choroid–scleral (arrows) and choroidal vasculature in a 49 year-old man are clearly shown using an SS-OCT (Plex Elite 9000, Carl Zeiss Meditec, Inc., Oberkochen, Germany). SS-OCT could reach up to 6 mm depth, 200,000 A scans per second (Plex Elite 9000) with 200,000 A scans per second, and 6.3 μm of axial resolution.





METHODS FOR MEASURING CHT


Histopathological and Ultrasound

The ChT measured by histopathology is objective but thinner than the true value with respect to the choroid, which is a highly vascularized tissue and ChT varying with its blood perfusion. Moreover, histological fixation can lead to the deformation and shrinkage of the choroid, and the correlation between the measured value and the true value cannot be quantified accurately (30, 31). ICGA is a traditional method for assessing the morphology of choroidal vessels but could not provide anatomical tomography images.

The resolution of ultrasound is lower than that of OCT for choroidal tomography. Ultrasound at 20 MHz achieves posterior imaging, which is mainly used in the case of refractive media opacity and can evaluate the deeper structure (32).



Optical Coherence Tomography

Presently, there is no international unified reference standard for OCT measurement of ChT. The mainstream methods are mainly divided into manual single-point or multi-point measurement and automatic segmentation methods (Table 1).


Table 1. Methods for measuring choroidal thickness.

[image: Table 1]


Manual Method

Manual methods have been described as single-point and multi-point methods. Theoretically, subfoveal choroidal thickness (SFCT) is the thickest part of the choroid, but single-point measurement cannot reflect the overall information of the choroid (47). The multi-point methods were further categorized into horizontal and vertical techniques. The horizontal multi-point method was utilized to measure the SFCT, the nasal and temporal sides of the fovea. The multipoint can be three points, seven points, and nine points. The three points are located at 750 μm and 1,000 μm to the fovea temporally and nasally, the seven points and nine points are located at 500 μm intervals in the horizontal section (6, 35, 36, 39, 40). Some other multi-point methods simultaneously measure the ChT horizontally and vertically. Five or nine points are placed at the SFCT and its superior, inferior, nasal, and temporal sides. The five points are located at the 1,500 μm or 3,000 μm to the fovea superiorly, inferiorly, temporally and nasally. The nine-points are located at the 1,000 μm, 3,000 μm or with the 1,500 μm interval to the fovea superiorly, inferiorly, temporally and nasally (37, 38, 41, 42). Although manual measurement has good repeatability (48), it is difficult to avoid errors. The multipoint and multi-quadrant measurement reflects the average ChT, the distribution, and trend of ChT in cohort population and reduces the single-point error (Figure 4).


[image: Figure 4]
FIGURE 4. Manual measuring methods. A representation of imaging showing the routinely used manual measuring methods. (A) We took SS-OCT (Plex Elite 9000, Carl Zeiss Meditec, Inc., Oberkochen, Germany) as an example to display the single-point method (arrow). (B) The three-point method (the fovea, at 750 nasally to the fovea and temporal to the fovea, arrows). (C) The three-point method (the fovea, 1,000 μm nasally to the fovea and temporally to the fovea, arrows). (D) The seven-point method (the fovea, 500, 1,000, and 1,500 μm nasally and temporally to the fovea respectively, arrows).




Automatic Segmentation Method

The choroid is segmented scanned by EDI-OCT (Heidelberg Spectralis, Heidelberg Engineering, Heidelberg, Germany) and SS-OCT (Triton DRI OCT, Topcon, Tokyo, Japan) through the Early Treatment Diabetic Retinopathy Study (ETDRS) grid using the Heidelberg Engineering software and the TOPCON Advanced Boundary Segmentation-TABS software (49, 50). Each image is constituted by the average of 32 overlapping continuous scans, covering an area of 12 mm × 9 mm with 12 radial scans, providing a three-dimensional ChT mapping by measuring ChT at any point in the macula (51). The reference line is adjusted from the retinal boundary (the internal limiting membrane—RPE) to the choroid boundary (the RPE–choroid–scleral junction), and then an ETDRS map is generated automatically, which can be corrected manually. The ETDRS grid is composed of three concentric circles: the diameter of the fovea, parafovea, and perifovea are 1, 3, and 6 mm, respectively. The average ChT in the central circular and the eight sectors of the nasal inner macula, superior inner macula, temporal inner macula, inferior inner macula, nasal outer macula, superior outer macula, temporal outer macula, and inferior outer macula areas can be calculated, respectively (44–46, 52, 53) (Figure 5).


[image: Figure 5]
FIGURE 5. The ETDRS automatic segmentation method using TOPCON advanced boundary segmentation-TABS software. An ETDRS map is generated automatically, which can be corrected manually. The ETDRS grid is composed of three concentric circles: the diameter of the fovea, parafovea, and perifovea are 1, 3, and 6 mm, respectively. The average choroidal thickness in the central circular and the eight sectors of superior, inferior, nasal, and temporal areas can be calculated, respectively. ETDRS, Early Treatment Diabetic Retinopathy Study.






CHOROIDAL THICKNESS AND ITS INFLUENCING FACTORS

The majority of the studies measured the ChT as the height from the BrM to the choroid–scleral interface (33, 37, 40, 54, 55); however, some studies have defined it as the height from the lower boundary of the hyperreflective RPE to the choroid–scleral interface (34, 38, 42, 43, 56). Margolis and Spaide (57) pointed out that subfoveal CT (SFCT) is the thickest part in the average age of 50.4-years among the 54 normal eyes in a retrospective study, and the average SFCT was 287 ± 76 microns by using Spectralis OCT (Spectralis, Heidelberg Engineering Co, Germany). Subsequently, ChT is rather thin from subfoveal to peripheral retina, temporal thicker than nasal, upward than downward, and peri-optic papilla is the thinnest, which is associated with choroidal vein distribution (58). Interestingly, the results of the study by Ikuno and Ruiz-Moreno are similar (59, 60).

As one of the objective biomarkers for the evaluation of choroid, ChT is dependent on the physiological and pathological factors of the body, and varies with age, refractive, axial length, or diurnal variation (17, 61, 62). A large number of studies have confirmed that age and axial length are the primary factors influencing ChT, and both are negatively correlated with ChT (63–65). Spaide et al. pointed out that ChT decreases 15 μm per 10 years (17). In a longitudinal study based on 3,233 Chinese individuals, SFCT was reported to be 254 ± 107 μm (Spectralis, Heidelberg Engineering Co) with an average age of 65 years (55). Lee et al. reported that SFCT was [median (IQR): 370] 312–406 μm (Spectralis, Heidelberg Engineering Co.) in 741 young adults aged 19–30 years (66).

In addition, the normal ChT differs among different measuring instruments. Bhayana (63) reported that the ChT measured by SS-OCT (DRI-OCT Triton Plus, Topcon, Tokyo, Japan) was slightly higher than that of SD-OCT (Spectralis, Heidelberg Engineering Co.), which was consistent with the results of Matsuo and Copete. This could be attributed to the ability of SS-OCT to identify the choroid–scleral interface precisely (67–69).

Moreover, it is yet to be elucidated whether cardiovascular risk factors have an impact on the choroid as it is a vascular tissue. In a case–control study, Schuster et al. (40) demonstrated that SFCT was associated with the left ventricular end-diastolic blood pressure, systolic blood pressure, epidermal growth factor receptor, and dyslipidemia. By logistic analysis, it was suggested that this correlation is associated with age. Thus, additional qualitative and quantitative studies are warranted to provide more clinical evidence of ChT.



CLINICAL SIGNIFICANCE OF CHT

The choroid provides oxygen and nutrition to the outer five layers of the retina and plays a vital role in the metabolism of RPE and photoreceptors. Therefore, its pathological state is closely related to several diseases, especially pachychoroid spectrum diseases (PCDs), age-related macular degeneration (AMD), and choroidal atrophy associated with pathological myopia. Choroidal vasodilation and/or hyper-perfusion and elevated hydrostatic pressure lead to increased choroidal permeability and focal choroidal exudation with ChT thickening (70). While hypoperfusion and ChT thinning lead to metabolic disorders of RPE and photoreceptor, the growth factors secreted by RPE are insufficient to maintain the physiological needs of the choroidal vessels in reverse, which form a vicious circle and accelerate the progress of the disease (71). Therefore, ChT can be used as a quantitative index to evaluate and reveal the pathophysiology of choroidal diseases.


Diseases With Increased ChT


Pachychoroid Spectrum Diseases

Pachychoroid spectrum disease is a new entity in recent years, which is characterized by the thickening of choroidal layers and dysfunction of choroidal vasculature. PCD usually exhibits chronic continuous thickening and abnormal expansion of the vasculature in the Haller layer and compression of the Sattler and CC layers. The dysfunction of the RPE–BrM–CC complex, intralobular congestion, and stasis may produce an ischemic microenvironment, promote vascular endothelial growth factor (VEGF) expression, leading to secondary choroidal neovascularization (72). Presently, PCD comprises seven major diseases: CSCR, pachychoroid pigment epitheliopathy, pachychoroid neovasculopathy, PCV/aneurysmal type 1 neovascularization, peripapillary pachychoroid disease, and focal choroidal excavation (73).

Polypoidal choroidal vasculopathy is a choroidal vascular disease characterized by polypoidal lesions with diffuse or local dilation of choroidal vascular endings and an abnormal branch vascular network. In a cross-sectional study, Jordan-Yu et al. investigated 100 treatment-naïve PCV eyes, and they found that total lesion areas and polypoidal lesion areas tend to be larger in eyes with increasing SFCT (74), indicating that the pathological features of choroidal background might be the predictive factors influencing the phenotype or progression of PCV. Furthermore, choroidal thickening is a major risk factor in the pathogenesis of PCV, which is a strong evidence differentiated from wet AMD.

Central serous chorioretinopathy is characterized by serous detachment of the neurosensory retina secondary to one or more focal lesions of the RPE. In a prospective study, 34 patients with CSCR in 44 eyes were assessed by SS-OCT. The average ChT in the choroidal leakage area in fluorescein fundus angiography was significantly greater than that in the non-leakage area, and the average ChT in the high permeability region in ICGA was significantly larger than that in the non-pathological area, indicating that increase of hydrostatic pressure in the local choroidal region contributes to CSCR (3). Furthermore, ChT plays a major role in the follow-up of CSCR, which predicts the recurrence or progression of CSCR (75, 76). Half-dose or half-fluence photodynamic therapy reduces SFCT, but patients with a thicker choroid are more likely to have recurrence CSCR (77, 78).



Peripheral Exudative Hemorrhagic Chorioretinopathy

Peripheral exudative hemorrhagic chorioretinopathy (PEHCR), also known as eccentric degeneration, extramacular disciform degeneration, and peripheral AMD, is characterized by peripheral subretinal or sub-RPE hemorrhages and/or exudation or peripheral neovascularization in elderly patients. PEHCR primarily affects the neurosensory retina or RPE and the lesions are mostly located at the temporal side of the retina (79). PEHCR and PCV share some mutual clinical and pathophysiological features such as serous or hemorrhagic pigment epithelium detachment, lipid exudation, and abnormal choroid branching vascular network visible on ICGA or OCTA, suggesting that PEHCR may be a peripheral subtype of PCV (80). Yorihisa et al. (81) documented that PEHCR has choroidal vascular alterations resembling PCV in the affected area on ICGA in a 74-year-old patient. In a retrospective, observational, comparative case series, the choroid was significantly thicker in temporal periphery in PEHCR eyes than that in control eyes (272.70 ± 80.20 μm vs. 166.60 ± 40.10 μm, p = 0.0002), the mean large choroidal vessel thickness is significantly thicker in PEHCR eyes in comparison with the control eyes (202.40 ± 50.80 μm vs.160.60 ± 40.50 μm, p = 0.0235), suggesting the favor inclusion of PEHCR in the pachychoriod disease spectrum (82). Larger cohort studies are warranted to further understand the pathophysiology of PEHCR and to investigate whether PEHCR is a new entity of PCD.



Vogt–Koyanagi–Harada Disease

Vogt—Koyanagi–Harada (VKH) is autoimmune granulomatous inflammatory disorder, involving bilateral eyes. Studies have shown that the ChT increased in the acute stage of VKH while it decreased in the recovery period (83, 84). Nakayama (85) demonstrated that the subclinical manifestations were >100 μm ChT with recurrent VKH before ocular inflammation; therefore, ChT could be used as an indicator for the acute deterioration of inflammation. In patients with chronic VKH (average course of disease 106.3 months), Jap et al. (86) found that the mean SFCT (272.38 ± 118.72 μm) in the active period verified by ICGA was significantly higher than that in the quiet period (187.31 ± 109.90 μm) (P = 0.002), SFCT could be used to monitor the activity of chronic VKH. However, continuously thinning ChT was observed in patients with long-term chronic VKH (36).




Diseases With Decreased ChT


Age-Related Macular Degeneration

Wet AMD is characterized by the formation of the macular neovascularization (MNV), dry form is characterized by atrophy of RPE and photoreceptors. Moderate-sized drusen (>63 μm in diameter) and RPE changes were the early stage of pathologic changes, proceeding with geographic atrophy and MNV in the late stage. Clinical studies have shown that ChT in patients with advanced AMD was thinner than that of normal controls, while it did not differ from that of normal individuals with early AMD (87–89). Decreased ChT reflects the degree of choroidal atrophy, suggesting that the development of AMD is related to the involvement and loss of microvessels, which is an indicator in the differential of PCV (37).

The occurrence and development of MNV are accompanied by choroidal thickening in the corresponding local regions, and thus, regular measurement of ChT is valuable in predicting MNV formation (90). Furthermore, SFCT could be used as an independent predictor of prognosis of wet AMD, the thicker the choroid is, the more anti-VEGF intervention is needed (91).



Pathological Myopia

Several studies have confirmed that the decrease in ChT is related to the degree of refraction. SFCT becomes thinner with the increase in diopter and the lengthening of the ocular axis, accompanied by the thinning of the sclera (92–94). It has been reported that SFCT decreased by 15 μm for every 1 D increase in the myopia diopter, and 32 μm for every 1 mm increase in the axial length in the range of myopia diopter above −1.00 D (55). Ho et al. (56) reported that the average SFCT (118 ± 68 μm) was negatively correlated with diopter in a cross-sectional study of 56 myopic patients (average diopter −8.7 D); for every 1 D increase, SFCT decreased by 6.205 μm; and for every 10 μm increase in SFCT, visual acuity improved by 0.02 LogMAR visual acuity. Choroidal thinning is correlated with the pathogenesis of myopic fundus lesions. A 2-year prospective study revealed that SFCT is an independent predictor of the progression of myopic macular disease (95). With the increase in diopter and axial length, ChT becomes thinner, proceeded with decreased retinal blood supply leading to secondary pathological changes such as lacquer cracks and MNV-related maculopathy.



Idiopathic Macular Hole

Idiopathic macular hole is characterized by retinal neuroepithelial tissue defect in the fovea, which is the most common type of macular hole. IMHs are more common in females than in males and usually manifest in 55 years or older adults. In a cross-sectional study of 50 patients with IMH, Zeng et al. (41) revealed that the SFCT of IMH (206.82 ± 67.09 μm) was significantly thinner than that of the controls (248.88 ± 63.10 μm) (P = 0.002), and the SFCT of contralateral eyes (228.34 ± 80.71 μm) was thinner than that of controls, albeit not significantly. The results of the studies by Zhang and Reibaldi were consistent, suggesting that choroidal perfusion may play a vital role in the pathogenesis of IMH. The contralateral eye with thinner ChT was also prone to IMH, such that routine follow-up is necessary (4, 96). However, Sogawa pointed out that SFCT did not have a significant correlation with total choroidal blood flow and subfoveal choroidal blood flow (97). In conclusion, except for the traction mechanism proposed by Gass (98), the significant thinning of ChT may be related to the ischemic degeneration of the outer retina, which might be crucial for the occurrence and development of IMH.



Other Systemic Diseases

Craig et al. found that decreased ChT in chronic kidney disease correlated with lower estimated glomerular filtration rate and severe proteinuria, concomitated with the increased expression level of IL-6, C-reactive protein, and endothelin-1 (99). It was also found that endothelial dysfunction markers (endothelin-1, von Willebrand factor) were negatively correlated with ChT in cirrhosis patients (100), indicating that the morphological changes of the choroid are mediated by inflammatory diseases. Further well-designed randomized clinical trials are warranted to investigate whether ChT can be used as an auxiliary biomarker for systemic disorders. In addition, the thinner choroid in patients with Alzheimer's disease was found, which may be associated with vascular wall deposition of amyloid beta-protein (101). Similarly, whether ChT could be used as an early biomarker of Alzheimer's disease to predict disease progression is yet to be confirmed.





CONCLUSION

Currently, EDI SD-OCT and SS-OCT could be used clinically due to its non-invasive, high-resolution, cross-sectional imaging characteristics of the choroid and measuring the ChT with good repeatability (6, 102). To date, there is no unified standard for ChT measurement that is carried out manually or via automatic segmentation method according to the ETDRS grid. Thus, methods for ChT measurement need to be standardized to objectively reflect the choroidal structure and reveal its clinical significance in the occurrence and development of the diseases. The establishment of ChT normal value needs large-scale, multicenter research to explore the pathogenesis of the fundus diseases and provide a new horizon on the management. In addition, whether ChT could quantitatively reflect the choroidal blood flow needs further study. The eye could be regarded as a monitoring window of systemic diseases and an auxiliary biomarker of the eye or systemic diseases, which plays a vital role in the diagnosis, management, and follow-up of diseases.
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Previous researches utilizing MER proto-oncogene tyrosine kinase (MERTK) gene therapy in Royal College of Surgeons (RCS) rats evidenced its effectiveness in treating MERTK-associated retinitis pigmentosa (RP). Specific ligands for receptor tyrosine kinases, such as growth arrest-specific 6 (Gas6), may enhance retinal phagocytosis via the MERTK receptor, and consequently, enhance the therapeutic effects of gene therapy. In order to overcome the short life effect of the injected Gas6 protein, we constructed a Gas6 loaded methoxy-poly (ethylene glyeol)-poly (lactic-co-glycolic acid) (mPEG-PLGA) nanoparticles (Gas6 NPs) system which allowed for localized and sustained Gas6 protein release, and therefore, a prolonged biological effect. Our data demonstrated that Gas6 protein release from Gas6 NPs preserved the bioactivity and promoted retinal pigment epithelium (RPE) phagocytosis in vitro. In vivo studies showed that RCS rats in the hMERTK/Gas6 NPs group exhibiting the highest electroretinogram responses and more complete retinal structure than that in other groups, further demonstrating that the co-administration of AAV2-BEST1-hMERTK and Gas6 NPs could protect photoreceptors from degeneration. These findings strongly suggest that Gas6 NPs are a promising method to enable the sustained release of Gas6 protein and could therefore enhance the therapeutic effects of gene therapy for MERTK-associated RP.

Keywords: retinitis pigmentosa, Gas6 nanoparticles, sustained release, phagocytosis, gene therapy


INTRODUCTION

Retinitis pigmentosa (RP), a group of progressive, hereditary diseases that causes irreversible vision loss, is responsible for blindness in more than 2 million people worldwide (1, 2). Mutations in more than 70 genes have been associated with RP (1). One of the mutation genes is the MER proto-oncogene tyrosine kinase (MERTK), which encodes a transmembrane receptor tyrosine kinase, have been identified to cause RP in patients (3). Two large-scale molecular surveys of retinal dystrophies revealed ~3% of RP cases are attributable to MERTK mutations (4, 5). Such mutations result in defective phagocytosis, which causes the retinal pigment epithelium (RPE) failing to shed photoreceptor outer segments (6).

Numerous studies have reported on the effectiveness of gene replacement therapy for MERTK-associated RP (7, 8). For example, by transplanting an RPE-specific AAV vector, AAV-VMD2-hMerTK, into subretinal space or vitreous cavity could provide long-term photoreceptor rescue in the RCS rats (MERTK-associated retinal dystrophy model) (9, 10). However, although pre-clinical animal models and initial clinical trials suggested a beneficial effect, double-blinded clinical trials with large cohorts of patients failed to show efficacy (11). These disappointing results were attributed, at least partially, long-term MerTK mutations can lead to destruction of retina microenvironment (12). Clearly, it is important to explore more effective therapies to rescue retinal function and morphology in individuals with MERTK-associated RP, especially after the initiation of retinal degeneration.

Specific ligands for receptor tyrosine kinases, such as growth arrest-specific 6 (Gas6), may enhance retinal phagocytosis via the MERTK receptor (13). Modulating local environmental factors by Gas6 to provide conditions that are more conducive for functional rescue and repair may maximize the therapeutic effect for RP due to phagocytic dysfunction. However, using Gas6 protein as a drug has many disadvantages, such as short half-life and chemical instability in vivo, and may necessitate frequent intraocular injections to maintain long-term effects. This can lead to many complications, such as inflammation, bleeding, and patient compliance issues, which will greatly limit its widespread practical application. To overcome these drawbacks, sustained-release formulations that deliver the protein continuously, thus maintaining the concentration within the therapeutic window for an extended period, have been explored (14). Encapsulating proteins into injectable microspheres or nanoparticles comprised of biodegradable polymers ensures that it maintains its properties and activities (15, 16). Polymers derived from D,L-lactic and glycolic acids, like poly(lactide-co-glycolide) (PLGA), are widely employed with the latter aim in mind (17, 18). PLGA has been approved for use in drug and protein delivery systems by the United States Food and Drug Administration (U.S. FDA) due to its controlled and sustained-release properties, low toxicity, and biocompatibility with tissue and cells.

In this study, Gas6 protein was encapsulated into methoxy-poly (ethylene glyeol)-poly (lactic-co-glycolic acid) (mPEG-PLGA) nanoparticles (Gas6 NPs) using the double emulsion technique (Figure 1A). We investigated the bioactivity of Gas6 protein released from Gas6 NPs in vitro. To assess whether Gas6 NPs enhance the therapeutic effects of gene therapy for MERTK-associated RP in vivo, we co-transplanted AAV2-BEST1-hMERTK and Gas6 NPs (hMERTK/Gas6 NPs) into RCS rats to demonstrate its therapeutic potential in terms of visual function (Figure 1B). In addition, we examined whether the AAV2-BEST1-hMERTK/Gas6 NPs system is effective in rescuing photoreceptors from degeneration in RCS rats.


[image: Figure 1]
FIGURE 1. Schematic illustration of (A) the preparation of Gas6 NPs and (B) Evaluation of the protect effects by co-administration of AAV2-BEST1-hMERTK and Gas6 NPs in RCS rats. dpi: days post injection.




RESULTS


Characterization and in vitro Protein Release of Gas6 NPs

Gas6 NPs were prepared using the double emulsion (w/o/w) technique as illustrated in Figure 1A. The encapsulation of Gas6 into mPEG-PLGA nanoparticles was confirmed by FTIR spectroscopy (Figure 2A). In the FTIR spectrum of Gas6, the peaks at 1,633 and 3,339 cm−1 are attributed to N-H deformation and C=O stretching vibrations, respectively. Compared to the FTIR spectrum of pure mPEG-PLGA nanoparticles (blank NPs), the peaks at 1,633 and 3,339 cm−1 corresponding to the signal of Gas6 appeared in the FTIR spectrum of Gas6 NPs, confirming the presence of Gas6 in Gas6 NPs.


[image: Figure 2]
FIGURE 2. Characterization of Gas6 NPs. (A) FTIR spectra of Gas6, NPs, and Gas6 NPs. (B) TEM image of Gas6 NPs. Scale bar=200 nm. (C) DLS characterization of Gas6 NPs. (D) Stability of Gas6 NPs sizes during 7 days characterized by DLS (n = 3). (E) Cumulative Gas6 release of Gas6 NPs (n = 3) at 37[ENTX]X000B0[/ENTX]C.


The encapsulation percentage of the resultant Gas6 NPs was 75%. A TEM image of the resultant Gas6 NPs is presented in Figure 2B. It is observed that Gas6 NPs have a well-defined spherical morphology and high uniformity. The average hydrodynamic diameter of Gas6 NPs determined by DLS was 175.3 nm (Figure 2C). DLS data also evidenced low polydispersity and asymmetric size distributions. As observed by DLS, the size of Gas6 NPs in room temperature water can be maintained at ~180 nm for at least 7 days (Figure 2D). Combining the results of FTIR spectroscopy, TEM observations, and DLS characterizations, it can be concluded that Gas6 was successfully encapsulated into Gas6 NPs.

Gas6 protein release kinetics were determined by the Human Gas6 Elisa Kit (19). Based on the standard curve established in advance, the cumulative amount of Gas6 released at each time point was calculated. The Gas6 release profile exhibited a gradual sustained release pattern throughout the experimental period (Figure 2E) and indicated that Gas6 can be continuously released for more than 2 weeks.



In vitro Biocompatibility and Bioactivity of Gas6 NPs

In order to be clinically applicable, a material must have excellent biocompatibility. We therefore investigated the effect of Gas6 NPs on the growth and proliferation of hfRPE cells to determine its biocompatibility. As depicted in Figure 3A, the hfRPE cells co-cultured with Gas6 NPs exhibited similar cell morphology and proliferation as the control group. Moreover, in vitro biocompatibility of Gas6 NPs was assessed using CCK8 (Figure 3B). The results demonstrated that the absorbance of CCK8 in the group treated with Gas6 NPs was almost the same as that of the control group before 4 d, but was slightly lower than that of the control group from 5 d to 7 d. We then calculated the relative proliferation rate, which represents cell viability. As indicated in Figure 3C, the cell viability of Gas6 NPs decreases from day 1 to 6 and stabilizes on day 7. The cell viability is 87.61 ± 1.23% on day 7 in the group treated with Gas6 NPs. According to the evaluation criterion in the International Standard ISO10993, the cytotoxicity of Gas6 NPs can be given a ranking of 1 and qualified. This result demonstrated that the Gas6 NPs system has good biocompatibility.


[image: Figure 3]
FIGURE 3. Results of the in vitro biocompatibility and cytotoxicity. (A) Microscope images of hfRPE cells cultured for 1, 3, and 7 d. (B) CCK-8 OD450 of hfRPE cells co-cultured with/without Gas6 NPs during 7 days. (C) Cell viability of hfRPE cells co-cultured with Gas6 NPs during 7 days. The data are expressed as mean ± SD (All tests were performed in triplicate, bar = 50 μm). *P < 0.05.


Thereafter, we examined the effects of Gas6 and Gas6 NPs on the phagocytic function of hfRPE cells by phagocytosis assay. When pretreating with Gas6 protein and Gas6 NPs, the location of the fluorescent beads engulfed by hfRPE cells was observed by laser confocal microscope (Figure 4A). The number of fluorescent beads engulfed by hfRPE cells in both Gas6 and Gas6/NPs groups were significantly higher than that of the control group at 1.5 h (8.95 ± 2.30 and 9.15 ± 1.51, respectively, compared to 4.43 ± 1.13 engulfed beads/cell) and 3 h (14.88 ± 5.54 and 15.08 ± 5.51, respectively, compared to 7.33 ± 1.47 engulfed beads/cell) (Figure 4B).


[image: Figure 4]
FIGURE 4. Phagocytosis Assay of human fRPE cells pretreating with Gas6 and Gas6 NPs at 1.5 and 3 h. (A) Laser Confocal Microscope images of hfRPE cells pretreating with Gas6 and Gas6 NPs at 1.5 and 3 h. (B) Average number of fluorescent beads engulfed by single hfRPE cell. The data are expressed as mean ± SD (tests were performed in triplicate and 40 cells were counted in all, bar = 25 μm). *P < 0.05.


The Gas6 protein is the ligand of the MERTK receptor and can enhance phagocytosis by RPE cells via the MERTK-FakY861-Rac1 signaling pathway (13). Therefore, we detected key proteins involved in Gas6-induced phagocytosis by western blotting (Figure 5A). The fold changes of pFAKY861, GTP-Rac1, and pAKT473 in hfRPE cells pretreated with Gas6 (4.911 ± 3.262, 2.744 ± 1.181, and 7.061 ± 3.547) and Gas6 NPs (5.591± 2.412, 2.784 ± 1.159, and 9.680± 6.285) were higher than that of the control group 1.5 h after the beads were added (Figure 5B). When the incubation time was extended to 3 h, the expression of active proteins remained higher than that of the control group and fold changes were computed as 2.300 ± 0.985 (pFAK861), 1.939 ± 0.232 (GTP-Rac1), and 2.352 ± 0.513 (pAKT473) pretreated with Gas6 and 2.667 ± 1.250 (pFAK861), 1.957 ± 0.348 (GTP-Rac1), and 2.266 ± 0.845 (pAKT473) pretreated with Gas6 NPs (Figure 5B). Collectively, these results suggest that Gas6 NPs provide a safe and effective mean for delivery of Gas6 in vitro.


[image: Figure 5]
FIGURE 5. Western blot analysis of the key proteins involved in Gas6 induced phagocytosis. (A) Relative optical density determined by densitometry using ImageJ software. (B) Protein relative expression in control, Gas6 and Gas6 NPs groups. The data are expressed as mean ± SD.




In vivo Rescue of MERTK-Associated Retinal Degeneration by Gas6 NPs

RCS rats with inherited retinal degeneration caused by a deletion in the MERTK gene were used to evaluate the protective effect of the combination strategy. Firstly, we demonstrated that the hMERTK protein could be sexpressed in the RPE cell layer of RCS rats (Figure 6) following the subretinal injection of AAV2-BEST1-hMERTK.


[image: Figure 6]
FIGURE 6. Detection of MERTK expression in RCS rats' retinas following delivery of AAV2-BEST1-hMERTK. hMERTK (labeled as red) expression by immunofluorescence (bar = 50 μm).


Additionally, in order to assess whether Gas6 NPs enhanced the therapeutic effects of gene therapy in RCS rats, we recorded and analyzed the ERG response and OCT results of the rats at 12 days post injection (12 dpi, 5 days after Gas6 and Gas6 NPs intervention) and 19 dpi (12 days after Gas6 and Gas6 NPs intervention). The RCS rats in all groups demonstrated typical ERG responses with a and b-waves (Figure 7 and Supplementary Figure 1). At 12 dpi, the hMERTK/Gas6 NPs group exhibited significantly higher b-wave (295.533 ± 61.598 μV) in dark-adapted ERG responses at 0.01 cd.s/m2 than other groups. The b-wave amplitudes of the hMERTK group (199.022 ± 28.187 μV) and hMERTK/Gas6 group (214.114 ± 50.677 μV) were also higher than that of the control group (146.179 ± 29.720 μV) at 0.01 cd.s/m2; there is no significant difference between the hMERTK group and hMERTK/Gas6 group (Figure 7A).To evaluate the sustained protective effect of the combined treatment, we also recorded ERGs at 19 dpi. As illustrated in Figure 7B, the dark-adapted ERG responses in the hMERTK, hMERTK/Gas6 and hMERTK/Gas6 NPs groups were all significantly higher than that of the control group at low light intensity (0.01 cd.s/m2). Moreover, the hMERTK/Gas6 NPs group had the largest b-wave amplitude among the 3 treatment groups, similar to that recorded at 12 dpi. There was no significant difference between the hMERTK and hMERTK/Gas6 groups at 19 dpi too.


[image: Figure 7]
FIGURE 7. B-wave of dark-adapted (scotopic) ERG data of the representative RCS rats at 12 dpi and 19 dpi. (A) Scotopic ERG response (12 dpi) at a series of intensity from 0.01 to 30 cd*s/m2. Control: n = 7; MerTK: n = 9; MerTK/Gas6: n = 7; MerTK/Gas6 NPs: n = 6. (B) Scotopic ERG response (19 dpi) at a series of intensity from 0.01 to 30 cd*s/m2. Control: n = 6; MerTK: n = 5; MerTK/Gas6: n = 3; MerTK/Gas6 NPs: n = 4. *P < 0.05, **P < 0.005.


We further evaluated the architecture in the retina of the RCS rats via OCT. Representative OCT images of the retina were taken horizontally across the optic nerve head (ONH), and the imaging location was marked on the fundus image with a black line (Figure 8A). Then we quantitatively measure the thickness of the outer nuclear layer (ONL) at 100, 200, 400-μm of temporal retina and 100, 200, 400, 600-μm of nasal retina from the ONH (Figure 8B). We can clearly note that the ONL thickness curve of the nasal side was clearly separated (Figure 8B). The average ONL thickness of the nasal retina was calculated and shown in Figure 8C. After co-administration of AAV2-BEST1-hMERTK and Gas6 NPs, the thickness of nasal ONL was 54.70 ± 7.53 μm and 31.09 ± 5.27 μm respectively at 12 dpi and 19 dpi. The thickness of the ONL was significantly higher than that of the Control group (39.00 ±7.50 μm and 19.54 ± 2.73 μm), hMERTK group (48.45 ± 6.98 μm and 24.51 ± 2.52 μm,) and hMERTK/Gas6 group (49.35 ± 5.78 μm and 25.77 ± 4.95 μm,).


[image: Figure 8]
FIGURE 8. Architecture in the retina of the representative RCS rats at 12 dpi and 19 dpi. (A) Representative retinal cross section B-scan OCT image (the location was indicated with a black line in ocular fundus) at 12 dpi and 19 dpi; (B) Quantitative measurements of retinal thickness in different locations at 12 dpi and 19 dpi; (C) Average thickness of temporal retina at 200, 400, and 600 microns at 12 dpi and 19 dpi. *P < 0.05 vs. control group; #P < 0.05 vs. hMERTK/Gas6 NPs group. Sample size at 12 dpi: Control: n = 6; MerTK: n = 5; MerTK/Gas6: n = 5; MerTK/Gas6 NPs: n = 6. Sample size at 19 dpi: Control: n = 3; MerTK: n = 4; MerTK/Gas6: n = 3; MerTK/Gas6 NPs: n = 4.


The rats were finally sacrificed and the eyeballs were taken out. The H&E staining images of retina were shown in Figure 9A. The results evidenced that the ONL nuclear layers in control group (3 ± 0.71) was significantly less than that of the hMERTK group (6.11 ± 1.23), hMERTK/Gas6 group (6.56 ± 1.24), and hMERTK/Gas6 NPs group (10.89 ± 1.36) (Figure 9B). A statistically significant difference was observed between the hMERTK/Gas6 NP group and the other 2 treatment groups. However, there was no significant difference between the hMERTK and hMERTK/Gas6 group. And the result of the ONL thickness is consistent with the result of ONL nuclear layers (Supplementary Figure 2). Altogether, these results suggest that the combined treatment of AAV2-BEST1-hMERTK and Gas6 NPs had a greater protective effect on photoreceptors.


[image: Figure 9]
FIGURE 9. Histologic structure of RCS rats at 19 dpi. (A) Hematoxylin–eosin (H&E) staining of retina. (B) The ONL nuclear layers of the retina. The data are expressed as mean ± SD. *P < 0.05 vs. control group; #P < 0.05 vs. hMERTK/Gas6 NPs group. GCL, Ganglion cell layer; IPL, Inner plexiform layer; INL, Inner nuclear layer; OPL, Outer plexiform layer; ONL, Outer nuclear layer; RPE, Retinal pigment epithelium. *P < 0.05, bar, 50 μm.





DISCUSSION

In this study, we prepared Gas6 protein-loaded mPEG-PLGA nanoparticles (Gas6 NPs), which allowed for localized and sustained Gas6 protein release to overcome the short half-life of the Gas6 protein in vivo. We identified that Gas6 NPs preserved Gas6 protein bioactivity and promoted RPE phagocytosis in vitro. Additionally, we assessed whether Gas6 NPs enhanced the therapeutic effects of gene therapy in RCS rat model of MERTK-associated retinal dystrophy. Our results demonstrate that the co-administration of AAV2-BEST1-hMERTK and Gas6 NPs could protect photoreceptors from degeneration in RCS rats. Consequently, the ERG response was remarkably ameliorated and more structure of retina was preserved in the hMERTK/Gas6 NPs group. These findings strongly suggest that Gas6 NPs are a promising method for the sustained release of Gas6 protein and could enhance the therapeutic effect of gene therapy for MERTK-associated RP.

MERTK gene replacement therapy is considered as a promising treatment for MERTK-associated RP and demonstrated therapeutic efficacy (20–23). Recent studies have indicated that the use of Gas6 enhances retinal phagocytosis via the MERTK receptor either alone or in combination with other specific ligands for receptor tyrosine kinases, which may enhance the therapeutics effects of gene therapy (13). Whereas, Gas6 as a recombinant protein has many disadvantages such as short in vivo half-lives and chemical instability, may necessitate frequent administration over time to maintain long term effect. Therefore, we encapsulated Gas6 into mPEG-PLGA nanoparticles (Gas6 NPs) and conducted a series of evaluations to determine the safety and function of Gas6 NPs in vitro. Our results demonstrated that both Gas6 protein and Gas6 NPs induced phagocytosis in hfRPE cells, which is consistent with previous reports (13). Moreover, our results confirm the bioactivity of the released Gas6 protein, which provides a solid foundation for the application of Gas6 NPs in enhancing the therapeutic effect of gene therapy.

To confirm the effect of Gas6 NPs in vivo, we designed the co-administration strategy of Gas6 NPs with MERTK gene and subsequently evaluated its therapeutic effects in RCS rats. Our results evidenced that the hMERTK/Gas6 group had a similar ERG response to that of the hMERTK group, while the hMERTK/Gas6 NPs group attained the highest amplitude based on ERG response. This suggested the sustained release of Gas6 protein within the therapeutic window for an extended period was essential for enhancing visual function. The mPEG-PLGA formulation would offer numerous advantages, including the protection of Gas6 from degradation or elimination and the ability to deliver Gas6 locally to the retina, it is likely to enhance the therapeutic effect of gene therapy. Moreover, the dark-adapted ERG response of the control, hMERTK, and hMERTK/Gas6 groups was significantly weakened at certain light intensities at 19 dpi compared to 12 dpi, whereas no such difference was observed in the hMERTK/Gas6 NPs group. It is possible that the sustained release of the Gas6 protein induced a prolonged effect within the retinal environment, and consequently enhanced RPE phagocytosis via the MERTK receptor for an extended period.

To our knowledge, it is the first time we proposed the concept of sustained release of Gas6 protein within the therapeutic window for enhancing the effects of gene therapy for MERTK-associated RP. Here, the mPEG-PLGA was used to encapsulate Gas6 protein, which has good biocompatible and its degradation depends on molecular weight, conformation, and copolymer composition (24). The Gas6 protein release kinetics obtained in this study demonstrate that mPEG-PLGA nanoparticles are a suitable protein delivery system and, more specifically, an effective sustained-release system. While, nearly 70% of Gas6 had been released from Gas6 NPs by day 12, after which its release slowed down. In the clinical setting, we need the release of Gas6 to be sustained for a longer duration in order to reduce the frequency of administration and increase patient compliance and comfort. This requires us to optimize this sustained-release system in future research to finally achieve an extended-release system.

Our findings strongly suggest that Gas6 NPs could enhance RPE phagocytosis in vitro and be used for enhancing the effects of gene therapy for MERTK-associated RP in vivo. We propose that the promotion of RPE phagocytosis via the sustained released of Gas6 may enhance the therapeutic efficiency of gene therapy in RCS rats. The potential mechanisms underlying the manner in which the Gas6 protein enhances the therapeutic efficiency of MERTK gene therapy is unknown and should be addressed by further studies. However, it has been reported that Gas6 is a multi-functional circulating protein with multiple roles related to inflammation the and immune system (25), and retinitis pigmentosa is usually accompanied by inflammation. Of note, once it is identified that Gas6 enhances the therapeutic effect of MERTK gene therapy by up-regulating phagocytosis and improving the retinal microenvironment, early administration of retinal microenvironment via Gas6 sustained release system could be applicable to other subtypes of retinal degenerative diseases.

In summary, we designed the hMERTK/Gas6 NPs co-administration system and evaluated its therapeutic effects on RP treatment. We developed injectable Gas6 NPs with mPEG-PLGA via the double emulsion technique. The Gas6 NPs facilitated the development of a localized Gas6 delivery system with improved retention time. In vitro studies demonstrated that the Gas6 NPs remarkably increased the phagocytic function of hfRPE cells. Meanwhile, in vivo studies evidenced that the co-administration of Gas6 NPs with MERTK gene replacement therapy remarkably ameliorated the functional recovery of the ERG response and preserved more retinal structure.



MATERIALS AND METHODS


Preparation of Gas6 NPs

mPEG-PLGA (mPEG5000-PLGA 75/25 [70000]) was purchased from Shanghai Zhong-Liang Oil and Fat Chemical Co., Ltd. (Shanghai, China). Moreover, polyvinyl alcohol (PVA), pluronic F68, esteramide (EA), and dichloromethane (DCM), all having a purity of at least 99%, were purchased from Sigma Chemical Corp. (St. Louis, Missouri, United States). mPEG-PLGA nanoparticles loaded with Gas6 were prepared using the double emulsion (w/o/w) technique. Briefly, 10 mg mPEG-PLGA was dissolved in 0.5 mL EA, after which 0.1 mL Gas6 solution (3 g/dL) was added. This mixture was transferred to a centrifuge tube and emulsified by sonication for 3 min at 80 W. Thereafter, the resultant emulsion was slowly added to 0.7 mL 2% (m/v) PVA and 0.3 mL 2% (m/v) pluronic F68, which was then stirred vigorously for 10 min. The mixture was subsequently emulsified via sonication for 5 min at 250 W. Both emulsification steps were performed in an ice bath. After the solvent was evaporated by applying vacuum, the Gas6 NPs were collected by centrifugation at 10,000 rcf. for 10 min and then washed twice using distilled water.



Characterization of Gas6 NPs

Fourier transform infrared (FTIR) spectra were recorded using an FTIR spectrometer (Spectrum One, PerkinElmer). The average size of Gas6 NPs was determined by dynamic light scattering (DLS) using a ZetaSizer Nano ZS (Malvern Instruments Ltd., Malvern, Worcestershire, United Kingdom). Samples were appropriately diluted with distilled water, and subsequently measured at 633 nm at 25°C and a constant angle of 90°. Stability experiments were regularly performed for the duration of 1 week by measuring the size of Gas6 NPs in phosphate-buffered saline (PBS) solution at room temperature. The concentration of Gas6 NPs used in the stability experiments was the same as that in the in vivo study. Furthermore, the morphology of Gas6 NPs was confirmed using a transmission electron microscope (TEM; JEM-200CX, JEOL Ltd., Tokyo, Japan).



Determination of the Encapsulation Efficiency

The encapsulation efficiency percentage (EE%) of Gas6 NPs was calculated as follows:

[image: image]

where Gas6total is the total amount of Gas6 in the nanoparticle and suspension, while Gas6free is the amount of free Gas6 in the suspension. Enzyme-linked immune absorbent assay (ELISA) was applied to detect Gas6free in the suspension.


In vitro Gas6 Release

Gas6 protein release kinetics were determined by the Human Gas6 ELISA Kit (Sigma-Aldrich Corp., St. Louis, Missouri, USA). Briefly, Gas6 NPs were immersed in PBS at 4°C with gentle shaking. At determined intervals, the suspension was centrifuged and the supernatant was replaced and collected. The Gas6 concentration in the supernatant was determined by the Human Gas6 Elisa Kit. The in vitro release reactions were carried out in triplicate for each sample.




Cell Culture and Animals

Human fetal RPE (hfRPE) cells were kindly provided by Professor Guoping Fan(University of California, Los Angeles, California, US) (26). These cells were cultured in DMEM/F12(1:1) medium supplemented with 15% fetal bovine serum (FBS) (SH3007003HI; Thermo Fisher Scientific) at 37°C in a humidified incubator with a 5% CO2/95% air atmosphere. The medium was replaced every 2 days.

RCS rats were also kindly provided by Professor Guoping Fan and kept in Capital Medical University,Beijing,China. The animals were kept in temperature-controlled rooms with a 12-h light/dark cycle and were provided with standard food and water ad libitum. The study was approved and monitored by the Institutional Animal Care and Use Committee of the Capital Medical University (IACUC; AEEI-2018-198), and conformed to the National Institute of Health Guide for the Care and Use of Laboratory Animals as well as the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research.



Cell Viability Assay

The hfRPE cells (0.5 × 104 cells/well) were allowed to adhere overnight after plated in 96-well plates before being incubated for 7 days. Cells were then treated with Gas6 NPs dispersion (final concentration of Gas6 was 500 ng/mL) and incubated for an additional 7 days. Cell viability was tested daily. Briefly, the culture medium was replaced by 200 μL 10% CCK8 reagent (CA1210; Solarbio, Beijing, China) and incubated for 2 h at 37°C. The optical density (OD) value was measured at 450 nm using an ELISA reader (BioTek, Winooski, Vermont, USA) according to the manufacturer's instructions. The relative proliferation rate was calculated as follows: RPR = (ODTEST/ODControl) ×100%



Phagocytosis Assay

The hfRPE cells were plated at a density of 5 × 104 cells/well into poly-l-lysine coated 24-well plates and allowed to adhere overnight. Cells were then pretreated with Gas6 NPs dispersion (final concentration of Gas6 was 500 ng/mL) or recombinant Gas6 protein (final concentration 500 ng/mL) for 1 h. Thereafter, 5 μL of 1 μm fluorescein isothiocyanate (FITC)-labeled carboxylate-modified microspheres (1933365; 1:10 dilution; Invitrogen, USA) was added, and initially incubated for 1.5 h and 3 h at 37°C with a 5% CO2 atmosphere. The medium was then removed and cells were washed 6 times to remove excess beads. Cells were subsequently labeled with 4′,6-diamidino-2-phenylindole (DAPI) and tetramethylrhodamine (TRITC) phalloidin (CA1610; Solarbio, Beijing, China). Four images were taken of each well using a Leica SP5 microscope. Additionally, the amounts of beads per cell was counted in 40 cells per condition.



Western Blotting Analysis

The hfRPE cells were plated at a density of 5 × 105 cells/well into poly-l-lysine coated 6-well plates and allowed to adhere overnight. Cells were then pretreated with Gas6 NPs dispersion (final concentration of Gas6 was 500 ng/mL) or recombinant Gas6 protein (final concentration 500 ng/mL) for 1 h. Thereafter, 15 μL of 1 μm fluorescein isothiocyanate (FITC)-labeled carboxylate-modified microspheres (1933365; 1:10 dilution; Invitrogen, USA) was added, and incubated for 1.5 h and 3 h at 37°C with a 5% CO2 atmosphere. Thereafter, proteins were extracted from cells and their total concentration was measured using a BCA Protein Assay Kit (CWBIO) according to the manufacturer's instructions. Equal quantities (40 μg) of proteins per gel lane were separated on 10% polyacrylamide gels by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride membranes using an electroblotting apparatus (Bio-Rad). Membranes were blocked using a solution containing 5% non-fat milk and TBS-Tween20 and then incubated separately at 4°C overnight with the following primary antibodies: GAPDH (sc-25778; 1:1000; SantaCruz Biotechnology), active GTP-Rac1 (26903; 1:200; Neweast Biosciences), Rac1 (ab155938; 1:600; Abcam), p-FAK861 (44-626G; 1:800; Invitrogen), FAK (AHO0502; 1:200; Invitrogen), p-AKT473 (4060s; 1:500; CST), and AKT (9272; 1:500; CST). Membranes were then incubated with horseradish-peroxidase (HRP)-conjugated secondary antibody (goat anti-mouse/rabbit IgG antibody; G21240/G21234; 1:1000; Invitrogen) for 1 h at room temperature. Membranes were then washed 3 times (10 min per wash) with 0.1% TBS-Tween20 after each antibody application. Thereafter, immuno-labeled proteins were detected using the ECL Plus Detection System (Invitrogen) according to the manufacturer's instructions. The band was analyzed using Image-Pro Plus (IPP) software.



Animal Experiments

The pAAV2-BEST1-hMERTK vector was prepared by Vigene Biosciences Inc. Briefly, the human MERTK gene and BEST1 promoter were amplified from a Human Retina Marathon-Ready cDNA Library (Clontech) and cloned into the pUC19 vector. The sequence of the construct was verified by Sanger sequencing. Thereafter, the expression cassette, containing the BEST1 promoter, hMERTK cDNA, and 3xFLAG tag, was excised by restriction enzymes and cloned into the pAAV plasmid. The pAAV2-BEST1-MERTK plasmid was then transfected into HEK293 cells and the virus was harvested. The final concentration of AAV2-BEST1-hMERTK was 3.37 × 1013 vg/mL. The map of pAAV2-BEST1-hMERTK and pAAV2-BEST1-EGFP were showed in Supplementary Figure 3. The sequence of BEST1 promoter was list in Supplementary Table 1.

Subretinal injections of the AAV2-BEST1-hMERTK virus were administered to RCS rats at P19 (0 dpi). RCS rats were divided into 4 different groups based on the administered treatment, namely Control group (AAV2-BEST1-EGFP), hMERTK group (AAV2-BEST1-hMERTK), hMERTK/Gas6 group (AAV2-BEST1-hMERTK & Gas6 protein), and hMERTK/Gas6 NPs group (AAV2-BEST1-hMERTK & Gas6 NPs). Rats were anesthetized using an intraperitoneal injection containing 30 mg/kg pentobarbital sodium and 5 mg xylazine hydrochloride. Pupils were dilated using 0.2 mg/mL tropicamide phenylephrine (Santen Pharmaceutical Co., Ltd., Shiga Plant, Shiga, Japan) and topically anesthetized with 0.5% proparacaine (Santen Pharmaceutical Co., Ltd.). A 31-gauge insulin syringe was used to carefully puncture the temporal corneoscleral limbus. Thereafter, a 33-gauge blunt needle (Hamilton) was used to administer the subretinal injection. The blunt needle tip was inserted through the sclerotic puncture and aimed at the contralateral subretinal space. Subsequently, 1 μL of AAV2-BEST1-EGFP (control group) or AAV2-BEST1-hMERTK virus (hMERTK, hMERTK/Gas6, and hMERTK/Gas6 NPs groups) was injected into the subretinal space of the RCS rats' right eye. Tobramycin and dexamethasone eye ointment (ALCON) were applied once daily for 3 days after injection.

At 7 dpi, 2 μL PBS (control and hMERTK groups), 2 μL Gas6 protein (hMERTK/Gas6 group; 0.5 μg/uL), or 2 μL Gas6 NPs (hMERTK/Gas6 NPs group; 0.5 μg Gas6/μL) was administered via intravitreal injection. The ERG and OCT were recorded at 12 dpi and 19 dpi. Animals exhibiting retinal bleeding and cataracts were excluded.



Electroretinographic Analysis

The Espion Visual Electrophysiology System (Diagnosys, USA) was used to record the electroretinogram. After at least 12 h of dark adaptation, animals were anesthetized and their pupils were dilated using 0.2 mg/mL tropicamide phenylephrine. Animals were placed on a regulated heating pad throughout the experiment. Electroretinograms (ERGs) were recorded by means of a golden ring that made contact with the corneal surface through a layer of 0.2% carbomer. Additionally, needle electrodes were inserted into the cheeks and tails of animals and served as the reference and ground leads, respectively. Scotopic testing at eight-intensity stimulus-response series (0.01 cd.s/m2 to 30 cd.s/m2) were presented; the resulting b-wave amplitudes were measured from the trough of the a-wave to the crest of the b-wave.



Optical Coherence Tomography

OCT was performed using a Micron III (Phoenix Research Labs, Pleasanton, CA). Animals were anesthetized and their pupils were dilated using 0.2 mg/mL tropicamide phenylephrine. The corneal surface was protected using a 1.5% hydroxyethylcellulose solution. The rat ocular fundus was monitored using the fundus camera of the Micron. Representative OCT images of the retina were taken horizontally across the optic nerve head (ONH), and the imaging location was marked on the image with a black line. Thirty images were averaged to eliminate projection artifacts. The acquired OCT images were quantitatively analyzed using the InSight software (Phoenix Research Labs). The thickness of the outer nuclear layer (ONL) was measured at 100, 200, 400-μm of temporal retina and 100, 200, 400, 600-μm of nasal retina from the ONH. The average value of the ONL in nasal retina at 200, 400, and 600 microns was used represent the average thickness of ONL.



Tissue Immunofluorescence Staining

Samples were cut into 10 μm sections using a cryostat (Leica Microsystems, Wetzlar, Germany). Thereafter, sections were rinsed 3 times with PBS for 5 min at room temperature, and then blocked with 5% bovine serum albumin (BSA) for 30 min at room temperature. Sections were subsequently transferred to a moist chamber containing rabbit recombinant monoclonal anti-hMERTK antibody (ab52968; 1:200; Abcam) at 4°C overnight. Thereafter, sections were rinsed 3 times with PBS and incubated with Alexa Fluor 594 anti-rabbit secondary antibody (R37119; 1:1000; Invitrogen) in the dark for 1 h at room temperature. Cell nuclei were then stained with DAPI and fluorescent signals were visualized using a Zeiss fluorescence microscope (Observer Z1).



Histological Analysis

To quantify the layers and the thickness of outer nuclear layer (ONL) after combined treatment, hematoxylin and eosin (H&E) staining was performed. Rats were anesthetized using 400 mg/kg chloral hydrate, after which their eyes were enucleated, fixed in 4% paraformaldehyde for 4 h, washed 3 times with PBS, and embedded in paraffin. Eight-micron-thick paraffin sections were used for H&E staining. Stained slices were visualized by a Leica microscope. The ONL layers was counted in a double-blind manner. The thickness of the ONL was measured using Image-Pro Plus (IPP) software. There are 3 animals in each group, and the layers and thickness of ONL of each animal were measured in 3 different slices.



Statistical Analysis

All data were presented as the mean ± standard deviation (SD). Independent Samples T-test analysis was used to compare the CCK8 absorbance between the control group and Gas6 NPs group. One-way analysis of variance (ANOVA) and Fisher's least significant difference (LSD) test were used to determine whether significant differences exist between the ERG amplitudes of the different treatment groups. Two-way analysis of variance and Fisher's least significant difference (LSD) test were used to determine whether significant differences exist among the OCT results. The independent Samples T-test analysis was used to compare the differences between the cell viability of each group. Statistical analyses were performed by SPSS 20.0 (SPSS Inc., Chicago, Illinois, USA). P < 0.05 indicated statistical significance.
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Purpose: To investigate and compare the aqueous concentrations of vascular endothelial growth factor (VEGF) and other inflammatory cytokines in various choroidal neovascularization (CNV) diseases and types.

Methods: This observational study included 127 naive eyes with CNV and 43 control eyes with cataracts. Aqueous humor (AH) samples were obtained prior to intravitreal anti-VEGF injection or cataract surgery. Multiple inflammatory cytokines, including VEGF, interleukin (IL) 6, IL-8, IL-10, interferon-inducible protein 10 (IP-10), and monocyte chemotactic protein 1 (MCP-1) levels, were measured using a multiplex bead assay. The angiogenesis index was defined as the ratio of IP-10 to MCP-1. In addition, the relationship among AH cytokine levels, central macular thickness (CMT), and CNV size on optical coherence tomography angiography (OCTA) was evaluated.

Results: Except in the myopic CNV group (P = 0.452), the AH concentration of VEGF was significantly higher in all other CNV groups than in the control group (P < 0.05 for all comparisons). IL-8, IL-10, IP-10, and MCP-1 levels (P < 0.05 for all groups) were significantly higher in all CNV diseases except those with neovascular central serous chorioretinopathy. The angiogenesis index was significantly higher in all CNV diseases (P < 0.05 for all comparisons). The VEGF level may be associated with the size of the CNV on OCTA (p = 0.043).

Conclusions: The level of intraocular inflammatory cytokines varied among different CNV diseases and CNV types. Therefore, the angiogenesis index may be a more sensitive indicator of angiogenesis.

Keywords: choroidal neovascularization, age-related macular degeneration (AMD), polypoidal choroidal vasculopathy (PCV), high myopic, central serous chorioretinopathy (CSC), cytokine, vascular endothelial growth factor


INTRODUCTION

Choroidal neovascularization (CNV) is the formation of new blood vessels in the choroid. It often occurs in the macular area, causing macular hemorrhage and serous exudation under the retina, which can result in blindness. CNV is a characteristic finding in many fundus diseases, such as age-related macular degeneration (AMD), pathologic myopia, polypoidal choroidal vasculopathy (PCV), and central serous chorioretinopathy (CSC) (1, 2).

Although the pathogenesis of CNV remains poorly understood, it is believed to involve a variety of cell growth factors, and the angiogenesis is controlled by a dynamic equilibrium between proangiogenic and anti-angiogenic cytokines (2). Vascular endothelial growth factor (VEGF) is considered the most critical regulator in ocular angiogenesis (3). Currently, intravitreal anti-VEGF injections are recommended as the first-line treatment in patients with neovascular age-related macular degeneration (nAMD). However, anti-inflammatory therapy has also achieved curative efficacy in patients with neovascularization (4–6). It is still unclear whether the neovascularization in various CNV diseases results from the elevation in the VEGF concentration or the presence of the inflammatory response, and the application of anti-inflammatory treatment remains controversial (7–10).

CNVs are classified into Type 1 and Type 2 CNVs depending on the anatomic localization of the neovascularization. Further research is warranted to discover the aqueous concentration of cytokines in these two neovascularization types and investigate the potential mechanisms linked to their inflammatory response. In addition, CNV size was found to be associated with functional prognosis, suggesting that it could predict the response to anti-VEGF therapy (11). However, it is unknown whether the reason is related to VEGF or inflammatory cytokines.

Secondary CNV was reported in 5% of chronic CSC cases in which the concentration of VEGF did not increase (12, 13). Previous studies have not investigated the change in VEGF levels or the difference in cytokine profiling between neovascular CSC (nCSC) and other CNV diseases.

This study investigated and compared the aqueous concentrations of VEGF and other inflammatory cytokines in different CNV diseases and CNV types. Additionally, it preliminarily explored the association between VEGF levels and the size of CNV on optical coherence tomography angiography (OCTA) images.



METHODS

This observational study was conducted between May 2019 and July 2021 and included 127 eyes of patients treated for active CNV in nAMD, PCV, myopic choroidal neovascularization (mCNV), and nCSC. This study was approved by the Wenzhou Medical University Affiliated Eye Hospital Ethics Committee, and the procedures followed the tenets of the Declaration of Helsinki (IRB number #121-K-107-01). All patients provided written informed consent for inclusion in the study.

The inclusion criteria were (1) age over 18 years, (2) no previous history of intraocular surgery or intravitreal injections, (3) CNV in the active stage diagnosed by fluorescein angiography and indocyanine green angiography, and (4) a spherical equivalent of the eyes with mCNV ≤ −6.00 D and an axial length of >26 mm in patients with high myopia. The exclusion criteria were (1) any other retinopathy such as diabetic retinopathy, retinal vascular occlusion or retinal detachment (2) glaucoma and/or iris neovascularization; (3) uveitis; and (4) any previous treatment for CNV, including laser treatment within the past 6 months. The control group consisted of 43 eyes that underwent cataract surgery and had no other ocular or immune-mediated diseases.

All patients received a comprehensive ophthalmological examination before their anti-VEGF injection or cataract surgery, including slit lamp biomicroscopy and dilated fundus examination. The axial length was measured using the IOL-Master 700 (Carl Zeiss Meditec, Jena, Germany). The OCTA images were obtained using a spectral domain optical coherence tomography (SD-OCT) device (RTVue XR Avanti, Optovue, Inc., Fremont, CA, USA) with a split-spectrum amplitude-decorrelation angiography algorithm. The size of CNV was marked with the manual selection tools and calculated using the built-in software. The image quality for analysis was no lower than 7 out of 10. All measurements were performed by two independent and masked readers. Disagreements over readings were resolved by open adjudication between readers. The CNV size was classified as small (<0.5 mm2), medium (≥0.5 mm2 and <2.0 mm2), and large (≥2.0 mm2).

CNVs were categorized into two groups, Type 1 and Type 2, depending on their anatomical location. Type 1 CNV was characterized by any abnormal vasculature localized between Bruch's membrane and the retinal pigment epithelial on SD-OCT, and Type 2 CNV was characterized by any abnormal vasculature localized above the retinal pigment epithelium and beneath the photoreceptor outer segments on SD-OCT. Central macular thickness (CMT) was defined as the average retinal thickness within the 1 mm-diameter central field of the Early Treatment Diabetic Retinopathy Study.

Aqueous humor (AH) samples were collected before cataract surgery or intravitreal anti-VEGF injections. Approximately 0.05 mL of AH was withdrawn using a 30 gauge insulin syringe via limbal paracentesis. Each AH sample was immediately transferred into a sterile plastic tube and kept at −84°C until the assay. The levels of VEGF, interleukin (IL) 6, IL-8, IL-10, interferon-inducible protein 10 (IP-10), and monocyte chemotactic protein 1 (MCP-1) were measured in undiluted AH samples using a Luminex 200 (BIO-RAD, Hercules, CA, USA). Each cytokine concentration (pg/mL) was calculated using the standard curve provided by the kit. All steps were performed at room temperature and in dark illumination to protect the samples from light-induced degradation. The angiogenesis index was defined as the ratio of IP-10 to MCP-1.

All statistical analyses were performed using SPSS for Windows (version 26.0, SPSS Inc., Chicago, IL, USA). Continuous variables are expressed as means ± standard deviation. The normality of the cytokine data distribution was assessed using the Shapiro–Wilk test. For data that were not normally distributed, comparisons between groups were performed by non-parametric analysis of variance with either the Mann–Whitney U test or the Kruskal–Wallis test. For the Kruskal–Wallis test, significant values were adjusted using the Bonferroni correction for multiple tests of continuous variables. P < 0.05 was considered statistically significant.



RESULTS

In this observational study, 127 patients with CNV (nAMD = 47, PCV = 37, mCNV = 30, and nCSC = 13) and 43 control patients with cataracts were enrolled. The demographic features are summarized in Table 1.


Table 1. Differences in cytokine concentrations (pg/mL) between CNV groups and controls.
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VEGF Levels Were Higher in Most CNV Diseases

The AH concentrations of cytokines in all groups are presented in Table 1. The VEGF levels in the CNV groups (except the mCNV group, P = 0.452) were significantly higher than that in the control group (P < 0.05 for all comparisons, Table 1). In the AMD group, the levels of IL-10 and IP-10 were higher than those in the control group (P < 0.001 for both comparisons). In PCV and mCNV groups, the levels of IL-8, IL-10, IP-10, and MCP-1 were significantly higher than that in the control group (P < 0.05 for all comparisons). In addition, the angiogenesis indices in all CNV groups were significantly higher than that in the control group (P < 0.05 for all comparisons). No correlation was observed between cytokine levels and CMT (P > 0.05 for all comparisons, Table 2).


Table 2. Correlation between cytokines concentrations (pg/mL) and CMT at baseline.
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Intraocular Inflammatory Cytokine Levels in PCV Were Quite Different From Those in AMD

In the AMD Type 2 group, the levels of VEGF and IL-10 were significantly higher than those in the AMD Type 1 group (P < 0.05 for both comparisons). In the PCV group, the levels of IL-8, IL-10, and MCP-1 were higher than those in the AMD Type 1 group, but the levels of VEGF were lower than those in the AMD Type 2 group (P < 0.05 for all comparisons). Moreover, the level of IP-10 in the PCV group was significantly higher than that in the AMD Type 1 and AMD Type 2 groups (P < 0.05 for both comparisons, Table 3).


Table 3. Differences in cytokine concentrations (pg/mL) among PCV groups and nAMD Type1/Type 2 groups.
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The Same Types of CNV Secondary to Different Causes Were Not Completely Similar in Cytokine Levels

Type 1 CNV was observed in 40 eyes (27 eyes with AMD and 13 eyes with CSC). The levels of IL-8, IL-10, and MCP-1 in eyes with AMD Type 1 were higher than those in eyes with CSC (P < 0.05 for all comparisons, Table 4). Type 2 CNV was observed in 47 eyes (20 eyes with AMD and 27 eyes with mCNV). The levels of IL-6 and MCP-1 in eyes with AMD Type 2 were lower than those in eyes with mCNV, but the level of VEGF was higher (P < 0.05 for all comparisons, Table 3).


Table 4. Differences in cytokine concentrations (pg/mL) of CNV diseases in the same Type 1 or Type 2 CNV.
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The Association Between Cytokines and Size of CNV

A significant difference was observed among the three CNV size groups (p = 0.043, Table 5, Figure 1). The VEGF level increased with the size of CNV.


Table 5. Differences in cytokine concentrations (pg/mL) in groups of different vessel size (mm2).
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FIGURE 1. Dot plot showing the correlation between intraocular VEGF levels and CNV sizes on OCTA in AMD patients.





DISCUSSION

The present study yielded six main findings. First, VEGF levels increased significantly in all CNV diseases except for mCNV. Second, some inflammatory cytokine levels increased significantly in all CNV diseases except for nCSC. Third, the angiogenesis index increased significantly in all CNV diseases, and it may be a more sensitive indicator of the presence of CNV than inflammatory cytokine levels. Fourth, intraocular inflammatory cytokine levels in PCV were quite different from those in AMD. Fifth, the same types of CNV secondary to different causes were not completely similar in cytokine levels. Sixths, VEGF levels may have a positive relationship with CNV size on OCTA.

Our results were consistent with previous studies showing that the ocular concentration of VEGF was elevated in all CNV groups except for mCNV compared with the control group (14, 15). The most plausible explanation for the normal level of VEGF in mCNV is the dilution effect in the anterior chamber and vitreous cavity due to the extended axial length (16).

Choroidal vessel hyperpermeability and congestion were suggested to be the cause of CSC (17), which is a disease in the pachychoroid spectrum. Secondary CNV in CSC is also called pachychoroid neovasculopathy (18), which may also be affected by the dysregulation and hyperpermeability of the choroidal vessels (19). To our knowledge, although previous studies have shown that the VEGF level in CSC eyes without neovascularization was similar to those in normal human eyes (20, 21), no research has investigated the VEGF level in the AH of patients with nCSC. In addition, differences in VEGF levels have been found between acute and chronic CSC eyes, and the VEGF level was positively correlated with typical choroidal abnormalities (12, 22). Our results demonstrated that in the nCSC group, only the level of VEGF increased; other pro-inflammatory cytokines remained unchanged, which supports the current view that the mechanism of neovascularization in pachychoroid disease differs greatly from that in AMD (23). The results also provide a theoretical basis for the treatment outcome reported by another study in which all patients with nCSC exhibited reduced pigment epithelial detachment thickness after 6 months of intravitreal anti-VEGF injection treatment (18). In the nAMD group, the levels of the inflammatory cytokines IL-10 and IP-10 both increased. This could explain why anti-VEGF treatment was equally effective in both diseases but eyes with pachychoroid neovasculopathy required fewer injections for maintenance (24).

In our study, the IP-10 level was elevated in all CNV groups except the nCSC group. IP-10 was capable of inhibiting both retinal and choroidal neovascularization as an inflammation-related chemokine (25). However, the molecular mechanism remains unknown. A previous in vitro study suggested that IP-10 inhibits VEGF-mediated m-calpain activation, thereby disrupting any newly formed vessels via chemokine receptor 3 (CXCR3) signaling (26). Fujimura et al. (27) found that CXCR3-mediated angiostasis was independent of the VEGF signaling pathway. The ocular balance between angiogenic and angiostatic factors determines blood vessel formation, which is essential for the progression of neovascularization (28). In line with our results, Liu et al. found that the level of IP-10 was elevated in the AH of AMD patients (20). We speculated that the increase in IP-10 level in naive eyes was a compensatory response to excessively elevated VEGF, but the angiostatic chemokine level was not always high enough to prevent neovascular outgrowth.

MCP-1, as a member of the CC chemokine family, was shown to mediate neovascularization (29). The angiogenesis induced by MCP-1 was as potent as that induced by VEGF in vivo angiogenesis assays (28). A positive regulatory feedback loop exists between VEGF and MCP-1 expression by the ocular tissues in mediating angiogenesis (28). VEGF mediates MCP-1-induced angiogenesis, whereas MCP-1 induces VEGF expression via the upregulation of hypoxia-inducible factor 1 alpha gene expression (30, 31). This is a potential mechanism of resistance in anti-VEGF therapy because the anti-VEGF agent only focuses on a single pathogenic mechanism and the high baseline level of MCP-1 could reinduce VEGF expression. For such patients, combined anti-inflammatory therapy or new target agents may be necessary. In addition, we speculate that the co-expression and interrelationship between MCP-1 and IP-10 may have biological effects of angiogenesis regulation, similar to the interrelationship between VEGF and IP-10. We propose the ratio of IP-10 to MCP-1 as a new indicator called the angiogenesis index, which was elevated in all CNV groups in this study. Notably, even if the IP-10 and MCP-1 levels were both elevated in the PCV and mCNV groups, with VEGF at a normal level in mCNV, the angiogenesis index in these groups was still higher than that in the control group. Thus, it may be a more sensitive indicator of the imbalance between the facilitation and inhibition of neovascularization.

It remains controversial whether PCV is an AMD subtype. Recently, a growing consensus is that PCV lies within the pachychoroid disease spectrum, characterized by its hyperpermeable and dilated choroidal vessels. PCV is also a variant of Type 1 (sub-retinal pigment epithelium) neovascularization (19). Tong et al. found that the VEGF levels in PCV eyes were lower than those in exudative AMD eyes (32), but other previous studies observed no significant differences in cytokine levels between patients with AMD and PCV (14, 33, 34). These discrepancies in outcomes may be due to the lack of distinction between Type 1 and Type 2 CNVs. Our study compared PCV with AMD Type 1 CNV and the AMD Type 2 CNV and observed a significant difference in VEGF and IL-10 between the AMD Type 1 and Type 2 CNV groups. The VEGF level in PCV was similar to that in AMD Type 1 CNV, and both were lower than that in AMD Type 2 CNV. In the PCV group, the angiogenesis index and levels of inflammatory cytokines (i.e., IL-8, IL-10, IP-10, and MCP-1) were increased compared with the AMD Type 1 CNV group. This suggests that inflammation plays a role in PCV, which is different from the pathogenic mechanism in AMD.

The variation in the AH concentration of VEGF we found in different types of CNV may explain why different types of CNV showed different responses to anti-VEGF treatment (35). This variation may depend on whether the neovascularization has penetrated the retinal pigment epithelium; the penetration of such a crucial intraocular biological barrier can affect the AH concentration of VEGF and anti-VEGF agents (36).

The same type of CNV, secondary to different causes, is not completely similar in cytokines. In the mCNV Type 2 group, the VEGF level was lower, but the inflammatory cytokines (i.e., IL-6, IL-10, and MCP-1) levels were higher than that in the AMD Type 2 groups, which supported a possible connection between highly myopic eyes and low-grade or subclinical inflammation (37). The IL-6 level increased with the elongation of the eye globe, indicating a connection between inflammation and eye globe elongation (37). Zhao et al. (38) demonstrated that the upregulation of MCP-1 in fibroblasts raised the scleral macrophage density and matrix metallopeptidase 2 levels, which then contributed to axial length elongation and myopia development. However, whether these changes in inflammatory cytokines are a result or a cause of this disease is unclear. Further investigation is required to determine whether anti-inflammatory treatment is effective in patients who are not sensitive to anti-VEGF treatment.

We also observed an association of the intraocular VEGF levels with CNV sizes on OCTA in AMD patients. To our knowledge, no similar results have previously been reported. This is a preliminary result obtained from patients with high-quality images. Further studies are required to validate this finding.

One limitation of this study is the relatively small number of cases. In addition, the location of CNV varied, and the focal changes of cytokines in the intraocular microenvironment may not be well-reflected when they are solely based on AH samples. Finally, only six cytokines were examined in this study, and other cytokines may contribute more strongly to the formation of CNV.

In conclusion, we confirmed the differences in intraocular inflammatory cytokine levels in eyes with different CNV diseases and types. The angiogenesis index may be a more sensitive indicator of angiogenesis than inflammatory cytokine levels. The positive relationship between VEGF and CNV size requires further validation in future studies.
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Background and Objective: Retinal ischemia-reperfusion (IR) leads to massive loss of retinal ganglion cells (RGC) and characterizes several blind-causing ophthalmic diseases. However, the mechanism related to retinal IR is controversial, and a drug that could prevent the RGC loss caused by IR is still lacking. This study aimed to investigate the role of endogenous retinal peroxisome proliferator-activated receptor (PPAR)α and the therapeutic effect of its agonist, fenofibric acid (FA), in IR-related retinopathy.

Materials and Methods: Fenofibric acid treatment was applied to the Sprague–Dawley rats with IR and retinal cell line 28 cells with oxygen-glucose deprivation (OGD) (an in vitro model of IR). Western blotting, real-time PCR, and immunofluorescence were used to examine the expression levels of PPARα, glial fibrillary acidic protein (GFAP), and cyclooxygenase-2 (COX2). Hematoxylin and eosin (HE) staining, propidium iodide (PI) staining, retrograde tracing, and flash visual-evoked potential (FVEP) were applied to assess RGC injury and visual function.

Results: Retinal IR down-regulated PPARα expression in vitro and in vivo. Peroxisome proliferator-activated receptor α activation by FA promoted survival of RGCs, mitigated thinning of the ganglion cell complex, and decreased the latency of positive waves of FVEPs after IR injury. Further, FA treatment enhanced the expression of endogenous PPARα and suppressed the expression of GFAP and COX2 significantly.

Conclusion: Peroxisome proliferator-activated receptor α activation by FA is protective against RGC loss in retinal IR condition, which may occur by restoring PPARα expression, inhibiting activation of glial cells, and suppressing retinal inflammation. All these findings indicate the translational potential of FA in treating IR-related retinopathy.

Keywords: peroxisome proliferator-activated receptor α, fenofibric acid, ischemia-reperfusion, neuroprotection, retinal ganglion cell, retinal diseases


INTRODUCTION

Retinal ganglion cells (RGCs) are the only retinal neurons that directly project their axons to the central nervous system and perform visual function (1). Many retinal diseases such as acute angle-closure glaucoma, retinal vascular occlusions, and anterior ischemic optic neuropathy can directly or indirectly lead to the irreversible death of RGCs and severely threaten eyesight (2–4). The common pathologic feature among these diseases is retinal ischemia/reperfusion (IR). However, the precise pathways and molecular mechanism related to retinal IR are not well-understood and are controversial. A therapeutic drug to prevent RGC death caused by IR is lacking (5). Accordingly, understanding the pathological mechanism of retinal IR and developing effective therapy are imperative.

Peroxisome proliferator-activated receptor (PPAR)α is a ligand-activated transcription factor and member of the nuclear receptor superfamily. It plays an important part in regulation of lipid metabolism and has anti-inflammatory and antioxidant effects under several pathologic conditions (6–9). In the retina, PPARα is expressed in multiple cell types, including the retinal pigment epithelium (RPE), outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) (10), which is essential for lipid metabolism and neuronal survival in the retina (11).

Previous studies have demonstrated that PPARα expression is down-regulated in the retinas of patients suffering from diabetes mellitus (DM), as well as in the retinas of rodents with diabetic retinopathy or oxygen-induced proliferative retinopathy (10, 12). Knockout of PPARα expression aggravates retinal microvascular damage (12), overexpression of PPARα reduces retinal vascular leakage and retinal inflammation caused by diabetes (10), and alleviates retinal neovascularization in diabetic retinopathy (13). Moreover, Fenofibrate (a specific agonist of PPARα) can alleviate retinal damage by reducing apoptosis of capillary pericytes via amelioration of retinal inflammation and oxidative stress (14–16). Qiu et al. showed that PPARα activation by fenofibrate displayed therapeutic effects on age-related macular degeneration induced by lasers in rodents (17).

Taken together, these studies suggest that PPARα is a potential therapeutic target for ophthalmic diseases. However, the relationship between PPARα and ophthalmic diseases characterized by retinal IR is unclear. This study investigated whether PPARα is involved in IR-induced retinal injury (by increasing the intraocular pressure to 110 mmHg for 1 h via a saline-perfusion system). We also identified whether PPARα activation has protective effects on RGCs in this condition and explored the underlying mechanism of action.



MATERIALS AND METHODS


Ethical Approval of the Study Protocol

Experiments were undertaken in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, No. 80-23, Bethesda, MD, USA). The study protocol was approved by the Animal Research Committee of the Xiangya School of Medicine (Changsha City, China).



Animals

Female Sprague–Dawley rats (200–250 g; 8 weeks; Slaccas, Changsha, China) were housed in an environment with free access to food and water under a 12-h light–dark cycle. In all procedures, rats were anesthetized with a solution of 2% sodium pentobarbital (80 mg/kg, i.p.; Sanshu, Beijing, China) and xylazine (10 mg/kg, i.p.; Huamu, Beijing, China). Oxybuprocaine hydrochloride (Santen Pharmaceuticals, Tokyo, Japan) was used to anesthetize corneas and tropicamide phenylephrine (Santen Pharmaceuticals) was used to dilate pupils.



Model of Retinal IR

Retinal IR injury was induced by increasing the pressure in the anterior chamber via the saline-perfusion system described by Tong et al. (18). Briefly, anesthetized animals with anesthetized corneas and dilated pupils were fixed on a heat-preservation countertop, and their underjaws were raised to prevent death from aspiration of saline. Then, 31-G needles were inserted into the anterior chamber and the intraocular pressure was increased gradually to 110 mmHg for 1 h (Figure 1A). Eyes that underwent needle puncture only but not perfusion were regarded as Sham operation (SO) eyes. During and after the procedure, antibiotic eye ointment was used to keep the eyes moist and uninfected. Only rats without saline-leaking or lens injury were included in our study (a total of two rats were excluded because of lens injury and one rat was discarded because of saline-leaking).


[image: Figure 1]
FIGURE 1. Expression of PPARα in IR-treated retinas (24 h post-modeling) and OGD-treated R28 cells (2 h post-modeling). (A) The diagrammatic picture of IR modeling. (B) The diagrammatic picture of OGD modeling. (C) Representative photomicrographs of immunostained PPARα (red) and nuclei (blue; counterstained by DAPI) in R28 cells and retinas. (D,E) Graph showing the mean fluorescence intensity (MFI) of PPARα in R28 cells and retinas. (F) The expression of PPARα and actin detected by western blotting in R28 cells and retinas. (G,H) Average expression of PPARα semi-quantified by densitometry and normalized to actin expression in R28 cells and retinas. Data are the mean ± SEM; *p < 0.05; **p < 0.01. Scale bar = 50 μm.




Cell Culture and Oxygen-Glucose Deprivation Model

Retinal cell line 28 (R28) is an adherent retinal precursor cell line derived from neonatal Sprague-Dawley rat retina, which was immortalized by the 12S E1A gene and commonly used to study the function and neuroprotection of RGCs in vitro (19). In this study, R28 cells were offered by the Department of Anatomy and Neurobiology (Central South University, Changsha, China). Cells were cultured in low glucose DMEM (11885084; Gibco, Carlsbad, USA) with 10% fetal calf serum (0500; ScienCell, San Diego, USA), 1% L-glutamine (G3126; Sigma, St. Louis, USA), 1% non-essential amino acids (M7145; Sigma, St. Louis, USA), and 1% penicillin-streptomycin (60162ES76; Yeasen, Shanghai, China). To establish the Oxygen-Glucose Deprivation (OGD) model, an in vitro model of retinal IR, R28 cells were incubated in a glucose-free DMEM (11966025; Gibco, Carlsbad, USA) with an anoxic environment (95% N2, 5% CO2) for 2 h, then the cells were cultured in normal medium and reoxygenated (21% O2, 5% CO2) for 2 h before being examined (Figure 1B).



PPARα Activation

Fenofibric acid (FA) is a specific agonist of PPARα. In vivo, FA (S4527; Selleck Chemicals, Houston, TX, USA) was dissolved in dimethyl sulfoxide (DMSO; Solarbio, Beijing, China) at 10 mg/ml. One hour before IR modeling, animals were injected (i.p.) with FA at 1 ml/kg bodyweight. Treatment was administered once a day (excluding the modeling day) until rats were sacrificed 24 or 72 h after modeling. In vitro, 25 μM FA was added to the cell culture medium 1 h before OGD modeling and maintained until the cells were examined.



Retina Immunofluorescence and Staining

Anesthetized rats were perfused transcardially with pre-cooled phosphate-buffered saline. Intact eyes were enucleated and fixed in FAS eyeball fixative solution (G1109; Servicebio, Beijing, China) for 24 h at room temperature. After fixation, eyeballs were dehydrated in ethanol and embedded in paraffin. Sections (3 μm) were made around the optic nerve for further immunofluorescence staining and hematoxylin and eosin (HE) staining. Dewaxed and antigen-retrieved paraffin retinal slices were applied to immunofluorescence, as described in our previous study (20). Three antibodies (all from Abcam, Cambridge, UK) were used: anti-PPARα (ab215270; 1:100), anti-glial fibrillary acidic protein (GFAP; ab33922; 1:300), and anti-cyclooxygenase 2 (COX2; ab62331; 1:100). Retina HE staining was performed by the Hematoxylin-Eosin/HE Staining Kit (G1120; Servicebio, Wuhan, China) according to the manufacturer's instructions.



Cell Immunofluorescence and Staining

Retinal cell line 28 cells were fixed in 4% paraformaldehyde for 15 min (G1101; Servicebio, Beijing, China) at room temperature before immunofluorescence staining. The specific procedures and antibodies applied were the same as those used for retinal slices. Besides, propidium iodide (PI; P4170; Sigma, St. Louis, USA) staining and Hoechst staining (A3472; APExBIO, Houston, USA) were applied to detect the survival rate of R28 cells according to the manufacturer's instructions.



Western Blotting

Freshly isolated retinal tissues were homogenized and lysed in RIPA buffer (P0013; Beyotime, Beijing, China). The protein concentration was quantified by a Bicinchoninic Acid kit (Pierce, Rockford, IL, USA). Western blotting was done as described in our previous study (20) with the following antibodies: anti-PPARα (ab215270; Abcam; 1:1,000), anti-GFAP (ab33922; Abcam; 1:1,000), anti-COX2 (ab62331; Abcam; 1:1,000), and anti-β-actin (GB12001; Servicebio; 1:3,000). The expression levels of PPARα, GFAP and COX2 were quantified by Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA) and normalized by the densitometry of β-actin.



Real-Time PCR

Total RNA was isolated from fresh retinal tissues with RNAiso buffer (GB3013; Servicebio, Wuhan, China). Peroxisome proliferator-activated receptor α mRNA was reverse transcribed to cDNA with the Servicebio®RT First Strand cDNA Synthesis Kit (G3330; Servicebio), according to the manufacturer's instructions. Peroxisome proliferator-activated receptor α mRNA expression was quantified using 2 × SYBR Green qPCR Master Mix (G3322; Servicebio). Peroxisome proliferator-activated receptor α mRNA levels were normalized to GAPDH mRNA levels. The following specific primers were synthesized by Servicebio: rat PPARα primers, forward 5′-CATCGAGTGTCGAATATGTGG-3′ and reverse 5′-GCAGTACTGGCATTTGTTCC-3′; rat GAPDH primers, forward 5′-GGAAGCTTGTCATCAATGGAAATC-3′ and reverse 5′-TGATGACCCTTTTGGCTCCC-3′.



Retrograde Tracing of RGCs

One week before IR modeling, 4% fluorogold (FG; Fluorochrome, Denver, CO, USA) solution was injected into the bilateral superior colliculi of rats (6 mm posterior to the bregma, 1.8 mm lateral to the cranial midline, and 4 mm deep to the cranial surface) to retrograde label RGCs, as described in our previous study (21).



Counting FG-Labeled RGCs

Flattened retinas were examined by a fluorescence microscope (DM5000 B; Leica, Wetzlar, Germany). Twelve images per retina were taken at 0.85, 2.26, and 3.68 mm (approximately 1/6, 1/2, and 5/6 retinal radius) from the optic disk in superonasal, inferonasal, superotemporal, and inferotemporal quadrants. A double-blind method and Image-Pro Plus 6.0 were used to count the labeled RGCs in each photomicrograph.



Thickness of the Ganglion Cell Complex (GCC)

The GCC consists of a retinal nerve-fiber layer, GCL and inner plexiform layer, and corresponds to the anatomic distribution of RGCs in the retina (22). To better represent the change in GCC thickness, 12 points of GCC thickness per retinal slice stained by HE were measured by Image-Pro Plus 6.0 according to the following parameters: perpendicular to the surface of the RPE layer as well as ±800, ±1,600, ±2,400, ±3,200, ±4,000, and ±4,800 μm away from the center of the optic nerve (Figure 3F).



Flash Visual-Evoked Potentials

Flash Visual-Evoked Potentials (FVEPs) were obtained using a multifocal electroretinography recorder (GT-2008V-VI; Gotec, Chongqing, China) for functional evaluation of retinas 24 or 72 h after modeling. The stimuli intensity was set to 10.0 cd•s/m2, the flash frequency was 1 Hz, and the number of flashes was 64. After light adaptation for 15 min, anesthetized animals were fixed on a special holder with one silver-plate electrode inserted under the skin of the occipital bone (anode), anterior bregma (cathode), and ear (ground electrode), respectively. Then, the FVEP of right and left eyes was recorded in order by a Ganzfeld electrodiagnostic system (Gotec, Chongqing, China). The latency of the first positive wave (P1) and second positive wave (P2) of FVEP was analyzed.



Statistical Analysis

SPSS 22.0 (IBM, Armonk, NY, USA) was utilized for statistical analyses. Data are the mean ± SEM. The Student's t-test and one-way analysis of variance followed by Tukey's post-hoc test were used for comparisons between two groups and more than two groups. Statistical significance was set at p < 0.05.




RESULTS


Retinal IR Down-Regulated PPARα Expression in vitro and in vivo

To verify whether PPARα is involved in the pathological process of retinal IR, we delineated PPARα expression in R28 cells and retinas after OGD/IR modeling by immunofluorescence analyses and western blotting. Oxygen-glucose deprivation-treated R28 cells showed significant cytoplasmic declination of PPARα expression compared with that in the control group (Figures 1C,D,F,G). In retinas, immunostained PPARα was detected in the GCL, INL, ONL, and the RPE, but most PPARα was expressed in the GCL (Figure 1C). Twenty-four hours after IR modeling, retinal immunolabeling level of PPARα was down-regulated, and this change was manifested mainly in the GCL (Figures 1C,E,F,H). Taken together, these data suggested that retinal IR procedure induced down-regulation of PPARα expression both in vitro and in vivo; PPARα was likely to participate in the pathological mechanism of retinal IR.



Protective Effect of PPARα Activation on RGC Survival

To clarify the role of PPARα in retinal IR, we used FA to activate PPARα and evaluated the effect of PPARα activation on R28 cells and RGC survival after OGD/IR modeling. As shown in Figures 2A,B, OGD modeling led to nearly half of R28 cells death 2 h after modeling, and FA treatment ameliorated OGD-induced cell death significantly (p = 0.0001, n = 4 per group). In vivo, surviving RGCs labeled by FG had a granular appearance with clear borders and golden color, whereas dead RGCs had a smaller volume and lighter color (white arrows, Figure 2C). Photomicrographs identified that dead RGCs appeared only in IR groups. The number of surviving RGCs was decreased markedly in IR rats in comparison with SO rats 24 and 72 h after modeling (p = 0.0001 for both, n = 6 per group). Moreover, FA treatment was able to increase the number of surviving RGCs (p = 0.0001 at 24 h and p = 0.002 at 72 h, n = 6 per group) (Figures 2D,E; Supplementary Table 1). These results suggested that PPARα activation by FA had a protective effect on IR-induced RGC loss.


[image: Figure 2]
FIGURE 2. Protective effect of PPARα activation by FA on RGC survival in vitro and in vivo. (A) Representative photomicrographs of R28 cells stained by propidium iodide (PI, dead cells) and Hoechst (total cells). (B) The survival rate of R28 cells. (C) RGCs labeled by fluorogold (FG) taken at 1/2 retinal radius distances from the optic disk (white arrows, dead RGCs). (D,E) The average number of FG-labeled RGCs at 24 h/72 h post-IR modeling. Data are the mean ± SEM; **p < 0.01. Scale bar = 50 μm.




PPARα Activation Mitigated Thinning of the GCC

To further determine the protective effect of PPARα activation on retinal IR, HE staining was used to measure GCC thickness. At 72 h post-modeling, GCC thickness was decreased significantly in IR rats when compared with SO rats (p = 0.0001, n = 7 in the IR group and n = 5 in the SO group). Fenofibric acid treatment efficaciously attenuated GCC thinning (p = 0.014, n = 7 per group), and all of these changes occurred in the whole retina. However, 24 h after modeling, no obvious difference was found between groups (n = 5 per group) (Figure 3; Supplementary Table 1). In summary, FA alleviated the GCC damage induced by IR at 72 h, suggesting that PPARα activation by FA had a protective effect on IR-induced retinal injury.


[image: Figure 3]
FIGURE 3. PPARα activation by FA mitigates GCC thinning in IR rats. (A) Representative photomicrographs of HE-stained retinal slices taken at 2,400 μm away from the optic nerve at 24 and 72 h post-IR modeling. (B,C) Mean thickness of the GCC at 24 h/72 h post-IR modeling. (D,E) At 24 and 72 h after modeling, the GCC thickness of rats was measured ± 800, ±1,600, ±2,400, ±3,200, ±4,000, and ±4,800 μm away from the optic nerve. (F) The diagrammatic picture of GCC measured in the retina. Data are the mean ± SEM; *p < 0.05. Scale bar = 50 μm.




Protective Effect of PPARα Activation on Visual Function

Moreover, we investigated the protective effect of PPARα activation on visual function. Flash visual-evoked potentials were applied to assess the effect of FA on retinal electrophysiologic activity. The latency of P1 waves and P2 waves was increased by IR at 24 and 72 h after modeling (p = 0.0001 for all, n = 6 per group), indicating that retinal IR severely affected the conduction function of vision. Furthermore, FA treatment decreased the latency of the P1 wave at 24 h (p = 0.021, n = 6 per group) and P2 wave at 24 or 72 h after modeling in IR rats (p = 0.001 for 24 h and p = 0.008 for 72 h, n = 6 per group) (Figure 4; Supplementary Table 1), suggesting that PPARα activation by FA ameliorated IR-induced retinal dysfunction.


[image: Figure 4]
FIGURE 4. Protective effect of PPARα activation by FA on FVEPs in IR rats. (A) Representative images of FVEPs at 24 h post-IR modeling. (B) Representative images of FVEPs at 72 h post-IR modeling. (C) The latency of the first positive wave (P1 wave) and second positive wave (P2 wave) of FVEPs in rats at 24 h post-IR modeling. (D) The latency of the P1 wave and P2 wave of FVEPs in rats at 72 h post-IR modeling. Data are the mean ± SEM; *p < 0.05; **p < 0.01. Scale bar = 10.0 μV and 50 ms.




FA Increased PPARα Expression in vitro and in vivo

We have demonstrated that retinal IR down-regulated PPARα expression in vitro and in vivo, and PPARα activation by FA alleviated IR-induced injury and protected visual function. However, the effect of FA on endogenous PPARα expression remains unclear. The immunofluorescence results showed that FA treatment increased PPARα expression in R28 cells and retinas after OGD/IR modeling (Figure 5A; Supplementary Figures 1A,B). Western blotting and Real-time PCR showed that retinal PPARα and mRNA levels were decreased at 24 h post-modeling, while FA treatment effectively reversed these changes (p = 0.035 for Western blotting and p = 0.0001 for PCR, n = 3 per group) (Figures 5B–D). These results suggested that FA as an agonist of PPARα could increase the transcription and translation level of PPARα.


[image: Figure 5]
FIGURE 5. Fenofibric acid increased PPARα expression in OGD-treated R28 cells (2 h post-modeling) and IR-treated retinas (24 h post-modeling). (A) Representative photomicrographs of immunostained PPARα (red) and nuclei (blue; counterstained by DAPI) in R28 cells and retinas. (B) Retinal expression of PPARα and actin detected by western blotting. (C) Average expression of PPARα semi-quantified by densitometry and normalized by actin levels. (D) Average expression of PPARα mRNA detected by Real-time PCR and normalized by GAPDH mRNA levels. Data are the mean ± SEM; *p < 0.05; **p < 0.01. Scale bar = 50 μm.




Activation of PPARα Repressed GFAP and COX2 Expression

We wished to determine the underlying mechanism of PPARα activation on RGCs in IR rats. Over-activation of glial cells is one of the crucial pathogenic factors after retinal stress injury, up-regulation of GFAP [a marker of glial cells (23)] is regarded as a sensitive non-specific response of glial cells activation (24). In this study, the expression of GFAP was measured in retinas 24 h after IR modeling. Retinal GFAP was expressed mainly in the GCL, and such expression was up-regulated in the GCL of IR rats. However, FA treatment suppressed an up-regulation of GFAP in the GCL (Figure 6A; Supplementary Figure 1C). Consistent with the results of immunofluorescence analyses, western blotting showed that GFAP expression in retinas was also increased after IR modeling (p = 0.0001, n = 3 per group), FA decreased retinal GFAP level (p = 0.0001, n = 3 per group) and that there was no difference between rats treated by FA and those treated by DMSO in the SO group (Figures 6C,D).


[image: Figure 6]
FIGURE 6. Activation of PPARα by FA repressed GFAP and COX2 expression in the retinas of IR rats. (A,B) Representative photomicrographs of immunostained GFAP/COX2 (red) and nuclei (blue; counterstained by DAPI) in retinal sections at 24 h post-modeling. (C) Retinal expression of GFAP, COX2, and actin detected by western blotting. (D,E) Average expression of GFAP/COX2 semi-quantified by densitometry and normalized by actin levels in retinas. Data are the mean ± SEM; **p < 0.01. Scale bar = 50 μm.


Cyclooxygenase-2 is an important pro-inflammatory molecule (25). To further elucidate the therapeutic mechanism of FA on IR rats, we measured retinal level of COX2 24 h after IR modeling. Immunostained COX2 was detected in the all layers of the retina. Ischemia-reperfusion modeling increased COX2 level in the GCL and inner plexiform layers significantly. In contrast, FA treatment decreased COX2 level (Figure 6B; Supplementary Figure 1D). Western blotting showed that IR-induced retinopathy up-regulated COX2 level in the retina (p = 0.001, n = 3 per group), but this level was down-regulated by FA (p = 0.0001, n = 3 per group. Moreover, there was no distinction between rats treated by FA and those treated by DMSO (Figures 6C,E).

In summary, these results indicated that FA decreased GFAP and COX2 expression in the retina significantly, suggesting that PPARα activation mediated the repression of glial cells activation and suppression of retinal inflammation.




DISCUSSION

Peroxisome proliferator-activated receptor α is an important lipid-regulating transcription factor. It has been reported that PPARα plays an important part in ophthalmic diseases (14–17). However, the PPARα function in retinal IR is remained unknown. In this study, we first measured PPARα expression in retinal IR condition, and provided evidence that PPARα activation by FA (a PPARα agonist) ameliorated IR-induced RGC injury in vitro and in vivo. Our results suggested that this beneficial effect was through inhibition of activation of retinal glial cells and suppression of retinal inflammation.

Studies have shown that PPARα is expressed in the retina, kidney, intestine, heart and brain (10, 26–28). Peroxisome proliferator-activated receptor α expression in the retina under chronic ischemic and hypoxic conditions has been studied (10, 12), but PPARα expression under acute ischemia and hypoxia has not. Therefore, we first measured PPARα expression in the retinas of IR rats. Consistent with down-regulation of PPARα expression in chronic ischemic retinopathy [e.g., DM-induced retinopathy (10), oxygen-induced proliferative retinopathy (15)] and in other non-retinal organs injured by IR [e.g., heart (29), kidney (30), and intestine (31)], PPARα expression in the IR retina was decreased 24 h after modeling, indicating that PPARα was involved in the retinal pathological process of IR injury. However, unlike the reduction of PPARα expression in the whole retina caused by DM (10), the decrease in IR-induced PPARα expression was manifested mainly in the GCL. One hypothesis is that IR modeling mainly hindered the blood supply of the inner retina by blocking the central retinal artery and central retinal vein (32). In this case, the GCL was more susceptible to ischemia and hypoxia. This hypothesis could be correct because the thickness of the retinal ONL was not affected by IR (Supplementary Figure 2).

To verify the effect of PPARα in IR-induced retinopathy, we used a specific PPARα agonist, FA, to activate PPARα and ascertain if PPARα plays an important part in this pathologic process. First, we used FG to retrograde-label surviving RGCs in the retina. Retinal ganglion cell loss is a crucial feature of acute angle-closure glaucoma, retinal vascular occlusions, and anterior ischemic optic neuropathy. We found that IR modeling led to a significant loss of RGCs 24 and 72 h after modeling, which is consistent with the pathologic process of the diseases mentioned above. Peroxisome proliferator-activated receptor α activation by FA reduced the RGC loss caused by IR efficaciously, indicating that PPARα had a protective role in this process. Second, we measured retinal GCC thickness [a widely used indicator for detection of RGC loss in clinical diagnoses (33, 34)] after FA treatment to further demonstrate the protective effect of PPARα on RGCs. Our results showed that GCC was thinner than the normal group at 72 h post-modeling, and FA treatment alleviated this structural change in the IR retina. However, a change in GCC thickness 24 h after modeling was not found, indicating that the change in GCC thickness occurred later than RGC death. Third, we detected RGC function. Use of FVEPs is a sensitive method that reflects the function of visual pathways (35). Studies have demonstrated that RGC damage would directly affect the visual conduction function, resulting in extension of the latency of each peak of FVEPs (36, 37). In our study, IR-induced RGC injury also increased the latency of the P1 wave and P2 wave of FVEPs, but FA treatment reduced the prolongation of latency. In summary, PPARα activation by FA alleviated IR-induced damage to the structure and function of RGCs, actions that are consistent with its protective effects in diabetic retinopathy or oxygen-induced proliferative retinopathy (14–17). In addition, our results are also consistent with the studies reported by Bulhak et al. (38) and Ravingerova et al. (39), they both demonstrate that PPARα activation protects myocardium from IR injury. All these results suggest that PPARα activation had a protective role in the retina, and PPARα itself could be a potential target for treatment of IR-induced retinopathy.

Fenofibrate is a synthetic ligand of PPARα and has been used as a hypolipidemic drug for >30 years (40). Fenofibrate is safe and inexpensive, and use of fenofibrate for treating retinal diseases was inspired by two large clinical studies (FIELD and ACCORD) in which researchers reported its robust therapeutic effects on retinopathy in patients with type-2 DM (41, 42). Fenofibric acid is the active metabolite of fenofibrate (43) and retains the function and advantage of fenofibrate while avoiding some off-target effects caused by direct application of fenofibrate [e.g., inhibition of cytochrome-P450 expression or suppression of voltage-dependent K+ channels (44, 45)]. All of these advantages might be conducive to convert FA to a drug for clinical treatment. As for the potential time window for FA treatment of ophthalmic clinical disease (such as acute angle-closure glaucoma, retinal vascular occlusions, and anterior ischemic optic neuropathy), we cannot predict the occurrence of these diseases and administer FA in advance as in this study, so we consider that FA should be administered as soon as these diseases are diagnosed.

We investigated the underlying mechanism of the neuroprotective effect of PPARα activation. Some in vitro studies have shown that fenofibrate and FA have a stimulatory effect on elevation of PPARa levels in osteogenic precursor cells (46) and palmitate treated retinal precursor cells (47). Our results demonstrated that FA also increased the expression of PPARα in a retinal IR model, indicating that FA exerts its neuroprotective effect partially relies on up-regulation of PPARα. Glial cells are crucial for maintaining the blood–retinal barrier and RGC survival (24, 48, 49). It has been reported that glial cells may lose their physiologic functions and be activated in disease or injury, and that over-activation of glial cells is related to retinal neurodegeneration (24). Moran et al. demonstrated that PPARα activation can attenuate over-activation of glial cells in an oxygen-induced retinopathy model (15). Hence, we conjectured that PPARα exerted its protective role in an IR model through this mechanism. We found that expression of GFAP (a marker of glial cells) was increased markedly in the GCL after IR modeling, and that FA treatment reduced GFAP expression significantly. Besides, we measured expression of COX2 (an important proinflammatory mediator produced by activated glial cells) because increased COX2 expression can aggravate local inflammation and promote RGC death (50). After IR modeling, COX2 expression increased significantly, and FA treatment attenuated this increase markedly. These data are in accordance with the work of Zhang et al., who also found that activated glial cells could produce COX2 rapidly in injured optic nerves (51). All these results suggested that the therapeutic effect of PPARα activation was due (at least in part) to inhibition of activation of glial cells and reduction of inflammation in the retina. Importantly, the changes in expression of GFAP and COX2 manifested mainly in the inner layer of the retina (especially in the GCL), which provides further evidence that activation of glial cells and inflammation had direct roles in RGC injury.



CONCLUSION

In this study, we demonstrated, for the first time, that PPARα is involved in the pathologic process of retinal IR. Peroxisome proliferator-activated receptor α activation by FA ameliorates IR-induced RGC injury and protects visual function, inhibits activation of glial cells and suppresses retinal inflammation. Taken together, these findings suggest that PPARα could be a new target for the treatment of retinal IR-related ophthalmic diseases.
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Proliferative diabetic retinopathy (PDR), characterized mainly with abnormal epiretinal angiogenesis forming fibrovascular membranes (FVMs), threatens vision of people with diabetes; FVMs consist of extracellular matrix and a variety of cell types including vascular endothelial cells. Axl, one of receptor tyrosine kinases, can be activated indirectly by vascular endothelial growth factor-A (VEGF-A) via an intracellular route for promoting angiogenesis. In this study, we revealed that growth arrest-specific protein 6 (Gas6), a specific ligand of Axl, was elevated in vitreous from patients with PDR and that Axl was activated in FVMs from patients with PDR. In addition, we demonstrated that in cultured human retinal microvascular endothelial cells (HRECs), Axl inhibition via suppression of Axl expression with Clustered Regularly Interspaced Short Palindromic Repeats/ CRISPR-associated protein 9 or through inactivation with its specific inhibitor R428 blocked PDR vitreous-induced Akt activation and proliferation of HRECs. Furthermore, PDR vitreous-heightened migration and tube formation of HRECs were also blunted by restraining Axl. These results indicate that in the pathogenesis of PDR, Axl can be activated by Gas6 binding directly and by VEGF-A via an intracellular route indirectly, suggesting that Axl plays a pivotal role in the development of PDR and that Axl inhibition shows a bright promise for PDR therapy.

Keywords: PDR vitreous, GAS6, Axl, CRISPR/Cas9, R428, HRECs


INTRODUCTION

Diabetic retinopathy (DR) is one of diabetic complications that affects eyes and proliferative DR (PDR) is the serious stage of DR. It is caused by damage to retinal microvascular endothelial cells, leading to vision-threatening exudation and hemorrhage. Retinal angiogenesis is a key pathological cause for PDR (1), and current PDR therapy mainly focuses on laser and antivascular endothelial growth factor (VEGF) drugs. However, photocoagulation has limited efficacy and acts as a devastating method; some patients poorly respond to current anti-VEGF therapy, but factors contributing to the limited response remain large. Further studies to identify and understand the molecular alterations that frequently occur in DR are vital to develop additional effective treatment options.

Vascular endothelial growth factor-A (VEGF-A) stimulates survival, proliferation, and migration of vascular endothelial cells (ECs) and promotes vascular permeability, which is critical for vascular development and angiogenesis. Due to its essential role in angiogenesis, VEGF-A signaling pathway has received great attention for angiogenesis therapeutics in the past decade. However, other growth factors also engage similar downstream signaling pathways including the phosphatidylinositol 3-kinase/ protein kinase B pathway to promote angiogenesis.

Axl, whose name came from the Greek word “anexelekto” meaning uncontrolled, is a member of the family of receptor tyrosine kinase (RTK). Its activation is stimulated by binding to its specific ligand growth arrest-specific protein 6 (GAS6) (2). In addition, Axl is also activated indirectly by VEGF-A via an intracellular pathway of reactive oxygen species (ROS)/Src family kinases (SFKs) (3). Furthermore, Axl has been found to confer resistance to anti-insulin-like growth factor 1 receptor (4); Fibroblast growth factor receptor 1-induced Akt activation is associated with Axl activity (5). Notably, Axl null mice respond poorly to VEGF-A-induced vascular permeability and angiogenesis (3). We previously showed that the normal bovine vitreous promotes endothelial cell proliferation and migration via Axl activation (6); however, whether Axl was activated in epiretinal fibrovascular membranes from patients with PDR remained elusive and the Axl role in human retinal vascular endothelial cells (HRECs) stimulated by PDR also needs to be clarified; for these answers, it will improve our understanding of the underlining mechanisms of pathogenesis of PDR and advance the development of additional effective treatment strategies for PDR.



RESULTS


Axl Is Activated in Fibrovascular Membranes From Patients With PDR

Inhibition of Axl with a pharmacological inhibitor suppressed retinal angiogenesis in a mouse model of oxygen-induced retinopathy (6). To study if this finding was related to a clinical significance, we investigated if Gas6 was enriched in vitreous from patients with PDR by ELISA. In this assay, vitreous from the macular hole was used as a control. As shown in Figure 1A, in PDR vitreous, Gas6 was elevated compared with that in the control vitreous. Next, we evaluated if Axl was activated in fibrovascular membranes from patients with PDR by immunohistochemistry. The results (Figures 1B–E) showed that Axl was indeed activated in the PDR membranes, suggesting that Gas6 in the PDR vitreous is one of the possible agents inducing Axl activation in the PDR membranes.


[image: Figure 1]
FIGURE 1. Elevation of growth arrest-specific protein 6 (Gas6), an Axl ligand in vitreous from patients with proliferative diabetic retinopathy (PDR). (A) ELISA analysis of Gas6 in vitreous from patients with or without PDR. (B–D) Immunohistochemistry analysis of p-Axl at fibrovascular membranes from patients with PDR. (B) Immunoglobulin G (IgG) as a negative control; (C) p-Axl; (D) higher magnification from (C). (E) Western blot analysis of p-Axl in human retinal microvascular endothelial cells (HRECs) stimulated by PDR vitreous. ***means the difference was significant and P < 0.001.




Proliferative Diabetic Retinopathy Vitreous Heightens Activation of Axl and Akt and Cellular Events Related to Angiogenesis

We next assessed if Axl activation could be induced by PDR vitreous in cultured HRECs. As expected, activation of Axl and Akt was heightened in HRECs after stimulation by PDR vitreous whose effect on induction was better than normal vitreous (Figure 2A). These signaling events might transform to angiogenesis-related cellular responses such as proliferation, migration, and tube formation (7–10).


[image: Figure 2]
FIGURE 2. PDR vitreous enhanced proliferation, migration, and tube formation of vascular endothelial cells. (A) Western blot analysis of p-Akt in HRECs induced by PDR vitreous. This is representative of three independent experiments. (B,C) Proliferation of HRECs induced by PDR vitreous was assessed using two methods. (B) Total cell number counting; (C) Ki67 staining of proliferative cells. Scale bar: 1,000 μm. (D,E) A wound healing assay to measure the migration of HRECs stimulated by PDR vitreous. (D) Representative photos, scale bar: 400 μm; (E) Bar graphs show five independent experiments. (F,G) A matrigel assay to assess the tube formation of HRECs induced by PDR vitreous. (F) Representative photos of five independent experiments, Scale bar: 400 μm; (G) Bar graphs of tube lengths in five representative photos of three independent experiments. ****means the difference was significant and p < 0.0001.


Data from proliferation assays with HRECs showed that there was a significant increase in both the total cell number and Ki-67 (a nuclear protein that is associated with proliferation) positive cell number when these cells were treated with PDR vitreous (Figures 2B,C), indicating that PDR vitreous enhances cell proliferation.

Subsequently, we employed a wound healing assay to assess the migratory ability of HRECs induced by PDR vitreous. The results (Figures 2D,E) showed that PDR vitreous promoted HRECs migration, which is an important feature in angiogenesis.

Subsequently, we evaluated the effect of PDR vitreous on angiogenesis in an in-vitro model of a tube formation assay (6). As shown in Figures 2F,G, PDR vitreous heightened the ability of HRECs in forming tubes, suggesting that the signaling pathway of Gas6/Axl might play an important role in these PDR vitreous-enhanced cellular events intrinsic to angiogenesis.



Suppression of Axl Impedes PDR Vitreous-Induced Cell Proliferation, Migration, and Tube Formation

To investigate the role of Axl in PDR vitreous-induced angiogenesis in vitro, expression of Axl was depleted in HRECs by using a CRISPR/Cas9 approach. As shown in Figure 3A, western blot analysis demonstrated that Axl depletion resulted from SpCas9 editing of genomic DNA under the single guide RNA-1 (sgRNA-1) guidance. In addition, we found that depletion of Axl attenuated PDR vitreous-induced cell proliferation (Figure 3B) and decreased the migratory capability of HRECs (Figures 3C,D). Furthermore, Axl removal resulted in a reduction in PDR vitreous-induced tube formation of the HRECs (Figures 3E,F). These results demonstrate that Axl plays a central part in PDR vitreous-stimulated activation of Akt and angiogenesis-related cellular responses of HRECs.


[image: Figure 3]
FIGURE 3. Suppression of Axl suppressed PDR vitreous-induced proliferation, migration, and tube formation. (A) Western blot analysis of lysates from HRECs expressing CRISPR/Cas9 targeting lacZ or Axl using indicated antibodies. This is representative of three independent experiments. (B) Proliferation of HRECs expressing CRISPR/Cas9 targeting lacZ or Axl was induced by PDR vitreous and cell number was counted in a hemocytometer under a light microscope. (C,D) Migration of HRECs expressing CRISPR/Cas9 targeting lacZ or Axl was induced by PDR vitreous in a wound assay. (D) Representative photos of the wound areas, scale bar: 400 μm; bar graphs of wound areas in five representative photos from three independent experiments. (E,F) A matrigel assay was used to evaluate tube formation of HRECs expressing CRISPR/Cas9 targeting lacZ or Axl induced by PDR vitreous. (F) Representative photos, scale bar: 1,000 μm; Bar graphs of tube lengths in five representative photos of three independent experiments. ****means the difference was significant and p < 0.0001.




Inhibition of Axl Prevents PDR Vitreous-Induced Akt Activation and Cellular Responses Related to Angiogenesis

We next sought to find if pharmacological inhibition of Axl could block PDR vitreous-induced Akt activation, so that a potential pharmacological inhibitor could be used for treating retinal pathological angiogenesis. R428, a small molecule inhibitor specific for Axl, inhibited Axl at 4 μM without showing obvious toxicity to HRECs. Therefore, we treated HRECs with PDR vitreous along with R428 and found that 4 μM R428 completely blocked PDR vitreous-induced Akt activation (Figure 4A). As expected, R428 at this concentration also inhibited vitreous-stimulated proliferation, migration, and tube formation of HRECs (Figures 4B–G), suggesting that Axl is a potential mediator of retinal angiogenesis.


[image: Figure 4]
FIGURE 4. Pharmacological inhibition of Axl blunted PDR vitreous-induced Akt activation, proliferation, migration, and tube formation. (A) Western blot analysis of p-Akt in HRECs treated with PDR vitreous and a serial of R428 (an Axl-specific inhibitor) concentrations using indicated antibodies. This is representative of three independent experiments. (B,C) Proliferation of HRECs induced with PDR vitreous supplemented with R428 (4 μM) was evaluated by counting cell number (B) and Ki67 staining, scale bar: 1,000 μm (C). Bar graphs in (B) show the mean ± SD from five independent experiments. (D,E) A wound healing assay of migration of HRECs induced by PDR vitreous supplemented with R428 (4 μM). (D) Representative of the photographed wound, scale bar: 400 μm; (E) Bar graphs show the mean ± SD from five representative figures. (F,G) A matrigel assay of HRECs induced by PDR vitreous supplemented with R428 (4 μM). (F) Representative photos, scale bar: 400 μm; (G) Bar graphs of tube lengths in five representative photos of three independent experiments. ****means the difference was significant and p < 0.0001.





DISCUSSION

In this study, we report that Axl, one of receptor tyrosine kinases, is essential for vitreous-induced angiogenesis with a patient in vitro. In the vitreous from patients with PDR, levels of VEGF-A are elevated (11). It has been reported that Axl is essential for VEGF-A-dependent activation of the PI3K/Akt signaling, which plays a central role in angiogenesis (3). In addition, Gas6, a traditional ligand of Axl, is also present in such vitreous. Thus, we proposed that there are at least two routes for activating Axl by the PDR vitreous. One is that Axl is directly activated by its ligand Gas6 binding to trigger the signaling pathway of Axl/PI3K/Akt; the other is that Axl is indirectly activated by VEGF-A via Vascular endothelial growth factor receptor-2/ROS/SFKs (3) (Figure 5). However, the pathway for Axl plays a predominant role that needs further investigation.


[image: Figure 5]
FIGURE 5. Diagram of Axl contribution to angiogenesis. Axl can be activated by Gas6 direct binding and vascular endothelial growth factor (VEGF) indirectly via reactive oxygen species (ROS)/Src-family protein tyrosine kinases, triggering the signaling pathway of PI3K/Akt and initiating pathological angiogenesis.


We have previously reported that normal bovine vitreous is also able to activate Axl for engaging activation and angiogenesis of Akt (6). In this study, the vitreous from patients with PDR shows a similar effect to normal bovine vitreous on in-vitro angiogenesis; however, PDR vitreous is obviously more relevant to pathophysiological conditions and, thus, these novel findings may provide a significant clue to develop novel approaches to prevent or cure diabetes-related retinal angiogenesis.

We have found that R428, a specific small molecule inhibitor of Axl, inhibits either normal bovine vitreous or PDR vitreous-activated Akt and angiogenesis in vitro and in vivo. Small molecules have some disadvantages in clinical settings including short half-life, non-specific, etc. Therefore, based on the essential role of Axl in pathological retinal angiogenesis, we may develop novel approaches such as genome-editing Axl for its inactivation in retinal vascular ECs to prevent retinal angiogenesis.

Currently, intravitreal injection of anti-VEGF agents including aflibercept and ranibizumab is mainstream for treating patients with diabetes-related eye diseases; however, there are still numerous such patients who do not respond to the anti-VEGF treatment or develop resistance to the anti-VEGF therapy. In such cases, an anti-Axl therapy may shed a light on those anti-VEGF-resistant patients.



METHODS AND REAGENTS


Sample and Major Reagents

The Internal Review Committee of Xiangya Hospital approved this study. Research protocols adhered to the Association for Research in Vision and Ophthalmology Statement on Human Subjects and the tenets of the Declaration of Helsinki. All the participants gave a written informed consent prior to surgery and inclusion in this study. Surgical samples were collected at the Department of Xiangya Hospital. Most of the antibodies and reagents in this study were listed in our previous study (6).



Cell Culture

Human retinal microvascular endothelial cells (Cell Systems, Kirkland, Washington, USA) were grown in an endothelial growth medium (EGM)-2 (Lonza, Walkersville, Maryland, USA) supplemented with a kit of growth factors (Lonza, Walkersville, Maryland, USA). Human embryonic kidney (HEK) 293T cells were cultured in high-glucose (4.5 g/l) Dulbecco's Modified Eagle Medium supplemented with 10% Foetal Bovine Serum. All the cells were cultured at 37°C in a humidified 5% CO2 atmosphere (12).



Deoxyribonucleic Acid Constructs

The transfer vector of lentivirus was constructed by replacing different sgRNA in BsmBI-digested lentiCRISPR v2 vector as previously described (6). The three protospacer sequences from Axl loci (NC_000004.12) were 5′-AAGGTTCCTTCACTATCAGG-3′ (A1), 5′-GGGAATATCACAGGTGCCCG-3′ (A2), and 5′-CTTCTACCGGGAAACTGACT-3′ (A3) and the control sgRNA sequence targeting LacZ from Escherichia coli was (5′-TGCGAATACGCCCACGCGATGGG-3′) (13). All the clones were confirmed by DNA sequencing using a primer 5′-GGACTATCATATGCTTACCG-3′ from the sequence of U6 promoter that drives expression of sgRNAs. Both the synthesis of primers and oligos and sequencing of PCR products and clones were performed at Sangon Biotech (Shanghai, China). All the plasmids used were purchased from Addgene (Cambridge, Massachusetts, USA).



Production of Lentivirus

The procedure for lentivirus production was described in detail in our previous publication (14). Lentiviruses were produced by triple transfection of HEK 293T cells with pLentiCRISPRv2, the lentiviral packaging plasmid which encod HIV-1 Gag, Pol, Tat and Rev proteins, and pVSV-G [catolog number 52,961, 12,260, and 8,454 from Addgene (Cambridge, Massachusetts, USA), respectively] using lipofectamine 3000. After harvest, viruses were concentrated by centrifuging in a JA17 rotor (Beckman Coulter, Brea, California) at 25,000 g for 90 min at 4°C. The concentrated virus was resuspended in 300 μl of sterile TNE (50 mM Tris, Ph 7.8, 130 mM sodium chloride, and 1 mM Ethylenediaminetetraacetic acid) with gentle rotation overnight at 4°C. Next, these dissolved retroviruses were tittered for infecting HRECs in combination with 8 μg/ml polybrene (Sigma-Aldrich Corporation, St Louis, Mosby, USA) or kept at −80°C (12, 15, 16). The infected cells were selected in media with puromycin (Sigma-Aldrich Corporation, St Louis, Mosby, USA) (0.5 μg/ml) and the resultant cells were examined by Western blot analysis (12, 15, 16).



Western Blot

Human retinal microvascular endothelial cells were seeded in a 24-well plate at 70% confluence and then starved for 6–8 h in media deprived from serum and growth factors. Subsequently, the starved cells were pretreated with PDR vitreous (200 μl/ml) for 30 min and the control group was pretreated with boiled PDR vitreous. In certain experiments, cells were treated with different inhibitors for 30 min. All the cells were lysed in Radioimmunoprecipitation assay in the presence of a protease inhibitor (MedChemExpress shanghai, China). The protein-transferred membranes were blocked by 5% fat-free milk dissolved in Tris Buffered Saline/0.05% Tween-20 for 30 min and incubated with first antibodies (1:1,000) overnight at 4°C. After thoroughly washing, the membranes were incubated with horse radish peroxidase-conjugated secondary antibodies (1:5,000) and visualized using LumiBest enhanced chemiluminescence. β-actin and total Akt were served for normalization across the samples. Experiments were repeated at least three times and blot signal intensity was determined by densitometry using the National Institutes of Health ImageJ software (12).



Cell Proliferation Assay

Human retinal microvascular endothelial cells were seeded at a density of 2 × 104 cells/well in 24-well plates and counted in a cell number counter after 48 h of continuous treatment with endothelial cell growth media-2 or PDR vitreous (1:3 dilution in EGM-2). At least three independent experiments were performed as described previously (6). In addition, immunofluorescent staining for Ki67 (rabbit anti-Ki67; Proteintech, Rosemont, IL US) for marking proliferating cells was performed as previously described (17).



Scratch-Wound Migration Assay

Migration was assessed with a scratch-wound assay (18). Once cells reached 80% confluence in 24-well plates, they were starved for 4 h. After the cell monolayer was scraped with a sterile pipette tip (200 μl), the cells were washed twice to remove detached cells. One scratch was generated per well and imaged on an Leica imaging system every 6 h for 48 h. Images were analyzed by measuring the number of pixels in the wound area using Adobe Photoshop (Adobe Systems, San Jose, California, USA) and analyzed using the ImageJ software (3).



Tube Formation Assay

This assay was performed as previously described (19). A total of 15,000 HRECs were placed onto wells precoated with basement membrane extract (R&D Systems, Minneapolis, MN, US), which was from the storage at −80°C and thawed overnight at ice. Cells were imaged 4–6 h after cell plating and tube formation was quantified for the total length using the Angiogenesis Analyzer plugin for the ImageJ software (National Institutes of Health) (20).



Statistical Analysis

Results are presented as mean ± SD. The Student's t-test was performed for comparisons between two groups and the one-way ANOVA (Kruskal–Wallis test) was used for comparisons among the multiple groups. p < 0.05 was considered as statistically significant.
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Aims: To examine the prevalence of primary epiretinal membranes (ERMs) and associated systemic factors.

Methods: The cross-sectional, community-based Tongren Health Care Study enrolled participants who received regular health examinations in the Beijing Tongren Hospital from 2017 to 2019. Using fundus photographs, retinal specialists assessed the presence of ERMs and their systemic associations.

Results: Primary ERMs were detected in 841/22820 individuals, with a prevalence of 3.7% [95% confidence intervals (CI): 3.4–3.9%] in the total study population (mean age: 44.5 ± 13.8 years) and 6.5% (95% CI: 6.1–7.0%) in individuals aged 40+ years. In multivariable analysis, a higher ERMs prevalence was associated with older age [odds ratio (OR): 1.10; P < 0.001], higher serum cholesterol concentration (OR: 1.14; P = 0.003) and higher serum sodium concentration (SSC) (OR: 1.12; P < 0.001). In women, a higher SSC, even within the normal range, was associated with an increased risk of ERMs (OR: 1.19; P < 0.001). Female participants with an SSC of 144–145mmol/L as compared with those with an SSC of 135–137 mmol/L had a 5-fold increased odds of having ERMs (All women: OR: 5.33; P < 0.001; Women aged 40+years: OR: 4.63; P < 0.001).

Conclusion: Besides older age and higher serum cholesterol concentration, a higher SSC, even if within the normal range, was independently associated with a higher ERM prevalence in women.

Keywords: epiretinal membrane, associated factors, serum sodium, prevalence, epidemiology


INTRODUCTION

Epiretinal membranes (ERMs) are a common cause of visual impairment in the elderly population (1–5), with the pooled prevalence from population-based studies to be 9.7% (6). While intraocular causes including retinal diseases, previous intraocular surgeries, hyperopia, or myopia were reported to be associated with secondary ERMs, to mention a few (1, 3, 5, 7, 8), idiopathic ERMs present in eyes without evident abnormality, and their causes remain to be elusive (9). Systemic factors associated with the presence of ERMs were older age, female sex, ethnic background, hyperlipidemia, smoking, diabetes mellitus, and a lower serum concentration of urine acid (1, 3, 4, 7, 10, 11), however, none of the above-mentioned factors were consistently reported besides the increasing age.

Most ERMs remain relatively stable and treatment is not required, while vitrectomy surgery is indicated for ERMs patients associated with symptoms that severely affect their activities of daily living, including decreased visual acuity, metamorphopsia, double vision, or difficulty using their eyes together (2, 12). Of particular note is that even a very successful vitrectomy does not always ensure a desirable visual outcome (2). Our knowledge on the pathophysiology of ERM has been improved greatly by histopathological studies and advanced image technologies, however, there're no preventive measures since the exact pathological mechanisms of ERMs remain unknown.

The current community-based large-scale study was conducted in 20,000+ participants with comprehensive general medical examinations, with the aim to explore systemic factors associated with the primary ERMs.



METHODS

The cross-sectional, community-based Tongren Health Care Study included individuals who attended regular health care check-up examinations in the Beijing Tongren Hospital from July 2017 to December 2019. The study population has been described in detail recently (13). The eligibility criterion for inclusion into the current study was an age of 18+ years. The study was conducted in adherence to the Declaration of Helsinki and approved by the Medical Ethics Committee of Beijing Tongren Hospital.

The examinations included an interview in which general demographic data and information about the medical history and other health-related events were obtained. The physical examinations included the assessment of anthropometric parameters such as body height and weight and circumferences of the waist and hip, measurement of blood pressure and electrocardiography, and biochemical examinations of samples of blood. Arterial hypertension was defined as a systolic blood pressure of 140 mmHg or more, a diastolic blood pressure of 90 mmHg or more, or a physician's-based diagnosis of hypertension or use of antihypertensive medication. Diabetes mellitus was defined based on the history of a previously diagnosed diabetes or receiving a glucose-lowering therapy and/or fasting blood glucose concentration of ≥7.0 mmol/L. The estimated glomerular filtration rate (eGFR) was calculated based on the serum creatinine concentration and using the Chronic Kidney Disease Epidemiology Collaboration equation (14).

The ophthalmological examinations, performed by experienced ophthalmologists, consisted of the measurement of best-corrected visual acuity, non-contact tonometry, slit lamp-based biomorphometry of the anterior and posterior segment of the eye, and 45° non-mydriatic fundus photography (Topcon TRG-NW7SF, Topcon, Tokyo, Japan; or Cannon, CR6-45NM, Canon, Tokyo, Japan). Based on the assessment of the fundus photographs, an ERM was classified into either a less severe subtype termed as cellophane macular reflex (CMR) or a more severe form termed as preretinal macular fibrosis (PMF) (3, 15). Eyes with the coexistence of CMR and PMF were classified as having PMF. A secondary ERM was defined as being associated with intraocular diseases including diabetic retinopathy, late-stage age-related macular degeneration, other retinopathy, and previous intraocular surgery including cataract surgery or vitreous retinal surgery (3). All ERMs without any associated intraocular disorder were classified as primary ERMs.

The data were analyzed using the statistical software SPSS 26.0 (SPSS Inc., Chicago, IL, USA) and the Statistical Package for the R (version 1.4.1103). Continuous variables were presented as mean ± standard deviation and categorical variables as the number of cases/percentages. In the univariable analysis, a binary logistic regression analysis was performed to assess associations between the ERM prevalence and other systemic parameters, without and with adjustment for age, the odds ratios (ORs) and their 95% confidence intervals (CI) were calculated. The multivariable analysis was then performed with the ERM prevalence as the dependent variable, and all those parameters with P-values ≤ 0.10 in the age-adjusted analysis as the independent variables, in all participants, in men and in women, respectively. The collinearity was considered when a variance inflation factor (VIF) of more than 5 was observed. After detecting the association between serum sodium concentration (SSC) and ERM, we re-assessed our findings by excluding individuals with hypernatremia (SSC > 145 mmol/L) and hyponatremia (SSC <135 mmol/L) to eliminate their confounding effects. We compared the SSCs among different age groups in the whole participants, in men and women respectively, using one-way analysis of variance (ANOVA) and adjusted by Bonferroni when a significant difference was detected. We stratified the SSC into four groups (135.0–137.0, 138.0–140.0, 141.0–143.0, and 144.0–145.0 mmol/L) and assessed its association with the ERM prevalence. A three-dimensional surface plot was created to visualize the associations among age, SSC, and the presence of ERM for women aged 40+ years, as most epidemiologic studies included individuals aged 40+ years old. A two-tailed P-value of < 0.05 was considered statistically significant.



RESULTS

Out of 22,945 individuals (12,574 men, 54.8%) who were examined during the study period, 125 (0.54%) participants were excluded due to unreadable fundus photographs. The study eventually included 22,820 participants (12,514 women, 54.8%) with a mean age of 44.5 ± 13.8 years (range: 18–97 years). The mean uncorrected visual acuity, best-corrected visual acuity, and intraocular pressure were 0.40 ± 0.40 logarithm of the minimal angle of resolution (logMAR), 0.04 ± 0.10 logMAR, and 14.3 ± 3.0 mmHg, respectively.


Prevalence of Epiretinal Membranes

ERMs were found in 988 participants (4.3 ± 0.1%; 95% CI: 4.1–4.6%), among whom 147 subjects (0.6 ± 0.1%; 95% CI: 0.5–0.7%) with diabetic retinopathy (19/12.9%), retinal vascular diseases (7/4.8%), late-stage age-related macular degeneration (6/4.1%), other types of retinopathies (20/13.6%), history or signs of vitreous or retinal surgery (7/4.7%), and previous cataract surgery (88/59.9%) were classified as secondary ERMs and were excluded.

Primary ERMs (described as “ERMs” in the following paragraphs) were detected in 841 [345 (41.0%) men] out of the 22,820 individuals, with a prevalence of 3.7 ± 0.1% (95% CI: 3.4–3.9%). Unilateral ERMs and bilateral ERMs were found in 618 participants (73.5%) and 223 subjects (26.5%), respectively. For individuals aged 40+ years, the prevalence of ERMs was 6.5 ± 0.2% (95% CI: 6.1–7.0%), 5.8 ± 0.3% (95% CI: 5.2–6.4%), and 7.2 ± 0.3% (95% CI: 6.6–7.9%) for all individuals, for men, and for women, respectively (Table 1).


Table 1. Prevalence of primary epiretinal membranes (ERMs) in all, in men and in women.
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Serum Sodium Concentration as a Risk Factor for Epiretinal Membranes

In the univariable analysis, a higher ERM prevalence was associated with older age, female sex, higher prevalence of hypertension and diabetes, higher body mass index, waist-hip circumference ratio, systolic and diastolic blood pressure, SSC, higher serum concentrations of potassium, blood urea nitrogen, glucose, high sensitive C-reactive protein, lipoprotein a, triglycerides, total cholesterol, and low-density lipoprotein, and lower serum concentrations of calcium, phosphate and lower eGFR (all P ≤ 0.05) (Table 2). In the multivariable analysis, a higher ERM prevalence remained to be significantly associated with older age (OR: 1.10; P < 0.001), higher SSC (OR: 1.12; P < 0.001), higher total cholesterol (OR: 1.14; P = 0.003), and borderline with eGFR (OR: 1.01; P = 0.05) for all participants. A higher ERM prevalence was consistently associated with increasing age, in men and women, respectively, whereas its association with higher SSC and higher total cholesterol only remained statistically significant in women but not men (Table 3).


Table 2. Factors associated with primary epiretinal membranes (ERMs) by univariable logistic analysis and age-adjusted logistic analysis.
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Table 3. Risk factors associated with primary epiretinal membranes by multivariable analysis.
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The mean SSC was 139.6 ± 2.1 mmol/L (range: 120–150 mmol/L) measured in 21,054 participants, with 30 (0.1%) individuals with hypernatremia and 250 (1.2%) participants with hyponatremia. In individuals with normal SSC (135–145 mmol/L), a positive correlation between higher SSC and older age was found in women (r = 0.33, P < 0.001, Pearson correlation analysis) but not in men (P = 0.35). In women, SSC increased continuously from the age of 50 years to the age of 70 years (one-way ANOVA, P < 0.05), after which it dropped slightly. The SSC did not differ significantly among the age groups in men (one-way ANOVA, P = 0.18) (Table 4; Figure 1).


Table 4. Serum sodium concentration in the study population, stratified by age and sex (with serum sodium concentration within the normal range).
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[image: Figure 1]
FIGURE 1. Serum sodium concentration with age in male and female gender. Figure was shown with mean value (solid line) and 1/2 standard deviation (shadow).


The association between SSC and ERM was modified by sex in the univariable analysis (P for interaction <0.001). In multivariable analysis, the association between SSC and ERMs remained statistically significant in the whole study population and in women (both P < 0.001), but not in men (both P > 0.05) (Tables 3, 5). In women, the ERM prevalence significantly increased from 0.9% in the subgroup with SSC of 135–137 mmol/L, to 3.0% (SSC: 138–140 mmol/L), 7.1% (SSC: 141–143 mmol/L) and to 11.0% (SSC: 144–145 mmol/L) (linear-by-linear association chi-square test, X2 = 160.04, P < 0.001). Female participants with an SSC of 144–145 mmol/L as compared with women with an SSC of 135–137 mmol/L had a 5.3-fold increased risk of ERMs (OR: 5.33; P < 0.001) in the multivariable analysis (Figure 2; Table 6).


Table 5. Serum sodium concentration in study participants with vs. without primary epiretinal membranes (ERMs) (with serum sodium concentration within the normal range).
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FIGURE 2. The prevalence of primary epiretinal membrane in male and female participants, stratified by the serum sodium concentration.



Table 6. Association between the prevalence of primary epiretinal membranes (ERMs) and the serum sodium concentration by multivariable analysis, stratified by sex.
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If only participants aged 40+ years were included, the SSC was again significantly (P < 0.001) higher in women with primary ERMs (140.6 ± 1.8 mmol/L) as compared with women without ERMs (139.7 ± 2.0 mmol/L). Women with SSC of 144 mmol/l to 145 mmol/L as compared to women with an SSC of 135–137 mmol/L had 4.6-folds increased risk of ERMs (OR: 4.63; 95% CI: 2.10–10.21; P < 0.001) (Figure 3).


[image: Figure 3]
FIGURE 3. Three-dimensional surface plot visualizing the functional associations between the presence of primary epiretinal membrane and two dependent variables including age and serum sodium concentration in female participants aged 40 and over. An increase in epiretinal membrane prevalence with an increased sodium level was not dependent on age.


In a next step, all female patients with ERM were compared with 1:1 age-matched female controls, for a sensitivity analysis. A significant higher SSC was found in ERM patients (n = 436, age: 62.0 ± 8.4 years, SSC: 140.6 ± 1.8 mmol/L) in comparing with age-matched controls (n = 436, age: 62.0 ± 8.5 years, SSC: 137.5 ± 1.3 mmol/L) after multivariable analysis (OR: 6.39; 95% CI: 4.61–8.88; P < 0.001).

When comparing the subtypes of ERMs, female participants with PMFs as compared to those with CMR also show a slightly but significantly higher SSC (140.8 ± 1.8 vs. 140.3 ± 2.0 mmol/L; P = 0.01).

Inter-observer agreement was assessed by examining the photographs of 100 participants by both examiners (CCX, XBZ), with a kappa value of 0.851 (P < 0.001).




DISCUSSION

The prevalence of primary ERMs in our study population was 3.7% and increased with older age. Factors associated with a higher ERM prevalence were, besides older age, a higher serum concentration of total cholesterol and a higher SSC. If the study population was stratified by sex, the correlation between a higher SSC, even within the normal range, with a higher ERM prevalence, was valid for women but not for men. Women with an SSC of 144–145 mmol/L as compared with those with an SSC of 135–137 mmol/L had a 5.3-fold increased odds of having an ERM for the whole age group, and 4.6-fold increased odds of having an ERM for those aged 40+ years.

The prevalence of primary ERMs as found in our study population was higher than the ERM frequency observed in other Asian populations (4, 5, 7, 16), but was very comparable to the pooled data of a recent meta-analysis (6).

Increasing age is a well-established risk factor for ERM development, as consistently reported by previous population-based studies and ours (1, 5, 17–19). One may discuss that vitreoretinal interface changes caused by a posterior vitreous detachment may be causally associated with the age-related increase of the ERM prevalence.

The association between female gender and higher ERM prevalence was inconsistently reported. While in a recent meta-analysis pooled 13 studies with 49,696 participants, female individuals tended to have a higher ERM prevalence than men with an OR of 1.34 (6), many investigations as well as ours did not find a sex-specific difference in the ERM prevalence (5, 7, 20, 21). The discrepancies in the association between sex and ERM may be due to variations of the ethnicities, study designs, and techniques to detect ERM.

The new finding in our study was the relationship between a higher SSC and a higher primary ERM prevalence, including or excluding participants with an abnormal SSC. In a case series study, sodium was detected in 10 out 20 ERM samples and tended to be more frequent in the thicker ERM (22), which is consistent with the significantly higher SSC in PMF patients than CMR patients in our study. In a study involving 27 participants with a macular hole or ERM, the sodium concentration in the vitreous was significantly higher than that in the fasting serum samples obtained perioperatively (146.7 ± 3.3 vs. 139.7 ± 3.4 mmol/L; P < 0.0001) (23).

Our findings combined with these studies suggest that sodium may be a factor involved in the pathogenesis of ERM, perhaps by modulating the glial activity and cell migration (22–25), whereas the exact mechanism remains to be explored. A cross-sectional study from Korea observed no difference in sodium intake between participants with and without ERM (16). One may take into account, however, that their data of the sodium intake were self-reported and not equivalent to the SSC.

Sodium (Na+) is a major electrolyte in the serum and extracellular fluids. Both higher and lower SSC, even within the normal range (135–145 mmol/L), are associated with primary cardiovascular events (26). A higher SSC is related to elevated serum lipid concentrations and elevated blood pressure, and extracellular sodium directly affects lipid metabolism by increasing the lipid accumulation in cultured adipocytes (27). Thus, the association between higher cholesterol and ERM prevalence observed in our study and previous similar findings (4, 8, 10, 18) may also help to explain the relationship between a higher SSC and higher ERM prevalence.

A positive correlation between SSC and age was found in women but not in men. The SSC in women was lower than that in men up to the age of 50 years, while beyond 50 years the association even reversed. This tendency has also been previously observed (28, 29). Besides, the female gender was also found to be an independent risk factor for hyponatremia (30–32). Possible explanations for these sex-specific differences may be the impact of female sex hormones in regulating serum sodium, sex differences in regulation of arginine vasopressin, renal sodium secretion, and absorption (28, 29, 33, 34). Interestingly, menopause among Chinese women occurs at approximately the age of 50 years, consisting with the age when the difference in SSC between women and men started to reverse.

Notably, though the age-related variations in SSC might have functioned as confounding factors, the significant association between SSC and ERM prevalence remained after age and multivariable adjustment, in all female participants and in those age 40+ years. It was also shown in a three-dimensional surface plot in which the ERM prevalence increases with the SSC, after stratification by age (Figure 3). Our findings may help to explain the higher ERM prevalence in women than men detected by other groups.

The strengths of our study include its large sample size, and the relatively large number of systemic parameters included in the statistical analysis. These parameters included the blood pressure, glucose, lipids and kidney function, and presence of hypertension and diabetes, which may be potential confounding factors for any association with SSC. Our study has several limitations. First, a selection bias may exist since our results were not derived from a population-based sample. However, most of our participants were employees or retirees from fixed organizations and were consecutively enrolled without considering their health conditions or other factors. Second, the lack of optical coherence tomography might have led to an underestimation of the ERM prevalence. However, fundus photography, as also adopted by other groups (1, 3, 4), has the advantage of a wider angle of imaging so that the identification of ERMs at the temporal vascular arcades became easier. In addition, the primary ERM prevalence in our study was comparable to that reported in a recent meta-analysis (6). Third, the medication and dietary information were not available for the current study, thus we are not sure about the causes of high SSC in individuals with ERM. Whether a low-salt diet would prevent the development or progression of ERM might be of interest to explore in the future. Fourth, our study is a cross-sectional investigation that could assess only factors associated with the prevalence of ERM but not risk factors for the incidence of ERM.

In conclusion, besides older age and higher total cholesterol, a higher serum sodium level may be an independent factor associated with the presence of ERM.
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Pyroptosis is a gasdermin-mediated, pro-inflammatory form of cell death distinct from apoptosis. In recent years, increasing attention has shifted toward pyroptosis as more studies demonstrate its involvement in diverse inflammatory disease states, including retinal diseases. This review discusses how currently known pyroptotic cell death pathways have been implicated in models of age-related macular degeneration, diabetic retinopathy, and glaucoma. We also identify potential future therapeutic strategies for these retinopathies that target drivers of pyroptotic cell death. Presently, the drivers of pyroptosis that have been studied the most in retinal cells are the nucleotide-binding and oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome, caspase-1, and gasdermin D (GSDMD). Targeting these proteins may help us develop new drug therapies, or supplement existing therapies, in the treatment of retinal diseases. As novel mechanisms of pyroptosis come to light, including those involving other inflammatory caspases and members of the gasdermin protein family, more targets for pyroptosis-mediated therapies in retinal disease can be explored.

Keywords: pyroptosis, cell death, NLRP3, caspase-1, GSDMD, age-related macular degeneration, diabetic retinopathy, glaucoma


INTRODUCTION

Cell death has long been a subject of interest in the study of retinal pathology. The role of programmed cell death (PCD) in retinal diseases is a particularly exciting avenue of research as the regulated nature of these cell death pathways implies that they can potentially be interrupted or manipulated by pharmacological interventions. Traditionally, apoptosis was equated to PCD because it was the most well-studied and well-characterized form of PCD. Research from the 1990's suggested that apoptosis was the main mechanism of regulated cell loss in retinal degeneration and this remained a popular view for most of the 21st century (1–3). The Nomenclature Committee on Cell Death now recognizes that there are other types of regulated cell death besides apoptosis–including necroptosis, ferroptosis, and pyroptosis (4). Necroptosis involves the activation of the pseudokinase mixed-lineage kinase domain-like protein (MLKL), receptor-interacting protein kinase 1 (RIPK1), and receptor-interacting protein kinase 3 (RIPK3) (5). Ferroptosis, as the name suggests, is iron-dependent and is driven by severe lipid peroxidation that results from loss of activity of the lipid repair enzyme glutathione peroxidase 4 (GPX4) (6). Finally, pyroptosis is characterized by membrane pore formation and rapid plasma membrane rupture caused by the binding of the N-terminal of gasdermin proteins to the inner leaflet of the plasma membrane (7–9). As the mechanisms of these cell death pathways have become clearer, more research has emerged supporting their involvement in retinal disease. A recent review summarized the role of necroptosis and ferroptosis in blinding eye disease (10); however, no such a review exists for pyroptosis. Here, we discuss the current understanding of pyroptosis, the research implicating pyroptotic cell death pathways in retinal diseases, and how this knowledge can be applied to identifying novel therapeutic approaches to retinopathies. Specifically, we will focus on the role of pyroptosis in the pathogenesis and potential treatment of three of the most prevalent retinal diseases–age-related macular degeneration, diabetic retinopathy, and glaucoma.



OVERVIEW OF PYROPTOSIS

The term “pyroptosis” was first coined in 2001 by Cookson and Brennan from the Greek roots “pyro,” relating to fire or fever, and “ptosis” meaning falling, to describe pro-inflammatory PCD (11). This distinguished pyroptosis from apoptosis, which is non-inflammatory PCD. Initially, caspase-1 was believed to be the effector of pyroptosis after Salmonella-infected macrophages were found to undergo a caspase-1-dependent form of cell death that was associated with pore formation and was distinguishable from apoptosis (11–13). Later, this role shifted to gasdermin D (GSDMD) when it was discovered that the cleaved, N-terminal of GSDMD (GSDMD-N) could bind to and form pores in the cell membrane, leading to pyroptotic cell death (14). Interestingly, pore-forming activity is not exclusive to GSDMD-N; in fact, most gasdermins have an N-terminal pore-forming domain and have the ability to induce pyroptosis (7). This has led to our current understanding of pyroptosis as gasdermin-mediated cell death.

The gasdermin protein family includes gasdermin A/B/C/D/E (GSDMA/B/C/D/E) and DFNB59 (Pejvakin, PJVK) in humans. Gasdermin proteins share 45% sequence homology, and all members (except for Pejvakin) contain C-terminal and N-terminal domains (7, 15). The C-terminal domain is a repressor domain that, when linked to the N-terminal domain, auto-inhibits the N-terminal's cytotoxic activity (16, 17). Inflammatory caspases or granzymes can cleave inactive, full-length gasdermin and liberate its N-terminal domain (14, 18–20). When freed, the N-terminal can then bind to phosphoinositides or cardiolipin on the inner leaflet of the plasma membrane and form membrane pores characteristic of pyroptotic cell death. Pyroptosis is also associated with the release of pro-inflammatory cytokines IL-18 and IL-1β, through these approximately 18 nm-wide membrane pores (21). This adds an additional pathological stressor to cells that is not present with apoptotic cell death and is what earns pyroptosis its designation as a pro-inflammatory form of cell death (7, 8, 13, 15). It was previously thought that extracellular fluid also enters plasma membrane pores during pyroptosis, passively causing plasma membrane rupture (PMR) through oncotic cell swelling. However, PMR is actually an active event mediated by the cell-surface protein Ninjurin 1 (NINJ1) and has been proposed to occur after pyroptotic cell death and IL-18/IL-1β release (22).

Multiple different mechanisms can lead to gasdermin cleavage in pyroptosis. The two most well-studied mechanisms are the canonical and non-canonical inflammasome pathways. The canonical inflammasome pathway, leading to canonical pyroptosis, is mediated by caspase-1. Inflammasomes are multimeric protein complexes, composed of a central sensor protein, an adaptor protein ASC (apoptosis-associated speck-like protein containing a caspase activation and recruitment domain), and pro-caspase-1. The most well-studied sensor proteins known to assemble canonical inflammasomes are NLRP1, NLRP3, NLRC4, AIM2, and pyrin (23, 24). Other proteins such as human NLRP2 and murine NLRP6 have also been implicated in inflammasome signaling (25, 26). These proteins respond to pathogen-associated and danger-associated molecular patterns (PAMPs and DAMPs), which causes “activation” (i.e., assembly) of the inflammasome. Pro-caspase-1 within the activated inflammasome undergoes autocatalytic cleavage into mature caspase-1, and mature caspase-1 can then cleave GSDMD to cause pyroptosis (14, 23, 27). Mature caspase-1 also has the ability to convert pro-IL-18 and pro-IL-1β into their mature forms that are released from membrane pores during pyroptosis (8, 12, 13). Intriguingly, inflammasomes can also be activated and release inflammatory cytokines without necessarily causing cell death through an unknown mechanism that may involve the Toll-IL-1R protein SARM (sterile alpha and HEAT armadillo motif-containing protein) (9, 28). The non-canonical pyroptosis pathway does not depend on caspase-1; rather, it is triggered by the direct binding of procaspase-4/5 in humans, or -11 in mice, to intracellular lipopolysaccharide (LPS). Like caspase-1, activated caspase-4/5/11 can then go on to cleave GSDMD to execute pyroptosis. However, these caspases cannot directly process pro-IL-18 and pro-IL-1β into their mature forms (15, 18, 29, 30).

Up until recently, the canonical and non-canonical inflammasome pathways leading to GSDMD activation were the only known pyroptotic pathways. However, in 2017, both in vitro and in vivo studies showed that pyroptosis could be induced by GSDME expression and cleavage of GSDME into GSDME-N by caspase-3 (31, 32). Furthermore, in 2018, it was found that GSDMD could also be cleaved by caspase-8 in mouse macrophages (33, 34). These findings were especially interesting because caspases 3 and 8 were previously associated with apoptosis and were not thought to be able to interact with gasdermins. Overall, these studies improve our understanding of pyroptosis as we now know that activation of other caspases besides caspases 1/4/5/11 and other gasdermins besides GSDMD can also cause pyroptotic cell death.



ROLE OF PYROPTOSIS IN RETINAL DISEASE

Major findings from studies investigating pyroptosis in age-related macular degeneration, diabetic retinopathy, and glaucoma are summarized in Tables 1–3, respectively.


Table 1. Studies investigating pyroptosis in AMD.
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Table 2. Studies investigating pyroptosis in DR.
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Table 3. Studies investigating pyroptosis in glaucoma.
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Pyroptosis and Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is the most common cause of irreversible vision loss among the elderly in the developed world, and is projected to affect 288 million people globally by 2040 (58). AMD is a neurodegenerative disease; accumulation of drusen deposits results in progressive degeneration of photoreceptors and retinal pigment epithelium (RPE), primarily in the macula. Clinically, AMD can present as a spectrum of disease phenotypes, with the severity of the disease depending on drusen size. Earlier stages of AMD are defined by the presence of medium-sized drusen deposits and do not present with vision loss. As drusen grow in size and number, atrophy of photoreceptors, RPE, and choriocapillaris and scotoma development can occur. These features are characteristic of a late stage of AMD called geographic atrophy (GA or “dry AMD”). Large drusen also increase the risk of developing neovascular AMD, in which new, abnormal vessels form and invade the outer retina, subretinal space, or subRPE space. Exudative or “wet AMD” occurs when these new vessels rupture and leak exudates, causing fluid accumulation/hemorrhage and severe central vision loss if left untreated (59, 60).

In 2011, Kaneko and colleagues discovered that reduction of the RNase DICER1 led to accumulation of Alu RNA, non-coding RNA transcripts expressed by the Alu retrotransposon, in RPE from human donor eyes with GA. Alu RNA accumulation, in turn, resulted in RPE degeneration in both humans and mice (61). A year later, the same group found that Alu RNA did not induce RPE degeneration in Nlrp3−/− or Casp1−/− mice. This suggested that the canonical NLRP3/caspase-1-dependent pyroptotic pathway may be involved in RPE degeneration in AMD. However, glycine, a cytoprotective agent that attenuates pyroptosis, did not rescue Alu RNA-induced RPE degeneration in the same study. The authors concluded that while NLRP3 and caspase-1 are critical for Alu RNA-induced RPE degeneration, Alu RNA does not induce RPE degeneration via pyroptosis (35). Gsdmd−/− mice, like Nlrp3−/− and Casp1−/− mice, were shown to be resistant to Alu RNA-induced RPE degeneration in a study by Kerur et al. (36), but there was no observed cleavage of GSDMD into its N-terminal pore-forming domain. Furthermore, reconstituting Gsdmd−/− mice with a GSDMD mutant unable to undergo cleavage (pGSDMD-D276A) restored susceptibility to Alu RNA-induced RPE degeneration. Full-length GSDMD cannot induce pyroptosis; thus, it must exert its effects on Alu RNA-induced RPE toxicity through another mechanism. Administration of mature IL-18 to Gsdmd−/− mice restored Alu RNA-induced RPE degeneration and led to the appearance of annexin V positive, propidium iodide (PI) negative staining RPE cells. This suggested that GSDMD plays a role in Alu RNA-induced cytotoxicity via IL-18-dependent apoptosis, rather than pyroptosis, in RPE (36). While the above studies do not support that RPE cells undergo pyroptotic cell death in response to Alu RNA, they do identify NLRP3, caspase-1, and full-length GSDMD as potential therapeutic targets for AMD, particularly for GA.

Lysosomal destabilization, which can result from drusen accumulation and trigger inflammasome activation, has also been studied for its potential to cause pyroptosis in AMD. Lysosomal destabilization with Leu-Leu-OMe treatment induced IL-1β and LDH release from ARPE-19 cells, mediated by caspase-1. These findings indicate that lysosomal destabilization leads to a caspase-1-dependent, pro-inflammatory, and lytic form of cell death in RPE, characteristic of pyroptosis (37). Caspase-1 inhibition may also therefore be a worthwhile therapeutic strategy for AMD treatment.

Additional support for RPE pyroptosis in AMD comes from research on amyloid beta (Aβ), a component of drusen. After the NLRP3 inflammasome was activated by repeated intravitreal injections of Aβ into the eyes of Long-Evans rats, RPE-choroid protein lysates from Aβ-injected animals showed significantly increased levels of GSDMD-N and decreased levels of full-length GSDMD (38). This supported that GSDMD-mediated pyroptosis can be activated in RPE cells and that NLRP3 and GDSMD-N are possible targets for AMD therapy. In another study using Aβ-induced ARPE-19 cells as a model for AMD, Baicalin was found to alleviate Aβ-induced pyroptosis detected by flow cytometry for positive PI and caspase-1 labeling (39). The protective action of Baicalin was mediated by upregulating miRNA-223, which had been previously found to reduce the expression of NLRP3 (62). Baicalin's anti-pyroptotic effects were reversed by miRNA-223 knockdown, whereas adding MCC950 (an NLRP3 inhibitor) once again reduced pyroptosis (39). Lycium Barbarum Polysaccharides (LBP), present in Goji berries, also rescued Aβ-induced reduction of RPE cell viability at low (3.5 mg/L) and high (14 mg/L) doses via attenuation of pyroptosis. Aβ triggered increased levels of GSDMD-N and caused morphological changes in RPE characteristic of pyroptosis, both of which were reversed by LBP treatment (40). As such, inhibiting pyroptosis using Baicalin or LBP may potentially be therapeutic for AMD.

There is also evidence that GSDME-mediated, rather than GSDMD-mediated, pyroptosis occurs in RPE in the all-trans retinal (atRAL) model of AMD. atRAL is generated during the visual (retinoid) cycle and can accumulate in visual cycle anomalies, causing RPE atrophy in AMD. Cleavage of GSDME was detected at 6 and 12 h in lysates of atRAL-treated ARPE-19 cells but GSDMD remained intact, suggesting that atRAL triggers pyroptosis in ARPE-19 cells by activating the caspase-3/GSDME pathway of pyroptosis (41). Research on GSDME-mediated pyroptosis in retinal cells is sparse and further study is required to see if this pathway can be targeted for the treatment of AMD.



Pyroptosis and Diabetic Retinopathy

Diabetic retinopathy (DR) is a leading cause of preventable vision loss in working-age adults and can be broadly classified into two clinical stages: non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR) (63). Early in NPDR, retinal pericytes that support retinal capillaries are lost, causing capillary occlusion and increased vascular permeability. On fundoscopy, intra-retinal hemorrhages, microaneurysms, and exudates called “cotton wool spots” may be observed in NPDR. NPDR can eventually lead to PDR, in which vascular endothelial growth factor (VEGF) promotes neovascularization in the retina. These newly formed vessels have leaky tight junctions that can result in vitreous hemorrhage or tractional retinal detachment (TRD), and cause vision loss. Another cause of vision loss in DR is diabetic macular edema (DME), where the macula becomes thickened due to breakdown of the blood-retina barrier (BRB) (64). DR is primarily considered a microvascular disease and breakdown of the BRB is key to this disease state. Maintenance of the BRB depends on the functioning of an interdependent network of cells–including endothelial cells that make up the inner BRB, supportive Müller cells and pericytes, and RPE cells which form the outer BRB (65).

A previous review discussed modes of retinal cell death in DR (66). Only Müller cell loss in diabetes was outlined to show characteristics of pyroptosis while other retinal cells including endothelial cells and pericytes were thought to primarily undergo apoptosis or necrosis. More recent studies have found signs of possible pyroptotic cell death in many types of retinal cells in DR models including endothelial cells, pericytes, Müller cells, and RPE. Endothelial cells line the retinal microvasculature and comprise the highly selective inner BRB (65). NLRP3/caspase-1 activation and IL-1β release have been recorded in retinal endothelial cells (RECs) in various in vivo and in vitro models of DR (42, 43, 67). Pyroptotic cell death and caspase-1 activity were markedly increased in human retinal microvascular endothelial cells (HRMECs) incubated in 30 mM high glucose compared to controls (44). Pyroptosis was identified in this study using PI/caspase-1 fluorochrome inhibitor (FLICA) staining and flow cytometry. This suggests that canonical pyroptosis may take place in RECs and targeting NLRP3 and caspase-1 may be a treatment strategy to prevent their loss in DR. Retinal pericytes provide structural support to retinal vessel walls and regulate the expression of tight junctions in adjacent endothelial cells (65). A study published in 2020 showed that silencing GSDMD inhibits IL-1β and IL-18 release, decreases pore formation, and decreases lysis of human retinal pericytes exposed to 30 mM high glucose (45). Another study using advanced glycation endproducts modified bovine serum albumin (AGE-BSA) to simulate the DR environment found increased expression of active caspase-1 and GSDMD-N as well as increased secretion of IL-1β, IL-18, and lactate dehydrogenase (LDH) in human retinal pericytes (HRPCs) alongside decreased HRPC viability (46). Thus, pyroptotic pericyte loss may occur in DR and blocking caspase-1 and GSDMD can potentially preserve pericyte viability. Müller cells are the principal glial cells of the retina and, because of their innate role in mediating neuroinflammation, have long been speculated to participate in pyroptosis (66). Protein levels of NLRP3, ASC, cleaved caspase-1 and cleaved IL-1β were increased by 30 mM high glucose in mouse primary retinal Müller cells. Furthermore, NLRP3 antagonism with the inhibitor drug MCC950 downregulated high glucose-induced upregulation of pro-angiogenic factors including VEGF (47). This implicated activation of the NLRP3 inflammasome pathway in Müller cells in DR and provided support that NLRP3 specifically plays a role in late-stage neovascularization. Finally, while the RPE (part of the outer BRB) is not traditionally viewed to play a central role in the pathophysiology of DR, ARPE-19 cells have recently been found to undergo pyroptotic cell death under stimulation with 50mM glucose, which increased expression of pyroptosis-associated proteins NLRP3, caspase-1, and GSDMD (48, 49). Overall, the NLRP3/caspase-1/GSDMD canonical pyroptotic pathway appears to play a role in the loss of endothelial cells, pericytes, Müller cells, and RPE in cell culture, and in animal and human models for DR. However, few studies have directly demonstrated that the effector of pyroptosis, GSDMD-N, is activated in DR. Future studies aimed at GSDMD-N are needed to evaluate its potential to be a target for DR therapy.



Pyroptosis and Glaucoma

Glaucoma is a group of ocular diseases characterized by the progressive loss of retinal ganglion cells (RGCs), the neurons that communicate visual information from the retina to the brain (68). It is another leading cause of irreversible blindness worldwide and is projected to affect 112 million individuals aged 40–80 by 2040 (69). Various risk factors for glaucoma have been identified–the most notable being elevated intraocular pressure (IOP) and age–but the exact molecular mechanisms that link these risk factors to RGC loss are still under investigation. Past research has demonstrated that RGCs die by apoptosis (70). However, recent studies have implicated inflammasomes, caspase-1, and GSDMD in acute and chronic models of glaucoma, suggesting that apoptosis is not the only form of cell death involved in glaucomatous RGC loss.

In a mouse model for acute elevated IOP-induced glaucoma, NLRP1, NLRP3, ASC, and caspase-1 levels were rapidly upregulated in the retina after ischemic injury. Knockdown of the gene encoding toll-like receptor 4 (TLR4) using TLR4−/− mice reduced inflammasome production and RGC death after ischemic injury (50). TLR4 deficiency therefore seems to protect against RGC death through the inactivation of canonical inflammasomes and may be a potential treatment strategy for acute glaucoma. Chi et al. (50) also showed that caspase-8 is the link between TLR4 and NLRP1/NLRP3 activation. As discussed previously, caspase-8 is traditionally thought of as an initiator of apoptosis but has also been found to play non-apoptotic roles (71). In support of this idea, this study demonstrated that inhibition of caspase-8 significantly reduced levels of NLRP1, NLRP3, ASC, caspase-1, and IL-1β, and also attenuated IOP-induced RGC death. Interestingly, inhibition of caspase-8 completely suppressed production of IL-1β while inhibition of caspase-1 only partially suppressed production of IL-1β. Therefore, therapeutic strategies targeting caspase-8 may be more effective at preventing inflammation in acute glaucoma than those targeting caspase-1. A year later, the same authors found that high-mobility group box 1 (HMGB1), an endogenous ligand of TLR4, is also involved in the above pathway. Inhibition of HMGB1 suppressed the production of NLRP3, ASC, activated caspase-1, activated caspase-8, and IL-1β, and also decreased RGC death after acute IOP elevation similarly to TLR4 (51). Thus, blocking HMGB1 is another way to target TLR4-induced inflammasome pathways in the treatment of acute glaucoma. A study using a retinal ischemia/reperfusion (RIR) injury rat model provided further support for TLR4-induced activation of NLRP3 and also found that inhibition of TLR4 decreased loss of RGCs. However, the type of cell death studied and detected to occur in these RGCs was apoptosis rather than pyroptosis (52). Aside from acute ischemic injury, inflammasomes are also involved in RGC loss from optic nerve crush injury. Following partial optic nerve crush (pONC) in mice, NLRP3 was upregulated at the site of injury and then propagated to the optic nerve head (ONH) and the entire retina within 1 day. Furthermore, NLRP3−/− mice experienced delayed RGC somal loss for 1 week and similarly delayed/decreased axon loss (72). These findings are in congruence with those from previous studies and support that NLRP3 is important for inflammation and RGC death in models of acute glaucoma, making it a worthwhile target for therapy.

The above studies implicated drivers of canonical pyroptosis in glaucomatous RGC death, but they did not study the effector of canonical pyroptosis, GSDMD. Pronin et al. (53) found that within a few hours of inducing acute ocular hypertension (OHT) in mouse eyes, retinal levels of GSDMD, in addition to activated caspase-1 and NLRP3, were significantly increased. RGCs were also shown to be the first cell type in the ganglion cell layer (GCL) to significantly express cleaved GSDMD after acute OHT injury (53). Taken together, these findings suggest that after acute elevation of IOP, inflammasomes are activated in the retina and caspase-1 cleaves GSDMD to potentially trigger pyroptosis in RGCs. In a mouse RIR injury model, intravitreal injection of a Casp1 inhibitor (Z-YVAD-fmk) markedly reduced cleavage of IL-1β and GSDMD, and restored RGC numbers during RIR injury. Furthermore, genetic deletion of GSDMD significantly increased retinal thickness and decreased RGC death after RIR injury (54). Therefore, both caspase-1 inhibition and knockdown of GSDMD expression are possible strategies to therapeutically attenuate RGC death in acute glaucoma. This study also reconciled the previously discovered role of caspase-8 in elevated IOP-induced RGC death with findings from other disease states that caspase-8 can cleave GSDMD, by showing that Casp8 silencing in mice significantly lowered levels of cleaved GSDMD protein after RIR injury (refer to Supplementary Figure 1 for a summary of proposed caspase-8-mediated apoptotic and pyroptotic pathways in acute glaucoma) (33, 34, 54).

The bulk of the research on pyroptosis in glaucoma has been done on acute models, as outlined above. Few studies have looked at the role of pyroptosis in chronic glaucoma. In human donor eyes of chronic glaucoma patients, various inflammasome components, including NLRP3 and caspase-1, were found to be upregulated along with significant cleaved caspase-1 expression in the retina. These early findings suggested that caspase-1 is activated by inflammasome assembly in chronic glaucomatous human retinas (73). NLRP3 and cleaved caspase-1 protein levels were also elevated in the retina of rodent models of chronic OHT (55, 56). These studies implicated P2X7 as the upstream activator of NLRP3. P2X7 receptors are nonselective cation channel receptors that contribute to inflammation in the central nervous system and are activated by ATP (74). Activation of the P2X7 receptor with an agonist (BzATP) increased expression of NLRP3, Casp-1, and ASC in rat retinal microglia. Inhibition of the above pathway using the P2X7 inhibitor A438079 or the NLRP3 inhibitor MCC950 decreased microglial activation and protected against RGC death (56). Thus, inhibiting the P2X7-NLRP3 pathway may be a therapeutic strategy for reducing microglial activation and subsequent RGC death in chronic glaucoma. Research on inflammatory signaling in glaucoma pathogenesis has also identified other ion channels located at the surface of RGCs, such as Transient Receptor Potential Vanilloid isoform 4 (TRPV4) and Pannexin-1 (Panx1), that act as potential sensors and effectors of mechanical strain, ischemia, and inflammatory responses. These signaling pathways are also associated with RGC axonal injury and cell death and can be further explored for potential interactions with inflammasome pathways in chronic glaucoma (75).

NLRP3 and caspase-1 were shown to be increased in the retina in the chronic glaucoma models above. However, whether these pyroptosis inducers and the pyroptosis effector GSDMD are expressed in neurons and RGCs specifically is still debated. There is evidence from other disease states that neurons express NLRP3. Functional inflammasomes and caspase-1 activity were present in cultured human CNS neurons and NLRP3 expression was detected in mesencephalic neurons in a Parkinson's disease model (76–78). However, in glaucomatous human donor eyes, cleaved caspase-1 was more prominent in non-ganglion cells (Brn-3-negative glial cells) (73). This favored that RGCs may undergo cell death through a glial-cell mediated inflammatory pathway. Pronin et al. (53), discussed above, demonstrated the upregulation of NLRP3 inflammasome in RGCs and astrocytes in acute OHT. Zhang et al. (56) from above also supported a glial cell-mediated inflammatory pathway by showing increased expression of inflammasome components in rat retinal microglia rather than RGCs. Our recent research using chronic glaucoma mouse model DBA/2J demonstrated an age-dependent upregulation of NLRP3 in RGCs and a concomitant increase in intraocular pressure (79). RIR injury in mice increased GSDMD-N expression in Iba-1+ microglia, suggesting that microglia undergo pyroptosis in response to RIR injury. On the other hand, RGCs in this study were found to undergo apoptosis (57). All in all, these controversies suggest that inflammation in the glaucomatous eye consists of multiple levels of responses that, at present, we do not fully understand. Neuronal cells including RGCs, possibly perturbed by age-related and/or IOP-induced inflammatory stress, activate glial cells by releasing DAMPs and PAMPs, which could further result in the release of pro-inflammatory cytokines and contribute to neurotoxicity and loss of RGCs. Alternatively, sensors on RGCs may respond to ischemia and inflammatory stress and lead to the remodeling of axons and cell death (50, 80). More research is needed, particularly in chronic models of glaucoma, to determine how pyroptosis fits into this inflammatory picture and whether pyroptotic drivers are appropriate therapeutic targets for glaucoma.




IMPACT OF TARGETING PYROPTOTIC CELL DEATH PATHWAYS ON EXISTING THERAPEUTIC STRATEGIES FOR RETINAL DISEASES

Potential novel therapeutic targets for AMD, DR, and glaucoma have been highlighted throughout this review and are summarized in Table 4. In brief, majority of the suggested strategies target the canonical, NLRP3/caspase-1/GSDMD-mediated pyroptotic cell death pathway. A few studies also supported targeting caspase-3/GSDME and caspase-8/GSDMD pathways in AMD and glaucoma. Aside from the possibility of using these targets to develop new drugs for retinal diseases, targeting pyroptotic cell death pathways can also have an impact on existing therapies for retinal diseases, namely anti-VEGF. Anti-VEGF therapy is the mainstay of treatment for ocular angiogenic disease processes including AMD and DR (81). Studies have shown that NLRP3 inflammasome-mediated pathways can also affect angiogenesis in AMD and DR, and this evidence will be reviewed below. Targeting these pathways may be an alternative strategy to anti-VEGF treatment or enhance the therapeutic effect of existing anti-VEGF treatments.


Table 4. Potential pyroptotic targets for AMD, DR, and glaucoma therapy.
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We know that inflammasome activation and release of inflammatory cytokines are associated with pyroptotic cell death; thus, we may expect that inhibiting these factors would have a protective effect in retinal disease. On the contrary, Nlrp3−/− and IL-18−/− mice showed significantly more choroidal neovascularization (CNV) development and subretinal hemorrhage compared to wild-type (WT) mice in a laser-induced model of wet AMD. Furthermore, intravitreal injections of IL-18-neutralizing antibodies after laser-induced CNV resulted in significantly increased CNV development in WT mice, suggesting that IL-18 may protect against CNV through the downregulation of VEGF. Indeed, treatment with IL-18 significantly decreased the amount of VEGF secreted by human ARPE-19 cells as well as mouse brain microvascular endothelial cells (82). Therefore, NLRP3 could be used as a protective agent against AMD and delivering IL-18 to the eye may have a therapeutic effect on CNV progression by decreasing VEGF. The latter was also supported by another study that found that deficiency of IL-18 significantly increased the number of CNV lesions in VEGF-Ahyper mice (83). In 2014, Doyle et al. (84) further demonstrated that IL-18 injection would be safe to use in human eyes. They did not find any measurable cell death, changes in cell morphology, or compromise of plasma membrane integrity even when hyper-physiological doses of recombinant human IL-18 were applied to human ARPE-19 cells and native human RPE cells from three donors. Interestingly, Doyle et al. (84) also showed that IL-18 could enhance the CNV-attenuating effects of anti-VEGF therapy when applied in tandem as an intravitreal injection or systemically via a single subcutaneous dose. CNV volume was most significantly reduced when intravitreal injection of DMS1529 (mouse anti-VEGF) was combined with either intravitreal or subcutaneous administration of GSK (mouse IL-18) in C57BL/6J mice after laser-induced CNV. Systemic IL-18 therapy was also effective at reducing CNV volume alone–subcutaneous administration of GSK at a dose of 0.1 or 1.0 mg/kg 1 day before, and on each day after, laser-induced CNV both significantly attenuated CNV and CNV-induced permeability with no observable adverse effects (84). This shows the potential of using intravitreal or subcutaneous IL-18 separately or as an adjunct to existing anti-VEGF therapies to treat wet AMD pathology.

While the above research is promising, it has been met with some controversy. Tarallo et al. (35) found the opposite effect of IL-18 where IL-18 neutralization protected against RPE death in a mouse model for GA and IL-18 levels were significantly greater in human eyes with GA than in healthy controls. This implies that IL-18 is cytotoxic and may signify that IL-18 plays different roles in wet vs. dry AMD. IL-18 levels were also found to be significantly elevated in the serum of AMD patients compared to healthy controls, suggesting that higher systemic levels of IL-18 are associated with AMD diagnosis (85). This opposes the above suggestion that systemic injection of IL-18 can be therapeutic for AMD. Furthermore, while the studies by Doyle and colleagues suggested that NLRP3 could be used as a protective agent in AMD, other studies have found that NLRP3 activation/consequent increase in active IL-1β is pro-angiogenic and promotes VEGF-induced AMD pathologies (83). Nucleoside reverse transcriptase inhibitors (NRTIs) such as stavudine (d4T) also reduced CNV volume in a laser-induced mouse model of CNV via blockade of a P2X7-induced pathway of inflammasome activation (86). In DR, studies have proposed that the pro-inflammatory events associated with NLRP3 activity cause breakdown of the BRB and subsequent neovascular response leading to PDR (87). Inhibition of caspase-1 with minocycline prevented acellular capillary development in STZ-induced diabetic and galactosemia mouse models (88). Elevated protein expression of NLRP3, caspase-1, and inflammatory cytokines was found in the proliferative membranes of human donor eyes with PDR compared to healthy controls (89). Similar results were seen in vitreous fluid samples of DR patients, especially in PDR eyes with TRD and active neovessel formation (90, 91). Finally, NLRP3 inhibition with MCC950 downregulated high glucose-induced upregulation of pro-angiogenic factors including VEGF (47). In sum, NLRP3-mediated inflammatory pathways are involved in angiogenic disease processes in AMD and DR, but further research is required to resolve the debate over whether its role is deleterious or beneficial.



DISCUSSION

In this review, we have outlined the role of pyroptosis as a gasdermin-mediated inflammatory form of PCD in three common retinal diseases–age-related macular degeneration, diabetic retinopathy, and glaucoma. In AMD, GSDMD-mediated pyroptosis appears to occur in RPE when triggered by lysosomal destabilization or Aβ while GSDME-mediated pyroptosis occurs in the atRAL model of AMD. The research on pyroptosis in DR is in more preliminary stages, with most of its evidence for pyroptosis being limited to inflammasome activation rather than gasdermin activation in endothelial cells, pericytes, Müller cells, and RPE. Finally, there is support for gasdermin involvement in RGC loss in acute glaucoma, but evidence in chronic glaucoma models remains in its infancy. All in all, as our understanding of pyroptosis has grown and evolved, there is more support for its involvement in retinal disease. However, there are still many limitations in our understanding of pyroptosis in retinal disease that must be addressed.

Firstly, the involvement of pyroptosis in retinal disease does not exclude the occurrence of other forms of PCD such as apoptosis, ferroptosis, and necroptosis. There is substantial evidence for the involvement of these other PCD pathways in retinal disease as well (10, 66, 92). Further research is needed to uncover how different forms of PCD interact with each other in the retina and what factors ultimately determine the type of PCD an individual retinal cell will succumb to in pathological states. This information is vital in the development of therapies targeting PCD. If we target a form of PCD that is not the primary mode of cell death naturally occurring in AMD, DR, or glaucoma, then such treatments for these diseases may be ineffective. Or, if blocking one form of PCD such as apoptosis causes another, more inflammatory cell death mechanism to occur, we could potentially do more harm. A limited number of studies have provided some insight into how different types of PCD may be linked. Jiang et al. (93) showed that the caspase-3/GSDME pathway can result in either apoptosis or pyroptosis, depending on the expression level of GSDME. GSDME may therefore be the link between PCD pathways we have been looking for and provide an explanation for why we have been able to identify both apoptotic and pyroptotic mechanisms in retinal disease. On the other hand, Kayagaki et al. (22) identified that NINJ1 plays a potent role in causing plasma membrane rupture and DAMP-release not only following pyroptosis, but also during apoptosis and necrosis. Therefore, targeting NINJ1 could be a downstream therapeutic strategy that suppresses propagation of the cell death-associated inflammatory response regardless of its upstream mechanism (pyroptotic or otherwise).

We also need to be wary of the limitations in how we interpret the existing literature on pyroptosis in retinal disease. Because the essential role of gasdermin in pyroptosis was only recently established in 2015, earlier research on pyroptosis in retinal disease could only aim to identify inflammasome and caspase-1 activation in these diseases. We now know that activated inflammasomes can cause caspase-1 to cleave and release inflammatory cytokines without resulting in cell death (9, 28). Thus, we cannot assume that inflammasome activity, presence of mature caspase-1, and release of inflammatory cytokines in retinal cells necessarily means that pyroptosis is occurring in those cells. In addition, with the discovery that caspases 3 and 8 can activate GSDME and GSDMD (respectively) to mediate pyroptosis, we must also re-evaluate previous results suggesting that activation of these caspases in retinal cells represented apoptotic cell death. This also supports that there is significant overlap and a complex interplay between pyroptotic and apoptotic cell death that we do not currently understand. Many questions related to this require further study. For one, under what conditions do caspases 3 and 8 favor cleaving gasdermin over their usual apoptotic substrates? Furthermore, what other cell types and pathologies besides those already identified demonstrate caspase-3/8-mediated pyroptosis as opposed to the more well-known mechanisms of pyroptosis? GSDME-mediated pyroptosis is increasingly being demonstrated to play a role in cancer (94), but its involvement in neurodegenerative diseases including retinal diseases is still largely unexplored. There is also the question of if GSDMA/B/C-mediated pyroptosis has a role to play in retinal diseases. The gold standard for demonstrating the occurrence of pyroptosis should be the identification of cleaved N-terminal of gasdermin proteins in well-established models of retinal disease. More studies like this would provide a better foundation for us to determine if gasdermin-mediated therapy is a viable strategy for the treatment of retinal pathologies. Gasdermin-mediated therapies are currently being studied in tumor treatment (9), and potential translation of these therapies to retinal diseases is another area for future research.
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Purpose: To characterize the choroidal morphologic and vascular features in different levels of myopes and patients with myopic choroidal neovascularization (mCNV).

Methods: A total of 148 subjects were enrolled in this cross-sectional study, including 78 low-to-moderate myopes (LMM), 53 high myopes (HM), and 17 high myopic patients with mCNV. Ocular biometrics were measured using an optical low-coherence reflectometry device. Retinal and choroidal imaging was performed using enhanced depth imaging (EDI) spectral domain optical coherence tomography (OCT). Retinal parameters including retinal thickness and retinal volume were obtained from a built-in software. Binarization technique was adopted to investigate choroidal parameters including choroidal thickness (CT), vascular area, stromal area, and choroidal vascularity index (CVI). Choroidal parameters were measured at five locations to cover as much area of choroid as possible, and their patterns of distribution were further analyzed.

Results: Patients with mCNV had an atrophic retina of comparable thickness to HM (273.65 ± 17.28 vs. 276.49 ± 13.29 μm, p = 0.47), but the choroid was thinner than that of HM (153.94 ± 15.12 vs. 236.09 ± 38.51 μm, p < 0.001). Subfoveal CVI was greatest in the mCNV eyes (0.651 ± 0.009), followed by HM (0.645 ± 0.012) and LMM eyes (0.636 ± 0.012). Similar to CT, CVI was also found significantly different among these three groups at all five locations (p for trend < 0.001 for all locations). Axial length (AL) was negatively correlated with retinal volume (r = −0.236, p = 0.009), which is the only significant finding in associations between ocular factors and retinal parameters. Strong, negative correlations were identified between AL and subfoveal choroidal thickness (SFCT, r = −0.820, p < 0.001). However, AL was positively correlated with subfoveal CVI (r = 0.668, p < 0.001). CVI was greater in myopic eyes with thinner choroid (r = −0.578, p < 0.001). BCVA exhibited no significant association with CVI (r = 0.139, p = 0.092), but was negatively correlated with SFCT (r = −0.386, p < 0.001) and positively correlated with AL (r = 0.351, p < 0.001).

Conclusion: Choroid in patients with mCNV was thinner yet more vascularized than that in HM and LMM subjects. CVI increased with a longer AL which was associated with a smaller SFCT, choroidal vascular area (VA), and total choroidal area (TCA). Better BCVA was achieved in subjects with thicker SFCT and shorter AL.

Keywords: choroidal structure, high myopia, myopic choroidal neovascularization (mCNV), choroidal vascularity index (CVI), optical coherence tomography


INTRODUCTION

Myopia is one of the most common ocular disease globally, with a prevalence of 10–30% in the adult population and 80–90% in young adults in East and Southeast Asia (1). Pathological myopia is one of the leading causes of visual impairment in the world, in which excessive axial elongation of the globe causes biomechanical stretching and thinning of choroid and retinal pigmented epithelium (RPE) layers (2–4), leading to increased risk of chorioretinal complications such as myopic choroidal neovascularization (mCNV), posterior staphyloma, lacquer cracks, and myopic foveoschisis, among which mCNV is considered to be sight-threatening with poor prognosis without treatment (5–10).

Recent development of enhanced depth imaging (EDI) optical coherence tomography (OCT) has enabled non-invasive, quantitative assessment of the choroid in myopia (11–13). A number of studies have found that with the progression of myopia, choroidal-related factors measured by OCT including choroidal thickness (CT) and choroidal vascular index (CVI) change significantly, indicating that the choroidal morphologic and vascular alterations may accompany the development of myopia (14–17). Reduction in choroidal circulation flow has been shown to occur in high myopia, which may be important in the pathogenesis of mCNV, and a reduction in CT in pathological myopic eyes with mCNV has been demonstrated using OCT imaging (18). Yet, to the best of our knowledge, these studies mostly focused on the choroidal capillary plexus density as shown in OCTA (19–21), or only identified total choroidal vascular density (including choroidal capillary plexus, Haller's and Sattler's layer of choroid) in subfoveal areas (16, 22). There is a lack of investigation on the variations of full-layer choroidal structure in different subretinal areas, and the role of choroidal vessel distributions in the pathogenesis of mCNV remains unclear.

The aim of our study was to compare the morphologic and vascular features of the choroid in patients with mCNV with those of different levels of myopia. Additionally, choroid was divided into five sectors to observe the CT and CVI variation in different regions and to characterize patterns of distribution of choroidal blood flow and their potential connections to the pathogenesis and clinical development of mCNV.



METHODS


Study Population

This cross-sectional study was conducted in accordance with the tenets of the Declaration of Helsinki and was approved by the Ethical Committee of Peking University Third Hospital. Informed consent was obtained before enrollment. Myopic subjects without any previous significant ocular trauma or surgery and/or any clinically significant ocular comorbidity other than mCNV were enrolled and were further categorized into three groups based on their spherical equivalent (SE) and the presence of mCNV: (1) low-to-moderate myopes (LMM): low-to-moderate myopia [SE, −5.75 to −1.00 diopter (D)], and with-the-rule astigmatism no > −1.50D; (2) high myopes (HM): high myopia [SE, −6.00 diopter or worse (D)], and with-the-rule astigmatism no > −1.50D, and (3) mCNV group. The inclusion criteria of mCNV group were as follows: (1) newly developed active CNV confirmed with fundus fluorescein angiography (FFA), and (2) bilateral pathological myopia, defined as SE of < −6 diopters (D) in phakic patients (unless previously undergone refractive surgery) or axial length (AL) more than 26.5 mm, with typical degenerative changes in pathological myopia (19). Patients in mCNV group with Fuch's hemorrhage or CNV secondary to other causes other than pathological myopia, and subjects in the LMM/HM group with best corrected visual acuity (BCVA) higher than 0 [LogMAR], were excluded. We did not rule out subjects with the presence of peripapillary atrophy, lacquer crack, posterior staphyloma, or chorioretinal atrophy, as such changes are commonly seen in HM.



Ophthalmic Examination and Measurements

All subjects underwent a standardized ophthalmologic examination including measurement of refractive error/SE, BCVA, intraocular pressure (IOP), and AL. Refractive error was screened with autorefraction (Canon Autorefractor RK-F1; Canon Inc. Ltd., Tochigiken, Japan) and confirmed with manifest refraction in which the BCVA was measured monocularly using a logarithm of the minimum angle of resolution (LogMAR) chart (Lighthouse International, New York, NY, USA) at a distance of 4 meters. Biometry measurements (i.e., AL, anterior chamber depth [ACD], and keratometry readings) were obtained from the non-contact Zeiss IOLMaster (V3.01; Carl Zeiss Meditec AG, Jena, Germany). Non-contact tonometry (Auto Non-Contact Tonometer, NT-3000; Nidek, Gamagori, Japan) was used for measuring IOP, and Goldmann applanation tonometry (Haag-Streit, Bern, Switzerland) was performed by study ophthalmologists if IOP was found to be 21 mmHg or more. Slit-lamp examination and dilated fundus examination were carried out in all subjects. Fundus photography was performed using retinal camera (Canon CR-DGi with a 10-DSLR back, Tokyo, Japan). FFA was performed in HM with susceptible subretinal hyperreflective material overlying the RPE on OCT to confirm the presence of mCNV (TRC-50X/IMAGEnet 2000; Topcon, Tokyo, Japan).



OCT Imaging—Retinal and Choroidal Parameters

The retina and choroidal architectural parameters were determined using cirrus HD-OCT in EDI mode (Carl Zeiss Meditec Inc., Dublin, CA, USA). Choroid was imaged with EDI modality after pupil dilation. EDI is a method that improves resolution of choroidal detail by automatically setting the choroid closer to the zero-delay line and thus theoretically provides better visualization of the choroid scleral interface (CSI) than in standard retinal SD-OCT images (22). A 21-line 6-mm raster (0.3 mm between the lines, using the automatic averaging and eye-tracking features of the proprietary device) and a 512 × 128 macular cube scan (128 lines consisting of 512 A-scans and a central horizontal HD B-scan) centered onto the fovea of both eyes of each subject were obtained. Three horizontal lines passing through the center of the fovea and 1.5 mm superior and inferior to the fovea were selected for analysis.

Data of the retinal parameters including central thickness, volume cube, and average thickness were collected directly from the built-in 512 × 128 macular cube scan report. CT was measured as the distance between the Bruch membrane (located at the lower edge of the RPE) and the CSI, using the built-in calipers tool at five locations (subfoveal, 1.5 mm temporal, nasal, superior, and inferior to the fovea).

Choroidal vascularity index was calculated manually by exporting all selected images with a 1:1 pixel ratio into ImageJ 1.7.0 software (National Institutes of Health, Bethesda, MD, USA) in which further measurement was taken. Briefly, the polygon tool was used to select the region of interest (choroid) in different areas with a length of 1.5 mm and centered at the same spots where retinal and CT were metered (Figure 1). After converting the image into eight bit, Niblack's auto-local threshold was applied to binarize the image and demarcate the choroidal vascular and stromal area (VA and SA, respectively). The total choroidal area (TCA), VA, and SA were measured and calculated as suggested previously (23). CVI was defined as the ratio of TCA divided by VA.


[image: Figure 1]
FIGURE 1. Binarization analysis of choroidal structure from OCT images. (A) Five locations where CT and CVI were measured (superior and inferior not shown). (B) Identification of the subfoveal choroidal segments using the binarization technique. Dark pixels refer to vascular components of choroid, whereas white pixels represent stromal components. CT, choroidal thickness; SFCT, subfoveal choroidal thickness; CVI, choroidal vascularity index.


Binocular images were collected but only right eyes were chosen for subsequent analysis. In addition, we evaluated the intraobserver reliability of choriodal measurements at all five locations in three groups. All measurements were taken again by the same experienced clinician who was masked to subject characteristics and clinical diagnosis after an interval of 3 days. The average of the two measurements were recorded and used for further analysis.



Statistical Analysis

Statistical analysis was performed using SPSS version 20.0 (SPSS, Inc, Chicago, IL), and p < 0.05 was considered to be statistically significant. All values were represented as mean ± SD or mean (SD), unless otherwise stated. The intrasession repeatability of the CT and CVI was measured by the absolute agreement model of the intraclass correlation coefficient (ICC) (24). The normality of the data was tested using the Kolmogorov–Smirnov test. One-way ANOVA test and chi-squared test were used to make comparisons among three or more groups for descriptive and categorical data, respectively, followed by Bonferroni post-test. Repeated-measures ANOVA with Bonferroni post-test was used to compare CT and CVI at various locations within each group. Independent samples t-tests were used for comparing the differences between two groups. Generalized linear model was used to assess the mean CT and CVI across different locations in eyes with varying degree of myopia, and conditions such as posterior staphyloma and chorioretinal atrophy were included to adjust for potential residual confounding. Pearson's correlation analysis was used to analyze the associations between OCT parameters and ocular factors.




RESULTS


Patient Characteristics and Intraobserver Reliability

One hundred and sixty subjects were enrolled initially, including 80 LMMs, 60 HMs, and 20 mCNVs. We excluded 12 subjects because their choroidal images were not of optimal quality to perform accurate measurements of their choroidal traits, leaving 148 subjects with complete data for analysis. The demographics and ocular characteristics of the study population are shown in Table 1. Of all the subjects enrolled, only three participants in the mCNV group suffered from mild nuclear cataract of NO2NC2 according to LOCS III grading system. Among the HM and mCNV groups, 84.29% (59/70) had peripapillary atrophy, 27.14% (19/70) had posterior staphyloma, 12.86% (9/70) had chorioretinal atrophy, and 2.86% (2/70) had lacquer cracks. In terms of reliability of CT and CVI measurements, the intraobserver reliability for LMM, HM, and mCNV groups was excellent for all locations of choroidal parameters (Table 2).


Table 1. Baseline characteristics of study subjects.
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Table 2. Intraobserver reliability of choroidal parameters in LMM, HM, and mCNV groups at different locations.
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Difference in OCT Parameters Among Three Groups

Table 3 presents retinal and choroidal morphological and vascular characteristics of eyes with different myopic conditions in each group. Significant difference was found in volume cube (p = 0.003) and retinal average thickness (p = 0.009) among these three groups whereas all groups had comparable retinal central thickness (p = 0.23, Table 3 and Figure 2A). However, HM eyes and mCNV eyes showed similar retinal characteristics in terms of retinal volume (9.96 ± 0.49 vs. 9.82 ± 0.43, p = 0.62), retinal average thickness (276.49 ± 13.29 vs. 273.65 ±17.28, p = 0.53), and retinal central thickness (246.29 ± 20.68 vs. 243.94 ± 21.27, p = 0.15). LMM eyes had thicker retinal average thickness and larger retinal volume than the other two groups of eyes (Table 3 and Figures 2B,C). Choroidal parameters, including TCA, choroidal vascular area (VA), choroidal stromal area (SA), and CT, decreased when subjects had a higher stage and worse condition of myopia (Table 3 and Figures 2D–G). Subfoveal CVI was greatest in the mCNV eyes (0.651 ± 0.009), followed by HM (0.645 ± 0.012) and LMM eyes (0.636 ± 0.012), as shown in Table 3 and Figure 2H.


Table 3. Retinal and choroidal morphological and vascular characteristics on OCT in LMM, HM, and mCNV eyes.
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FIGURE 2. Retinal and choroidal morphological and vascular characteristics on OCT, including central retinal thickness (A), retinal volume cube (B), average retinal thickness (C), subfoveal choroidal thickness (D), total choroidal area (E), choroidal vascular area (F), choroidal stromal area (G), and CVI (H) in LMM (n = 78), HM (n = 53), and mCNV (n = 17) eyes. LMM, low-to-moderate myopia; HM, high myopia; mCNV, myopic choroidal neovascularization; OCT, optical coherence tomography; SFCT, subfoveal choroidal thickness; CVI, choroidal vascular index. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001. p-value was calculated using independent t-test.




Choroidal Structure Changes at Different Locations

Choroidal thickness varied significantly across these three groups at all the locations (p for trend < 0.001 for all locations, Table 4). Eyes with mCNV had the significantly thinnest choroid at all locations, followed by HM and LMM eyes. In mCNV and HM eyes, choroid was found to be thinnest at the nasal location, followed by the inferior, subfoveal, superior, and temporal locations (p < 0.001). In comparison, the choroid in LMM eyes was thinnest at the nasal location, followed by the inferior, temporal, subfoveal, and superior locations (p < 0.001). Similar to the CT, CVI was also found significantly different among these three groups at all five locations (p for trend <0.001 for all locations, Table 4). However, the variation in CVI at all locations in each group was insignificant.


Table 4. Distribution of CT and CVI at five different locations across the LMM, HM, and mCNV groups.
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Correlations Between Ocular Factors and OCT Parameters in All Myopes

Ocular factors including AL, SE (as all subjects were myopic, the absolute value of SE was applied), IOP, and BCVA were analyzed for their correlations with OCT parameters mentioned earlier, including retinal central thickness, retinal volume, retinal average thickness, SFCT, TCA, choroidal VA, choroidal SA, and CVI at subfoveal location (Figures 3A–D). IOP was not correlated with any of these OCT parameters (data not shown). AL was negatively correlated with retinal volume (r = −0.236, p = 0.009), which is the only significant finding in associations between ocular factors and retinal parameters. Strong, negative correlations were identified between AL and SFCT (Figure 3C, r = −0.820, p < 0.001), TCA (r = −0.857, p < 0.001), VA (r = −0.860, p < 0.001), and SA (r = −0.849, p < 0.001). However, AL was positively correlated with subfoveal CVI (Figure 3B, r = 0.668, p < 0.001). CVI was greater in myopic eyes with thinner choroid (Figure 3D, r = −0.578, p < 0.001). These results indicate that the increasing intraocular compression against fundus in eyes with long AL contributes to a thinner yet more vascularized choroid with less vascular and stromal choroidal area. BCVA was not correlated with CVI (r = 0.139, p = 0.092), but was negatively correlated with SFCT (r = −0.386, p < 0.001) and positively correlated with AL (r = 0.351, p < 0.001).


[image: Figure 3]
FIGURE 3. Relationship between some ocular factors and OCT parameters of the choroid. Scatter plots showing the associations between CVI and |SE| (A), CVI and AL (B), SFCT and AL (C), and CVI and SFCT (D). LMM, low-to-moderate myopia; HM, high myopia; mCNV, myopic choroidal neovascularization; SFCT, subfoveal choroidal thickness; CVI, choroidal vascular index.





DISCUSSION

Myopia is not only a very common abnormal refractive condition, but also a potential sight-threatening ophthalmic disease when staged into its severe form (pathologic myopia). To our knowledge, our study here is the first comprehensive research on morphology and vasculature of the retina and choroid in different levels of myopes and pathological myopic eyes with mCNV. We discovered that both HM and mCNV eyes presented a thinner retina with a thinner yet more vascularized choroid than LMM. Although the morphology of retina was comparable between HM and mCNV eyes, mCNV eyes showed significant increase in CVI and reduction in both choroidal vascular and stromal area, which indicates the atrophy of choroidal components may lead to the pathologic state of myopia.

We adopted the binarization technique to manually measure the CT and differentiate the luminal (vascular) and stromal components of the choroid in OCT images. On the other hand, all retinal-related parameters were automatically acquired by the commercial OCT built-in software. To balance the comprehensiveness of our assessment of the choroid and labor workload, we selected and covered five different spots or areas on OCT images. The great intraobserver reliability at different locations among all subjects laid a solid foundation for our subsequent analysis.

In this study, mCNV and HM eyes were both high myopic (SE ≤ −6.0D), but mCNV group had a higher AL than HM group (28.08 ± 1.11 vs. 26.42 ± 0.95 mm, p < 0.001), suggesting that the continuous growth of AL may lead to pathologic state of high myopia (1). Subjects with high myopia or mCNV possessed a thinner retina with less volume and average thickness than that of LMM subjects. This is in accordance with previous studies regarding the alterations of retinal thickness and volume in different levels of myopia (11, 25, 26). However, all retinal parameters on OCT did not differ between HM and mCNV eyes. This implies that atrophy of retina, which is a pathological condition in HM, may have limited association with the onset of mCNV and is not a recommended parameter to distinguish mCNV and HM eyes. Previous studies have yielded that myopic eyes had thinner choroid than emmetropic eyes (16), but choroidal morphology and vascular characteristics were left undiscovered in mCNV eyes. In our study, we found that compared with LMM and HM eyes, CT, TCA, choroidal VA, and choroidal SA at all locations decreased the most in mCNV eyes. The consistent change in choroidal parameters as degree of myopia deepens suggests that the progressive choroidal thinning should be of greater concern to early detect and predict the onset of mCNV in HM. Patients with mCNV had the highest CVI among three groups whereas both the numerator (choroidal VA) and denominator (TCA) of CVI decreased in mCNV eyes. These findings reveal that mCNV eyes suffered from a higher level of choroidal atrophy than HM eyes, with relatively greater reduction in the stromal component compared with vascular components, which was further supported by the strong correlation between CVI and AL. However, effects of choroidal atrophy on the pathogenesis of pathologic myopia and mCNV remain to be elucidated.

Anatomic studies demonstrate that choroid plays a crucial role in supporting photoreceptor function; such atrophy may have significant deleterious impact on outer retina and RPE health. Previous studies have put forth the theory that alterations in the choroidal blood perfusion may lead to degenerative changes in pathological myopia and high myopia (2). Narrowing and loss of large choroidal vessels, and occlusion of choriocapillaris, have been suggested to be important in the pathogenesis of chorioretinal atrophy in pathological myopia (25). Dramatic reductions in CT and choroidal circulation have been observed in highly myopic eyes (27). Ischemia and vascular changes have also been proposed to be important factors in the pathogenesis of lacquer cracks and mCNV (26). Our discoveries may add important implications in the pathogenesis and possibly treatment response and may help to better understand choroidal involvement in high myopic and mCNV eyes.

Choroid was thickest superiorly and thinnest nasally in LMM eyes, which agrees with the previous studies (22, 28) and can be explained by two possible reasons that the choroidal watershed and the fetal choroidal fissure closes inferiorly at 7 weeks (29). In HMM and mCNV eyes, the thickest and thinnest choroid was at temporal and nasal locations. It is likely that the presence of posterior staphyloma, of which the most common types involve the macula and optic nerve regions (10, 30), may contribute to the thinning of the nasal choroid and the temporal shift in thickest point in high myopic eyes (31). The variation in CVI at all locations in each group was insignificant, indicating that the atrophy of vascular and stromal components covered entire choroid with comparable extent.

In addition to our finding that thinning choroid is a structural feature of high myopia, our results reveal that the extent of choroidal thinning and vascularization is significantly correlated with the magnitude of refractive error and prolongation of AL. Interestingly, CVI was greater in myopic eyes with thinner choroid which can be probably interpreted as a choroidal structural compensation mechanism to provide more oxygen and nourishment against the reduction in total blood flow caused by atrophy of choroid.

In contrast to Gupta's study (22) that demonstrated no correlation between choroidal parameters and visual acuity, we found a significant association between SFCT and BCVA. The discrepancy may be due to differences in study participants since we enrolled all levels of myopes (especially patients with mCNV with thinner choroid whose vision has already been compromised), whereas Gupta's study only covered HM and emmetropes. Interestingly, no such correlation was found between CVI and BCVA. Based on these findings, we speculated that a thin choroid, even though more vascularized, delivers decreased amounts of oxygen and nutrients to the retina, thus potentially affecting signal generation from the photoreceptors or cause loss of the overlying photoreceptors as a consequence.

There are several limitations of our study that needs to be addressed. First, our study has a relatively small sample size with <20 patients with mCNV and 40 HM recruited. Second, the cause–effect relationship cannot be ascertained owing to the cross-sectional nature of our study. Further endeavors validating the alteration of choroidal morphology and blood perfusion during progress of pathological myopia are needed. Third, The difference in AL and age between mCNV and HM groups cannot be ignored since older age and longer AL have been proven to be associated with thinner choroid (31). Here in our study, age was not associated with variation in CVI (r = 0.089, p = 0.237) and showed no correlation with SFCT in the multiple linear regression analysis (β = −0.023, 95% CI: −1.039–0.667, p = 0.667). However, to evaluate and compare the choroidal characteristics in HM and pathologic myopes more accurately and convincingly, upcoming studies should attempt to enroll AL- and age-matched subjects with high myopia and mCNV, respectively.

In conclusion, this study characterized choroidal structural and vascular features and patterns of distribution of choroidal blood flow in patients with mCNV, whose choroid was thinner yet more vascularized than that in HM and LMM subjects. CVI increased with a longer AL, which was associated with smaller SFCT, VA, and TCA. Better BCVA was achieved in subjects with thicker SFCT and shorter AL. The technique used to evaluate the choroids of mCNV should be applied in future investigations of mechanisms and interventions of pathological myopia



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board of Peking University Third Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XL and CW: supervised the project. XW and JY: developed the original idea and wrote the manuscript. XW, YL, and LY: conducted the statistical analysis. XW, HX, XR, QH, and YG: collected the data. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by Natural Science Foundation of Beijing, China (grant number 7202229).



REFERENCES

 1. Baird PN, Saw SM, Lanca C, Guggenheim JA, Smith Iii EL, Zhou X, et al. Myopia. Nat Rev Dis Primers. (2020) 6:99. doi: 10.1038/s41572-020-00231-4

 2. Gao R, Ma J, Zhang Z, Shang Q, Duan J. Spectral domain-optical coherence tomography retinal biomarkers in choroidal neovascularization of multifocal choroiditis, myopic choroidal neovascularization, and idiopathic choroidal neovascularization. Ann Med. (2021) 53:1270–8. doi: 10.1080/07853890.2021.1961015

 3. Yang TJ, Yao MD, Sun YN, Li XM, Jiang Q, Yan B. Suppression of choroidal neovascularization by silencing of long non-coding RNA IPW. Aging. (2021) 13:10584–602. doi: 10.18632/aging.202822

 4. Leveziel N, Marillet S, Dufour Q, Lichtwitz O, Bentaleb Y, Pelen F, et al. Prevalence of macular complications related to myopia - results of a multicenter evaluation of myopic patients in eye clinics in France. Acta Ophthalmol. (2020) 98:e245–e51. doi: 10.1111/aos.14246

 5. Wong TY, Ferreira A, Hughes R, Carter G, Mitchell P. Epidemiology and disease burden of pathologic myopia and myopic choroidal neovascularization: an evidence-based systematic review. Am J Ophthalmol. (2014) 157:9–25.e12. doi: 10.1016/j.ajo.2013.08.010

 6. Wong TY, Ohno-Matsui K, Leveziel N, Holz FG, Lai TY, Yu HG, et al. Myopic choroidal neovascularisation: current concepts and update on clinical management. Br J Ophthalmol. (2015) 99:289–96. doi: 10.1136/bjophthalmol-2014-305131

 7. Chakraborty R, Read SA, Collins MJ. Monocular myopic defocus and daily changes in axial length and choroidal thickness of human eyes. Exp Eye Res. (2012) 103:47–54. doi: 10.1016/j.exer.2012.08.002

 8. Chiang STH, Phillips JR, Backhouse S. Effect of retinal image defocus on the thickness of the human choroid. Ophthalmic Physiol Opt. (2015) 35:405–13. doi: 10.1111/opo.12218

 9. Cheung CMG, Loh BK, Li X, Mathur R, Wong E, Lee SY, et al. Choroidal thickness and risk characteristics of eyes with myopic choroidal neovascularization. Acta Ophthalmol. (2013) 91:e580–e1. doi: 10.1111/aos.12117

 10. Hsiang HW, Ohno-Matsui K, Shimada N, Hayashi K, Moriyama M, Yoshida T, et al. Clinical characteristics of posterior staphyloma in eyes with pathologic myopia. Am J Ophthalmol. (2008) 146:102–10. doi: 10.1016/j.ajo.2008.03.010

 11. Ang M, Wong CW, Hoang QV, Cheung GCM, Lee SY, Chia A, et al. Imaging in myopia: potential biomarkers, current challenges and future developments. Br J Ophthalmol. (2019) 103:855–62. doi: 10.1136/bjophthalmol-2018-312866

 12. Singh SR, Vupparaboina KK, Goud A, Dansingani KK, Chhablani J. Choroidal imaging biomarkers. Surv Ophthalmol. (2019) 64:312–33. doi: 10.1016/j.survophthal.2018.11.002

 13. Iovino C, Pellegrini M, Bernabei F, Borrelli E, Sacconi R, Govetto A, et al. Choroidal vascularity index: an in-depth analysis of this novel optical coherence tomography parameter. J Clin Med. (2020) 9:595. doi: 10.3390/jcm9020595

 14. Alshareef RA, Khuthaila MK, Goud A, Vupparaboina KK, Jana S, Chhablani J. Subfoveal choroidal vascularity in myopia: evidence from spectral-domain optical coherence tomography. Ophthalmic Surg Lasers Imaging Retina. (2017) 48:202–7. doi: 10.3928/23258160-20170301-02

 15. Ng WY, Ting DSW, Agrawal R, Khandelwal N, Htoon HM, Lee SY, et al. Choroidal structural changes in myopic choroidal neovascularization after treatment with antivascular endothelial growth factor over 1 year. Invest Ophthalmol Vis Sci. (2016) 57:4933–9. doi: 10.1167/iovs.16-20191

 16. Gupta P, Thakku SG, Saw SM, Tan M, Lim E, Tan M, et al. Characterization of choroidal morphologic and vascular features in young men with high myopia using spectral-domain optical coherence tomography. Am J Ophthalmol. (2017) 177:27–33. doi: 10.1016/j.ajo.2017.02.001

 17. Wu H, Zhang G, Shen M, Xu R, Wang P, Guan Z, et al. Assessment of choroidal vascularity and choriocapillaris blood perfusion in anisomyopic adults by SS-OCT/OCTA. Invest Ophthalmol Vis Sci. (2021) 62:8. doi: 10.1167/iovs.62.1.8

 18. Liu Y, Wang L, Xu Y, Pang Z, Mu G. The influence of the choroid on the onset and development of myopia: from perspectives of choroidal thickness and blood flow. Acta Ophthalmol. (2021). doi: 10.1111/aos.14773

 19. Tan ACS, Tan GS, Denniston AK, Keane PA, Ang M, Milea D, et al. An overview of the clinical applications of optical coherence tomography angiography. Eye. (2018) 32:262–86. doi: 10.1038/eye.2017.181

 20. Miyata M, Ooto S, Hata M, Yamashiro K, Tamura H, Akagi-Kurashige Y, et al. Detection of myopic choroidal neovascularization using optical coherence tomography angiography. Am J Ophthalmol. (2016) 165:108–14. doi: 10.1016/j.ajo.2016.03.009

 21. Li S, Sun L, Zhao X, Huang S, Luo X, Zhang A, et al. Assessing the activity of myopic choroidal neovascularization: comparison between optical coherence tomography angiography and dye angiography. Retina. (2020) 40:1757–64. doi: 10.1097/IAE.0000000000002650

 22. Gupta P, Saw SM, Cheung CY, Girard MJA, Mari JM, Bhargava M, et al. Choroidal thickness and high myopia: a case-control study of young Chinese men in Singapore. Acta Ophthalmol. (2015) 93:e585–92. doi: 10.1111/aos.12631

 23. Sonoda S, Sakamoto T, Yamashita T, Shirasawa M, Uchino E, Terasaki H, et al. Choroidal structure in normal eyes and after photodynamic therapy determined by binarization of optical coherence tomographic images. Invest Ophthalmol Vis Sci. (2014) 55:3893–9. doi: 10.1167/iovs.14-14447

 24. Fleiss JL, Cohen J. The equivalence of weighted kappa and the intraclass correlation coefficient as measures of reliability. Educ Psychol Meas. (1973) 33:613–9. doi: 10.1177/001316447303300309 

 25. Flores-Moreno I, Ruiz-Medrano J, Duker JS, Ruiz-Moreno JM. The relationship between retinal and choroidal thickness and visual acuity in highly myopic eyes. Br J Ophthalmol. (2014) 98:143–4. doi: 10.1136/bjophthalmol-2013-304358

 26. Wu Q, Chen Q, Lin B, Huang S, Wang Y, Zhang L, et al. Relationships among retinal/choroidal thickness, retinal microvascular network and visual field in high myopia. Acta Ophthalmol. (2020) 98:e709–e14. doi: 10.1111/aos.14372

 27. Yang YS, Koh JW. Choroidal Blood Flow Change in Eyes with High Myopia. Korean J Ophthalmol. (2015) 29:309–14. doi: 10.3341/kjo.2015.29.5.309

 28. Margolis R, Spaide RF. A pilot study of enhanced depth imaging optical coherence tomography of the choroid in normal eyes. Am J Ophthalmol. (2009) 147:811–5. doi: 10.1016/j.ajo.2008.12.008

 29. Sadler TW. Langman's Medical Embryology, 11e (International Edition). Baltimore, MD: Lippincott Williams & Wilkins (2009). 

 30. Ikuno Y, Tano Y. Retinal and choroidal biometry in highly myopic eyes with spectral-domain optical coherence tomography. Invest Ophthalmol Vis Sci. (2009) 50:3876–80. doi: 10.1167/iovs.08-3325

 31. Goldenberg D, Moisseiev E, Goldstein M, Loewenstein A, Barak A. Enhanced depth imaging optical coherence tomography: choroidal thickness and correlations with age, refractive error, and axial length. Ophthalmic Surg Lasers Imaging. (2012) 43:296–301. doi: 10.3928/15428877-20120426-02

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.

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 © 2022 Wang, Yang, Liu, Yang, Xia, Ren, Hou, Ge, 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.












	
	ORIGINAL RESEARCH
published: 07 January 2022
doi: 10.3389/fmed.2021.802626






[image: image2]

The Role of Internal Limiting Membrane as a Biomarker in the Evolution of Myopic Traction Maculopathy

Dong Fang1†, Jindi Su2†, Lu Chen1 and Shaochong Zhang1*


1Shenzhen Eye Hospital, Jinan University, Shenzhen Key Laboratory of Ophthalmology, Shenzhen, China

2Affiliated Shenzhen Maternity and Child Healthcare Hospital, Southern Medical University, Shenzhen, China

Edited by:
Enrico Borrelli, University of California, Los Angeles, United States

Reviewed by:
Zongming Song, Henan Provincial Third People's Hospital, China
 Zhao Mingwei, Peking University People's Hospital, China

*Correspondence: Shaochong Zhang, shaochongzhang@outlook.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

Received: 26 October 2021
 Accepted: 30 November 2021
 Published: 07 January 2022

Citation: Fang D, Su J, Chen L and Zhang S (2022) The Role of Internal Limiting Membrane as a Biomarker in the Evolution of Myopic Traction Maculopathy. Front. Med. 8:802626. doi: 10.3389/fmed.2021.802626



Purpose: To describe the longitudinal structural changes of myopic traction maculopathy (MTM) based on optical coherence tomography (OCT) and to detect biomarkers in the evolution of MTM.

Methods: A retrospective study was conducted on patients with MTM as defined by OCT. A minimum follow-up of 6 months was necessary for study inclusion. The effects of comprehensive OCT-based structure on the evolution of MTM, the progression rates, and resolution rates of MTM were evaluated.

Results: A total of 120 eyes (120 patients) were included with an average follow-up of 15.4 months. During the follow-up, MTM progressed in 32 eyes (26.67%). The most common pattern of progression observed was the increased extent of retinoschisis in 12 eyes. The multivariate analysis showed that the presence of MTM progression had a significant correlation with internal limiting membrane (ILM) detachment and retinoschisis involved the entire macula at baseline. Five eyes (4.17%) experienced MTM resolution, of which 2 eyes developed disruptions of detached ILM, two eyes developed disruptions of epiretinal membrane, and one eye developed partial posterior vitreous detachment. Eyes with foveal detachment showed the highest progression rate (41.67%) and highest resolution rate (16.67%) compared to the eyes with other foveal complications.

Conclusion: ILM detachment is a risk factor for MTM progression and MTM resolution can occur after ILM disruption. These suggest that ILM may play an important role as a biomarker in the evolution of MTM.

Keywords: internal limiting membrane, optical coherence tomography, evolution, biomarker, myopic traction maculopathy (MTM)


INTRODUCTION

Myopia is a major global public health problem. Approximately, one in six of population of the world is myopic (1). It is expected that nearly half of population of the world may be myopic by 2050, with as much as 10% highly myopic (2). Complications related to high myopia are now a major cause of visual impairment and blindness worldwide, especially in east Asia (3). Among them, myopic traction maculopathy (MTM) is one of the main causes for the progressive vision impairment in patients with high myopia, affecting as many as one-third of eyes with posterior staphyloma (4, 5).

Myopic traction maculopathy was proposed by Panozzo et al. (6) in 2004. It is an umbrella term that encompasses a wide spectrum of pathologic features generated by the traction in the pathologic myopic environment. In addition to the typical myopic tractional changes of myopic retinoschisis, generalized MTM also includes vitreoretinal interface abnormalities and foveal complications generated by traction. The detailed pathogenesis of MTM has not been clarified. However, tractional forces from vitreoretinal interfaces such as vitreomacular traction (VMT), epiretinal membrane (ERM), internal limiting membrane (ILM), or a combination of these are thought to be important factors (7, 8). To study the natural course of MTM, several study groups have conducted follow-up studies on MTM (9, 10). However, long-term follow-up studies on large samples are scarce and the long-term outcome and the biomarkers in MTM evolution remain unclear.

Myopic traction maculopathy covers a range of conditions whose prognoses vary significantly. Previous studies have verified that its prognosis is related to the retinoschisis grading (11). However, optical coherence tomography (OCT)-based structural changes including vitreoretinal interface abnormalities and various types of foveal complications are closely associated with the outcome of MTM. These structural changes were rarely considered in previous studies, thereby leading to an incomplete understanding of the natural history and prognosis of the disease.

In this study, the longitudinal changes of MTM in a large sample of highly myopic Chinese individuals were evaluated. Further, OCT-based structural changes, including the grading of retinoschisis, vitreoretinal interface abnormalities, and foveal complications, were comprehensively analyzed to identify the biomarkers in MTM evolution.



METHODS

This study was approved by the Institutional Review Board of Shenzhen Eye Hospital (Shenzhen China) and was conducted in accordance with the World Medical Association Declaration of Helsinki. The medical records of consecutive patients with high myopia at the Shenzhen Eye Hospital between September 2017 and October 2020 were reviewed. Inclusion criteria were: (1) highly myopic eyes, defined by refractive error [expressed as spherical equivalent (SE)] < −6 D or by an axial length ≥ 26.5 mm; (2) undergone spectral-domain OCT examinations including vertical, horizontal, and radial scans through the fovea; (3) OCT features corresponding to the diagnosis standards of MTM proposed by Panozzo et al. (6); and (4) a minimum follow-up period of 6 months, unless there was either resolution or progression. Exclusion criteria were: (1) eyes with previous vitreoretinal surgery; (2) eyes with any associated or concomitant retinopathy that could confound the retinal interpretation of OCT images; (3) eyes with macular chorioretinal atrophy or myopic choroidal neovascularization; and (4) OCT images with poor quality, which was defined as insufficient visualization of the retinal pigment epithelium (RPE) line in the macular area. Only one eye of each participant was used for analysis. When both eyes of the same individuals were included, the eye with worse best corrected visual acuity (BCVA) was considered for the analysis.

All the patients underwent a comprehensive ophthalmological examination including BCVA, refractometry using autorefractor (KR-8800, Topcon, Tokyo, Japan), fundus photographs (Visucam, Carl Zeiss Meditec, Jena, Germany, UK), and spectral-domain OCT. The axial length of each participant was measured using IOLMaster (Carl Zeiss Meditec, Jena, Germany, UK). OCT imaging was performed with either OCT (Optovue Incorporation, Fremont, California, USA) or Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany, UK). Vertical and horizontal scans, passing through the center of the fovea and radial scans, covering all the macular complications, were performed for each patient in OCT examination. Patients underwent a series of OCT scans spanning in a period of more than 6 months, unless there was either resolution or progression during the follow-up period. All the OCT images were read by an experienced OCT grader (SZ) masked to all the clinical data at the time of grading.

Changes of OCT-based structure were evaluated in three aspects including retinoschisis grading, foveal complications, and vitreomacular interface abnormalities. Representative images are shown in Figure 1. The outer retinoschisis was graded according to the location and the size as suggested by Parolini et al. (11): no macular retinoschisis (S0), extrafoveal macular retinoschisis (S1), fovea-only macular retinoschisis (S2), foveal but not the entire macular area macular retinoschisis (S3), and entire macular area macular retinoschisis (S4). Foveal complications including lamellar macular hole (MH), foveal detachment, and full-thickness MH were recorded. Vitreomacular interface abnormalities including ERM, VMT, and ILM detachment were also analyzed. MTM was defined as progressed in the event of: (1) for the macular retinoschisis, an increase of more than 100 μm in height or an enlargement of the macular retinoschisis toward the area that did not have a retinoschisis (11); (2) development of any foveal complications including lamellar MH, foveal detachment, and full-thickness MH; and (3) for foveal complications, an increase of more than 100 μm in height or an enlargement toward the area that did not have the lesion at baseline. A resolution of MTM was defined in the event of: (1) a decrease in the height or extent of the macular retinoschisis without any sign of progression and (2) a decrease in the height or extent of foveal complications without any sign of progression. Alternatively, an eye without progression or resolution was defined as stable. The rate of progression and resolution in MTM and the prognostic factors for progression were analyzed.


[image: Figure 1]
FIGURE 1. Representative images of optical coherence tomography (OCT) in eyes with myopic traction maculopathy. OCT-based structural changes were comprehensively analyzed based on the vitreoretinal interface abnormalities, degree of retinoschisis, and foveal complications. The outer retinoschisis was graded into 5 levels: no macular retinoschisis (S0), extrafoveal macular retinoschisis (S1), fovea-only macular retinoschisis (S2), foveal but not the entire macular area macular retinoschisis (S3), and entire macular area retinoschisis (S4). Foveal complications included isolated macular retinoschisis without further complications, lamellar macular hole, and foveal detachment. Vitreomacular interface abnormalities included epiretinal membrane, vitreomacular traction, and internal limiting membrane (ILM) detachment.


The BCVA was presented as the logarithm of the minimum angle of resolution (logMAR). Continuous variables between groups were compared using the one-way ANOVA test or the Mann–Whitney U-test and the Kruskal–Wallis test. Multiple comparisons between different groups were adjusted by the Bonferroni test. Categorical data were compared using the Pearson's chi-squared test or the Fisher's exact test. The multivariate binary regression analysis was performed with the presence of MTM progression as the dependent variable and age, axial length, the categories of retinoschisis, the presence of foveal complications, the presence of ILM detachment, and tractional lesions as independent variables. p < 0.05 was considered as statistically significant. All the data were analyzed using the SPSS 19.0 statistical software (SPSS Incorporation, Chicago, Illinois, USA).



RESULTS


Clinical Characteristics of Eyes With MTM at Presentation

A total of 120 eyes of 120 consecutive patients with a diagnosis of MTM were studied. The objects comprised 73 women and 47 men with a mean age of 52.78 ± 9.91 years ranging from 21.0 to 76.0 years. The mean baseline BCVA was 0.42 ± 0.40 with a range of 0 to 1.85. The mean refractive error was −14.27 ± 5.75 D ranging from−5.5 to −29.0 D. The mean axial length was 30.18 ± 2.43 mm with a range of 24.85–35.93 mm.

The baseline characteristics of MTM in each group are shown in Table 1. Among the 120 eyes with MTM, 31 eyes (25.83%), 30 eyes (25.00%), 12 eyes (10.00%), 22 eyes (18.33%), and 25 eyes (20.83%) had grades of S0, S1, S2, S3, and S4, respectively. The 31 eyes with S0 included 22 eyes with an isolated ERM, 4 eyes with an isolated VMT, 2 eyes with an ERM and coexisting VMT, and 3 eyes with subfoveal retinal thickness > 200 mm, but without evidence of a macular retinoschisis. Among the 12 eyes with S2, 9 eyes were accompanied by lamellar MH and one eye was accompanied by foveal detachment. Among the 22 eyes with S3, 8 eyes had coexisting lamellar MH and 3 eyes exhibited foveal detachment. In 25 eyes with S4, 8 eyes presented foveal detachment and 10 eyes displayed lamellar MH, 2 of which showed both the complications. The differences were not significant in age (p = 0.05, ANOVA test) and in axial length (p = 0.06, ANOVA test) at baseline between the eyes with different categories of retinoschisis (S0–S4). There were significant differences in BCVA among the eyes with different categories of retinoschisis (p < 0.001, Kruskal–Wallis test). Patients with S3 and S4 as compared with individuals with S0 and S1 had a significantly worse BCVA at baseline (p = 0.006, p < 0.001, p = 0.03, p < 0.001).


Table 1. Baseline characteristics of patients with different categories of retinoschisis.

[image: Table 1]

In terms of foveal complications, eyes were divided into 3 groups including isolated retinoschisis, lamellar MH, and foveal detachment (Table 2). None of the eyes with full-thickness MH was enrolled for their short duration of follow-up. A total of 83 eyes showed isolated retinoschisis, 27 eyes presented retinoschisis and coexisting lamellar MH, and 12 eyes displayed retinoschisis accompanied with foveal detachment (2 eyes had both the lamellar MH and foveal detachment). Similarly, the differences were not significant in age (p = 0.71, ANOVA test) and in axial length (p = 0.10, ANOVA test) at the initial visit between the eyes with different foveal complications. There were significant differences in BCVA among the 3 groups (p < 0.001, Kruskal–Wallis test). Patients with foveal detachment presented a significantly worse BCVA at baseline as compared with individuals with lamellar MH and isolated retinoschisis (p < 0.001, p < 0.001).


Table 2. Baseline characteristics of patients with different foveal complications.
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Vitreomacular interface abnormalities including ILM detachment, ERM, and VMT were evaluated. An ILM detachment was present in 32 eyes (26.67%) and all of them showed concomitant outer retinoschisis. Tractional lesions including ERM and VMT were present in 88 eyes, of which 59 eyes showed isolated ERM, 22 eyes showed isolated VMT, and the remaining 7 eyes showed both the lesions.



Characteristics in MTM Progression in High Myopia

The mean length of follow-up was 15.4 ± 12.2 months (range, 6–61 months). Among the 120 eyes included, 32 eyes (26.67%) showed MTM progression. Overall, the progression rate increased with the increasing severity of retinoschisis (S0–S4, p < 0.001, Fisher's exact test). A summary of the progression of MTM is given in Figure 2A, Table 1. A significantly higher progression rate was found in eyes with S4 as compared with eyes with S0 and S1 (p < 0.001; p = 0.003).


[image: Figure 2]
FIGURE 2. Proportion of myopic tractional maculopathy progression by category of retinoschisis and foveal complications at baseline. (A) The progression rate increased with the increasing severity of retinoschisis (S0–S4). (B) Eyes with foveal detachment showed the highest progression rate (41.67%), followed by the eyes with lamellar macular hole (33.33%) and the eyes with isolated retinoschisis (22.89%). FD, foveal detachment; LMH, lamellar macular hole.


A total of 14 newly onset lesions developed in 13 eyes in the OCT findings during the follow-up period, including one eye changed from S0 to extrafoveal retinoschisis (S1), one eye changed from S0 to extrafoveal retinoschisis (S1) with coexisting lamellar MH, 4 eyes developed lamellar MH, 6 eyes developed foveal detachment, and one eye developed full-thickness MH. In addition, a total of 20 lesion changes were identified in 20 eyes with progressive MTM. The most common pattern of progression observed was increasing height or extent of macular retinoschisis in 12 eyes, accounting for 60% of the total number of lesions changes and 37.5% of MTM progressions, followed by the enlargement of foveal detachment in 5 eyes (15.63%).

On the other hand, eyes with different foveal complications exhibited different progression rates (Figure 2B, Table 2). Eyes with foveal detachment showed the highest progression rate (41.67%), followed by the eyes with lamellar MH (33.33%) and the eyes with isolated retinoschisis (22.89%). Notably, among the 12 eyes with foveal detachment, 5 eyes experienced progression in a short average duration of 2.9 months (range, 39 days to 7 months). Representative cases of foveal detachment progression are shown in Figure 3. Among them, the eye with the most rapid progression showed an elevation of foveal detachment and a break of outer retina in only 39 days (Figure 3, Patient 1).


[image: Figure 3]
FIGURE 3. Cases with foveal detachment experienced rapid progression. Patient 1 is a woman (55-year-old) with a spherical equivalent refractive error of −23.0 D and an axial length of 32.4 mm. Optical coherence tomography (OCT) scan across the fovea at the initial visit showed a retinoschisis spanning the entire macula with a lamellar MH. A slight foveal elevation can be seen. Thirty-nine days later, the extent of foveal detachment has increased and disruption of the outer retina (red arrow) has developed. The best corrected visual acuity (BCVA) declined from the logarithm of the minimum angle of resolution (logMAR) 0.70 to logMAR 1.0. Patient 2 is a woman (61-year-old) with an axial length of 31.74 mm. At baseline, she had S4 retinoschisis involving the entire macula and a shallow foveal detachment. At the third month of the follow-up, the extent of foveal detachment increased with a disruption of the outer retina (red arrow) developed. The BCVA declined from logMAR 1.00 to logMAR 1.3. Patient 3 is a woman (50-year-old) with an axial length of 30.21 mm. OCT scan at baseline showed an outer retinoschisis spanning the entire macula with commitment inner retinoschisis and internal limiting membrane detachment. A foveal detachment was observed. 3 months later, the foveal detachment has further enlarged and disruption of the outer retina (red arrow) was noted. The BCVA declined from logMAR 1.00 to logMAR 1.3.


In 32 eyes with ILM detachment, progressions of MTM were observed in 13 eyes (40.63%), whereas a lower progression rate (21 eyes, 23.86%) was detected in the eyes without ILM detachment. The eyes with tractional lesions displayed a similar rate of progression compared to the eyes without tractional lesions (29.55 vs. 25%).



Visual Outcome and Risk Factors for MTM Progression

Mean BCVA of the whole cohort at the end of follow-up was 0.50 ± 0.47, which was comparable to that at baseline (0.42 ± 0.40) (p = 0.49, Mann–Whitney U-test). For the patients whose MTM had progressed, the BCVA at the final examination (0.81 ± 0.47) was significantly worse than that at the initial examination (0.58 ± 0.45) (P = 0.04, Mann–Whitney U-test). The BCVA at the initial and final examinations was not statistically different in either the group with stable MTM or the group with resolved MTM (p = 0.76, p = 0.78, Mann–Whitney U-test). The multivariate binary analysis adjusted for age and axial length was done to reveal the risk factors for MTM progression. The results showed that MTM progression had significant correlation with the presence of ILM detachment (p = 0.02; odds ratio, 3.68; 95% CI, 1.25–10.84, multivariate binary regression analysis) and eyes with S4 category of MTM at baseline (p = 0.004; odds ratio, 3.85; 95% CI, 1.54–9.62, multivariate binary regression analysis).



Characteristics in MTM Resolution in High Myopia

Among the 120 eyes with MTM, resolution of MTM occurred in 5 patients (4.17%) with a mean duration of 19.8 months (range, 6–46 months). The mean age was 54.60 ± 3.91 years ranging from 49 to 70 years. The average SE was −16.10 ± 2.12 D ranging from −23.50 to −11.50 D and the average axial length was 30.63 ± 1.12 mm with a range from 27.05 to 32.86 mm. The OCT changes in these eyes included a decrease in the height of the macular retinoschisis in 2 eyes, a complete resolution of the macular retinoschisis in 2 eyes, and a complete resolution of foveal detachment in one eye. Two eyes were accompanied with ILM detachment and experienced spontaneous disruption of the detached ILM during the follow-up period, two eyes were accompanied with ERM and experienced spontaneous disruption of ERM during the follow-up period, and the remaining one eye developed partial posterior vitreous detachment (PVD) during the follow-up period. Representative cases are shown in Figure 4. For retinoschisis grading, resolutions were found in none of the S0 eyes, 3.33% of the S1 eyes, none of the S2 eyes, 13.64% of the S3 eyes, and 4.00% of the S4 eyes. The differences in the improvement rate among the 5 groups were not significant (p = 0.15, Fisher's exact test). In terms of foveal complications, eyes with foveal detachment showed the highest resolution rate, whereas eyes with isolated retinoschisis and lamellar MH showed a lower resolution rate (16.67, 3.61, and 0%; p = 0.1).
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FIGURE 4. Representative cases with spontaneous resolution of myopic traction maculopathy. Patient 1: Resolution of a macular retinoschisis in an eye with a disruption of the internal limiting membrane (ILM). Right eye with an axial length of 27.05 mm in a woman (50-year-old). Optical coherence tomography (OCT) scan in both the vertical and horizontal section at baseline showed a shallow foveal retinoschisis with ILM detachment. Sixteen months later, a disruption of the detached ILM superior to the fovea is observed (red arrow) and the foveal retinoschisis is disappeared. Patient 2: Resolution of a foveal detachment in an eye with a partial posterior vitreous detachment (PVD). Right eye with an axial length of 32.86 mm in a man (53-year-old). OCT scan in vertical section at baseline showed a shallow foveal detachment with retinoschisis spanning the entire macula. No signs of PVD were noted. Eleven months later, the foveal detachment has almost resolved and both the inner and outer retinoschisis has resolved. Twenty months after the initial visit, the foveal detachment has completely resolved. A residual vitreoretinal adhesion (between two red arrows) left after partial PVD can be seen. Twenty-six months of follow-up, the retinoschisis and vitreoretinal adhesion (between two red arrows) are stable. Patient 3: Resolution of a macular retinoschisis in an eye with a disruption of the epiretinal membrane (ERM). Left eye with an axial length of 31.46 mm in a man (51-year-old). OCT scan in both the vertical and horizontal sections at baseline showed a shallow retinoschisis with tractional ERM. Eleven months later, disruptions are noted in the ERM (red arrow) nasal and inferior to the fovea. The foveal retinoschisis has disappeared and the extrafoveal retinoschisis has been resolved.


The changes of OCT features in patients with different prognosis during the follow-up period are shown in Table 3. The eyes with MTM resolution during the follow-up period experienced spontaneous ILM disruption at a significantly higher rate than the other two groups (p = 0.001, Fisher's exact probability test). Similarly, a significantly higher incidence of spontaneous ERM disruption was observed in the eyes with MTM resolution compared with the other two groups (p = 0.03, Fisher's exact probability test). There was no significant difference in the rate of PVD development among the groups that showed improvement, no change, or progression during the course. One eye experienced MTM progression, despite complete PVD development during the follow-up period.


Table 3. Changes of OCT features in patients with different prognosis.
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DISCUSSION

By comprehensively evaluating the state of the vitreous, retina, and fovea on OCT, we found that ILM detachment and retinoschisis involved the entire macula at baseline were predictors for MTM progression. On the other hand, a higher proportion of spontaneous ILM disruption were found in the eyes with MTM resolution. These suggest that ILM may play a crucial role as a biomarker in the evolution of MTM. In addition, patients with foveal detachment at baseline were found to have a higher possibility of progression at a rapid speed, and a higher possibility of resolution as well, indicating that this was an unstable stage and required close follow-up. To the best of our knowledge, we first demonstrate the significance of ILM in the evolution of MTM. We believe that this study will contribute to a better understanding of the pathogenesis of MTM and provide references for predicting prognosis and surgical decision-making of MTM.

To date, there are few studies that have documented the progression of MTM using longitudinal data and the reported progression rate was quite different, ranging from 11.6 to 69.0% (9–11). Gaucher et al. (9) conducted a long-term follow-up of 50 eyes of 38 patients with myopic retinoschisis, among whom 14 eyes (28%) experienced progression in terms of visual acuity at the end of the follow-up. Shimada et al. (10) followed 207 eyes with MTM and found that the progression rate was only 11.6% during the follow-up. In this study, retinoschisis was divided into five grades (S0–S4) according to the location and extent of retinoschisis. Among the patients, 42.5% of them were not fovea involved (milder retinoschisis) and only 13.5% of them were entirely macula involved. Parolini et al. (11) studied the evolution of MTM in 72 eyes and found that the retinal pattern evolved from inner/outer maculoschisis to predominantly outer maculoschisis, then maculoschisis-macular detachment, and finally macular detachment. In this study, we followed 120 patients with MTM and found that the progression rate was 26.67%, which was different from previous studies. The reason may be related to the sample size and the composition of cases. The prognosis of MTM was affected by various factors. Among them, the vitreoretinal interface factors, which represented inner ocular force, are one of the most important independent factors. However, the pattern of vitreoretinal interface, including VMT, ERM and ILM detachment, was less evaluated in previous studies.

In this study, we comprehensively evaluated the pattern of the vitreoretinal interface, retina, and fovea on OCT and found that ILM detachment was one of the predictors for MTM progression. The ILM acts as a basal membrane for retinal Müller cells. Its major components are collagen types IV, VI, and VIII, associated with glycoproteins. Proper ILM stiffness is vital for the mechanical balance and stability between the vitreoretinal interface, while rigid ILM may play an important role in vitreoretinal abnormalities such as MTM. Our previous studies found that in eyes with MTM, the ILM presented abnormal ultrastructure including long irregular indentations and increased cell debris, which might result from Müller cell reactive gliosis responding to mechanical stress during the elongation of axial length in pathologic myopia (12). In the meantime, we found that removal of ILM during pars plans vitrectomy is beneficial to the recovery of postoperative anatomy and visual function for patients with MTM (13). These suggested that ILM is vital in the pathogenesis of MTM. In this study, we found that ILM detachment is a risk factor for MTM progression; meanwhile, MTM resolution can occur after spontaneous ILM disruption. These findings further verified that pathological ILM is not only involved in the occurrence of MTM, but also a risk factor for MTM development. We proposed that pathological ILMs with increased stiffness generate a centripetal traction in retina, contributing to the retinal splitting in pathologic myopia. In contrary, released traction resulting from spontaneous disruption of ILM that could lead to MTM resolution. Thus, monitoring the state of the ILM might help us to better predict the prognosis and make surgical decision for MTM.

Foveal detachment is a severe complication of pathologic myopia, which is often accompanied by serious visual impairment and poor prognoses (14). Huang et al. (15) found that preoperative foveal detachment is one of the risk factors for MH retinal detachment after vitrectomy in MTM. This study found that patients with foveal detachment were more likely to experience progression at a rapid speed (5/12, 41.67%). Similarly, Shimada et al. (10) studied 10 cases of foveal detachment and found a progression rate of 100% during a mean follow-up duration of 31.7 months. Interestingly, we found that this group of patients was more likely to experience resolution (16.67%) as well. No significant difference was detected in age and in axial length between the eyes with and without foveal detachment. This was consistent to Lai et al. (16), who reported eight cases of foveal detachment experienced spontaneous resolution during the follow-up. These revealed that foveal detachment is an unstable intermediate stage in the development of MTM. In a mechanical view, in eyes with foveal detachment, the outer retina exhibited a steep, curved shape with an undulated surface. We proposed that the sharp changes of curvature in the outer retina at the detached region may contribute to the lower structural stability of foveal detachment. Thus, this group of patients needs intensive follow-up and timely intervention.

Resolution of MTM is a relatively rare phenomenon. Previous studies were mostly based on case reports and only one study (11) reported the incidence of spontaneous resolution of MTM in a large sample. The reported resolution rate of 3.9% was similar with the rate of 4.2% obtained in this study. In 2003, the resolution of MTM without surgical intervention was first reported by Polito et al. (17). They reported a spontaneous resolution after PVD in a patient with foveoschisis and foveal detachment. Subsequently, spontaneous resolution in cases with foveoschisis, foveal detachment, and even MH retinal detachment was reported (16, 18). At present, it is believed that multiple factors result in the resolution of MTM including the release of anterior traction and the morphological changes of posterior sclera (18). The 5 cases with resolution observed in this study all experienced the release of anterior traction such as the disruption of the anterior ERM, the disruption of the detached ILM, and partial PVD. However, little is known when a spontaneous resolution will develop and further exploration with larger sample size is needed.

This study has several limitations. Given the retrospective design of this study, durations of follow-up were variable. Further prospective investigations with larger sample size would be demanded.

In summary, this study found that during a mean follow-up period of 15.4 months, the rate of progression and resolution in MTM were 26.67 and 4.17%, respectively. The ILM detachment is a risk factor for the MTM progression, whereas the MTM resolution can occur after the spontaneous disruption of ILM, indicating that ILM might be one of the biomarkers of the evolution of MTM. Patients with foveal detachment are unstable and require close follow-up and timely intervention. By comprehensively analyzing the OCT-based structural alterations, namely, the retinoschisis grading, the foveal complications and vitreoretinal interface abnormalities, and investigating the risk factors for MTM progression, we believe that this study will contribute to a better understanding of the pathogenesis of MTM and provide references for predicting prognosis and surgical decision-making of MTM.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Board of Shenzhen Eye Hospital (Shenzhen, China). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

DF contributed to the study design and wrote the manuscript. JS contributed to the clinical data collection, data analyses, and manuscript polishing. LC contributed to manuscript preparation and clinical data collection. SZ contributed to the conception of the study, study design, and manuscript polishing. All authors have read and approved the final version of the manuscript.



FUNDING

This study was supported by grants from the Sanming Project of Medicine in Shenzhen (SZSM202011015), the Natural Science Foundation of Guangdong Province (2021A1515011090), and the National Natural Science Foundation of China (81900877). These funding organizations had no role in the design or conduct of this study.



REFERENCES

 1. Morgan IG, French AN, Ashby RS, Guo X, Ding X, He M, et al. The epidemics of myopia: aetiology and prevention. Prog Retinal Eye Res. (2018) 62:134–49. doi: 10.1016/j.preteyeres.2017.09.004

 2. Holden BA, Fricke TR, Wilson DA, Jong M, Naidoo KS, Sankaridurg P, et al. Global prevalence of myopia and high myopia and temporal trends from 2000 through 2050. Ophthalmology. (2016) 123:1036–42. doi: 10.1016/j.ophtha.2016.01.006

 3. Cedrone C, Nucci C, Scuderi G, Ricci F, Cerulli A, Culasso F. Prevalence of blindness and low vision in an Italian population: a comparison with other European studies. Eye. (2006) 20:661–7. doi: 10.1038/sj.eye.6701934

 4. Baba T, Ohno-Matsui K, Futagami S, Yoshida T, Yasuzumi K, Kojima A, et al. Prevalence and characteristics of foveal retinal detachment without macular hole in high myopia. Am J Ophthalmol. (2003) 135:338–42. doi: 10.1016/S0002-9394(02)01937-2

 5. Benhamou N, Massin P, Haouchine B, Erginay A, Gaudric A. Macular retinoschisis in highly myopic eyes. Am J Ophthalmol. (2002) 133:794–800. doi: 10.1016/S0002-9394(02)01394-6

 6. Panozzo G, Mercanti A. Optical coherence tomography findings in myopic traction maculopathy. Arch Ophthalmol. (2004) 122:1455–60. doi: 10.1001/archopht.122.10.1455

 7. Vanderbeek BL, Johnson MW. The diversity of traction mechanisms in myopic traction maculopathy. Am J Ophthalmol. (2012) 153:93–102. doi: 10.1016/j.ajo.2011.06.016

 8. Ikuno Y, Comi F, Tano Y. Potent retinal arteriolar traction as a possible cause of myopic foveoschisis. Am J Ophthalmol. (2005) 139:462–7. doi: 10.1016/j.ajo.2004.09.078

 9. Gaucher D, Haouchine B, Tadayoni R, Massin P, Erginay A, Benhamou N, et al. Long-term follow-up of high myopic foveoschisis: natural course and surgical outcome. Am J Ophthalmol. (2007) 143:455–62. doi: 10.1016/j.ajo.2006.10.053

 10. Shimada N, Tanaka Y, Tokoro T, Ohno-Matsui K. Natural course of myopic traction maculopathy and factors associated with progression or resolution. Am J Ophthalmol. (2013) 156:948–57. doi: 10.1016/j.ajo.2013.06.031

 11. Parolini B, Palmieri M, Finzi A, Besozzi G, Lucente A, Nava U, et al. The new myopic traction maculopathy staging system. Eur J Ophthalmol. (2021) 31:1299–312. doi: 10.1177/1120672120930590

 12. Chen L, Wei Y, Zhou X, Zhang Z, Chi W, Gong L, et al. Morphologic, biomechanical, and compositional features of the internal limiting membrane in pathologic myopic foveoschisis. Invest Ophthalmol Visual Sci. (2018) 59:5569–78. doi: 10.1167/iovs.18-24676

 13. Zhang Z, Wei Y, Jiang X, Zhang S. Pars plana vitrectomy and wide internal limiting membrane peeling with perfluoropropane tamponade for highly myopic foveoschisis-associated macular hole. Retina. (2017) 37:274–82. doi: 10.1097/IAE.0000000000001146

 14. Fujimoto M, Hangai M, Suda K, Yoshimura N. Features associated with foveal retinal detachment in myopic macular retinoschisis. Am J Ophthalmol. (2010) 150:863–70. doi: 10.1016/j.ajo.2010.06.023

 15. Huang Y, Huang W, Ng DSC, Duan A. Risk factors for development of macular hole retinal detachment after pars plana vitrectomy for pathologic myopic foveoschisis. Retina J Retinal Vitreous Dis. (2017) 37:1049–54. doi: 10.1097/IAE.0000000000001322

 16. Lai TT, Ho TC, Yang CM. Spontaneous resolution of foveal detachment in traction maculopathy in high myopia unrelated to posterior vitreous detachment. BMC Ophthalmol. (2016) 16:18. doi: 10.1186/s12886-016-0195-3

 17. Polito A, Lanzetta P, Del Borrello M, Bandello F. Spontaneous resolution of a shallow detachment of the macula in a highly myopic eye. Am J Ophthalmol. (2003) 135:546–7. doi: 10.1016/S0002-9394(02)02080-9

 18. Polascik BW, Zhang W, Grewal DS, Fekrat S. Spontaneous improvement of myopic macular retinoschisis: case report and review of literature. Canad J Ophthalmol. (2017) 52:E11–3. doi: 10.1016/j.jcjo.2016.06.008

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.

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 © 2022 Fang, Su, Chen and Zhang. 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.












	
	ORIGINAL RESEARCH
published: 11 January 2022
doi: 10.3389/fmed.2021.801036






[image: image2]

Novel Findings of Retinal and Choroidal Features Utilizing Optical Coherence Tomography Angiography Analysis in Patients With Autoimmune Posterior Uveitis

Junhui Shen, Jinfeng Kong, Si Chen, Xin Liu, Yan Teng, Hailan Wu, Lijuan Wang, Manman Wu, Zhaoan Su and Lei Feng*

Eye Center, Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China

Edited by:
Hetian Lei, Shenzhen Eye Hospital, China

Reviewed by:
Xiaofeng Xie, Eye Institute of Shandong University of Traditional Chinese Medicine, China
 Jing Li, Shanghai Jiaotong University, China
 He Jianfeng, Shanghai Jiao Tong University, China

*Correspondence: Lei Feng, leifeng@zju.edu.cn

Specialty section: This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

Received: 24 October 2021
 Accepted: 08 December 2021
 Published: 11 January 2022

Citation: Shen J, Kong J, Chen S, Liu X, Teng Y, Wu H, Wang L, Wu M, Su Z and Feng L (2022) Novel Findings of Retinal and Choroidal Features Utilizing Optical Coherence Tomography Angiography Analysis in Patients With Autoimmune Posterior Uveitis. Front. Med. 8:801036. doi: 10.3389/fmed.2021.801036



Purpose: To analyze the quantitative parameters acquired by optical coherence tomography angiography (OCTA) in patients with autoimmune posterior uveitis.

Methods: OCTA images of 65 eyes affected with uveitis and 65 normal control (NC) eyes were obtained. The central macular thickness (CMT), retinal thicknesses, foveal avascular zone (FAZ) area, foveal density 300 μm (FD300), and vascular density (VD) were compared among acute uveitic eyes, chronic uveitic eyes, and NC eyes. VDs were evaluated in the choriocapillaris, outer retina, optic disk, whole and parafovea superficial capillary plexus (SCP), and whole and parafovea deep capillary plexus (DCP). Correlation analysis was used to analyze the relationship between LogMAR best-corrected visual acuity (BCVA) and quantitative parameters from OCTA.

Results: Compared with NC eyes, the CMT and retinal thicknesses were increased significantly in eyes with uveitis (p < 0.05, respectively). No significant difference was observed in the FAZ area. FD300, VDs in the optic disk, SCP, and DCP both in whole image and parafovea, choriocapillaris were significantly decreased in uveitis eyes (p < 0.05, respectively) compared with NC eyes, only the acute group had decreased VD of the outer retina and choriocapillaris compared with the NC group (p < 0.05). Moreover, quantitative parameters of OCTA showed a significant correlation with LogMAR BCVA in the patients with uveitis. Whole VD DCP was the best predictive factor for BCVA in the patients with uveitis.

Conclusion: Quantitative measurement by OCTA is a promising strategy for objective assessment of autoimmune posterior uveitis.

Keywords: optical coherence tomography angiography, quantitative measurements, uveitis, vessel density, inflammation


INTRODUCTION

Optical coherence tomography angiography is a new non-invasive fundus imaging technique that can be used to acquire information about retinal and choroidal blood flow with high resolution in vivo (1). The high resolution enables the display of the signals of the retinal capillary network and choroidal capillary network in different layers. OCTA has unique advantages in the detection of retinal or choroidal vascular changes, the measurement of foveal avascular zone (FAZ), the quantification of vascular density (VD) in the inner retina, outer retinal circulation, or choriocapillaris. The technique has already been applied in the study of glaucoma (2) and various kinds of retinopathy, such as central serous choroidopathy (3), choroidal neovascularization (4), polypoid choroidal vasculopathy (PCV) (5), and diabetic retinopathy (6).

When the uvea is in an inflammatory state, the blood flow of the short posterior ciliary artery and the choroid are decreased, and the morphology and the function of retinal blood vessels are also compromised. To date, alterations of the retinal vessels in anterior, posterior, and panuveitis have been studied. OCTA has also proved to be an effective diagnostic tool in birdshot chorioretinopathy (7), multifocal choroiditis (8, 9), punctate inner choroidopathy (PIC) (10), acute macular neuroretinopathy (11), multiple evanescent white dot syndrome (12), acute posterior multifocal placoid pigment epitheliopathy (APMPPE) (13), and serpiginous-like choroiditis (14). Several researchers have revealed that OCTA can provide quantitative analysis for uveitis. Koca et al. found that retinal VD decreased and the perifoveal microvascular network changed in ocular-involved Behçet's (15). Liang et al. found that deep capillary plexus (DCP) VD was significantly lower in patients with Vogt–Koyanagi–Harada disease (VKH) than in normal controls (NCs), and that DCP VD was associated with a visual outcome (1). So far, published studies on the quantitative analysis of OCTA in uveitis are very limited, especially in patients with posterior segment-involved autoimmune uveitis. There is a lack of investigation about the vascular beds below the retinal pigmented epithelium (RPE) complex, quantitative analysis of the outer retina, or choriocapillaris abnormalities.

In this study, retinal and choroidal microvasculature changes in patients with uveitis, and healthy controls were studied. We aimed to summarize OCTA features from uveitis at different stages to explore the potential clinical values of quantitative OCTA results and to assess the values of OCTA measurement in the diagnosis, follow-up, and prognosis of patients with autoimmune posterior uveitis.



MATERIALS AND METHODS


Study Participants

The present study employed a retrospective approach. Patients diagnosed with autoimmune posterior uveitis and NCs who were at the Second Affiliated Hospital of Zhejiang University School of Medicine between May 2020 and September 2020 were enrolled. The consent procedure and study protocol followed the tenets of the Declaration of Helsinki and were approved by the Institutional Review Board of the Second Affiliated Hospital of Zhejiang University School of Medicine. Written informed consent was obtained from the patients.



Inclusion Criteria

All autoimmune posterior uveitis cases were diagnosed based on the American Uveitis Society's revised international criteria through clinical examination techniques such as slit-lamp evaluations of the anterior segment, color fundus, OCTA, fluorescein angiography, and indocyanine green angiography if needed. Laboratory examinations, including white blood cell counts, serologic examinations for syphilis, and tuberculin tests, were assessed to determine the underlying cause of uveitis. Patients with posterior uveitis were grouped into two stages according to the classic Moorthy criteria: (1) acute uveitic stage: disease course within 3 months or (2) chronic stage: disease course exceeding 3 months. In cases of bilateral uveitis, only one eye was chosen randomly in the analysis.

During the same period, age-matched healthy volunteers without a history of ocular inflammation, injury, surgery, or other remarkable ocular diseases were recruited. Only one eye was chosen randomly in the analysis.

Medical records of the patients and NCs were reviewed retrospectively, including sex, age, uveitis diagnosis, OCTA images, and best-corrected visual acuity (BCVA).



Exclusion Criteria

We excluded patients with infectious posterior uveitis. Eyes with retinal or choroidal vascular disease not associated with uveitis (e.g., diabetic retinopathy, retinal vascular occlusion, and age-related macular degeneration), masquerade syndrome, glaucoma, and high myopia were excluded. The subjects who were unable to fixate or who had significant media opacities were excluded. OCTA images with poor quality, such as projection artifacts from vessels located above the plane of the image or an overly dark image filled with extremely thick outer choroidal vessels, were excluded.



OCTA Image Analysis

All patients and NCs were imaged with the AngioVue Imaging System (RTVue XR Avanti; Optovue, Inc., Fremont, CA) (16) by the same experienced examiner. OCTA image analysis covering the 4.5 mm × 4.5 mm area centered on the papilla and the 6 mm × 6 mm area centered on the fovea was performed. The qualities of the images were graded automatically by the AngioAnalytics software (Optovue, Inc.) from Q1 (lowest quality) to Q10 (highest quality), and only images with qualities of Q7 or higher were included in the analysis. A CUSTOM function in the AngioVue software (version 2018.1.0.43; Optovue, Inc.) was used to measure retinal nerve fiber layer (RNFL), CMT, retinal thickness, FAZ area, FD300, and VDs in the optic disk, superficial capillary plexus (SCP), DCP, outer retina, and choriocapillaris.

According to the manufacturer's instructions, central macular thickness (CMT) was defined as the vertical distance from the inner limiting membrane (ILM) to the Bruch's membrane (BRM) at the central fovea of macula. RNFL thickness was defined as the vertical distance from the ILM to the nerve fiber layer (NFL) of the peripapillary region. Measurement of the thickness of the retina is according to the early treatment diabetic retinopathy study (ETDRS) grid. The ETDRS grid comprised of three concentric rings: 1 mm center, 1–3 mm (parafovea), and an outer ring of 3–6-mm diameters (perifovea). The FAZ is the retinal capillary free area located in the central fovea. The FAZ area was measured automatically using AngioVue software using a slab from the ILM offset to the outer plexiform layer (OPL) offset. Foveal density 300 μm (FD300) was defined as the blood flow density in a 300-μm width of a double loop around the FAZ. The radial peripapillary capillary plexus was from ILM to NFL. Optic disk vessel density (VD) defined by the percentage of area occupied by OCTA detected vasculature, including inside the disk area and the peripapillary region. SCP was defined as from ILM to 10 μm above internal plexiform layer (IPL), DCP was defined as from 10 μm above IPL to 10 μm below OPL, outer retina was defined as from 10 μm below OPL to 10 μm above BRM, and choriocapillaris was defined as from 10 μm above BRM to 30 μm below BRM (Figure 1). Parafovea was defined as the area outside of a 1 mm × 1 mm circle centered on the fovea in SCP and DCP. Optic disk vessel density (VD) defined by the percentage of the area occupied by OCTA detected vasculature, including inside the disk area and the peripapillary region (Figure 1).


[image: Figure 1]
FIGURE 1. Optical coherence tomography angiography images of the parafoveal capillaries and optic disc in normal control (NC) eye and uveitic eye. Columns represent one eye each from one healthy and one uveitic subject. (1) the 6-mm × 6-mm area centered on the fovea scan. (2) the 4.5-mm × 4.5-mm area centered on the papilla scan.




Statistical Analysis

IBM SPSS Statistics (Armonk, NY, IBM Corp.) for Windows version 22.0 was used for statistical analysis. GraphPad Prism® (GraphPad Software Inc., La Jolla, CA) version 6.01 was used to plot graphs. Chi square test was used to compare the categorical variables. Shapiro Wilk's W-test was used to test the normality of the numerical variables. For comparison between the two groups, the unpaired t-test and the Mann–Whitney U-test were used. One-way ANOVA followed by Dunnett's post hoc test was used to compare the different test groups with the control as indicated. Multiple kinds of testing were corrected using the Bonferroni method. The correlation between various parameters and LogMAR BCVA was evaluated using Pearson's correlation analysis. Continuous data are shown as the mean ± standard deviation (SD). Statistical significance was set at p < 0.05.




RESULTS


Study Population Characteristics

Sixty-five patients with autoimmune posterior uveitis (31 females and 34 males; 65 eyes) with a mean age of 40.86 ± 15.96 years and 65 age-matched NCs (31 females and 34 males; 65 eyes) with a mean age of 45.32 ± 12.11 years were included in the study. There was no statistically significant difference between the patients with uveitis and NCs in terms of age and sex (p = 0.118 and p = 0.992, respectively). The demographic and clinical characteristics of study groups are summarized in Table 1. In the uveitis group, there were 40 cases of idiopathic panuveitis (n = 40; 61.5%), 15 cases of Vogt-Koyanagi-Harada disease (n = 15; 23.1%), and 10 cases of Behçet's (n = 10; 15.4%).


Table 1. Statistical comparison of demographic characteristics of study participants.
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The mean logMAR BCVA between the patients with uveitis (0.24 ± 0.15) and NCs (0.01 ± 0.17) was different (p < 0.001). OCTA images with quality indices of Q7 or above were included. In total, 65 OCTA images of the affected eyes and 65 images of NCs were analyzed. Among them, 32 patients and 32 eyes (32 images), as well as 33 patients and 33 eyes (33 images), were classified into the acute and chronic eye groups.



Comparison of Fundus Fluorescein Angiography and OCTA Technique in Assessment of Uveitis

Fundus Fluorescein Angiography is a very sensitive imaging method for detecting retinal vascular inflammation, because even slight inflammation of the retinal vascular wall may cause vascular leakage. FFA leakage is a very useful feature for assessing potential uveitis activity. OCTA cannot detect leakage, but it can describe changes in the blood vessel density of the different layers of retina such as superficial or deep capillary plexus, and optic disk. These results indicate that OCTA may be used to quantitatively measure the degree of intraocular inflammation (Figure 2).


[image: Figure 2]
FIGURE 2. (1) Fundus images of a patient with autoimmune posterior uveitis using different techniques. (A) Fundus photography shows optic disk hyperemia and edema, and the absence of foveal reflex. (B) Fundus fluorescein angiography (FFA) shows optic disk staining, capillary dilation, and leakage. (C) Optical coherent tomography (OCT) shows the thickening of retinal neuroepithelial layer in the macular area. (D–F) Optical coherence tomography angiography (OCTA) scan shows decrease of VDs in the superficial capillary plexus (SCP) and deep capillary plexus (DCP) of retina and optic disk. (G) The OCTA optic disc scan shows thickening optic disc. (2) Fundus images of a normal control (NC) eye.




Comparison of OCTA Data in Uveitis Eyes and Normal Control Eyes

The comparisons of RNFL, CMT, retinal thickness, FAZ, FD, and VDs in the optic disk, SCP, DCP, outer retina, and choriocapillaris between uveitis eyes and NCs are summarized in Table 2. As compared to normal eyes, RNFL, CMT, retinal thickness (1–3) μm, retinal thickness (3–6) μm, and retinal thickness (0–6) μm were increased in uveitis eyes (all p < 0.05). The FAZ area had no significant change between uveitis and NC (p = 0.07). FD-300 Area Density and FD-300 Length Density were decreased in uveitis eyes (all p < 0.001). VD in the optic disk was 53.08 ± 5.49 and 56.28 ± 2.51 in uveitis eyes and normal eyes, respectively. SCP was 46.11 ± 4.98 and 49.01 ± 3.83 in the whole image and 46.82 ± 5.29 and 50.79 ± 5.29 in parafovea in uveitis eyes and normal eyes, respectively. DCP was 45.63 ± 5.25 and 48.36 ± 6.53 in the whole image and 51.76 ± 5.71 and 54.19 ± 4.65 in parafovea in uveitis eyes and normal eyes, respectively. Outer retina was 14.72 ± 3.75 and 14.59 ± 3.15 in uveitis eyes and normal eyes, respectively. Choriocapillaris was 23.69 ± 1.59 and 24.22 ± 1.16 in the uveitis eyes and normal eyes, respectively. As compared to normal eyes, VDs in the optic disk, SCP, and DCP both in whole image and parafovea, choriocapillaris were significantly decreased in uveitis eyes (p < 0.001, p < 0.001, p < 0.001, p = 0.009, p = 0.009, and p = 0.031, respectively). Differences in VDs in the outer retina between uveitis eyes and normal eyes were not significant (p = 0.826).


Table 2. The RNFL, CMT, retinal thickness, FAZ, FD-300, and VDs in the optic disk, SCP, DCP, out retina, and choriocapillaris in uveitis eyes and normal eyes.
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Analyses of Correlations Between the BCVA and Quantitative Parameters From OCTA

BCVA was recorded in the logarithm of the minimum angle of resolution (logMAR) units. Correlation analyses between LogMAR BCVA and the quantitative parameters from OCTA are shown in Table 3. In uveitis eyes, LogMAR BCVA was statistically significant and correlated with VDs of whole and parafovea SCP, and whole and parafovea DCP, outer retina. However, the RNFL, CMT, retinal thickness (0–6) μm, FAZ area, FD300, and VDs of optic disk, choriocapillaris were not correlated with visual acuity (all p > 0.05). In normal eyes, none of them were correlated with LogMAR BCVA (all p > 0.05).


Table 3. Correlation between BCVA and quantitative analysis in OCTA.
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Subgroup Analysis of Patients With Uveitis

Uveitis eyes were next divided into an acute group and chronic group. Table 4 shows that, compared with NC eyes, both the acute and the chronic groups had significantly increased RNFL, CMT, retinal thickness (1–3) μm, retinal thickness (3–6) μm, and retinal thickness (0–6) μm. FD-300 Area Density (p < 0.001 and p < 0.001, respectively) and FD-300 Length Density (p < 0.001 and p = 0.017, respectively) were decreased in the acute group and the chronic group. Whole SCP VD (p < 0.001 and p = 0.047, respectively), parafovea SCP VD (both p < 0.001), DCP VD (p = 0.017 and p = 0.042, respectively), and parafovea DCP VD (p = 0.030 and p = 0.020) were statistically significantly decreased between the acute group vs. the NC group or the chronic group vs. the NC group.


Table 4. The comparisons of RNFL, CMT, retinal thickness, FAZ, FD-300, and VDs in the optic disk, SCP, DCP, outer retina, and choriocapillaris among acute and chronic uveitis eyes and normal eyes.
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However, only the acute group had decreased VDs of the outer retina (p = 0.037) and choriocapillaris (p < 0.001) compared with the NC group. In contrast, no significant differences were observed in the FAZ area in the acute group and the chronic group when compared with NC (p > 0.05).

As compared to the chronic group, the acute group had a significantly decreased VDs of whole and parafovea SCP (both p = 0.006), outer retina (p = 0.002), and choriocapillaris (p = 0.046).




DISCUSSION

Uveitis is a general term for inflammation of iris, ciliary body, choroid, and retina tissue. This disease is a common ophthalmic disease that can cause some serious complications and sequelae, and it is one of the main causes of blindness worldwide (17–19). Based on the effect of intraocular inflammation on the pathological changes of blood vessels, fundus angiography tools, including fundus fluorescein angiography and indocyanine green angiography (ICGA), are important in evaluating uveitis. However, angiography is invasive, with certain safety risks, and some patients are allergic to the contrast media. In addition, it cannot be used for quantitative assessment. Seeking for a new, objective, and quantitative method to estimate retinal and choroidal microvascular changes is necessary for medical development.

OCTA is able to evaluate inflammatory eye diseases as vascular changes in the iris, choroid, and retina play an important role in the pathophysiology of ocular inflammation (20). OCTA has been used for the visualization and characterization of perifoveal microvascular changes in several kinds of uveitis. Recently, it has also provided quantitative analysis for retinal vascular flow abnormalities, which help demonstrate microvascular changes accompanied with uveitis (1, 21, 22). OCTA analysis has the advantage of: (1) detecting early microvascular changes, which might be beneficial for early diagnosis; (2) quantitatively evaluate the disease status before and after treatment. Similar to Spectral domain optical coherence tomography, OCTA can also measure retinal thickness in different layers, such as RNFL, CMT, and retinal thickness (0–6) μm. Although several previous studies using OCTA have identified vascular flow abnormalities in patients with uveitis, the vascular beds below the RPE complex have not been thoroughly investigated, and quantitative analysis of optic disk, outer retina, and choriocapillaris vascular abnormalities in posterior uveitis is limited. In addition, fewer studies explore the correlation between BCVA and vascular flow in patients with uveitis. In the present study, we aimed to measure vascular flow in different layers, including optic disk, whole SCP, parafovea SCP, whole DCP, parafovea DCP, outer retina, and choriocapillaris.

Our research revealed that patients with posterior uveitis had a significant reduction of VDs in the whole and parafovea SCP and the whole and parafovea DCP compared to healthy controls (p < 0.05). Consistent with previous findings, the patients with Behçet's disease and VKH, both VDs, were reported to present decreased SCP and DCP compared to healthy controls (1, 15). A reduction of VDs in the SCP and DCP detected by OCTA in birdshot chorioretinopathy has also been reported (23). It was also found in children with anterior uveitis that the VDs in the SCP and DCP were significantly reduced when compared with NCs, suggesting anterior segment inflammation in pediatric uveitis is associated with reduced retinal vascular density (22). In this study, we not only analyzed the blood flow density of SCP and DCP in a more detailed way but also added some new parameters, such as VDs of the optic disk, outer retina, and choriocapillaris, as well as FD300. FD300 is the foveal blood flow density within a width of 300μm around the FAZ area. We found that VDs in the optic disk, FD300, and choriocapillaris had significantly decreased when compared with NC, while VD in the outer retina had no significant change. We found whole SCP VD, parafovea SCP VD, DCP VD, and parafovea DCP VD were statistically significantly decreased between the acute group vs. the NC group or the chronic group vs. the NC group. In addition, VDs of the optic disk, FD300, were significantly decreased both in the acute group and the chronic group when compared with the NC group, respectively. However, only the acute group had decreased VDs of the outer retina (p = 0.037) and choriocapillaris (p < 0.001) compared with the NC group. It is possible because the patients in the acute phase had more severe inflammation than in the chronic phase (1). All this evidence indicates that blood flow impairment might be a result of inflammation.

We should carefully interpret the above findings. Intraocular inflammation, regardless of localization, can induce macular edema. This is thought to be the result of a breakdown of the inner and outer blood–retinal barrier and due to inflammatory structural changes, leading to disturbed ocular blood flow (24). Since retinal edema could produce masking artifacts that lead to artificially reduced flow signals from the retina, it is not possible to attribute causality of these vascular changes to either macular edema or uveitis alone solely based on this cross-sectional study, since a longitudinal analysis following patients before, during, and after the development of retinal edema was not performed using OCTA in our study. Future studies should take macular edema into account for the analysis.

The FAZ is largely responsible for visual acuity and central vision. Its size reflects the health of retinal microcirculation (25). Therefore, the measurement of FAZ plays an important role in the diagnosis and management of retinal vascular diseases (6, 26). Interestingly, in our study, the patients with uveitis showed no significant difference from NC in the mean area of FAZ (p = 0.248). Waizel et al. reported that eyes suffering from non-infectious posterior uveitis presented significantly larger deep FAZ when compared to healthy controls (26). On the contrary, in multiple evanescent white dot syndrome (MEWDS) eyes and birdshot chorioretinopathy, significantly enlarged FAZ was found (7, 12). It has also been reported that the FAZ area was not different between patients with Behçet's and the control group (15). Therefore, the clinical application of FAZ to indicate pathological changes is controversial. In addition, the area of FAZ in healthy people is highly variable due to individual differences, partly because of the impact of the ocular axis and other factors (27–29). Instead, we found that FD300 decreased significantly. One explanation for this finding is that FD300 is more accurate in reflecting the ischemic degree of fovea, that is, a more sensitive marker than FAZ. FD300 may be a more valuable marker than the FAZ area for detecting pathology in patients with autoimmune posterior uveitis.

Uveitis sometimes causes irreversible visions loss; we analyzed the relationship between LogMAR BCVA and all the quantitative results from OCTA. We found that logMAR BCVA was negatively correlated with VDs in the whole and parafovea SCP, whole and parafovea DCP, and outer retina, while there were no correlations between logMAR BCVA and RNFL, CMT, retinal thickness, FAZ, FD30, and VD in the optic disk, choriocapillaris in patients with uveitis. In addition, whole DCP was the best predictive factor for BCVA in the patients with uveitis. One possible explanation is that DCP is closer to the choroid. The location of the watershed makes it more susceptible to inflammation (7). Similar findings were also found in VKH, in which DCP VD was significantly correlated with visual acuity (1). OCTA is a promising indicator for uveitis prognosis and treatment guidance.

On the other hand, structural measurements of all retinal layers could be provided by OCTA. In the present study, RNFL, CMT, and retinal thickness were found to be significantly thicker in patients with uveitis than in healthy controls. A thicker RNFL in patients with uveitis had been reported. Similar to our study, Yilmaz et al. found RNFL was significantly thicker in patients with uveitis; patients with acute uveitis had a thicker RNFL than the NCs and the patients with quiescent uveitis (30). The difference in CMT and retinal thickness was found to be statistically significant in patients with uveitis and healthy controls. Ataş et al. found out that macular thickness was thinner in patients with Behçet's disease than in the healthy control group (31). However, previous studies were assessed by optical coherence tomography but not by OCTA.

Our study had some limitations: for example, the overall sample size was modest. Even so, statistically significant differences were found between uveitis and NC. In addition, there is no more detailed subgroup analysis according to the etiology of uveitis. Considering all of the above, we believe that further studies should be carried out to evaluate the microvasculature by OCTA in a variety of autoimmune posterior uveitis with different etiology, such as Behçet's disease, and VKH.

In conclusion, this was a clinical OCTA-based investigation of the microvascular changes associated with autoimmune posterior uveitis and posterior uveitis. Our results demonstrated a novel finding that VDs of optic disk, retinal, and choroidal decreased, and that perifoveal microvascular network changed in patients with uveitis. Quantitative measurement by OCTA demonstrates good ability for detecting pathological changes and is a potential tool to assist the diagnosis and inflammation evaluation in patients with autoimmune posterior uveitis.
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Background: No study explores the effectiveness of adalimumab in sight-threatening Vogt-Koyanagi-Harada (VKH) patients in China.

Objective: To evaluate the short-term effectiveness and safety of adalimumab (ADA) in patients with sight-threatening Vogt-Koyanagi-Harada (VKH) disease refractory to conventional therapy.

Methods: Medical records of VKH patients who had been treated with systemic glucocorticoids and immunosuppressants but whose condition was poorly controlled were collected and analyzed. Primary outcomes comprised of best-corrected visual acuity (BCVA), intraocular inflammation, relapses, and glucocorticoid-sparing effects. Other outcomes included central macular thickness (CMT), intraocular manifestations and adverse events (AEs).

Results: Nine refractory VKH patients with a median age of 30 (16, 43) years old were enrolled in this study and received treatment for a median of 10 (7, 11) months. Mean BCVA improved from LogMar 0.63 ± 0.50 (20/72 or 0.36 ± 0.26 in Snellen chart) at baseline to LogMar 0.50 ± 0.37 (20/82 or 0.41 ± 0.28 in Snellen chart) at final visit (P = 0.090). The anterior chamber cell grade decreased from 2 (1.75, 3)+ at baseline to 0.5 (0, 1.25)+ cell at final visit (P < 0.001). The vitritis grade decreased from 1 (1, 1) + cell at baseline to 0 (0, 1)+ cell at final visit (P < 0.001). Patients suffered a median of 1 (0, 2) relapse during treatment. CMT remained stable from 238.50 ± 144.94 μm at baseline to 219.28 ± 77.20 μm at final visit (P = 0.553). The mean prednisone dosage decreased from 21.91 ± 18.39 mg/d to 2.73 ± 4.10 mg/d (P = 0.005). No severe AEs were found during treatment.

Conclusions: The outcomes indicated that ADA was an effective and safe option for VKH patients refractory to conventional therapy by controlling inflammation, preserving visual function and reducing the daily glucocorticoid dose.
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INTRODUCTION

Vogt-Koyanagi-Harada (VKH) disease is an autoimmune disorder characterized by severe bilateral granulomatous panuveitis, frequently in association with various systemic manifestations including pleocytosis in the cerebrospinal fluid, tinnitus, alopecia, poliosis, and vitiligo (1–4). Although the prevalence of the disease varies among races worldwide, it has been reported that pigmented races, for instance Asians, Latin Americans, and Middle Easterners, are the primary targets.

Both ocular inflammation and complications, including complicated cataract, secondary glaucoma, choroidal neovascularization and subretinal fibrosis, can result in severe vision loss in VKH patients. The present mainstay principle of treatment in VKH relies largely on early control of intraocular inflammation with systemic high-dose glucocorticoids and immunosuppressive agents. However, the prognosis of VKH remains pessimistic, and prolonged high-dose glucocorticoid administration produces a well-known series of steroid-related side effects.

Although the pathology of VKH remains uncertain, studies have revealed that tumor necrosis factor-alpha (TNF-α) plays a significant role in non-infectious uveitis, including VKH, by inducing the expression of chemokines, adhesion molecules and cytokines associated with ocular inflammation (5–8). Therefore, counteracting TNF-α with TNF-α inhibitors is a reliable strategy in the treatment of non-infectious uveitis.

A fully humanized TNF-α inhibitor, adalimumab (ADA, Humira, AbbVie, North Chicago, Illinois), has achieved promising efficacy in several rheumatic diseases. In 2016, the US FDA granted the indication of ADA in the treatment of non-infectious uveitis. However, only a few case reports have introduced the clinical outcomes of ADA in patients with sight-threatening refractory VKH (9–14). The aim of this study was to evaluate the short-term efficacy and safety of ADA in patients with sight-threatening refractory VKH disease.



PATIENTS AND METHODS

We initiated this study in VKH patients who had been systemically treated with glucocorticoids and immunosuppressive agents but whose condition was poorly controlled. All patients had been treated for no <3 months. The medical records of VKH patients who were refractory to conventional therapy were collected and analyzed. This study was granted by the Zhongshan Ophthalmic Center Ethics Committee and the registration number was ChiCTR2000030236. The patients or their guardians were thoroughly informed of the potential hazards, and written informed consent was obtained before initiation of treatment.

Inclusion criteria: (1) had been diagnosed of VKH disease according to the Revised Diagnostic Criteria for VKH disease and the Development and Evaluation of Diagnostic Criteria for VKH disease, and met the profiles of fluorescein angiography (FFA), Indocyanine green angiography (ICGA), and optic coherent tomography (OCT) of VKH (15–17); (2) ocular inflammation was uncontrolled, with continuous degradation of visual acuity in the past 3 months or suffered at least two relapses, which could not be alleviated by increasing dose of systemic medical glucocorticoids and at least one immunosuppressive agent; (3) ocular inflammatory activity was present (anterior chamber cell grade or/and vitritis grade ≥ 1+ cells, optic nerve injury, vasculitis, retinitis or choroiditis); (4) patients had negative T-SPOT test results, or, in the event of a positive test, they had no signs of active tuberculosis and received precautionary anti-tuberculosis treatment.

Patients were excluded if: (1) presence of active systemic infections; (2) coexisting of contraindications to ADA, such as malignant diseases or tuberculosis.


Treatment

ADA treatment was started with an induction dose of 80 mg subcutaneously, followed by 40 mg 1 week later and 40 mg every other week thereafter. Withdrawal of ADA or extension of the injection interval was based on stability of inflammation remission, patients' wishes and other situations (such as inadequate response, intolerance, side effects or treatment costs). Glucocorticoids (given orally or intravenously) and immunosuppressants, such as methotrexate (MTX), cyclosporine A (CsA) or mycophenolate mofetil (MMF), were prescribed depending on the previous medication and baseline severity of disease, and the doses of glucocorticoids and immunosuppressants were adjusted according to changes in diseases (with MTX ≤ 15 mg per week, CsA ≤ 2 mg/d, MMF ≤ 0.5 g/d at baseline). Children received roughly the same level with adult in dosage per weight unit. Local treatments, such as intraocular anti-vascular endothelial growth factor treatment, glucocorticoid droplets, dexamethasone implants, and anti-glaucoma treatment, were provided according to the conditions.



Patient Monitoring

The patient evaluations comprised a comprehensive physical examination, a thorough ophthalmic examination and laboratory blood tests (including routine bloodwork, liver and renal function tests, urinalysis, blood chemistry, the T-spot test, and other infectious disease tests). The primary outcomes included best corrected visual acuity (BCVA), intraocular inflammation, relapse and glucocorticoid sparing effects. Other outcomes included retinal morphology, intraocular manifestations and adverse events. All parameters were recorded at baseline and at every visit. All surgical information was recorded, especially for procedures that could improve visual function, such as cataract extraction.


Best Corrected Visual Acuity

BCVA was evaluated by Snellen chart and converted to LogMar format. In patients with exceptionally poor visual function of “counting fingers/hand motion/light perception,” BCVA was converted to a quantified visual acuity value for statistical convenience (18).



Intraocular Inflammation

The recommendation of the Standardization of Uveitis Nomenclature (SUN) Group in 1990 was used to assess anterior chamber inflammation, and the Nussenblatt scale was used to assess the vitritis grade (19, 20). The SUN Group grading scheme for anterior chamber inflammation is based on the number of anterior chamber cells in 1mm by 1mm slit beam field, and the anterior chamber inflammation is divided into five grades (0, 0.5+, 1+, 2+, 3+, 4+). In the Nussenblatt scale, clarity of optic disc, retinal vessels and nerve fiber layer is used to assess the vitritis into four grades (1+ to 4+).



Relapse

A relapse was defined as the emergence or exacerbation of anterior chamber cells, vitritis, mutton-fat keratic precipitates or iris nodules.



Central Macular Thickness

CMT was defined as the average retinal thickness within a 1-mm-diameter region in the macular fovea by Cirrus HD-OCT (Carl Zeiss, CA, USA).



Intraocular Manifestations

These manifestations included new onset of complicated cataracts, serous retinal detachment (SRD), sunset glow fundus, Dalen-Fuchs nodules, iris nodules, mutton-fat KPs, iris neovascularization, pigmentation scatter, iris nodules (including Koeppe nodules and Busacca nodules), iris synechiae and any other associated complications.



Glucocorticoid-Sparing Effect

The glucocorticoid-sparing effect was defined as the reduction of glucocorticoid use at the final visit.



Adverse Events

Patients were instructed to report any AEs during the treatment so that their regimen could be evaluated and adjusted. AEs were defined as activation of infections, allergic reactions and any other immunogenicity-related events. The severity of AEs was assessed under the guidance of European Medicines Agency. < https://www.ema.europa.eu/en/documents/other/eudravigilance-inclusion/exclusion-criteria-important-medical-events-list_en.pdf>. This guidance includes the potential severe AEs which resulted in death, life-threatened situations, demanded or prolonged hospitalization, persistenting or significant disability or birth defects.




Statistical Analysis

For continuous parameters, the mean (SD) or median (interquartile range, or IQR) was used to describe the data. For categorical parameters, numbers or percentages were used. Student's t-test was used to compare the BCVA and CMT before and after the treatment. The Wilcoxon test was used to compare pretreatment and posttreatment intraocular inflammation. SPSS ver.25.0 software was used for statistical analysis. P-value <0.05 was considered as statistically significant.




RESULTS

Between April 2020 and May 2021, four males and seven females (a total of 11 patients/22 eyes) were enrolled. The median age at presentation was 30 (16, 43), including one of the participants was a pediatric patient aged 6 years. All patients were biologics-naïve and were at the typical chronic recurrent stage of the VKH course according to the revised diagnostic criteria (RDC) for VKH (16), defined by the presence of sunset glow fundus (except in patient no. 6 and no. 7, who had complete iris synechiae and a completely opaque lens such that the fundus could not be distinguished); all of the patients had suffered relapse attacks before the ADA treatment, and most of them had iris nodules or mutton-fat keratic precipitates (KPs). Four patients had complete VKH, three patients had incomplete VKH, and four had probable VKH (Table 1). The median history of disease before ADA initiation was 8 (4, 26) months.


Table 1. Demographics and concomitant treatments of 11 refractory VKH patients.
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Patients received a median of 10 (7, 11) months of treatment. Apart from ADA, the systemic immunosuppressants that the patients were using as of the baseline visit and the final visit are listed in Table 1. For local treatments, all patients initially received Pred Forte droplets four times/day; the frequency was reduced over time, and the formula was eventually replaced with weaker glucocorticoid droplets. In addition, patient no. 1 received a dexamethasone-delivery implant (Ozurdex, Allergan, California) once in the left eye at baseline due to cystoid macular edema; patient no. 7 received a dexamethasone subconjunctival injection at baseline for severe anterior chamber inflammation; and patient no. 10 received a periocular injection of triamcinolone acetonide once at baseline due to vitritis. Three eyes of two patients (right eye in patient no. 1 and both eyes in no. 7) received cataract surgery during the treatment period, and patient no. 1 received an Ozurdex intravitreal implant in left eye at baseline.

Due to the pandemic quarantine protocol, some patients missed a few monthly visits and temporally discontinued treatment. As of the final visit, seven patients continued their original ADA regimens and the ADA injection interval was successfully extended to 3 weeks in three patients (no. 7, no 8, and no. 9); two patients (no. 2 and no. 3) successful withdrew ADA for stability of ocular inflammation and high cost of ADA; while two patients discontinued ADA due to onychomycosis (no. 1) and lack of response (no. 4).

After ~10 months of treatment, the mean BCVA improved from LogMar 0.63 ± 0.50 (20/72 or 0.36 ± 0.26 in Snellen chart) at baseline to LogMar 0.50 ± 0.37 (20/82 or 0.41 ± 0.28 in Snellen chart) at final visit (P = 0.090). The monthly changes in BCVA are presented in Figure 1. Patients had a median of 1 (0, 2) relapse during treatment. At baseline, almost all patients had an anterior chamber cell grade of at least 1 (except for patient no. 2, who had a grade of 0.5+ cells in both eyes), and the median grade was 2 (1.75, 3) + cells. After ~10 months of treatment, the anterior chamber cell grade was reduced to 0.5 (0, 1.25) + cell (P < 0.001). The vitritis grade was reduced from 1 (1, 1) + cell at baseline to 0 (0, 1) + cell at the final visit (P < 0.001). Macular thickness remained stable from 238.50 ± 144.94 μm at baseline to 219.28 ± 77.20 μm at the final visit (P = 0.553). The ocular parameters are presented in Table 2. Patients no. 7 and no. 11 had temporary slightly increased intraocular pressure over 21 mmHg, which decreased to normal without medical intervention. Other ocular manifestations that occurred during the treatment and final visit are listed in Table 3.


[image: Figure 1]
FIGURE 1. BCVA persistently increased during the treatment period, with baseline LogMar BCVA 0.63 ± 0.49, 0.58 ± 0.41 in 1-month (P = 0.033 compared with baseline), 0.48 ± 0.57 in 2-month (P = 0.057), 0.49 ± 0.49 in 3-month (P = 0.029), 0.48 ± 0.54 in 4-month (P = 0.017), 0.46 ± 0.63 in 5-month (P = 0.192), 0.24 ± 0.15 in 6-month (P = 0.027).



Table 2. Ocular parameters of 11 refractory VKH patients.
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Table 3. Ocular manifestations during the treatment period.
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Regarding the glucocorticoid-sparing effect, the mean prednisone dosage was reduced from 21.91 ± 18.39 mg/d to 2.73 ± 4.10 mg/d (P = 0.005). The monthly variations in oral prednisone dosages are illustrated in Figure 2.


[image: Figure 2]
FIGURE 2. The daily oral prednisone dose was dramatically reduced during the treatment period, with baseline dose of 22.82 ± 16.61 mg/d, 10.45 ± 9.16 mg/d in 1-month (P = 0.001 compared with baseline), 6.36 ± 6.43 mg/d in 2-month (P = 0.001), 4.55 ± 6.20 mg/d in 3-month (P = 0.001), 1.82 ± 3.21 mg/d in 4-month (P < 0.001), 1.36 ± 3.08 mg/d in 5-month (P < 0.001), 3.00 ± 6.40 mg/d in 6 month (P = 0.002).


No severe AEs were reported that needed clinical intervention or warranted the discontinuation of ADA treatment. However, mild AEs were found in the following patients, which may or may not be related to ADA treatment: patient no. 1 had onychomycosis; patient no. 4 had a mild urinary infection and delayed ADA for 1 month while receiving antibiotic treatment; patient no. 5 and no. 6 reported an injection-site reaction, which was alleviated by a cold compress; and patient no. 8 had a rash on her back and developed a fever of 37.7°C, both of which disappeared within days; patient no. 10 had occasional fever after long-time work; patient no. 11 had insomnia and occasional premature ventricular contractions which required no medical intervention. A typical case was presented in Figure 3.
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FIGURE 3. Ocular and extraocular manifestation of patient no. 7. (A) The patient had dense and fresh mutton-fat KPs with severe anterior chamber inflammation in the right eye (top) and left eye (bottom); (B) dense light spots in the vitreous cavity could be found in both eyes; (C) the patient had severe hair loss, white hair and vitiligo along with Tinnitus and headache; (D) a month after ADA treatment, the KPs atrophied, and the anterior chamber inflammation relieved in both eyes.




DISCUSSION

VKH accounts for 15.9% of all panuveitis in China and is one of the most common clinical entities in uveitis (21). Previous studies have indicated that treatment of VKH depends largely on early control of intraocular inflammation, and patients treated properly might have an optimistic prognosis for visual function. Unfortunately, many VKH patients do not receive proper treatment, instead receiving delayed or inadequate therapy (suboptimal medication, premature tapering of medication or absence of immunosuppressants), and the disease inevitably progresses to the chronic recurrent stage, in which granulomatous ocular inflammation recurs and most ocular complications emerge, including complicated cataract, secondary glaucoma, choroidal neovascularization, subretinal fibrosis and others (17, 22–24). It has been indicated that ~21% of VKH patients become legally blind (25).

The conventional mainstay of treatment in VKH is combination therapy with systemic glucocorticoids and immunosuppressive agents, including cyclosporine, azathioprine and methotrexate. However, patients with chronic, recurrent, refractory VKH exhibit some resistance and intolerance to conventional therapy (26, 27). In this scenario, remedial treatments are required.

Although the exact etiology remains unknown, TNF-α is regarded as a critical cytokine in the development of uveitis, including VKH. TNF-α inhibitors, which can bind to and deactivate TNF-α, indicate the pathogenesis of uveitis. ADA was the first anti-TNF-α antibody indicated for non-infectious uveitis by the FDA, the European Medicines Agency and the National Medical Products Administration (NMPA) of China. However, there are relatively few focused on the efficacy of ADA in VKH patients. Diaz-Liopis et al. conducted a prospective study on 131 patients with non-infectious uveitis, and ADA was well-tolerated and showed an overall good anti-inflammatory efficacy. However, in that study, very few of the patients had VKH, and the condition of these VKH patients was not described in detail (28). Kwon et al., Su et al. and Jeroudi et al. reported that ADA effectively treated refractory VKH, preserving the patients' BCVA, deactivating ocular inflammation and reducing the daily prednisone dose. However, these studies were case reports with only 1 or 2 patients, and they focused mainly on pediatric patients (9–13). Hitherto, the largest series of VKH patients treated with ADA was a retrospective case series of 14 patients reported by Couto et al. (29). Those investigators concluded that ADA was effective and safe for the treatment of VKH. However, in their study, the degree of vitritis before and after the treatment was unknown, and no ocular manifestations were mentioned. In this study, we explored the efficacy of ADA treatment in refractory VKH patients, and the results indicated that ADA seemed to be a favorable option for these patients. During the treatment period, the ocular inflammation, including anterior chamber inflammation and vitritis, was well controlled in most patients. The relapse frequency of ocular inflammation was relatively small during the treatment. And a substantial cut of the dosage of daily prednisone was achieved without severe side effect.

To our knowledge, this study is the first study on VKH patients treated with ADA in China. In this pilot case series, all patients had received systemic glucocorticoids plus immunosuppressants for over 3 months, but their condition was poorly controlled. We evaluated the short-term efficacy of ADA in refractory VKH patients. ADA seemed to effectively control inflammation and preserve visual function. More importantly, ADA was helpful in reducing the daily glucocorticoid dose without causing additional side effects. Despite local glucocorticoids were applied (including periocular injection of triamcinolone acetonide and Ozurdex intravitreal implant), the pharmacokinetics profile of TA decided that TA did not provide long-term anti-inflammation effect as their half-life periods are merely days or even few hours. However, DEX could provided a relatively long period anti-inflammation effect only for about 3 months (the implant dissolved at 3-month visit). But we only applied Ozurdex implant in the patients with severe ocular inflammation as a reinforcement, and only one patient (1 eye) received Ozurdex implant. Compared with the overall data, we can prudently presume that local therapy had little impact on the treatment of this cohort of patients.

As for the safety profile, no patient in this cohort suffered from severe AEs, which made ADA seemed to be a safe product in management of VKH disease. The most common adverse events in these patients were mild infections (ranging from respiratory system infection, integumentary system and urinary system infection) and mild injection reaction. However, it's necessary to point out that due to the relatively small sample size, the long-term and larger-size observation is still demanded to evaluate the safety of ADA, as some researchers had indicated that ADA might be associated with more severe AEs compared with placebo, including cancers, active or latent tuberculosis, demyelinating disorder and others (30).

However, this study had some unavoidable limitations. First, since this was only a pilot study, the scale of patients was relatively small and it would be worthwhile to carry out additional research exploring long-term efficacy, long-term tolerance and safety. Second, the present study focused mainly on the efficacy of ADA in refractory VKH. ADA is generally considered a second-line treatment in VKH patients. It remains unknown whether ADA could achieve better efficacy in treatment-naïve patients, especially compared to conventional therapy with glucocorticoids and immunosuppressants.



CONCLUSION

The outcomes indicated that ADA was an effective and safe option for patients with VKH refractory to conventional therapy; this drug effectively controlled inflammation, preserved visual function and reduced the daily glucocorticoid dose.
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The vaccine is still the best clinical measure for effective prevention and control of coronavirus disease 2019 (COVID-19). The vaccine-associated ocular adverse reactions should be noted in detail among the medical community. We reported twelve eyes of 9 patients presented at the Department of Ophthalmology, Qilu Hospital of Shandong University from March to August 2021 with ocular complaints following COVID-19 vaccination. The main inclusion criterion was the development of ocular symptoms within 14 days after receiving a dose of an inactivated COVID-19 vaccine. The mean (SD) age was 44.7 ± 16.5 years (range, 19–78 years), among which seven (77.8%) cases were women. The mean time of ocular adverse events was 7.1 days (range, 1–14 days) after receiving the inactivated COVID-19 vaccine. One patient was diagnosed with choroiditis, 1 with uveitis, 4 with keratitis, 1 with scleritis, 1 with acute retinal necrosis, and 1 with iridocyclitis. Although the causal relationship between vaccines and ocular adverse events cannot be established from this case series report, physicians should pay attention to the ocular adverse reactions following the COVID-19 vaccine administration.
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INTRODUCTION

Coronavirus diseases 2019 (COVID-19) is caused by a coronavirus named severe acute respiratory syndrome coronavirus two (SARS-CoV-2). According to the data from WHO, as of November 2021, the COVID-19 pandemic has caused more than 250 million infections and more than 5 million deaths all over the world (1). The vaccine is still the best clinical measure for effective prevention and control of COVID-19 (2). In general, vaccines trigger a protective immune system response against a specified infectious organism through a variety of methods of antigen exposure (3). There are five categories of vaccines including subunits, live-attenuated, inactivated, toxoid, and genetic sequencing vaccines (consisting of DNA or messenger RNA based on genetic sequencing information from the pathogen) (3, 4). So far, more than 292 candidates' vaccines have been being developed for COVID-19 (5).

In China, three types of COVID-19 vaccines have been approved by the Chinese Center for Disease Control and Prevention (CCDC) including inactivated vaccines (Sinopharm, Sinovac, etc.), recombinant vaccine (CHO cells), and adenovirus vector vaccine (Adenovirus Type 5 vector). As of November 2021, more than 2 billion doses of inactivated COVID-19 vaccines have been inoculated in China. We hereby presented a case series of ocular adverse events presenting at Qilu Hospital of Shandong University from March to August 2021, soon after receiving an inactivated COVID-19 vaccine. Color fundus photography was obtained with photography (Carl Zeiss, Germany VISUCAM 224) camera. Optical coherence tomography (OCT) was obtained with a spectral-domain machine (Carl Zeiss, Germany Cirrus HD-OCT 5000). Intraocular pressure was obtained by Topcon, Japan CT•80. Intraocular fluid testing was performed in Beijing GiantMed Diagnostics. Slit-lamp images were taken by Topcon, Japan SL-D7 with optional Digital Photo Attachments. Sex, age, medical history, and clinical data were self-reported and collected.

In this study, twelve eyes of 9 patients presenting with ocular complaints following COVID-19 vaccination were included in this study. The mean (SD) age was 44.7 ± 16.5 years (range, 19–78 years), among which 7 (77.8%) cases were women. The mean time of ocular adverse events was 7.1 days (range, 1–14 days) after receiving the inactivated COVID-19 vaccine. Patients were diagnosed with choroiditis (case 1), uveitis (case 2), keratitis (case 3, 4, 5, 7), scleritis (case 6), acute retinal necrosis (case 8) and iridocyclitis (case 9). The detail of these cases is summarized in Table 1.


Table 1. Demographic characteristics of people receiving coronavirus disease 2019 (COVID-19) vaccines and the plans for treatment of these ocular adverse events.
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SELECTED CASES DESCRIPTION


Case 2

Patient 2 had an ocular history of optic disc vasculitis in her both eyes 1 month after she received the flu shot in November 2020 and was resolved after receiving a tapering dose of oral prednisone. She denied having other medical histories. In March 2021, she presented to our clinic with blurred vision in both eyes 5 days after the administration of the second dose of inactivated COVID-19 vaccine. The best-corrected visual acuity (BCVA) was 20/25 in both eyes. Fine dust-like keratic precipitates (KP) and flare in the anterior chamber were noticed in both eyes. Two small iris nodules were seen at the pupillary margin in her left eye. Pigment deposits were dispersed on the surface of the lens. The edge of both eyes' optic discs was unclear. The patient received the topical application of prednisolone acetate and oral prednisone 5 mg per day. In May 2021, the patient complained about vision loss and visual distortions in her both eyes. The dilated fundus examination (OD/OS) reveals signs of “sunset glow” (Figure 1A). The foveal neurosensory detachment in the right eye was noticed by OCT (Figure 1B). In addition to the topical application of prednisolone acetate, the patient received a systemic tapering dose of glucocorticoids and ciclosporin. At 2-month follow-up, the BCVA in both eyes was back to 20/20. Most of the retinal neurosensory layer in foveola returned back to the retinal pigment epithelium in the right eye (Figure 1C).


[image: Figure 1]
FIGURE 1. (Case 2) Color fundus and optical coherence tomography (OCT) examinations. (A) Fundus examinations at the presentation in May 2021(2 months after the vaccination); (B) OCT photos in May 2021 demonstrated the foveal neurosensory detachment in the right eye; (C) OCT photos in July 2021, most of the retinal neurosensory layer in foveola back to the retinal pigment epithelium with the hyperreflective subfoveal lesion.




Case 4

Patient 4 complained about eye redness and blurred vision in her left eye 7 days after receiving the second dose of inactivated COVID-19 vaccine in May 2021. She denied the medical history. In August 2021, she presented to our clinic with seriously blurred vision in her left eye. The BCVA was 20/20 in her right eye and 20/200 in her left eye. The intraocular pressure(IOP) was 16 mmHg in the right eye and 15 mmHg in the left eye. Slit-lamp examination revealed a dendritic ulcer with terminal bulbs in the central cornea and it becomes readily apparent with fluorescein staining (Supplementary Figure 1A). Ganciclovir gel and cyclosporine eyedrop was used for 4 weeks. The cornea ulcer healed with a light nebula left and the BCVA of her left eye returned to 20/100 (Supplementary Figure 1B).



Case 5

Patient 5 presented to our clinic in June 2021 with foreign body sensation, lacrimation, and redness in her red-eye, accompanied by groups of fluid-filled blisters on her right forehead 1 day after receiving the first dose of vaccine (Figure 2A). The BCVA at the presentation was 20/20 in her right eye and 20/25 in her left eye. The intraocular pressure was 17 and 16 mmHg, respectively. The patient had edema in her right eyelid, conjunctival congestion, shallow corneal ulcer close to the limbus, and positive fluorescein staining in her right eye. No cells and flare were noticed in the right eye anterior chamber. After being given an intravenous injection of ganciclovir and plus with topical application of ganciclovir gel and cyclosporine eyedrop for 2 months, the facial blisters and corneal ulcer in her right eye healed (Figure 2B, Supplementary Figure 2).


[image: Figure 2]
FIGURE 2. (Case 5) Facial blisters photos. (A) 1 day after receiving the first dose of coronavirus disease 2019 (COVID-19) vaccine; (B) 2 months after the vaccine injection. After receiving an intravenous injection of ganciclovir, the blisters healed gradually with remained scabs on her right forehead (B).




Case 6

Patient 6 had a 10-year medical history of hypertension. Before presenting to our clinic in August 2021, he had accepted a cataract surgery in his right eye for 2 months. Three days after receiving the first dose of COVID-19 inactivated vaccine in July 2021, he complained the redness, lacrimation, and visual loss in his right eye, and was diagnosed as having scleritis in a local clinic. He was given the treatment of the eyedrops of tobramycin and dexamethasone for 1 month in his right eye, and the symptoms were getting worse. In August, he was referred to our clinic. The BCVA at the presentation was 20/50 OD and 20/67 OS. The intraocular pressure was 19 and 20 mmHg, respectively. The slit lamp examinations revealed serious conjunctival congestion and a 3 mm × 3 mm nodule on the temporal sclera of his right eye. The cornea was clear, and no cells or flares were observed in the anterior chamber (Figure 3).


[image: Figure 3]
FIGURE 3. (Case 6) Slit-lamp examination photos at the presentation.





DISCUSSION

Since the role of vaccination is to prevent diseases, the vaccine has been widely administered to a large group of healthy individuals. The safety and side effects raise concerns among the human community. Local reactions (swelling, erythema, and pain around the site of injection) at injection sites and mild systemic reactions (transient fever, tiredness, headache, or chills) are common, but serious side effects are uncommon. According to the data from CCDC (From December 2020 to April 2021), the adverse events of COVID-19 vaccines were reported at 11.86 per 100,000 persons in China (6). Regarding this, 82.96% of the total events were general reactions including fever, swollen and callosity at injection sites, and 17.04% were uncommon adverse reactions such as allergic skin rash, angioedema, and acute severe allergic reaction.

Here, we reported 9 cases of ocular adverse events after receiving inactivated COVID-19 vaccines, although the causal relationship cannot be established in this study. Cases 1, 2, and 9 (5 of 6 eyes) were different types of uveitis and were reported at a mean of 8 days after vaccination. After being given the topical application and oral steroids, all their clinical manifestations disappeared and BCVA was back to a normal level. Cases of uveitis in association with vaccine administration have been reported with nearly all vaccines (7). Benage et al. reported a total of 289 cases of vaccine-associated uveitis between 1984 and 2014, and the median time from vaccination to uveitis onset was 16 days (7), among which 199 cases occurred in women vs. 77 in men. Our reports were consistent with their findings that all three cases were women. The literature of COVID-19 vaccines-related uveitis was rare. Renisi et al. reported a case of anterior uveitis 14 days after the second dose of BNT162b2 COVID (8). The precise pathogenesis frequently remains unclear. Different mechanisms have been hypothesized including the direct infection by the attenuated but still, active virus strain and inflammation induced by one or more adjuvants (such as aluminum salts), routinely used in inactivated or subunit/conjugate vaccines (9). Adjuvants are used to enhance the immunogenicity response and result in a reduced frequency and amount of vaccination required to obtain adequate preventive immunity (10). Adaptive and the innate arms of the immune system are both influenced by adjuvants via various mechanisms including the activation of Toll-like receptors, NOD-like receptors, etc., and lead to their downstream cytokines generation. Moreover, the activation of antigen presented cells transfers the antigen to B-cell and T-cell leading to the heightened adaptive immune response to antigen (11–13). The autoinflammation and autoimmune conditions induced by adjuvants, known as Shoenfeld syndrome, often occur in patients with a personal or history of autoimmune disease (9, 14). However, the presented patients denied medical history or family history of autoimmune disease. The enhancement of immune response might play an important role in these uveitis cases.

In addition to uveitis, keratitis was reported in 4 of 9 cases (age range between 19 and 55 years) at a mean of 14 days (range between 1 and 43 days) after the administration of the vaccine. Although we did not do the PCR for virus test to confirm the type of keratitis, all cases were resolved with topical application of ganciclovir ophthalmic gel and ciclosporin or systemic ganciclovir. Keratitis in association with vaccines appeared to be uncommon. Furthermore, three cases of herpes simplex virus (HSV) keratitis were reactivated after COVID-19 vaccination (2 of 3 were associated with BNT162b2 mRNA vaccination, the third one was AstraZeneca) (15, 16). A review reported 24 cases of keratitis in association with herpes zoster or varicella vaccination (17). Two possible mechanisms involved in the pathogenesis included molecular mimicry and autoinflammation triggering the host response and promoting the HSV replication (16). Hence, the treating physician should be mindful of such associations between vaccination and keratitis.

The vaccine-associated scleritis was uncommon. Pichi et al. (18) reported a case of episcleritis and 2 cases of anterior scleritis which were noted soon after the administration of inactivated COVID-19 vaccines. Consistent with the report, the presented case of scleritis was noted 3 days after receiving the first dose of the vaccine. The symptoms of the case were mild and responsive to glucocorticoids. Noteworthily, there were two reports of scleritis (one case of episcleritis and two cases of anterior scleritis) after the outbreak of coronavirus in 2019 (19, 20).

A case of varicella-zoster virus (VZV) related acute retinal necrosis (ARN) was reported previously following one dose of the COVID-19 vaccine (21). Case 8 was presented to our clinic 8 days after the vaccination. PCR from the aqueous humor sample was positive for both HSV and VZV. Of note, 4 cases of ARN (3 cases were HSV related, 1 case was VZV related) have been reported after the infection of SARS-CoV-2 (22–24). The unconceivable risk of aberrant immune reactions leading to the reactivation of HSV or VZV needs to be kept in mind after the COVID-19 vaccination.



CONCLUSION

Although we reported 9 cases of COVID-19 vaccine-related ocular adverse events, the causal relationship cannot be established in this study design. Due to the serious complications of coronavirus diseases 2019, vaccination is still the most effective way to combat the SARS-CoV-2 at present. The benefits of immunization against the virus far outweigh the risks. However, physicians should keep an eye on the ocular adverse reactions following the COVID-19 administration.
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Supplementary Figure 1. (Case 4) Slit-lamp images after receiving the second dose of COVID-19 inactivated vaccine. (A) photos taken in August 2021; (B) photos taken in September 2021.

Supplementary Figure 2. (Case 5) Slit-lamp examinations of the cornea. (A) 2 months after receiving the first dose of COVID-19 vaccine; (B) 2.5 months after the vaccine injection. Unfortunately, we missed the first day's slit lamp photos of the cornea. The corneal ulcer healed with slight nebula (B) after receiving intravenous injection of ganciclovir and plus with topical application of ganciclovir gel and cyclosporine eyedrops.
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A Commentary on
 Case report: Associated ocular adverse reactions with inactivated COVID-19 vaccine in China
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Introduction

We read the article by Pang et al. with considerable interest, a case series study that provided interesting novel insights into ocular adverse events that occurred after administering the coronavirus disease 2019 (COVID-19) vaccine (1). Although we congratulate the authors for a valuable case presentation, we had some doubts regarding the four cases of keratitis. Therefore, through many years of our experience regarding herpetic eye disease, we would like to provide critical comments for each case.



Case 3

There were no images or descriptions of the findings in the case presentation. Even if the article type explained the selected case, the authors should add the characteristic appearances and outcomes in the table, such as the study by Bolletta et al. (2). While insufficient disclosure of information about case 3 made it difficult for the readers to imagine the causative factors of keratitis, we assumed that the underlying pathogenesis in this case was herpes virus because the patient was treated with ganciclovir ophthalmic gel. The diagnosis of recurrent or typical herpes keratitis can be made based only on clinical findings; however, no history of this disease and evidence suggesting a typical case were noted in case 3 (3, 4). Therefore, the polymerase chain reaction test is ideal for accurate diagnosis of atypical or complicated cases (3, 5, 6).



Case 4

The authors observed a dendritic ulcer with terminal bulbs in the central cornea on slit-lamp examination of Supplementary Figure 1A in Pang et al.'s article. However, we could not confirm this finding due to low-resolution images. Moreover, about 3 months before the first examination, the patient had received COVID-19 vaccination; a relatively long interval between the first presentation and vaccination indicated that the likelihood of other causative factors was higher. Thus, it was very difficult to determine whether the development of keratitis in case 4 was affected by COVID-19 vaccination.



Case 5

The authors diagnosed case 5 as keratitis, although they observed a red eye in the patient. This finding suggested that keratoconjunctivitis, as in case 2, was preferable to the aforementioned diagnosis. As shown in Figure 2 of Pang et al.'s article, the cutaneous reaction seemed to be a typical varicella zoster virus reactivation. Although reactivation following COVID-19 vaccination was well-documented even at the study period, the authors never addressed the relationship; therefore, this should be discussed with more references (7–9). Moreover, similar to case 4, we felt that the images in Supplementary Figure 2 of Pang et al.'s article showed the slit-lamp examination of case 5 was too low in resolution and long between the onset and the photographing date to draw a positive conclusion.



Case 7

Like case 3, despite no images or description of findings, the authors speculated that the causative factor of keratitis was herpes virus due to the administration of ganciclovir ophthalmic gel. The onset time was 14 days after vaccination, which could be affected by other influences because of a longer duration than herpes keratitis cases following COVID-19 vaccination, as documented in previous reports (2, 4, 5, 10). Incidentally, at our institution, widespread COVID-19 vaccinations afforded some opportunities to examine the occurrence of herpes keratitis in patients who had recently received the vaccination; the onset time in all the patients was within a few days of vaccination.



Conclusion

In the COVID-19 pandemic era, accumulated case series and isolated case reports have suggested that herpes keratitis could occur after COVID-19 vaccination (2, 4–6, 10). We also presented images of herpes keratitis that occurred on the day after COVID-19 vaccination (Figure 1). The picture quality seemed sufficient to explain the two dendritic ulcers with terminal bulbs. In contrast, it is difficult to determine whether the relationship between herpes keratitis that occurred immediately after inoculation and the vaccine was causative or coincidental because this disease is a common illness. Moreover, even if case series and isolated case reports with detailed descriptions of findings and images that can convince readers are accumulated, these study types are generally regarded as “low level” evidence (11). Therefore, future study with high evidence level will be required to determine whether the COVID-19 vaccination was associated with the incidence of herpes keratitis.


[image: Figure 1]
FIGURE 1
 Slit-lamp examination of the right eye of the patient showing a herpes keratitis that occurred on the day after the third dose of BNT162b2 (Pfizer). Photos were taken 2 days after the vaccination.
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Objective: To observe the differences in ocular biology between premature infants who had undergone retinal laser photocoagulation (LP) for retinopathy of prematurity (ROP) and full-term infants and to investigate the relationships between these differences and the development of the refractive state.

Methods: This retrospective, cross-sectional study included 25 children (50 eyes) who had undergone laser treatment for aggressive posterior retinopathy of prematurity (AP-ROP), ROP in zone I requiring treatment, or ROP in zone II requiring treatment in the posterior pole (laser group) and 29 full-term infants (58 eyes) who had not (control group). Basic information, spherical equivalent (SE), and best corrected visual acuity (BCVA) were collected from the two groups. Their mean ages were 7.32 ± 2.85 and 7.34 ± 2.57 years, respectively (t = −0.047, P = 0.96). Ocular biology data were measured using an IOL Master 700 instrument (Carl Zeiss Meditec AG) and the data were processed using MATLAB (R2016a, Mathworks Inc.). The data markers included central corneal thickness (CCT), anterior and posterior surface corneal curvature radius (CCR), anterior chamber depth (ACD), lens thickness (LT), lens anterior surface curvature radius, lens posterior surface curvature radius, and eye axis length (AL). Optometric data were collected simultaneously and all BCVA values were converted to the logarithm of the minimum angle of resolution (LogMAR) for analysis. The data were statistically analyzed using SPSS software (V.23.0). Independent sample t-tests were used for the assessment of ocular biology and refractive indices in both groups of children and Pearson correlation coefficients were used to evaluate the correlations between age, gestational age at birth and ocular biology structural parameters. P < 0.05 was considered statistically significant.

Results: Comparisons of ocular biomarkers, refractive status, and BCVA between children in the laser and control groups showed relationships among ocular biomarkers, including the corneal-related parameters of CCT (0.54 ± 0.04 mm and 0.56 ± 0.03 mm, t = −2.116, P < 0.05), anterior surface CCR (7.53 ± 0.33 mm and 7.84 ± 0.30 mm, t = −5.063, P < 0.05), posterior surface CCR (6.75 ± 0.34 mm and 7.03 ± 0.24 mm, t = −4.864, P < 0.05); as well as those related to anterior chamber depth (ACD) were 3.24 ± 0.26 mm and 3.64 ± 0.26 mm, respectively (t = −8.065, P < 0.05), lens-related parameters (LT) were 3.80 ± 0.19 mm and 3.45 ± 0.16 mm, respectively (t = 10.514, P < 0.05); anterior lens surface curvature radius were 10.02 ± 0.93 mm and 10.52 ± 0.85 mm, respectively (t = −2.962, P < 0.05); posterior lens surface curvature radius were 5.55 ± 0.51 mm and 5.80 ± 0.36 mm, respectively (t = −2.917, P < 0.05), and ocular axis (AL) were 22.60 ± 1.42 mm and 23.45 ± 1.23 mm, respectively (t = −3.332, P < 0.05). Moreover, comparison of refractive status and BCVA between two groups of children showed an SE of −1.23 ± 3.38 D and −0.07 ± 2.00 D (t = −2.206, P < 0.05) and LogMAR (BCVA) of 0.12 ± 0.13 and 0.05 ± 0.11 (t = 3.070, P < 0.05). Analysis of the correlations between age and ocular biomarkers and refractive status of children in the laser and control groups showed correlations between age and ocular biomarkers in the two groups, in which age in the laser group was positively correlated with AL (r = 0.625, P < 0.05) but not with other biomarkers (P > 0.05). Age in the control group was negatively correlated with CCT, ACD, and AL (r = 0.303, 0.468, 0.703, P < 0.05), as well as with LT (r = −0.555, P < 0.05), with no correlation with other biomarkers (P > 0.05). Analysis of the correlation between age and refractive status of children in both groups showed that the age of children in both laser and control groups was negatively correlated with SE (r = −0.528, −0.655, P < 0.05) and LogMAR (BCVA) (r = −0.538, −0.542, P < 0.05). Analysis of the correlations between refractive status and ocular biomarkers in children in the laser and control groups showed that the refractive status in children in the laser group was negatively correlated with AL (r = −0.773, P < 0.05) but not with other biomarkers in this group (P > 0.05). The refractive status of children in the control group was negatively correlated with ACD and AL (r = −0.469, −0.734, P < 0.05), positively correlated with LT (r = 0.364, P < 0.05), and was not correlated with other biomarkers in this group (P > 0.05). Analysis of the correlations of gestational age at birth with ocular biomarkers and refractive status in children in the laser group showed a positive correlation between gestational age at birth and AL (r = 0.435, P < 0.05) but no other correlations with the other biomarkers (P > 0.05). Moreover, gestational age at birth was negatively correlated with SE (r = −0.334, P < 0.05) and LogMAR (BCVA) (r = −0.307, P < 0.05) in children in the laser group.

Conclusions: Compared to full-term infants, the development of CCT, ACD, LT, and AL was relatively delayed after ROP laser surgery, resulting in thin central corneal thickness, steep corneas, shallow anterior chambers, thicker lenses, “rounder” lens morphology, increased refractive power, and short eye axes, leading to the development of myopia. The changes in refractive status were mainly influenced by increased lens thickness. The results of this study showed that the lower the gestational age at birth, the greater the effects on emmetropization in children after ROP, and the more likely the development of myopia.

Keywords: retinopathy of prematurity, laser photocoagulation, ocular biology, refractive error, central corneal thickness, lens thickness


INTRODUCTION

Retinopathy of prematurity (ROP) is the leading cause of childhood blindness worldwide. In recent years, with the development of neonatal intensive care techniques, the survival rate of preterm and low birth weight infants has been increasing annually, while the incidence of ROP has also increased significantly (1, 2). Retinal LP is currently the gold standard for the treatment of early ROP (3).

Previous studies showed extensive choroidal scarring with retinal atrophy and glial cell proliferation, retinal pigment epithelium loss, choroidal atrophy, and impaired vascularization in the peripheral retina after ROP laser treatment. These histological changes in the fundus may alter and affect the retinal signals required for eye development and/or the scleral reception and response to these signals, delaying or interfering with normal scleral development, resulting in the abnormal development of the anterior segment structures (4). It can be seen that the corneal parameters, anterior chamber depth, and lens thickness in the anterior segment of children after ROP laser also undergo corresponding changes, which are important markers of refractive error (5, 6).

Previous studies have also observed a significant positive correlation between gestational age at birth and anterior chamber depth, lens thickness, and eye axis. Thus, birth gestational age has a large impact on the development of the biological structures of the anterior segment as well as the development of the refractive state. However, the main factors affecting refractive error in children after ROP laser surgery have not been clarified (7, 8).

Therefore, in this study intends to compare the differences in indicators such as the anterior segment, eye axis length and refractive status in children after ROP laser surgery and full-term infants to understand the impact of laser surgery on children's long-term vision, so as to better guide clinical work.



APPROACH


Study Subjects

This retrospective, cross-sectional study included data from a total of 25 children (male: 17; female: 8) aged 3–11 years (mean age 7.32 ± 2.85 years) diagnosed with AP-ROP, requiring treatment in zone I or zone II of the posterior pole, who had completed ROP laser treatment and had complete follow-up data between May 2019 and February 2021 at Shenzhen Eye Hospital. A total of 29 full-term children (male: 16; female: 13), aged 3–11 years (mean age 7.34 ± 2.57 years) were also age-matched in the outpatient clinic (Table 1). The study followed the guidelines of the Declaration of Helsinki, was approved by the hospital ethics committee, and obtained informed parental consent before performing the study. The inclusion criteria were as follows: (1) Children in the laser group who were initially diagnosed with AP-ROP, ROP in zone I requiring treatment, or ROP in zone II of the posterior pole requiring treatment; (2) Children with ROP who received only laser treatment; (3) Children able to undergo continuous follow-up until the lesion had resolved; (4) Children (or their guardians) who agreed to participate and who cooperated with relevant tests and for whom reliable test data were available; (5) Children in whom the same patterns of data collection were used in follow-up visits and for whom the data were complete. The exclusion criteria were as follows: (1) Children with eye diseases other than ROP; (2) Children having received treatment other than laser treatment; (3) Children with a family history of high myopia; (4) Children unable to cooperate in completing tests or in whom poor cooperation had affected the data quality.


Table 1. Statistical comparisons of baseline information between the laser and control groups.
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METHODS


ROP Screening Methods

All screened children were administered compound tropicamide eye drops for mydriasis every 5 min for a total of 5 times until the pupil diameter reached 6 mm. Both eyes were then administered one dose of proparacaine hydrochloride eye drops for surface anesthesia before the examination. Wide-angle retinal images were captured using a third-generation wide-angle digital retinal imaging system for children (RetCam 3, Clarity, USA) according to the Chinese ROP screening guidelines (9). Ten images of different orientations (optic disc-centered, macula-centered, temporal, temporal-distal peripheral, superior, superior distal peripheral, nasal, nasal distal peripheral, inferior, and inferior distal peripheral) were taken to ensure that each image had the optimal focal length and appropriate brightness to obtain a clear and complete picture of the fundus tissue structures. All fundus images were reviewed by two retinal specialists for consensus. Binocular indirect ophthalmoscopy with scleral parietal pressure was performed as needed. According to the Early Treatment of Retinopathy of Prematurity (ETROP) criteria, the ROP severity was staged according to the international classification criteria for ROP. Examinations were repeated at specific intervals until the retinal vascularization reached zone III or until the ROP had completely subsided after treatment (10).



Retinal Laser Photocoagulation

Within 72 h after diagnosis, basal anesthesia was performed using 0.5% procaine (Alcaine, Alcon Laboratories Inc., USA). LP was performed using an 810 nm diode laser (IRIS Medical Oculight SL 810 nm infrared laser; Iris Medical Inc., USA) in conjunction with a 20 D lens. The laser spot was distributed over the entire avascular retina. The laser parameters were as follows: energy: 200–350 mW and a repetitive mode with a 0.2 s exposure interval. The laser treatments were all performed by the same experienced ophthalmologist. Postoperative corticosteroids, antibiotic eye drops, and cycloplegic agents were used for 7 days to reduce postoperative reactions and prevent infection. The first follow-up visit was scheduled on day 7 after treatment and then every 2 weeks or monthly until the ROP had completely subsided, but not necessarily up to the temporal serrated edge (11, 12).



IOL Master700 Test Method

All subjects were scanned using the same IOL Master 700 ocular biometry device, with a light source wavelength of 1,035–1,077 nm, a scanning depth of 44 mm, a scanning width of 6 mm, a resolution of 22 um, and a scanning speed of 2,000 scan/s. The children were fully communicated with the examiner before the examination and natural blinking was permitted during the examination to avoid factors such as fixation differences and tear film rupture that could affect the results. The measurements were carried out by the same experienced technician (13). Three examinations were performed in each eye to assess the repeatability and reliability of the measured. Images of poor quality and with deviations in the visual axis position were removed; thus, only examination results with the best quality were selected for storage in the device. The following parameters were collected and measured by the IOL Master 700 device: central corneal thickness (CCT), anterior surface corneal curvature radius (CCR), anterior chamber depth (ACD), lens thickness (LT), and eye axis length (AL).



Optometry and BCVA Examinations

All children in the group were given compound tropicamide drops for mydriasis every 5 min for 4 times until the pupil diameter reached 6 mm, refractive error was measured using a Topcon KR 800 optometer, and retinoscopy was performed 0.5 h later using a band light detector. BCVA was performed using a standard Snellen visual acuity chart, decimal visual acuity was recorded, the optometric data of the two groups of children were separately recorded and finally converted them into logarithmic (LogMAR) visual acuity at the minimum angle of resolution for statistical analysis.



Image Data Pre-processing

The image data from the IOL Master 700 device were visualized in MATLAB by statistical parametric mapping 12 (SPM12; University College London). The images were extracted from the anterior segment corneal and lens images during segmentation, each segmentation line in the software was converged with the anterior and posterior surfaces of the cornea and lens to match exactly, and the data were saved. The posterior surface CCR, anterior surface curvature radius of the lens, and posterior surface curvature radius of the lens were then extracted (14).



Statistical Methods

The statistical analysis was performed using SPSS software (V.23.0). Independent-sample t-tests were used for measurement data, chi-square tests were used for count data, and Pearson correlation coefficients were used to evaluate the correlations between parameters. P < 0.05 was considered statistically significant.




RESULTS


Ocular Biomarkers and Refractive Status

There were statistically significant differences in all observation markers between the two groups (P < 0.05) (Table 2).


Table 2. Comparisons of ocular biology factors and refractive status in the laser and control groups.
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Children who had undergone ROP laser surgery had a thinner central cornea (t = −2.116, P = 0.04), a steeper cornea (t = −5.063, P = 0.000; t = −4.864, P = 0.000), a shallower anterior chamber (t = −8.065, P = 0.000), and a thicker lens (t = 10.514, P = 0.000) compared to those in full-term infants. Moreover, the lens was “round” (t = −2.962, P = 0.004; t = −2.917, P = 0.004), the eye axis was short (t = −3.332, P = 0.001), and the visual acuity was poor (t = 3.070, P = 0.003) (Table 2).



Correlations of Age With Ocular Biology and Refractive Status

In the laser group, age was positively correlated with AL (r = 0.625, P = 0.000); negatively correlated with SE (r = −0.528, P = 0.000) and LogMAR (BCVA) (r = −0.538, P = 0.000); and not correlated with other markers in this group (P > 0.05) (Table 3).


Table 3. Correlations of age with eye biology and refractive status in the laser and control groups.
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In the control group, age was positively correlated with CCT, ACD, and AL (r = 0.303, P = 0.02; r = 0.468, P = 0.000; and r = 0.703, P = 0.000); negatively correlated with LT (r = −0.555, P = 0.000) SE (r = −0.655, P = 0.000), and LogMAR (BCVA) (r = −0.542, P = 0.000); and not correlated with other markers in this group (P > 0.05) (Table 3).

CCT, ACD, and LT changed significantly with age in both groups of children (P < 0.05) (Table 3).



Correlation Between Ocular Biology and Refractive State

In the laser group, refractive status was negatively correlated with AL (r = −0.773, P = 0.000) but not with other markers (P > 0.05) (Table 4).


Table 4. Correlations between refractive status and eye biology in the laser and control groups.
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In the control group, refractive status was negatively correlated with ACD and AL (r = −0.469, P = 0.000; r = −0.734, P = 0.000), positively correlated with LT (r = 0.364, P = 0.01), and not correlated with other indices in this group (P > 0.05) (Table 4).

In full-term infants, the refractive state of the eye tended to undergo emmetropization, AL growth was accompanied by anterior chamber deepening and lens thinning (P < 0.05). In the laser group, the ocular biomarkers were not significantly altered (P < 0.05). Hence, the change in refractive state in children after ROP laser surgery was mainly related to the non-significant changes in ACD and LT (Table 4).



Correlations of Gestational Age at Birth With Ocular Biology and Refractive Status in the Laser Group

In the laser group, gestational age at birth was positively correlated with AL (t = 0.435, P = 0.002), negatively correlated with SE (t = −0.334, P = 0.02) and LogMAR (BCVA) (t = −0.307, P = 0.03), and not correlated with other markers (P > 0.05) (Table 5).


Table 5. Correlations of gestational age at birth with eye biology and refractive status in the laser group.
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DISCUSSION

ROP remains the leading cause of visual impairment in children globally. This condition can be prevented with early screening and interventions to avoid visual impairment and ocular atrophy (15). With improved neonatal intensive care techniques, more preterm infants with younger gestational age and lower weight are surviving, resulting in a high prevalence of ROP in many developing countries (16, 17). LP is based on the principle of ablating the avascular zone of the peripheral retina to reduce VEGF overproduction and, thus, induce regression of neovascularization. This procedure is currently the gold standard for the treatment of ROP (18, 19).


Eye Development Patterns in Normal Children

In full-term infants, most of the growth and development of the eye occurs in the first year of life; thus, the period before 1 year of age is critical one the development of the anterior segment of the eye, emmetropization, and visual development. During the development of the human eye, different components of the optics system develop to prevent refractive errors, a functional tendency known as “emmetropization.” The key to emmetropization is a negative correlation between the length of the eye axis and the refractive powers of both the lens and cornea. As the eye axis grows, the refractive state of the cornea and lens changes, with the anterior chamber deepening while corneal curvature and lens thickness begin to decrease and the corneal gradually flattens (20).

Previous studies investigating the refractive status of adolescents have shown that there are no significant differences in the examination results or final refraction value after pupil recovery between pupil dilation with compound tropicamide drops and with atropine ophthalmic ointment (21). In the past, ophthalmic examination after pupil dilation with atropine ophthalmic ointment for definite diagnosis has mainly been advocated to avoid the occurrence of inadequate relaxation effects due to excessive accommodation. However, the use of atropine ophthalmic ointment leads to the maintenance of pupil dilation for a relatively long time, and side effects such as redness and dryness of the skin or mucosa can occur (22). In addition, the children included in the present study were mostly examined over the weekend and had to attend school on the following Monday. Therefore, tropicamide was administered as it is a short-acting ciliary muscle-paralyzing agent with a more rapid onset and shorter duration of action than atropine ophthalmic ointment, which enabled the restoration of normal vision within the day of examination and avoided affecting the school activities of the children on the following day. Studies have shown that there are no significant differences in the results of ophthalmic examination between the use of atropine and tropicamide, indicating that tropicamide eye drops can serve as a substitute in situations where the use of atropine ophthalmic ointment is not appropriate. Therefore, all children included in this study were provided compound tropicamide drops for pupil dilation prior to the examinations.



Comparisons of Ocular Biomarkers and Refractive Status Between the Two Groups

We observed a thinner central corneal thickness, steeper corneal morphology, shallower anterior chamber, thicker lens, “round” lens morphology, shorter eye axis, and poorer refractive status in children in the laser group compared to those in full-term infants (Table 2). The causes of these changes in the anterior segment structure and refractive status include changes in retinal tissue anatomy after ROP laser surgery affecting signals from the retina and/or the sclera's reception and response to these signals required for eye development; delayed or affected normal development of the sclera, resulting in “abnormal” anterior segment structure development; and effects on emmetropization of the eye, leading to abnormalities in the development of the anterior segment tissue (10, 11, 23). Laser-treated eyes show a thinner and steeper cornea, which is contrary to the developmental trend of progressively flatter corneal morphology during emmetropization. LP affects the emmetropization process of the postoperative eye by hindering the corneal flattening process. The corneas of children after ROP laser surgery are also steeper than those of full-term infants; these children also show increased refractive error and a higher risk of myopia. Fielder et al. (24) reported that preterm infants had a “thermal defect” of 1.0 to 2.0°C that was never compensated for postnatally compared to full-term infants. Moreover, reduced relative ocular temperature after birth decreases the likelihood of ocular growth in preterm infants, leading to reduced flattening of the corneal geometry during emmetropization, resulting in a steeper corneal shape in myopia. This hypothesis is supported by animal studies in which changes in the “thermal gradient” of the ocular surface were a contributing factor to myopia (25). Thus, steep corneal morphology is related to both prematurity itself and laser treatment, with a combination of contributing factors. Steeper corneas enhance the traction on the central cornea, resulting in a thinner central corneal thickness compared to those in full-term infants.

Wu et al. (26) reported disrupted tissue in the avascular zone of the peripheral retina and blocked local growth signal from the peripheral retina after laser treatment, resulting in altered ciliary or lens development with a thickened lens. We also observed changes in anterior chamber depth and lens, with a thickened lens and a shallow anterior chamber. We speculate that, due to the increased lens thickness, the anterior surface of the lens moved forward, causing the anterior chamber to become shallow, a finding consistent with those of previous related studies (5).

After ROP laser treatment, eye axis development is shorter than that in full-term infants due to extensive peripheral retinal destruction and glial cell proliferation, which alter eye growth and development and affect emmetropization; thus, the process of eye axis growth is hindered (4).

In normal eye development, the refractive state tends to be emmetropic at 9 years of age. The results of our study indicated that ROP laser treatment affected the normal development of the anterior segment structures in children, resulting in steeper corneal morphology, a “rounded” lens, increased refractive power, and a higher incidence of myopia in postoperative children.



Correlation of Age With Ocular Biomarkers and Refractive Status Between the Two Groups

We observed that the changes in central corneal thickness, anterior chamber depth, and lens thickness in children in the laser group did not change significantly with age compared to full-term infants (Table 3), indicating damage to the tissue of the avascular zone of the retina in the peripheral part of children after ROP laser surgery and blocking of the local growth signal from the peripheral part of the retina, which affected the normal cornea and lens development. These abnormalities in the development of the anterior segment of the eye lead to changes in the refractive power postoperatively, resulting in poorer visual acuity.

We observed a positive correlation between age and eye axis and a negative correlation with refractive status in both the laser and control groups in the present study (Table 3), indicating that the eye axis gradually increases with age and that the BCVA improved gradually in both groups of children, consistent with the natural patterns of eye axis and visual acuity development during postnatal emmetropization. comparisons of the differences in eye axis and BCVA between the two groups showed shorter eye axis and poorer BCVA after ROP laser treatment compared to those in full-term infants. We could not compare the differences in these factors between these two groups of children as they developed over a longer time. Thus, additional studies with larger sample sizes and longer follow-up periods are needed to verify our findings.



Correlations Between Ocular Biomarkers and Refractive Status in the Two Groups

In this study, the refractive status of full-term infants was negatively correlated with AL and ACD and positively correlated with LT, while the refractive status of children after ROP laser treatment was negatively correlated with AL and not with other biomarkers (Table 4). During emmetropization, the eye axis grows gradually. Following ROP laser treatment in children, ACD and LT are not as significantly developed compared to those in full-term children, which leads to changes in refractive status in children after ROP laser treatment. Fieß et al. (27) observed little correlation between steep corneal morphology and refractive error. Presumably, alterations in lens development play a more important role in changes in refractive development. Garcia-Valenzuela and Kaufman (28) also concluded that children were more prone to refractive error after ROP laser surgery and that changes in refractive status were mainly influenced by changes in the lens. The change in anterior chamber depth is greatly influenced by lens thickness and morphology, which has a greater impact on the refractive status. The results of the present study confirm that the development of the lens in children after ROP laser is blocked, the lens is thicker, and the refractive capacity of the lens is enhanced, which make these children more susceptible to myopia.



Correlation of Gestational Age at Birth With Ocular Biomarkers and Refractive Status in Children in the Laser Group

The results of the present study analyzing the correlation between gestational age at birth and biological development of the eye in children in the laser group showed that gestational age was positively correlated with the eye axis and negatively correlated with LogMAR (BCVA), while there were no correlations with other markers (Table 5). Thus, the younger the gestational age at birth, the slower the development of the eye axis in preterm children, the shorter the eye axis, and the poorer visual acuity development compared to those in full-term infants. Ozdemir et al. (8) reported a lower gestational age at birth was associated with poorer visual acuity development in preterm children. Their analysis of gestational age at birth, and ocular biological parameters showed that gestational age at birth was positively correlated with anterior chamber depth, lens thickness, and ocular axis length, with a higher correlation with the eye axis length. These previous findings are not entirely consistent with those of the present study. One possible reason for discordance may be the short follow-up period of the children in this study. Therefore, additional studies with a larger population are required to verify these findings.



Study Limitations

This retrospective study included no pre-term infants without ROP or children with ROP degenerative. Hence, we cannot rule out whether the change in ocular biology and refractive status was entirely due to prematurity itself or to laser photocoagulation. Further confirmation is needed by increasing the subgroup types and sample sizes in the follow-up cases. The severity of the condition on ROP treatment and laser spots that were not completely identical may have resulted in some bias in data analysis. The follow-up periods for both groups of children were short and only one set of cross-sectional phase comparison data was observed, In future studies, the follow-up time will be increased, and the longitudinal follow-up study will be increased.




CONCLUSION


Children Were More Prone to Myopia After ROP Laser Surgery

Compared to full-term infants, pre-mature children who underwent ROP laser surgery showed delayed development of the biological structure of the eye, a steeper cornea, a shallow anterior chamber, a thicker lens, and a shorter eye axis, leading to a greater risk of myopia in postoperatively.



Myopia Occurred in Children After ROP Laser Surgery Mainly Due to Increased Lens Thickness, for Which Gestational Age at Birth Is Also an Important Cause

The results of this study showed that the occurrence of myopia in children after ROP laser surgery was mainly caused by lens increased thickness. The lower the birth gestational age of the child who underwent post-ROP laser surgery, the more the emmetropization of the eye was affected and the more likely it was to lead to the development of myopia.
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Purpose: To compare 2-year treatment outcomes of ranibizumab using treat-and-extend (T&E) or pro re nata (PRN) regimens for diabetic macular edema (DME) in clinical settings.

Methods: We retrospectively enrolled 34 patients (34 eyes) with DME treated with ranibizumab using the T&E regimen, and 34 patients (34 eyes) treated with ranibizumab using the PRN regimen and matched to cases in the treat-and-extend group by baseline best-corrected visual acuity (BCVA) and central foveal thickness (CFT). BCVA and CFT changes, number of injections and recurrence of macular edema over 2 years were compared between the groups.

Results: The average BCVA gain in the T&E and PRN groups was 16.2 and 7.6 ETDRS letters at 2 years (p = 0.011), respectively. The mean CFT reduction was 145.5 ± 127.3 and 97.3 ± 152.5 μm in the T&E and PRN groups at 2 years (p = 0.035), respectively. The T&E group had a higher proportion of patients with BCVA gain ≥ 15 letters at months 18 (p = 0.015) and 24 (p = 0.029) than the PRN group. During the 2-year treatment periods, the T&E group received more injections than the PRN group (11.0 ± 3.2 vs. 6.2 ± 2.0; p < 0.001), while the PRN group had more recurrence of macular edema than the T&E group (71 vs. 41%; p = 0.015).

Conclusions: After 2-year ranibizumab treatment for DME, better visual and anatomical improvement and less recurrence of macular edema were achieved in the T&E group, with more injections administered.

Keywords: diabetic macular edema, ranibizumab, anti-VEGF (vascular endothelial growth factor), pro re nata (PRN), treat-and-extend (T&E)


INTRODUCTION

Currently, the first-line treatment for diabetic macular edema (DME), a condition that leads to severe visual impairment in 28–29% of patients with diabetes mellitus (1), is anti-vascular endothelial growth factor (VEGF) therapy (2). The superior effectiveness over laser photocoagulation in improving visual acuity and reducing edema in DME has been demonstrated in several clinical trials (3–7). With various treatment protocols applied in different studies, patients were able to gain 6.1–10.3 Early Treatment Diabetic Retinopathy Study (ETDRS) letters of vision in 1 year. Furthermore, visual benefits could be maintained after 4–5 years with continuous anti-VEGF injections (8, 9). However, the favorable outcomes from these clinical trials did not always translate into similar results in clinical practice settings. Globally, real-world clinical practice studies have reported poorer visual improvements along with the use of fewer injections than reported in clinical trials (10–14). The need for frequent follow-up visits and repeated injections, along with other factors, leads to poor compliance in patients with DME and is responsible for the inferior outcomes in real-world studies (14).

Different treatment protocols for anti-VEGF therapy have been developed in recent years to optimize the treatment effects and cost effectiveness. A fixed dosing regimen, either monthly or bimonthly treatment after a loading phase, was proven to be effective in phase III registrational trials, such as RISE, RIDE (7), VIVID and VISTA (15), but was difficult to follow in real-world clinical practice. An “as needed” or pro re nata (PRN) approach was developed to decrease the number of injections while maintaining a fixed follow-up schedule to closely monitor treatment responses. Clinical trials using the PRN regimen reduced the mean injections to 7–10 in the first year with monthly monitoring (3, 5, 6, 16). A treat-and-extend (T&E) regimen, different from other protocols, involved gradual increase in duration between each follow-up visit once the patient achieved a preset “stable” condition along with an injection administered at every visit (17). The RETAIN study (18) first reported the use of the T&E protocol for patients with DME and found a similar visual improvement as that with the PRN regimen, while reducing 46% of clinic visits. The TREX-DME study (19) further demonstrated similar visual and anatomical improvements in both T&E and monthly dosing groups in their 2-year results, with significantly reduced injections using their T&E algorithm. The sustainable efficiency of the T&E regimen and its ability to reduce treatment burden shown in clinical trials may further benefit patients in real-world conditions. However, there is limited evidence regarding the use of the T&E protocol in DME in clinical settings.

Herein, we compared the 2-year real-world visual and anatomical outcomes of patients with DME treated with either the T&E or PRN regimen to better understand their efficacy in clinical practice setting.



METHODS


Study Population and Setting

In this matched comparative study, we retrospectively reviewed all patients who received their first anti-VEGF injection for DME at the National Taiwan University Hospital between November 2014 and November 2016. Patients who received intravitreal injection (IVI) of 0.5 mg ranibizumab (Lucentis®, Genentech, San Francisco, CA/Norvatis, Basel, Switzerland) following a T&E regimen and who were followed up for at least 2 years were included in the study (T&E) group. The same number of patients who received ranibizumab injection using a PRN protocol during the same period and were matched to the cases in the T&E group by baseline best-corrected visual acuity (BCVA) (difference ≤ 1 line) and baseline central foveal thickness (CFT) (difference ≤ 10%) on optical coherence tomography (OCT), were randomly selected and included in the control (PRN) group. The other inclusion criteria were as follows: baseline Snellen BCVA between 20/400 and 20/40, baseline CFT above 300 μm, and evidence of DME on fluorescence angiography (FA) without other causes of macular edema. Patients who had received anti-VEGF therapy at another hospital or for other etiologies within 6 months prior to the first injection at our hospital were excluded. Patients who underwent intraocular surgery other than IVI (such as cataract surgery or vitrectomy) during the study period and those who used different anti-VEGF agents during the follow-up period were also excluded. This study adhered to the tenets of the Declaration of Helsinki. The National Taiwan University Hospital Research Ethics Committee approved the study (No.: 201811023RIFD), and waiver of informed consent was obtained due to its retrospective nature.



Treatment Protocols

All patients received 3-monthly loading injections of ranibizumab. After the loading phase, patients in the T&E group could extend their follow-up and treatment visits if they had no disease activity on OCT images and the BCVA was either improved or stable compared to that at the last visit. The follow-up interval was extended by 4 weeks each time, starting from 4 weeks at baseline. The longest allowed follow-up interval was 24 weeks. An injection was administered at each visit after the BCVA was measured and the OCT image was acquired. The follow-up interval was shortened by 4 weeks if OCT revealed new disease activity, with a minimum of 4 weeks between each visit.

In the PRN group, the patients received monthly injections after the loading phase until the OCT image showed no disease activity and the BCVA was either improved or stable compared to that at the last visit. The patients then received regular follow-up, usually every 1–3 months, as determined by the treating physician and the patient, and received no further injection unless recurrence of disease activity was noted on OCT during follow-up.

Disease activity on OCT was defined as fluid accumulation (either intraretinal or subretinal) with a CFT > 300 μm. For patients with persistent disease activity after the loading treatment, the physicians might add supplementary treatments, including macular laser or subtenon injection of triamcinolone acetonide. For patients with decreased but persistent disease activity after 5 monthly injections of ranibizumab, we extended the treatment interval (in the T&E group) or discontinued the treatment (in the PRN group). Details of the treatment protocols are shown in Supplementary Table 1.



Clinical Data Collection

Baseline demographic data, including age, sex, serum HbA1c, and previous treatments such as focal/grid laser, steroid injections, panretinal photocoagulation, and anti-VEGF injection, were recorded. The BCVA was converted to the logarithm of the minimum angle of resolution (logMAR) score for calculation, and the change in BCVA was converted to a number of ETDRS letters. All patients underwent FA examination at baseline, and the images were reviewed independently by two retinal specialists (TTL and YTH) for the presence of proliferative diabetic retinopathy. All OCT images at baseline were reviewed by the two investigators for the presence of epiretinal membrane (ERM), intraretinal cyst (IRC), subretinal fluid (SRF), hyperreflective foci (HF), ellipsoid zone (EZ) disruption, and disorganization of the retinal inner layers (DRIL). The CFT was measured using the central 1-mm thickness built-in thickness map program of RTVue OCT (Optovue, Inc., Fremont, CA). The numbers of injections and clinic visits for each patient in the first and second years were recorded. The number of recurrences of DME, defined as disease activity on OCT leading to shortening of the treatment interval in the T&E group or restart of IVI in the PRN group, was also documented.



Statistical Analysis

The BCVA and CFT at preset time points (at baseline and at 3, 6, 12, 18, and 24 months after the first injection) were evaluated, with the last observation carried forward method used for any missing data because of the individualized follow-up schedule. For comparison between the T&E and PRN groups, we used paired t-tests for all continuous variables and Fisher's exact tests for all categorical variables. The proportions of patients with BCVA gain ≥ 15 letters or with visual loss ≥ 5 letters at each time point were compared between the two groups. The comparison of BCVA and CFT between baseline and different follow-up time points for individual patients was performed using paired t-tests. Factors associated with the final BCVA improvement were analyzed using linear regression. Baseline BCVA, baseline OCT biomarkers (CFT, IRC, SRF, HF, DRIL, and EZ disruption), treatment protocol, total number of injections, and recurrence of macular edema were included in the univariate analysis with adjustment for age and baseline BCVA and CFT. Factors that were significantly associated with final BCVA improvement in the univariate analysis were then included in the multivariate linear regression using the stepwise approach. Data were analyzed using SPSS software (SPSS 22.0; SPSS Inc., Chicago, IL, USA). Statistical significance was set at p < 0.05.




RESULTS


Baseline Characteristics

Thirty-four eyes of 34 patients with DME who received ranibizumab injection using a T&E protocol were included in the study group, and 34 eyes of 34 patients treated under a PRN protocol were included in the control group. The baseline demographics and OCT findings of the two groups are summarized in Table 1. The two groups were matched for the baseline BCVA and CFT, and there were no differences in age, sex, previous treatments, or severity of diabetic retinopathy between the two groups. As for OCT biomarkers, the proportions of patients with ERM, IRC, SRF, HF, and EZ disruption at baseline were similar in both groups, except that more patients in the PRN group had DRIL at baseline.


Table 1. Baseline characteristics and optical coherence tomographic findings of patients with diabetic macular edema who underwent anti-vascular endothelial growth factor therapy using pro re nata or treat-and-extend protocol.
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Visual Outcomes

In both groups, the BCVA improved significantly at months 3, 6, 12, 18, and 24 compared to that at the baseline, except for a borderline significance at month 12 in the PRN group (p < 0.001 at every time point in the T&E group; p < 0.001, p = 0.012, 0.084, 0.036, and 0.006 in the PRN group at 3, 6, 12, 18, and 24 months, respectively). The average BCVA was significantly better in the T&E group at month 12 (0.437 ± 0.247 [95% CI, 0.351–0.524]) and month 24 (0.398 ± 0.294 [95% CI, 0.296–0.501]) than in the PRN group (month 12: 0.615 ± 0.386 [95% CI, 0.481–0.750], p = 0.005; month 24: 0.559 ± 0.417 [95% CI, 0.414–0.704], p = 0.021; Table 2). The mean changes in BCVA at different time points are shown in Figure 1A. The average BCVA gains were 7.0, 10.8, 14.3, 14.4, and 16.2 ETDRS letters in the T&E group at months 3, 6, 12, 18, and 24, respectively, which showed a continuous increase from month 3 to month 24. On the other hand, the BCVA gains remained constant from month 3 to month 24 in the PRN group (6.9, 6.9, 4.8, 6.6, and 7.6 letters at months 3, 6, 12, 18, and 24, respectively), and were significantly lower than those in the T&E group at 12, 18, and 24 months (p = 0.003, 0.013, and 0.011, respectively).


Table 2. Treatment outcomes of patients with diabetic macular edema who underwent anti-vascular endothelial growth factor therapy using ranibizumab with pro re nata or treat-and-extend protocol.
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FIGURE 1. (A) Mean changes in the best-corrected visual acuity from baseline at different time points. A significant difference between the T&E and PRN groups is found at 12, 18, and 24 months. (B) Mean changes in the central foveal thickness from baseline at different time points. A significant difference between the T&E and PRN groups is found at 24 months. T&E, treat-and-extend; PRN, pro re nata. *p < 0.05.


Figure 2 shows the proportions of patients with VA gain ≥ 15 letters and those with VA loss ≥ 5 letters. The T&E group had a higher proportion of patients with VA gain ≥ 15 letters at months 18 (p = 0.015) and 24 (p = 0.029) than the PRN group. On the other hand, a lower proportion of patients in the T&E group had VA loss ≥ 5 letters at month 6 than those in the PRN group (p = 0.025).
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FIGURE 2. The proportion of patients who achieved a gain of ≥ 15 ETDRS letters (A) and those who had a loss of ≥ 5 letters (B) at different time points in the T&E and PRN groups. A significant difference (asterisk) is found at 18 and 24 months in those who gained ≥ 15 letters and at 6 months in those who had a loss of ≥ 5 letters. ETDRS, Early Treatment Diabetic Retinopathy Study; T&E, treat-and-extend; PRN, pro re nata; VA, visual acuity. *p < 0.05.




Anatomical Outcomes

The CFTs at months 12 and 24 in both groups are shown in Table 2. The CFT was significantly lower in the T&E group than in the PRN group at month 24 (p = 0.019) but not at month 12 (p = 0.287). While the CFT in each group significantly reduced at every time point compared to that at the baseline, no difference was found between the CFT reductions in both groups at each time point except for month 24 (p = 0.035; Figure 1B). Six patients (17.6%) in the T&E group and 7 patients (20.6%) in the PRN groups had decreased but persistent disease activity after five consecutive monthly injections (p = 0.758). During the study period, 14 (41%) patients in the T&E group and 24 (71%) in the PRN group experienced at least one episode of recurrence of macular edema (p = 0.015). Furthermore, three (9%) patients in the T&E group and five (15%) in the PRN group experienced at least one episode of vitreous hemorrhage during the 2-year follow-up period (p = 0.709).



Injections and Follow-Up Frequency

The number of clinic visits and injections are summarized in Table 2. In the T&E group, the average number of injections was 7.6 ± 1.8 (95% CI, 6.9–8.2) in the first year and 3.5 ± 1.9 (95% CI, 2.8–4.2) in the second year, whereas patients in the PRN group received significantly less injections in the first (4.9 ± 1.5 [95% CI, 4.4–5.4], p < 0.001) and second year (1.3 ± 1.2 [95% CI, 0.9–1.7], p < 0.001). Meanwhile, both groups had similar number of clinic visits in the first (T&E vs. PRN: 7.4 ± 1.7 [95% CI, 6.8–8.0] vs. 6.9 ± 2.0 [95% CI, 6.2–7.6], p = 0.236) and second year (5.5 ± 1.8 [95% CI, 4.9–6.2] vs. 5.8 ± 1.6 [95% CI, 5.3–6.3], p = 0.503). In the T&E group, the last injection interval was 12 weeks or longer in 21 (62%) patients, and 9 (26%) patients received injections at a 16-week interval or longer. During the 2-year study period, macular laser was performed in 4 and 3 patients in the T&E and PRN groups, respectively (p = 1.00); steroid was given in 10 and 4 patients in the T&E and PRN groups (p = 0.132), respectively.



Factors Associated With Better Visual Improvement

In the univariate regression analysis, three factors, including worse baseline BCVA, T&E regimen, and absence of DRIL on baseline OCT, were associated with better BCVA gain at the final visit. Neither the total number of injections nor other baseline OCT biomarkers were associated with the final BCVA improvement. In the multivariate regression analysis, baseline BCVA and the treatment regimen were still significantly associated with the final BCVA improvement (p = 0.029 and 0.009, respectively) but not with the presence of DRIL (Table 3).


Table 3. Predicting factors for best corrected visual acuity improvement at Month 24 in patients with diabetic macular edema treated with pro re nata or treat-and-extend protocol.
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DISCUSSION

We conducted a retrospective matched comparative study to compare the real-world treatment outcomes of patients with DME who underwent IVI ranibizumab therapy following two different regimens: T&E and PRN protocols. While both regimens resulted in significantly improved visual acuity at 2 years, the T&E group had significantly more visual acuity gain and anatomical improvement at 2 years than the PRN group despite similar visual acuity and CFT at baseline. The proportion of patients with VA gain ≥ 15 letters at 24 months from the baseline was also higher in the T&E group than in the PRN group.

The treatment regimen for anti-VEGF therapy has evolved in recent years. In the treatment of neovascular age-related macular degeneration (nAMD), earlier trials used a fixed dosing regimen and reported favorable results (20). Subsequently, the PRN regimen, which used monthly evaluation and as needed treatment to reduce the number of injections, demonstrated non-inferior visual improvement at 1 year along with significantly fewer injections (21). Recently, clinical trials that incorporated the T&E regimen and a flexible visiting interval with injection at every visit after disease stabilization, demonstrated comparable visual outcomes between the T&E protocol and fixed monthly injections (22, 23). The non-inferior outcomes achieved by the T&E regimen and reduced number of visits and injections have led to increased popularity of the T&E approach. Results from a meta-analysis demonstrated that the T&E regimen resulted in better real-world visual outcomes compared to the PRN regimen in treating nAMD (24, 25). The success of the T&E regimen in reducing the number of injections (compared to monthly treatment) and visits (compared to PRN) as well as maintaining favorable visual outcomes has led to the application of the T&E protocol in treating DME.

The T&E regimen was first evaluated for its efficacy in treating DME in the RETAIN study, which showed comparable visual improvements in the T&E and PRN groups with a median of 12 injections in the T&E group and 10 injections in the PRN group in 24 months (18). The TREX-DME study compared the T&E and monthly injection regimens, and reported similar visual and anatomical outcomes in the two groups, while significantly fewer injections were needed in the T&E group (19). A small single-center, randomized study by Eichenbaum et al. also reported similar visual improvement after 2 years of ranibizumab injection following either monthly or T&E regimen for patients with DME (26). Despite the success of using the T&E protocol with ranibizumab in treating patients with DME in these clinical trials, there is limited evidence regarding the efficacy of T&E regimen in treating these patients under real-life conditions. A study by Ebneter et al. compared the 1-year visual outcomes of patients with DME treated using a BCVA-guided PRN regimen or an OCT-guided T&E regimen and reported similar visual gain (8.3 vs. 9.3%, respectively) at 12 months (27). A non-comparative study reported the 2-year visual outcomes of T&E protocol in patients with DME using ranibizumab, in which an average of 4.7 letters was achieved after a mean of 9.7 injections in the first year and 7.9 injections in the second year (28). In another study, a mean BCVA gain of 6.3 letters was noted at 1 year after 10 ranibizumab injections (29). In our study, greater visual improvement was observed in the T&E group than in the PRN group. The patients in the PRN group in our study received less frequent monitoring and injections compared to those in the clinical trial, which is frequently observed in real-life situations (10, 14, 30, 31). This might have led to inferior results in our patients. On the other hand, patients in the T&E group of our study had a similar number of visits yet received more injections during the study period, which resulted in better visual improvements. Beside more anti-VEGF injections, patients in the T&E group also received more subtenon steroid injection although the difference was not statistically significant. This might indicate that patients in the T&E group were treated more aggressively for DME, thus having better visual gain. In addition, visual gain in the T&E group was greater in our study than that in other real-world studies, despite fewer injections in the first and second years. The inferior baseline visual acuity might be responsible for this difference. Based on our results, we suggest the use of the T&E regimen for treating patients with DME in clinical practice.

The maximum allowed treatment intervals were usually set at 3 months in the previous studies using the T&E regimen (18, 19, 26, 28, 32–34), and 25–75% of the enrolled patients had their treatment intervals extended to 12 weeks (19, 28, 32–34). The results of our study were in line with those of previous reports, with more than half of our patients in the T&E group receiving injections every 3 months or longer at the final visit. In Protocol I study, the median number of injections was 2–3 in the second year, indicating that a significant proportion of patients might not need frequent treatment in the second year (9). Therefore, we allowed a maximum 24-week interval between the treatments. Under such a protocol, the treatment interval could be further lengthened to 16 weeks or longer in 25% of our cohort. Another study by Hirano et al. reported that 66.7% of their patients could have the treatment interval extended to 16 weeks (the maximum allowed interval) under their T&E protocol using aflibercept (35). In their study, after a mean of 11.4 injections, the average BCVA improved from 60.5 to 66.6 letters at 2 years. The inferior initial visual acuity noted in our study might indicate a more severe disease at baseline, and therefore, our patients required more frequent injections than those reported by Hirano et al. in their study. Our study results and the evidence from previous reports suggest that the maximum allowed treatment interval for patients with DME could be set at 16 weeks or longer in some patients when the T&E regimen was applied.

In the present study, the presence of DRIL at baseline was associated with less visual improvement at 2 years. Patients with diabetic retinopathy, either with or without DME, have been reported to have worse baseline visual acuity if DRIL was present on baseline OCT (36, 37). A previous study showed that DRIL was linked to vascular ischemia with poor vessel density in the inner retina (38), and patients with DME with low vessel density in the inner retina also had poorer visual improvement after resolution of macular edema (39). Furthermore, some studies reported that patients with resolved DRIL after treatment had better visual improvements (36, 40). A recent study by Zur et al. showed that patients without baseline DRIL showed better visual improvement after treatment with dexamethasone implants (41). Our study further supports the predictive value of baseline DRIL as a biomarker for poor visual improvement in patients with DME, not only in those treated with steroid implants, but also in those treated with anti-VEGF therapy.

In our study, patients in the PRN group had a lower number of injections but a higher proportion of macular edema recurrence, yet these two factors were not significantly correlated with final visual improvement in the regression analysis. Regarding the injection number, since patients with rapid response to anti-VEGF therapy in both groups may have received less injections due to improved vision and absence of disease activity, the total injection number could be affected by the aggressiveness of treatment and individual susceptibility to anti-VEGF therapy. Therefore, the total number of injection may not correlate with final visual outcome when evaluated at the individual patient level (i.e., in regression analysis). However, when the correlation was evaluated among 2 groups of patients (i.e., PRN vs. T&E), the injection number might represent the aggressiveness of treatment. As for recurrence of macular edema, it is shown that the average CFT increased at month 6 in the PRN group, while the vision deteriorated at month 12. This means that recurrence of macular edema may precede the visual deterioration, although resolution of recurrent macular edema could be achieved after further treatment with visual regain. Theoretically, frequent recurrence of macular edema may result in poor long-term visual outcomes, but this might not be significantly detected during the 2-year follow-up period. Further studies with longer follow-up periods are needed to confirm our hypothesis.

There are several limitations to our study, including the small sample size and the retrospective study design. Another concern was that the decision to apply the T&E or PRN regimen in each patient was not randomized. Although the groups of patients were matched for baseline BCVA and CFT, there is a possibility of undetected bias between the groups of patients. Additionally, the follow-up intervals in the PRN group not only were individualized and determined by the treatment response of individual patients, but might also be affected by socioeconomic factors such as the availability of frequent clinic visits. However, it was difficult to determine the exact number of visits that patients skipped their injection according to their own will due to the retrospective nature of this study. In addition, since the patients were treated under real-life condition, some patients might have received the PRN injection a few days later than the clinic visit due to the unavailability of the patients or the treating physicians. However, this just reflects the disadvantage of the PRN regimen in the clinical settings. Another limitation of the present study was that we only included patients that have completed 2 years of follow-ups, and we were not able to evaluate the difference of compliance between the T&E and PRN groups. However, our results reflect the true conditions that physicians might encounter in their daily practice in a real-life setting; hence, it will serve as an important reference for the real-world treatment outcomes of patients with DME.

In conclusion, this study demonstrated the superior treatment response of the T&E regimen of ranibizumab in treating DME with better visual and anatomical outcomes compared to the PRN regimen in a real-world setting. The 2-year results of our study confirmed the usefulness of the T&E regimen and decreased the need for both injections and clinic visits in the second year.
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Purpose: To compare the anatomical and functional outcomes of macular hole retinal detachment (MHRD) in high myopia after pars plana vitrectomy (PPV) with face-down positioning and adjustable positioning.

Methods: Fifty-three eyes from 53 patients with MHRD were analyzed in this study. All patients received PPV with silicon oil for tamponade and then subdivided into 2 groups: 28 were included in a face-down positioning group and 25 were included in the adjustable positioning group. Patients were followed up for at least 6 months. The main outcome was the rate of anatomical macular hole (MH) closure and retinal reattachment. Secondary outcome measures were the best-corrected visual acuity and postoperative complications.

Results: There was no significant difference in the rate of MH closure (53.6 vs. 72.0%, p = 0.167) and retinal reattachment (100 vs. 96%, p = 0.472) between the face-down group and adjustable group. Compared with the mean preoperative best-corrected visual acuity (BCVA), the mean postoperative BCVA at the 6-month follow-up improved significantly in both groups (p = 0, both). But there was no significant difference in the mean postoperative BCVA (p = 0.102) and mean BCVA improvement (p = 0.554) at 6 months after surgery between the two groups. There was no significant difference in the high intraocular pressure (IOP) after surgery between the two groups (53.6 vs. 44%, p = 0.487). There were no other complications that occurred during the follow-up.

Conclusion: Adjustable positioning after PPV with silicon oil tamponade for MHRD repair is effective and safe. Face-down positioning does not seem to be necessary for all patients with MHRD.

Keywords: adjustable positioning, face-down positioning, high myopia, macular hole, retinal detachment


INTRODUCTION

Macular hole retinal detachment (MHRD) is a serious vision impairment complication associated with high myopia. The pathogenesis of MHRD is not completely clear; however, it is believed that the tangential macular traction by the vitreoretinal interface, remnants of the cortical vitreous, inflexible internal limiting membrane (ILM), and the retinal vasculature is one of the factors (1, 2). In addition, the weakened retinal adherence to the posterior pole caused by choroidal and retinal pigment epithelium (RPE) atrophy is also one of the factors (3). Since it was first described by Gonvers and Machemer, pars plana vitrectomy (PPV) procedures have been used in the surgical treatment of MHRD with high myopia (4). Vitrectomy combined posterior vitreous cortex removal, epiretinal membrane removal, and ILM removal, with gas or silicone oil tamponade to become the standard treatment for MHRD with a higher retinal reattachment rate (5). Since Michalewska et al. first presented the inverted ILM flap technique (6), modified techniques, such as temporal ILM flap or inverted ILM insertion, have been introduced to potentially improve the surgical outcomes in MH and MHRD (7–20), or to enhance the success rate in eyes with persistent full-thickness macular hole undergoing secondary PPV (21).

More than 90% of vitreoretinal surgeons worldwide recommend some period of face-down positioning after macular hole (MH) repair surgery (22). However, it is a tough challenge for most patients to keep a strict face-down positioning after operation for a long time. Elderly patients or patients with systemic diseases have serious difficulties persisting in the face-down positioning. Furthermore, some rare postoperative complications, like ulnar nerve palsies, pulmonary embolism, thrombophlebitis, and decubitus, would develop after a long period of face-down position (23, 24). Multiple groups have reported the efficacy of postoperative positioning without the maintenance of a face-down positioning after vitrectomy for MH (22, 25–30) and retinal detachment (RD) (31–35). However, MHRD is excluded from their observation. The purpose of the current study was to evaluate the 6-month outcomes of adjustable positioning compared to face-down positioning after PPV for MHRD in high myopia.



MATERIALS AND METHODS

This retrospective study analyzed a consecutive series of 53 eyes (53 patients) with MHRD in high myopia who underwent primary PPV between January 2018 and December 2019 at Qingdao Eye Hospital. The study followed the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of Qingdao Eye Hospital of Shandong First Medical University.

The inclusion criteria were as follows: (1) eyes with an axial length (AL) ≥26 mm; (2) the diagnosis of MRHD confirmed by optical coherence tomography (OCT) before surgery, and RD extending by more than 1 disk diameter around the full-thickness MH; and (3) the follow-up time is more than 6 months. Those eyes with previous vitreoretinal surgery, ocular trauma, and presence of peripheral retinal breaks before surgery, diabetic retinopathy, and other proliferative vitreoretinopathy were excluded.

The following general information was obtained for analysis: sex, age, systemic diseases, and bilaterality. All the patients accepted the preoperative and postoperative examinations that included best-corrected visual acuity (BCVA), intraocular pressure (IOP), slit-lamp examination, AL, B-ultrasound, fundus photography, and OCT. The decimal BCVA was converted to the logarithm of the minimum angle of resolution (logMAR) units for statistical analyses. The AL was measured using a Master 500 (Carl Zeiss, Germany). The area of the RD was determined by the images from a panoramic scanning laser ophthalmoscope (SLO) (Optos, Scotland), which was used to classify patients into those whose RD was within or beyond the vascular arcade. The presence of an MH, MH closure, and retina reattachment were evaluated in the OCT images (Optovue, USA).


Surgical Technique

Pars plana vitrectomy (PPV) procedures were performed using a standard 25-gauge 3-port system (Constellation, Alcon, USA). Core vitrectomy was performed by intravitreal injection of triamcinolone acetonide to visualize the vitreous gel and the posterior hyaloid. Peripheral vitreous base vitrectomy was performed under scleral depression. After being stained with indocyanine green (ICG) for 30 s, the ILM was peeled over the entire macular area and inserted into the MH to fill the hole. Fluid–gas exchange with drainage of subretinal fluid through the MH was performed. Finally, silicone oil was filled in all patients.

Patients were subdivided into two groups according to the postoperative positioning based on the recommendation of the surgeon. Face-down, as a routine treatment, meant keeping a face-down positioning for at least 12 h per day for at least 1 month after the surgery. Patients were encouraged to stay face-down during sleeping hours, as long as possible. In the adjustable group, patients were in a non-recumbent positioning during the daytime and fall asleep in the lateral positioning at night.

The primary endpoint was the MH closure and anatomical reattachment rate at 6 months after surgery. Secondary endpoints included BCVA change, change of IOP, and frequency of reported complications.



Statistical Analysis

Data were analyzed using the chi-square test and the Fisher exact test for categorical variables, and the t-test and the Mann–Whitney U test for numerical and ordinal variables. A P-value of 0.05 was considered statistically significant.




RESULTS

A total of 53 eyes of 53 patients (28 eyes in the face-down group and 25 eyes in the adjustable group) were analyzed. They were 49 women and 4 men with a mean (±SD) age of 62.4 ± 8 years (range 40–81 years). There are more female patients (96.4% in the face-down group vs. 88% in the adjustable group, p = 0.523) and more right eyes (78.6 vs. 60%, p = 0.142) in both groups. The mean preoperative axial length was 29.98 ± 2.01 mm with a range of 26.54 to 35.82 mm. No significant differences in baseline parameters were found between the two groups (p > 0.05), including age, gender, systemic diseases (including hypertension, diabetes, coronary heart disease, and asthma), bilaterality, axial length, preoperative BCVA, and IOP. There were also no significant differences in the status related to retinal detachment between the two groups (p > 0.05), including whether it is an extent of RD beyond vascular arcade (64.3 vs. 68%, p = 0.776), combined with choroidal detachment (10.7 vs. 12%, p = 1), combined with macular membrane (32.1 vs. 20%, p = 0.317), and combined with lattice degeneration (46.4 vs. 44.0%, p = 0.859). There was no significant difference in the number of lens surgery and silicone oil volume between the groups (p > 0.05). The baseline parameters, status, and surgical procedure of the patients for the two groups are listed in Table 1.


Table 1. The baseline parameters, status, and surgical procedure of patients.
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We collected the 6-month visual and anatomic outcomes for all the patients (as shown in Table 2). There was no significant difference in the mean postoperative BCVA at 6 months after surgery between the two groups (p = 0.102). Compared with the mean preoperative BCVA, the mean postoperative BCVA at the 6-month follow-up improved significantly in both groups (p = 0 in both groups), but no significant difference in mean BCVA improvement was found between the two groups (p = 0.554).


Table 2. Visual and anatomic results at 6 months after surgery.
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The MH closed after the initial surgery in 15 (53.6%) eyes in the face-down group and 18 (72%) eyes in the adjustable group (Figure 1). The retinal reattached after initial surgery in 28 (100%) eyes in the face-down group (Figure 2) and 24 (96%) eyes in the adjustable group. There was no significant difference in the rate of MH closure (p = 0.167) and retinal reattachment (p = 0.472) between the two groups. Only one patient in the adjustable group did not achieve an MH closure and retinal reattachment. During the follow-up, she was unwilling to undergo another surgery, but the extent of retinal detachment gradually narrowed, and the MH was still not closed until 21 months after surgery (Figure 3). There were 15 eyes (53.6%) and 11 eyes (44%) with high IOP after surgery in the two groups (p = 0.487). All eyes with high IOP were controlled within the normal range after the treatment with anti-glaucoma drugs, and no surgical intervention was performed. There were no retinal detachment and other complications occurred during the follow-up.


[image: Figure 1]
FIGURE 1. Preoperative and postoperative scanning laser opthalmoscope (SLO) and optical coherence tomography (OCT) images of the eye of a 56-year-old woman with macular hole retinal detachment (MHRD) in the adjustable positioning group. (A) SLO shows the retinal detachment (RD) beyond vascular arcade (arrow). (B) Preoperative OCT confirms the macular hole (MH). (C) OCT shows MH closure and retinal reattachment with inserted internal limiting membrane (ILM) tissue (arrow) plugged into the hole at 2 weeks after surgery. (D) OCT shows the foveal microstructure recovery in eyes with MH closure at 6 months. (E) SLO shows silicone oil emulsification (white arrow) and chorioretinal atrophic lesion (black arrow) at 6 months.
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FIGURE 2. Preoperative and postoperative SLO and OCT images of the eye of a 59-year-old woman with MHRD in the face-down positioning group. (A) Preoperative SLO shows that the MHRD beyond vascular arcade to the edge of posterior staphyloma (arrow). (B) Preoperative OCT confirms the MH. (C) OCT at 12 months after surgery shows that the MH is closed and subretinal fluid in the macular region has not been absorbed (white arrow showing the silicone oil emulsification). (D) Twenty seven months later, OCT shows the subretinal fluid is absorbed completely. (E) Postoperative SLO at 27 months shows reattached retina and posterior staphyloma (arrow).



[image: Figure 3]
FIGURE 3. Preoperative and postoperative SLO and OCT images of the eye of a 66-year-old woman with MHRD in the adjustable positioning group. (A) Preoperative SLO shows the RD with MH (arrow) beyond vascular arcade. (B) OCT confirms the MHRD with an epiretinal membrane (arrow). (C) OCT at 6 months after surgery shows that the MH still open and the extent of RD is narrowed. (D) Twenty one months later, OCT shows the MH is not closed and the retina around the MH is not reattached. (E) Postoperative SLO at 21 months shows that the silicon oil has not been removed yet (arrow).




DISCUSSION

A face-down positioning is a routine requirement for patients after vitrectomy and gas/silicone oil tamponade for RD. But face-down positioning is an important source of discomfort and complications for patients (23, 24), which gradually attracted the attention of the doctor. Chen et al. (32) designed a controlled study to address the issue of positioning after PPV and gas tamponade surgery for rhegmatogenous retinal detachment (RRD). There was no significant difference in the anatomical success rates, BCVA, and the rates of complications between the face-down group and the adjustable positioning group. Martínez-Castillo et al. (31, 33) reported that PPV alone with complete drainage of sub-retinal fluid achieves a high reattachment rate in the management of primary pseudophakic RRD due to inferior retinal breaks. Their patients did not perform a prone position or any other type of positioning during the postoperative period. In the study of Casswell et al. (34), findings suggest that face-down positioning was associated with a reduction in the rate and amplitude of postoperative retinal displacement after macular-involving RD repair and with a reduction in binocular diplopia. Despite this, no association was found with visual acuity or postoperative distortion. However, none of these studies accepted RRD caused by MH in eyes with high degree myopia (−6 diopter or above).

Pars plana vitrectomy (PPV) with ILM peeling and gas tamponade is an important surgical method for the MH. It has been reported that face-down positioning, following an MH surgery, provides no functional or anatomical benefit (36). Some scholars think that a postoperative non-supine positioning is adequate for all the patients with MH after surgery (25–27). Therefore, randomized controlled trials have been conducted to evaluate whether face-down positioning is necessary for recovery from MH surgery (37, 38). The meta-analysis provides sufficient evidence that a non-face-down postoperative positioning is not inferior to a face-down positioning when the MH is smaller than 400 μm. Although a face-down postoperative positioning is highly recommended in MHs larger than 400 μm, the ideal visual improvement rate was not influenced by postoperative positioning (37). Zhu et al. (39) used a novel surgical protocol using vitrectomy, ILM peeling, and autologous blood clot covering the MH at the end of the MH surgery, which eliminated the gas tamponade and thus, the need for postoperative face-down positioning. Complete MH closure was achieved in all 18 eyes at the end of the follow-up period, and among them were five large MHs (minimum diameter > 400 mm).

Among myopic patients with MH, the incidence of RD increased as myopia worsened (1.1% RD in myopia under −3 D, 67.7% RD in myopia between −8, and −3.25 D, and 97.6% RD in myopia over −8.25 D) (1). AL elongation and posterior staphyloma contribute to the disparity in the length of the retina and the RPE-choroid-sclera complex, leading to the progression of retinal detachment (1, 2). The articles on MHRD surgery published in the past 5 years are mostly from East Asia (7–20) (as shown in Table 3). A total of 404 eyes in 403 patients were observed, including 331 women (82.1%) and 72 men (17.9%), and the majority of female patients were similar to the population data (40, 41). If vitrectomy and ILM peeling have become the standard treatment for MHRD with a retinal reattachment rate of 91.5%, then the inverted ILM flap groups can achieve 97.3% (42). Otherwise, the inverted ILM insertion technique seems to improve the anatomical results in terms of MH closure rate with there being a tendency for better postoperative visual acuity in the inverted ILM insertion group (43). In these studies, none of them gave up the face-down positioning, and after filling with gas or silicone oil, the patients were asked to keep a prone positioning for 1–2 weeks and avoid supine positioning afterward.


Table 3. Published studies about macular hole retinal detachment (MHRD) in the last 5 years.
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Previous studies have reported that the healing of MHs begins within 24 h after the surgery, and the bridge configuration occurs around 3 days thereafter (44). The MHs were basically healed within 3 days after surgery, and those that were not healed within 3 days were still open during the 3-month follow-up (45). Seno et al. (46) observed and scored the compliance of the face-down positioning four times per day for 3 days post-surgery for patients who had undergone a primary vitrectomy and gas tamponade for MH or RRD. In fact, the compliance with the face-down positioning was considerably varied among patients, and some patients failed nearly or more than half the time, with considerable variation among patients and better adherence by the female patients, but without associations to the outcomes. When the eye is filled with gas or silicone oil after surgery, the tamponade agent can keep contact with the retina, exert the effect of surface tensions, and close the hole or break except in the lowest position of the vitreous cavity. The macular hole is located at the posterior pole of the eyeball and is not at the lowest position in the eye except during supine positioning. Silicone oil can close the macular hole in the non-facedown positioning. Based on these, it is enough for patients to avoid supine positioning.

To the best of our knowledge, this is the first study to address the issue of positioning after PPV and silicone oil tamponade surgery for MHRD. There was no significant difference in the MH closure, retinal reattachment, and postoperative BCVA between the face-down group and adjustable group in our study. In addition, better postoperative BCVA was gained in both the groups. The rate of MH closure and retinal reattachment was similar to previous reports (42). No complications occurred after the operation.

There are several limitations in our study that should be addressed. First, the study was non-randomized and lacked a randomized model for the positioning choice. Second, the follow-up period was probably short to observe the full recovery of foveal micro-structures. Third, all the eyes were tamponade by silicon oil because we lack the supply of C3F8.

In conclusion, the results of this study suggest that adjustable positioning after PPV with silicon oil tamponade for MHRD repair is effective and safe, and choosing an adjustable positioning over a face-down positioning approach does not reduce the possibility of MH closure, retinal reattachment, and improvement of visual acuity or significantly increase the risk of complications. Face-down positioning does not seem to be necessary for all patients with MHRD. A larger and prospective randomized controlled trial study is recommended to determine the long-term outcomes of adjustable positioning after PPV surgery for MHRD.
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Purpose: A six-category model of common retinal diseases is proposed to help primary medical institutions in the preliminary screening of the five common retinal diseases.

Methods: A total of 2,400 fundus images of normal and five common retinal diseases were provided by a cooperative hospital. Two six-category deep learning models of common retinal diseases based on the EfficientNet-B4 and ResNet50 models were trained. The results from the six-category models in this study and the results from a five-category model in our previous study based on ResNet50 were compared. A total of 1,315 fundus images were used to test the models, the clinical diagnosis results and the diagnosis results of the two six-category models were compared. The main evaluation indicators were sensitivity, specificity, F1-score, area under the curve (AUC), 95% confidence interval, kappa and accuracy, and the receiver operator characteristic curves of the two six-category models were compared in the study.

Results: The diagnostic accuracy rate of EfficientNet-B4 model was 95.59%, the kappa value was 94.61%, and there was high diagnostic consistency. The AUC of the normal diagnosis and the five retinal diseases were all above 0.95. The sensitivity, specificity, and F1-score for the diagnosis of normal fundus images were 100, 99.9, and 99.83%, respectively. The specificity and F1-score for RVO diagnosis were 95.68, 98.61, and 93.09%, respectively. The sensitivity, specificity, and F1-score for high myopia diagnosis were 96.1, 99.6, and 97.37%, respectively. The sensitivity, specificity, and F1-score for glaucoma diagnosis were 97.62, 99.07, and 94.62%, respectively. The sensitivity, specificity, and F1-score for DR diagnosis were 90.76, 99.16, and 93.3%, respectively. The sensitivity, specificity, and F1-score for MD diagnosis were 92.27, 98.5, and 91.51%, respectively.

Conclusion: The EfficientNet-B4 model was used to design a six-category model of common retinal diseases. It can be used to diagnose the normal fundus and five common retinal diseases based on fundus images. It can help primary doctors in the screening for common retinal diseases, and give suitable suggestions and recommendations. Timely referral can improve the efficiency of diagnosis of eye diseases in rural areas and avoid delaying treatment.

Keywords: fundus, retinal diseases, computer simulation, vision screening, optical imaging


INTRODUCTION

Common retinal diseases include retinal vein occlusion (RVO), high myopia, glaucoma, diabetic retinopathy (DR), and macular degeneration (MD) (1–5). DR and MD are high-incidence fundus diseases in China. According to statistics, patients with fundus diseases account for 54.7% of all blindness patients in China. There are more than three million people suffering from fundus diseases and more than two-thirds of patients with fundus diseases face blindness every year. Ophthalmologists use a non-mydriatic fundus color camera to obtain images of the fundus in these five common retinal diseases. A diagnosis is made by reading and interpreting the fundus images (6). At present, China's rural areas have inefficient transportation systems, poor medical conditions, and few professional ophthalmologists. Hence, patients with ophthalmopathy often only go to hospitals in the city to seek for treatment when the disease has already progressed; this may lead to delays in getting the best available treatment and may cause serious consequences for the patient.

A six-category model consisting of the normal retina and five common retinal diseases was designed to help patients with ophthalmopathy. This may be useful in rural areas for the preliminary diagnosis, accurate classification, and timely referral of retinal diseases.

In recent years, feature extraction methods using traditional machine learning have become a common method for diagnosing ophthalmologic diseases. The pertinent features of the ophthalmologic diseases were manually selected then identified through machine learning (7–13). Deep learning used convolutional neural networks to automatically extract image features; it obtained satisfactory results in the field of ophthalmology (14–23). Many researchers have used deep learning to diagnose retinal diseases using fundus images.

Nagasato et al. (24) compared the ability of machine learning technology and deep learning technology in the detection of branch RVO through the ultra-wide field-of-view fundus images; they found that deep learning technology had higher sensitivity and specificity. Li et al. (20) used convolutional neural networks to design a system based on macular images obtained through optical coherence tomography to identify the visual conditions of patients with high myopia; the said system had high area under the curve (AUC), sensitivity, and specificity. Ahn et al. (25) trained a new neural network model using fundus photos that can detect early and late glaucoma, with a high AUC. The Google team of Gulshan et al. (26) trained a deep learning model to diagnose DR through fundus images, and automatically graded DR; they obtained satisfactory results and carried out clinical trials upon patient follow-up. Yim et al. (21) combined a three-dimensional optical coherence tomography image and the corresponding automatic tissue map to design an artificial intelligence model to predict the progress of the other eye's conversion to exudative age-related macular degeneration of a patient with one eye diagnosed to have the said ophthalmologic disease. There were also a few studies that focused on the simultaneous screening of multiple diseases. Zheng et al. (15) used 2,000 fundus images to design a five-category model of common retinal diseases based on ResNet50; the model was able to diagnose common retinal diseases, except for macular degeneration (MD). Cen et al. (27) used deep neural networks to identify 39 retinal diseases and conditions that needed to be referred to higher facilities of care; although satisfactory results were achieved, the amount of data required for training was too large.

Our team in a previous study used the ResNet50 to create a five-category model that consisted of the normal fundus and four common fundus diseases (RVO, high myopia, glaucoma, and DR) (15), with an AUC above 0.92 and a kappa value of 89.33%. The retinal diseases in the previous study did not include MD because of its complicated features and different sub-types. However, since MD is a common retinal disease, our team included it in the new classification model used in this study.

This study designed a six-category model for common retinal diseases based on the EfficientNet model. It was used to detect the normal fundus and five common retinal diseases using fundus images. The model can help patients with ophthalmopathy in rural areas in their initial diagnosis of common retinal diseases for their prompt referral.



MATERIALS AND METHODS


Data Source

The images used in this study were obtained from the Intelligent Ophthalmology Database of the Ophthalmology Hospital of Nanjing Medical University. These images were obtained by various types of non-mydriatic fundus cameras. This study used the EfficientNet model to train a six-category model for common fundus diseases. A total of 2,400 fundus images were used as training data; there were 400 fundus images for each retinal disease and 400 images of normal fundus. A total of 1,315 fundus images were used as test data. The research had no restrictions on the sex and age of the patients who had their fundus images taken. The relevant personal information of the patients were removed before the fundus images were delivered to the researchers. Therefore, this research did not determine the demographic information of the patients who had their fundus images taken.

The fundus images provided by the cooperative hospital were of high quality. The actual diagnoses of the images were given at the same time and were regarded as the diagnoses from the expert ophthalmologist. Two other experienced ophthalmologists independently diagnosed the fundus images. If the two ophthalmologists had the same diagnosis, then it was regarded as the final diagnosis. However, if the two ophthalmologists had different diagnoses, then the expert ophthalmologist would assess the fundus image and gave the final diagnosis. The fundus images only had one disease and did not contain multiple retinal diseases. A fundus image could only be assessed as normal or diagnosed with one of the five common retinal diseases (RVO, high myopia, glaucoma, DR, and MD). The normal fundus image and the fundus images of the five common retinal diseases are shown in the first column of Figure 1.


[image: Figure 1]
FIGURE 1. Original Images and heap maps of the normal fundus and five common retinal diseases.




Model Training

The EfficientNet-B4 model (28) was used to classify the normal fundus and the five common retinal diseases using the fundus images. The EfficientNet model was proposed by Google. EfficientNet-B0 provided the basebone; its depth, width, and resolution were jointly adjusted to obtain the other models. Finally, eight models with different parameters, from EfficientNet-B0 to EfficientNet-B7, were created. EfficientNet-B4 is mainly composed of one stem, seven blocks, and one final layer. The seven blocks mainly included modules 1, 2, and 3. All modules were mainly composed of the convolutional layer, pooling layer, and activation layer. The model structure and learning curves of EfficientNet-B4 is shown in Figures 2, 3, respectively.


[image: Figure 2]
FIGURE 2. Model structure of EfficientNet-B4. The values of n in this figure of Block 2–Block 6 is 2, 2, 4, 4, and 6, respectively.



[image: Figure 3]
FIGURE 3. The accuracy and loss curves of EfficientNet-B4.


The classic classification model of deep learning also included other models like VGG16 (28) and ResNet50 (29), among others. Their basic network structure mainly included convolutional layers, pooling layers, and fully connected layers. Our team previously used ResNet50 to train a five-category intelligent auxiliary diagnosis model for common retinal diseases (normal fundus and four common retinal diseases, excluding MD in that study) (15). Hence, in this study, the ResNet50 model was used to classify the normal fundus and the five common retinal diseases. The results of the ResNet50 model were compared with the results of the EfficientNet-B4 model.

The six-category model of common retinal diseases only changed the output layer category; there were no changes on the original network structure of the EfficientNet-B4 model during training. The initial parameters of the six-category model obtained after training were transferred to the ImageNet Large Scale Visual Recognition Challenge (30) to improve the initial performance of the model. Then, 2,400 fundus images were used to train the model iteratively to obtain the best weighted parameters. Finally, the six-category model of common retinal diseases was obtained.



Statistical Analysis

SPSS version 22.0 statistical software was used for statistical analysis. The receiver operating characteristic curve was used to analyze the diagnostic performance of the model, and kappa value was used to test the consistency of the diagnosis between the expert and the model. A kappa value of 0.61–0.80 indicated significant consistency, and >0.80 indicated high consistency. The sensitivity, specificity, F1-score, 95% confidence interval, AUC and other indicators of the six-category model of the normal fundus and the five common retinal diseases were calculated. The classification effect of the AUC values were interpreted as follows: >0.85, high; 0.7–0.85, average; and 0.5–0.7, poor.




RESULTS

There were 1,315 fundus images used to test the six-category models of the common retinal diseases. The expert ophthalmologist diagnosed 300 fundus images as normal, 162 fundus images as RVO, 308 fundus images as high myopia, 126 fundus images as glaucoma, 238 fundus images as DR, and 181 fundus images as MD. The EfficientNet-B4 six-category model diagnosed 301 fundus images as normal, 171 fundus images as RVO, 300 fundus images as high myopia, 134 fundus images as glaucoma, 225 fundus images as DR, and 167 fundus images as MD. The ResNet50 six-category model diagnosed 301 fundus images as normal, 168 fundus images as RVO, 265 fundus images as high myopia, 161 fundus images as glaucoma, 221 fundus images as DR, and 199 fundus images as MD. The results of the EfficientNet-B4 model and the ResNet50 model are shown in Tables 1, 2, respectively.


Table 1. Diagnostic results of the EfficientNet-B4 model.

[image: Table 1]


Table 2. Diagnostic results of the ResNet50 model.

[image: Table 2]

Compared with the expert diagnosis group, the EfficientNet-B4 six-category model had 95% sensitivity for the diagnoses of RVO, high myopia, and glaucoma, while 90% sensitivity was found for the diagnoses of DR and MD. The specificity for diagnosing the five retinal diseases was approximately 99%. All the AUCs were above 95%, and the kappa value was 94.61%; this implies a high consistency of the model. The ResNet50 six-category model (ResNet 50-6) had >80% sensitivity for the diagnoses of RVO, high myopia, glaucoma, and DR. However, the sensitivity of the model for diagnosing MD was only at 67.96%. There was >93% specificity for diagnosing the five retinal diseases. All the AUCs were above 80%, and the kappa value was 81.31%; thus, there was high consistency of the model. The ResNet50 five-category model (15) (ResNet50-5) was made by our team; it is a five-category intelligent auxiliary diagnosis model of common retinal diseases. All the indicators for diagnosing the normal fundus images of the three models can reach 99%. The evaluation index results of the three models are shown in Table 3.


Table 3. Evaluation of the index results of the three models.

[image: Table 3]

The EfficientNet-B4 and ResNet50-6 models are six-category models, while the ResNet50-5 model is a five-category model for common retinal diseases. The EfficientNet-B4 model was found to be superior to the ResNet50-6 and ResNet50-5 models in terms of sensitivity and specificity in the diagnoses of RVO, high myopia, glaucoma, and DR. The ResNet50-5 model could diagnose more accurately RVO, high myopia, glaucoma, and DR than the ResNet50-6 model. Figure 3 shows the accuracy and loss curves of Efficient-B4. Figure 4 shows the comparison of ROC curves between the EfficientNet-B4 model and the ResNet50-6 model for the assessment of the images of the normal fundus and of the five common retinal diseases.


[image: Figure 4]
FIGURE 4. ROC of the EfficientNet-B4 and ResNet 50-6 for normal fundus and the five common retinal diseases.


This study used Grad-CAM (31) to make heat maps for the EfficientNet-B4 and ResNet 50-6 models, as shown in the second and third columns of Figure 1, respectively. It can be seen from the figure that the focus area marked by the heat map of the EfficientNet-B4 model is more accurate, while the accuracy of the focus area marked by the ResNet 50-6 model is slightly worse. In this study, when the same algorithm is used to obtain the heat map, the better the evaluation index of the model, the more accurate the heat map area obtained.



DISCUSSION

In 1998, LeCun et al. (32) proposed the LeNet-5 model that used convolutional neural networks to recognize handwritten digits. Their study laid the foundation for the basic convolutional neural network (CNN) architecture of convolution, pooling, and fully connected layers. After the year 2012, deep learning had developed rapidly. The AlexNet (33) model, VGG model, GoogleNet (34) model, and ResNet model had obtained the best results for the image classification or object detection using the ImageNet Large Scale Visual Recognition Challenge. In 2019, Google researchers proposed the EfficientNet model. First, the MnasNet (35) method was used to design EfficientNet-B0 that served as the basebone of EfficientNet-B1 to B7. The network depth, width, and resolution were refined in the succeeding versions. In this study, the EfficientNet model was selected to classify the normal and the five common retinal diseases based on the fundus images. Compared with other models, EfficientNet showed a better ability to extract the internal features, hence the classification and diagnoses were improved.

Tables 1, 2 shows that the EfficientNet-B4 model had a better diagnostic ability as compared with the ResNet50-6 model. The main reason could be explained by the complexity of the fundus images; there were inconsistent focus areas and varying characteristics of the different retinal diseases. The ResNet 50 model had 50 layers, while the EfficientNet-B4 model had deeper layers. Thus, the deep features of the fundus image could be extracted through operations, such as convolution. These deep features could help increase the accuracy of the model's assessment of the fundus image's diagnosis. However, the models used in this study had poor diagnostic results for MD. It was misdiagnosed as other diseases in large numbers because of its complicated manifestation in fundus images. The models had a difficulty in determining MD from other types of macular lesions, hence leading to misdiagnosis.

Our team had proposed a five-category model for normal fundus images and the four common retinal diseases based on the ResNet50 model. MD was not included in the four common retinal diseases in that study. Moreover, the results of the related retinal diseases were compared with the results of the five-category model. The results of the ResNet50-5 model in Table 3 are based on the five-category model. The addition of new categories will increase the difficulty of the model's identification of the target. The accuracy of the classification of the results by the model would decrease. This would apply to the features of other retinal diseases that may contain the features of MD that would make the diagnosis of MD more difficult. Consequently, this increases the probability of misdiagnosing MD as other types of retinal disease.

Some researchers had also done research on multi-class fundus diseases. Karthikeyan et al. (36) used deep learning to detect 12 major retinal complications, and the verification accuracy was 92.99%. Wang et al. (37) used the EfficientNet model to do multi-label classification research and the accuracy was 92%. The accuracy of the EfficientNet-B4 model in this study is 95.59%, but the images only had single labels, which was normal and five common fundus diseases. Other fundus diseases were usually classified into five fundus diseases, and then they would be diagnosed again by a doctor.

Tables 1–3, show that the two six-category models could diagnose normal fundus images. It is rare for normal fundus images to be diagnosed with retinal disease. There was one or two images with retinal disease that were diagnosed as normal images for the two models; the misdiagnosis mainly occurred in the fundus images of DR and MD. In the typical process of making a diagnosis, the doctor would need to confirm the results after the preliminary diagnosis using the classification model. The DR and MD lesions were relatively apparent, and even non-ophthalmologists could make good judgments after basic training. Therefore, the missed diagnosis of these two retinal diseases will be greatly reduced after the doctor's confirmation

The six-category model for common fundus diseases based on EfficientNet-B4 had high sensitivity and specificity for diagnosing normal fundus and five common retinal diseases. Therefore, it may be suitable for the primary diagnosis of common retinal diseases at the primary hospital. It may help increase diagnostic accuracy in primary care and support early detection, diagnosis, treatment, and referral. However, the model also had some shortcomings. For example, the sensitivity of diagnosing DR and MD was lower than in the other retinal diseases. The model could be further improved by increasing the number of training images to attain a better diagnostic performance.
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Purpose: To develop an artificial intelligence (AI) system that can predict optical coherence tomography (OCT)-derived high myopia grades based on fundus photographs.

Methods: In this retrospective study, 1,853 qualified fundus photographs obtained from the Zhongshan Ophthalmic Center (ZOC) were selected to develop an AI system. Three retinal specialists assessed corresponding OCT images to label the fundus photographs. We developed a novel deep learning model to detect and predict myopic maculopathy according to the atrophy (A), traction (T), and neovascularisation (N) classification and grading system. Furthermore, we compared the performance of our model with that of ophthalmologists.

Results: When evaluated on the test set, the deep learning model showed an area under the receiver operating characteristic curve (AUC) of 0.969 for category A, 0.895 for category T, and 0.936 for category N. The average accuracy of each category was 92.38% (A), 85.34% (T), and 94.21% (N). Moreover, the performance of our AI system was superior to that of attending ophthalmologists and comparable to that of retinal specialists.

Conclusion: Our AI system achieved performance comparable to that of retinal specialists in predicting vision-threatening conditions in high myopia via simple fundus photographs instead of fundus and OCT images. The application of this system can save the cost of patients' follow-up, and is more suitable for applications in less developed areas that only have fundus photography.

Keywords: artificial intelligence, high myopia, fundus photographs, optical coherence tomography, deep learning


INTRODUCTION

Myopia has been recognized as an important public health problem worldwide (1). The global number of myopic subjects will increase to 5 billion by 2050, and about 20% of them will suffer from high myopia (2). The high prevalence of myopia and high myopia leads to an increase in pathological myopia (PM), especially in East Asian countries (3). Patients with PM usually suffer from myopic maculopathy, which is one of the most common causes of irreversible blinding vision loss (4). Visually impaired people tend to have lower capacity for work and higher rate of depression, imposing a significant burden on individuals and society (5). Formulating an applicable strategy for risk stratification is conducive to surveillance and early treatment, (6, 7) but the diagnosis and assessment of myopic maculopathy in the clinic are relatively complex (8).

The atrophy, traction, and neovascularisation (ATN) classification and grading system proposed by Jorge Ruiz-Medrano is currently a common clinical diagnostic criterion, allowing a simple and systematic grading of myopic maculopathy that is both understandable and widely applicable (3). It contains three categories: atrophy (A), traction (T), and neovascularisation (N). Clinically, the diagnosis of category A can depend on fundus photographs, but the diagnosis of categories T and N is difficult based on fundus photographs only, and optical coherence tomography (OCT) images are also required. However, it is difficult to widely adopt OCT examinations as a routine screening method because of the high cost and the lack of equipment in primary hospitals or communities. Therefore, rapid screening and timely referral for PM is handicapped because the T and N conditions cannot be reliably detected by humans using fundus photographs alone. Ophthalmologists with sufficient experience in diagnosing and treating high myopia are also scarce in primary hospitals.

A potential solution is development of artificial intelligence (AI) technology, which has been applied to identify various ophthalmic diseases (9–16). Previous studies reported that AI systems can predict diseases from fundus photographs, such as cardiovascular risk factors and refractive error (17, 18). A recent study successfully predicted OCT-derived center-involved diabetic macular oedema (ci-DME) from fundus photographs using deep learning (19). It suggested that the AI system can discover the underlying association between the disease and the details of fundus photographs. As for high myopia, previous studies only focused on automated lesion identification based on fundus or OCT images (20, 21). Further exploration is required to allow making predictions in high myopia via two-dimensional images (fundus photographs) without three-dimensional images (OCT images).

This study aimed to develop an AI system that can predict OCT-derived ATN classification using monoscopic fundus photographs.



MATERIALS AND METHODS

This study was approved by the Ethics Committee of Zhongshan Ophthalmic Center (ZOC, Guangzhou, China) (ID: 2021KYPJ175) and the requirement of informed consent was waived in this retrospective study. And this study was performed in accordance with the principles of the Declaration of Helsinki; all private information that could identify individuals was excluded.


Patients and Images

Patients with high myopia presenting to the retinal clinic at ZOC between January 2014 and February 2021 were reviewed and analyzed. High myopia was defined as refractive error (RE) ≤ −6.0 D or axial length (AL) ≥ 26.0 mm. None of the patients had previously undergone surgery. Patients with coexisting or previous ocular disorders, such as diabetic retinopathy, retinal vascular abnormalities, uveitis, and age-related macular degeneration, were excluded.

Fundus photographs were collected using a Topcon fundus camera (TRC-50; Topcon, Tokyo, Japan), and one single macula-centered 50°color fundus photograph was obtained for each eye. All fundus photographs were downloaded using the standard tiff or jpeg compression formats. The corresponding spectral domain OCT images (Heidelberg Engineering, Heidelberg, Germany) were collected. The OCT images with horizontal and vertical slices through the fovea were downloaded in a standard image format according to the manufacturer's software instructions, and the scan length was 6 mm. These slices can detect most vision-threatening conditions associated to high myopia. For some patients, the same eye was examined multiple times to monitor disease progression. If the interval between the two examinations exceeded 1 month and the multiple examinations showed that the disease is progressing, the images of the multiple examinations will be included as separate data in this study. There were no exclusion criteria based on age, sex, or race.



Image Labeling Process Based on the ATN System

Three Chinese board-certified retinal specialists with over 10 years of experience were invited to label each fundus photograph according to the corresponding OCT images of each eye (Figure 1). Initial quality control was conducted for all fundus photographs. Images in which the optic disc and macula could not be identified clearly were considered poor quality and removed from the database. Duplicated images and those with incorrect magnification were also excluded. Qualified fundus photographs were used to train the AI system, whereas OCT images were used only to aid labeling. The labeling standard was consistent with the ATN system of Ruiz-Medrano et al. (3). All fundus photographs were graded separately for the A, T, and N categories and placed into the dataset accordingly. Each image was examined, discussed, and labeled until all three retinal specialists agreed on the final diagnosis. When dissent could not be resolved, another retinal specialist with over 20 years of experience was invited to the group discussion to make the final decision. Representative fundus photographs and relative OCT images are shown in Figure 2.


[image: Figure 1]
FIGURE 1. Schematic representation of our approach for developing a high myopia predictive model. Retinal specialists labeled each fundus photograph according to the corresponding OCT images. The fundus photographs with ground true labels were used for model training. For clinical application, the model receives as input fundus photographs, then outputs the predicted ATN classification. OCT, optical coherence tomography; DL, deep learning; A, atrophy; T, traction; N, neovascularisation.



[image: Figure 2]
FIGURE 2. Representative fundus images and related OCT images. (A1,A2) Tessellated fundus; (B1,B2) Macular atrophy; (C1,C2) Retinal detachment; (D1,D2) PMCNV. OCT, optical coherence tomography; PMCNV, pathological myopic choroidal neovascularisation.




Development of a Deep Learning Model

We used binary classification to simplify the ATN system, which can screen out patients who need close follow-up or treatment. Specifically, retinal atrophy (A1), macular hole or retinal detachment (T1), and pathological myopic choroidal neovascularisation (PMCNV) (N1) were detected or predicted (Table 1). In addition, we attempted to use multi-classification to divide category A into three grades, including normal fundus (no myopic retinal lesions), tessellated fundus, and retinal atrophy. The purpose of this task was to further distinguish the presence of high myopia in fundus photographs without retinal atrophy.


Table 1. Final classification standard.

[image: Table 1]

The devised framework used the residual network ResNet-34 model as the backbone to build a multi-branch ResNet-34 structure, which is utilized to extract rich high-level feature information (22, 23). We used the pre-trained parameters on the ImageNet dataset to train the designed multi-branch ResNet-34 model in transfer learning mode. The atrous spatial pyramid pooling (ASPP) module was employed to extract contextual feature information by expanding the receptive field, with the atrous rate set to 1, 6, 12, and 18. To force the network to focus on the feature extraction of the key areas, the attention module was used to refine the extracted feature by the multi-branch network so that discriminative features could be obtained. Subsequently, we used the global average pooling operation to process the extracted features. Following the pooling layer, a fully connected layer was used to map the extracted features to the category space. Finally, the entire network was trained and tested to output the predicted results using the softmax layer (22). The entire framework of the proposed deep learning model is shown in Figure 3. We used the Pytorch library as the framework to build the network. One NVIDIA TITAN XP GPU was employed to accelerate training and testing. The batch size was set to 16, and the maximum epoch of training was 60. The input images were resized to 512 × 512 pixels. The initial learning rate was set to 0.0001, which was multiplied by 0.1 every 20 epochs. Afterward, the data were randomly classified into training set and testing set in the ratio of 0.8:0.2 in each category. The flow chart in Figure 4 shows the development and evaluation of the AI system based on fundus photographs.


[image: Figure 3]
FIGURE 3. Framework of the deep learning methods.



[image: Figure 4]
FIGURE 4. Flow chart showing the AI system development and evaluation based on fundus photographs. DL, deep learning; OCT, optical coherence tomography.




Quantification and Statistical Analysis

We used accuracy, precision, sensitivity, specificity, and F1 score to evaluate the performance and stability of the classification model. Accuracy was measured by dividing the number of correct predictions by the total number of samples. Precision was measured by dividing the number of true positives by the total number of true positives and false positives. Sensitivity was determined by dividing the number of true positives by the total number of true positives and false negatives. Specificity, was determined by dividing the number of true negatives by the total number of true negatives and false positives. The F1 score was calculated as twice the product of precision and sensitivity divided by their sum and measures the balance of the positive and negative samples at the same time. For further evaluation, two retinal specialists and two attending ophthalmologists were invited to classify the images to compare with the AI system. The area under the receiver operating characteristic (ROC) curve (AUC) was calculated to assess the total performance of AI models and clinicians.




RESULTS


Imaging Datasets and Clinical Characteristics of Patients

A total of 2,014 fundus photographs were collected, including 1,814 high myopia fundus photographs (704 subjects) and 200 normal fundus photographs (116 subjects). After quality control, 161 poor quality images were excluded. Finally, 1,853 fundus photographs were selected to develop and evaluate our AI system. We split the data assigning 1,483 images to the training dataset and 370 to the test dataset. The demographic characteristics of included subjects are shown in Table 2.


Table 2. Demographic characteristics of subjects.
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Performance of the AI System

The AUCs of the proposed method were 0.969, 0.895, and 0.936 for categories A, T, and N, respectively, and the accuracies were 92.38, 85.34, and 94.21%, respectively (Figure 5A; Table 3). Compared with other methods, the proposed method achieved the highest AUC values and accuracies for all categories. Further indicators including precision, sensitivity, specificity, and F1-score are shown in Table 3. We also produced t-distributed stochastic neighbor embedding (t-SNE) visualizations for the different methods using the last extracted features (Figure 5B). Red and green points represent negative and positive results, respectively. Points of the same color were clustered, while those of different color were separated, indicating the good classification ability of the model. We can observe that the proposed method could separate the categories more easily than other methods.


[image: Figure 5]
FIGURE 5. Performance of AI system in A, T, and N categories. (A) The comparison of different methods and clinicians using ROC curves. AUC, area under the curve; ROC, receiver operating characteristic. (B) The t-SNE visualization of different methods. Red and green points represent negative and positive results, respectively.



Table 3. Comparison of different methods in the testing dataset (%).

[image: Table 3]

In addition, we trained the model to perform a multi-classification task for category A. Compared with the binary classification model, this multiclass model can distinguish tessellated fundus independently, which is more conducive to the identification of early lesions. The accuracies of the four methods (ResNet-34, MB, MB-ASPP, and Proposed method) were 89.05, 90.71, 90.95, and 91.67%, respectively. Figure 6A shows the AUCs of the different methods for the classification of category A with three sub-grades. The AUCs of the proposed method were 1.000, 0.956, and 0.966 in normal fundus, tessellated fundus, and retinal atrophy, respectively. The results indicate that proposed method had the best performance. Figure 6B shows the t-SNE visualizations with respect to the different methods. The proposed method could separate the categories more easily than other methods.


[image: Figure 6]
FIGURE 6. Performance of AI system in category A with three sub-grades. (A) The ROC curves of different methods for category A with three sub-grades. AUC, area under the curve; ROC, receiver operating characteristic. (B) The t-SNE visualization of different methods for category A with three sub-grades. Red, blue, and green points represent the normal fundus (no myopic retinal lesions), tessellated fundus, and retinal atrophy, respectively.




Comparison of the Performance of the AI System With That of Clinicians

We compared the classification performance of the AI system with that of ophthalmologists, including two retinal specialists and two attending ophthalmologists. To illustrate the superiority of the proposed method, we plotted the ROC curves and marked the operating points of the four ophthalmologists as well (Figure 5A). The average accuracies of the two attending ophthalmologists were 84.46, 75.14, and 84.59% for categories A, T, and N, respectively; while those of the two retinal specialists were 90.00, 82.03, and 91.49%, respectively. When compared with clinicians, the proposed method performed better than attending ophthalmologists and comparably to retinal specialists.




DISCUSSION

Previous studies have shown that AI technology can use fundus photographs to predict cardiovascular risk, refractive errors, and ci-DME, significantly outperforming specialists (17–19). Varadarajan et al. reported that their AI system, applied fundus photographs to predict the presence of ci-DME, achieved 85% sensitivity and 80% specificity. Compared with the AI system, retinal specialists have similar sensitivities (82–85%), but only half the specificity (19). In the current study, we used fundus photography to predict the presence of treatment-requiring conditions (macular hole, retinal detachment, and PMCNV), and also achieved high accuracy in categories T (85.34%) and N (94.21%). The performance was greater than that of attending ophthalmologists and comparable to that of retinal specialists. Our system can pick up more occult lesions which might be overlooked by ophthalmologists based on fundus photographs alone. The application of this model in less developed areas is expected to solve the problem of inadequate equipment and doctors in primary hospitals or communities.

In previous researches, Li et al. (24) developed an AI model with 5505 OCT images to identify vision-threatening conditions (retinoschisis, macular hole, retinal detachment, and PMCNV) in patients with high myopia and achieved reliable sensitivities and specificities. The OCT images can clearly reveal retinal traction and neovascularisation because of the cross-sectional information, but the cost is relatively high, and there is no such equipment in many primary hospitals or communities. Therefore, it is not suitable for long-term follow-up of myopia patients in less developed areas. In this study, the AI system we developed to predict ATN classification of high myopia via fundus photographs without OCT images is comparable in performance to retinal specialists. This work demonstrates the potential of AI technology to enable diagnostics on inexpensive equipment, replacing previously expensive equipment.

Automatic diagnosis of retinal detachment and/or PMCNV by fundus photographs has been reported in some studies (25, 26). Hemelings et al. developed an algorithm for PM detection using 400 fundus photographs, and the F1 score for retinal detachment was 0.71 (25). However, it is a challenge to identify minimal changes in early stage of myopic maculopathy using only fundus photographs for both ophthalmologists and AI system. In the current study, retinal specialists labeled the fundus photographs by referring to the results of the corresponding OCT images. Some minimal lesions, which were latent on fundus photographs but present obviously on corresponding OCT images, were also included in the training dataset. Therefore, our system can pick up more details (all kinds of macular hole, retinal detachment, and PMCNV) than ophthalmologists. The connection between lesion features and results might have been built during the training process, allowing the achievement of higher predictive ability.

Some researchers have performed automatic identification and segmentation of myopic lesions based on fundus photographs, and achieved promising performance (25–28). Tan et al. developed an algorithm which achieved high diagnostic performance, with an AUC of 0.913 for high myopia and 0.969 for myopic maculopathy (26). Baid et al. developed another algorithm for PM detection and achieved an AUC of 0.99 (28). However, these studies only made a preliminary diagnosis of PM or focused on identifying one or two categories of myopic maculopathy. Our AI system can simultaneously predict atrophy, traction, and neovascularisation. Using our AI system, patients with macular hole and/or RD will be accurately predicted and referred to retinal specialists for timely surgery. PMCNV will also be predicted, and the patient referred for further examination to formulate a plan for anti-vascular endothelial growth factor treatment. Regular follow-up is advised to monitor disease progression in patients with tessellated fundus or retinal atrophy alone. Therefore, primary hospitals can achieve risk stratification and promptly detect and refer patients requiring treatment, which helps patients receive treatment in time to restore vision.

Due to the large population of patients with myopia, it is challenging for ophthalmologists to conduct large-scale screenings (5, 29). If all patients with myopia were to be referred to advanced hospitals for diagnosis or follow-up, they could overwhelm the medical system. Therefore, there is an urgent need to establish an effective community-based myopia-screening system. The non-expert-dependent AI system we developed has important clinical value, as it can reduce the large influx of patients to advanced hospitals and reduce individual and social costs. It can also be convenient for patients who require long-term follow-up. In addition, the application of this AI system in primary hospitals and healthcare institutions during the COVID-19 pandemic will reduce the concentration in large hospitals, and thus the risk of infection.

This study had some limitations. First, the ATN classification in this study has been simplified. However, the system can accurately identify patients who need referral and can save the cost of patient follow-up. Second, all images in our study were collected from the same hospital. Images from multiple centers could be obtained as external data to further improve and assess our AI system. In addition, this AI system can detect PMCNV, but it is difficult to estimate the activity of the lesion. This problem could be solved by collecting more images from the long-term follow-up of patients with PMCNV to compare the different features over time.

In conclusion, the AI system we developed can predict ATN classification of high myopia using the cheaper and more widely available fundus photographs, with performance comparable to that of retinal specialists. Its clinical applications would provide a comprehensive diagnosis to triage and referral and reduce the individual and social costs. Such promising performance recommends its extensive application as a large-scale screening tool in primary medical institutions.
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To evaluate the outcomes of 25-guage (G) pars plana vitrectomy (PPV) with air tamponade for rhegmatogenous retinal detachment (RRD) with inferior breaks. This retrospective consecutive case series included fifty-two eyes of fifty-two RRD patients with inferior breaks who underwent 25-G PPV with air tamponade. These patients were followed up for at least 6 months following surgery. Primary and final anatomical success rates and postoperative complications were the main outcome measures. The mean age of the patients (39 men and 13 women) was 51.8 ± 11.8 years. There were 49 primary RRDs (94.2%) and three recurrent RRDs (5.8%). The mean follow-up period was 8.2 ± 1.6 months (range: 6–13 months). Sixteen eyes (30.8%) presented with high myopia, and six eyes (11.5%) were pseudophakic. Proliferative vitreous retinopathy grade was C1 in four eyes (7.7%). Of the 52 eyes, two (3.8%) were complicated with choroidal detachment, and forty (76.9%) had the macula detached. The single- and final-operation success rates were 96.2% and 100%, respectively. During follow-up, secondary cataract surgery was performed in eight eyes (17.4%) of the 46 phakic eyes. 25-G PPV with air tamponade is effective in treating selected RRD patients with inferior breaks. Patients can benefit from early visual recovery and less complications.

Keywords: air tamponade, inferior breaks, 25-gauge, pars plana vitrectomy, rhegmatogenous retinal detachment


INTRODUCTION

Rhegmatogenous retinal detachment (RRD) is a severe vision-threatening disease, defined as the separation of the inner neurosensory retina and the outer retinal pigment epithelium (RPE) due to retinal breaks formation caused by abnormal vitreoretinal traction (1). At present, pars plana vitrectomy (PPV) gains popularity in treating RRD due to its low invasiveness and adequate visualization of the peripheral retina via the wide-angle viewing system (2–5). After removing the vitreous, long-acting gas, such as 14% perfluoropropane (C3F8) and 18% sulfur hexafluoride (SF6), or silicone oil are injected into the vitreous cavity to support retinal breaks closure and assure chorioretinal adhesion establishment.

Since April 2016, long-acting gases were no longer commercially available in China because of legislation changes. Silicone oil carries potential complications such as elevated intraocular pressure (IOP) and the necessity of secondary removal surgery (6). The current preference includes using air as a reasonable alternative for the tamponade (5, 7, 8). The air has a shorter half-life and a lower risk of elevated IOP and cataract development or progression compared to other agents. Previous studies have suggested that air can perform on par with long-acting gas in terms of surgical outcome (5, 9). However, air tamponade is generally indicated for RRDs with superior breaks; yet, the inferior breaks always pose a challenge for air tamponade (10–13). Therefore, we conduct this retrospective study to evaluate the surgical outcomes of RRD patients with inferior retinal breaks treated with 25-gauge (G) PPV using air tamponade only.



MATERIALS AND METHODS

We reviewed medical records of all RRD patients from April 2018 to April 2021 who underwent 25-G PPV with air tamponade. These patients had at least one causative break located in the inferior retina (between 4 and 8 o’clock meridian). The exclusion criteria included giant retinal tears, proliferative vitreous retinopathy (PVR) grade C2 or greater, myopic macular hole-associated retinal detachments, traumatic RRDs, pediatric RRDs (birth to 18 years of age), other serious eye diseases, and less than 6 months of follow-up. The Ethics Committee of the Second People’s Hospital of Foshan approved the study. It was performed following the Tenets of the World Medical Association’s Declaration of Helsinki. Written consent for surgical treatment was obtained from each patient.

All eligible patients underwent comprehensive ophthalmic examinations, including Snellen best-corrected visual acuity (BCVA) measurement, non-contact tonometry, fundus examination, B-ultrasonography, and optical coherence tomography (OCT). The characteristics (number, size, type, and location) of retinal breaks and other procedures details (e.g., combined lens extraction and drainage retinotomy) were extracted from surgical records. PVR diagnosis was made according to the classification of the American Retina Society Terminology Committee, United States (14).

Two surgeons conducted all surgeries under retrobulbar anesthesia (PSh and XK). After proper conjunctival sac disinfection using povidone-iodine, a standard three-port 25-G PPV was performed using the Alcon Constellation Vision System (Alcon Laboratories, Fort Worth, TX, United States) and a non-contact wide-angle viewing system (the RESIGHT 700, Carl Zeiss Meditec AG, Jena, Germany). The vitrectomy was conducted using a cut rate of 5,000 cuts per minutes (cpm) with proportional vacuum settings and a maximum vacuum of 450 mmHg. Phacoemulsification and intraocular lens (IOL) implantation were performed simultaneously if lens opacification was visually significant.

After removing the core vitreous, the manual posterior vitreous detachment (if absent) was induced using vitreous cutter near the optic disc. Careful inspection was performed routinely with the assistance of triamcinolone and soft tip of the flute needle to detect vitreoschisis. The peripheral vitreous base was shaved up to ora serrata under 360° scleral indentation. All visible PVR membranes were peeled cautiously. After complete vitrectomy and meticulously searching for all existing breaks, the retina was flatten using fluid-air exchange (air pressure = 30 mmHg). The subretinal fluid (SRF) was drained out through existing breaks or drainage retinotomy. Retinal breaks and degenerative areas were treated by endolaser photocoagulation. Prophylactic 360° laser cerclage, perfluorocarbon liquid (PFCL), or cryopexy was not used in any eyes. At the end, the residual fluid was drained off with the flute needle to ensure complete air-fill of the vitreous cavity. Sclerotomies were carefully closed in case of air leakage.

Patients were required to maintain an alternative supine or lateral position at least 12 h/day for no less than 5 days. Follow-up examinations were scheduled at 1 day, 1 and 2 weeks, and 1, 3, and 6 months after surgery. Two weeks after surgery, axial length (AL) measurement for the highly myopic eyes was performed using Lenstar LS 900 (Haag-Streit AG, Koeniz, Switzerland, software version 1.1). If necessary, extra visits were scheduled. We prescribed dexamethasone eyedrops and ophthalmic ointment (TobraDex, Alcon) for each patient after the surgery for 2 weeks. Primary and final anatomical success rates and postoperative complications were the main outcome measures.


Statistical Analysis

For statistical analysis, BCVA in the Snellen value was converted to the logarithm of the minimum angle of resolution (logMAR). Visual acuity of light perception, hand movements, and counting fingers were assigned as 2.9, 2.6, and 2.3, respectively (15). Mann-Whitney U test was employed to compare BCVA. All continuous data were expressed as mean ± standard deviation. P values < 0.05 were considered significant. Analyses were performed using SPSS for windows 21.0 (SPSS Inc., Chicago, IL, United States).




RESULTS


Baseline Characteristics

Fifty-two eyes of 52 consecutive patients (39 men and 13 women) with causative inferior breaks were recruited. Baseline characteristics are summarized in Table 1. Supplementary Material showed the clinical characteristics and treatment outcomes of each patient. The mean age was 51.8 ± 11.8 years (range: 28–79), and the mean follow-up was 8.2 ± 1.6 months (range: 6–13 months). Sixteen patients (30.8%) presented with high myopia, with a mean AL of 28.21 ± 1.66 mm (range: 26.15–31.12, measured 2 weeks after surgery). There were 46 phakic eyes (88.5%) and six pseudophakic eyes (11.5%). The posterior lens capsule was intact in three eyes (50.0%). Yttrium–aluminum–garnet laser capsulotomy was performed in the other three eyes (50.0%). PVR grade was C1 in four eyes (7.7%), with the numeral one referring to the number of quadrants with visible PVR membrane formation.


TABLE 1. Clinical characteristics of 52 eyes undergone 25-G PPV with air tamponade for RRD with inferior breaks.

[image: Table 1]
This series included forty-nine primary RRDs (94.2%) and three recurrent RRDs (5.8%). Of the three eyes, two were vitrectomized eyes (Case 20 underwent lens extraction and intraocular lens (IOL) implantation and silicone oil removal 7 years ago; Case 24 underwent lens extraction and IOL implantation and silicone oil removal 8 months ago). Yttrium–aluminum–garnet laser capsulotomy was performed for both patients. Another patient (Case 25) underwent scleral buckling for primary detachment 1 year ago.

Intraoperatively, we found the mean detachment extent was 6.5 ± 2.3 clock hours (range: 2–12). There was a total of 150 breaks, of which 76 (50.7%) were located in the superior retina (between 8 and 4 o’clock meridian, including the 8 and 4 o’clock meridian), and the other 74 (49.3%) were located in the inferior retina (between 4 and 8 o’clock meridian). One hundred and one breaks (67.3%) were horseshoe tears, and forty-nine breaks (32.7%) were atrophic holes. Thirteen eyes (25.0%) had inferior breaks only, and thirty-nine eyes (75.0%) had both superior and inferior breaks. Table 2 illustrates the characteristics of retinal breaks. Two eyes (3.8%) were complicated with choroidal detachment. Four patients who had lens opacification with visual significance underwent PPV combined with cataract surgery.


TABLE 2. Clinical characteristics of retinal breaks.
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Anatomical Outcome

Retinal reattachment after single surgery was achieved in 50 of the 52 patients (96.2%). The other two patients received vitrectomy with silicone oil tamponade as a salvage treatment, and no one had redetachment after silicone oil removal until the last follow-up. Table 3 shows the clinical characteristics of the two patients. Both eyes were attributed to new breaks, and Case 49 was related to the newly developed macular hole.


TABLE 3. Clinical characteristics of patients with primary reattachment failure.
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Visual Acuity Outcome

Mean preoperative logMAR BCVA (Snellen equivalent 20/796) was 1.60 ± 0.93 (range: 0–2.6, median: 1.7). The mean postoperative logMAR BCVA (Snellen equivalent 20/55) was 0.44 ± 0.24 (range: 0–1.1, median: 0.45), showing a significant improvement (P < 0.001).



Complications

The air was completely absorbed 9–12 days following surgery. Temporary IOP elevation (>21 mmHg) occurred in seven highly myopic patients 1 week after the surgery and was controlled well using topical medications without any permanent damage. Ocular hypotony, endophthalmitis, and other serious complications were not observed. During follow-up, eight eyes (17.4%) of the 46 phakic eyes underwent secondary cataract surgery.




DISCUSSION

This retrospective consecutive case series included fifty-two eyes of fifty-two RRD patients, demonstrating that inferior breaks in RRDs can be effectively managed with 25-G PPV combined with air tamponade. After a follow-up of at least 6 months, fifty patients (96.2%) achieved successful retinal reattachment after a single surgery, with corresponding improvements in BCVA. This technique demonstrated favorable surgical outcomes and fewer complications.

Conventionally, long-term tamponades, such as C3F8 and silicone oil, are commonly used. However, long-acting gas significantly affects postoperative visual rehabilitation and requires a prolonged prone position. Silicone oil can also lead to many potential complications, such as secondary glaucoma and cataract. Moreover, these patients require additional surgery to remove silicone oil. Therefore, attempts have been made to shorten the prone positioning period and minimize complications by using air.

Using air tamponade has several important advantages. Air, with a much shorter half-life and the non-expansile property, usually remains in the eye for less than 1 week (16), allows much quicker visual rehabilitation, and reduces postoperative complications, such as elevated IOP and PVR (11, 17). Like the long-acting gas, air provides buoyant force and great surface tension to seal retinal breaks, preventing fluid accumulation in the subretinal space. A previous study showed that the retina-RPE adhesion occurs within 24 h in situations without SRF (18). After that time, fluid will not enter the subretinal space through breaks. Therefore, the long-term tamponade may be unnecessary for retinal detachment. Moreover, the shorter duration of air in the eye may mitigate against postoperative PVR or epiretinal membrane formation (19).

The locations of retinal breaks and quadrants involved are important and clinically relevant factors that may affect surgical outcomes (5). Inferior breaks always pose a challenge to intraocular air tamponade. Previous studies showed conflicting results. Tan et al. (10) found that RRDs that involved the inferior quadrants had significantly lower primary success rates when using air tamponade, compared to SF6 tamponade. They suggested that air tamponade should only be used in superior RRDs. Nevertheless, in their study, shaving of the vitreous base was only performed around retinal breaks, and cryocoagulation was used in all cases, which is known to require longer time to induce chorioretinal adhesion than laser coagulation. A prospective randomized study by Zhou et al. (11) indicated that air had equivalent tamponade effects to C3F8 for RRDs with inferior breaks (single-operation success rate: 84 and 78% in air and C3F8 groups, respectively). Martínez-Castillo et al. (12, 13) reported that PPV with air tamponade was effective in the treatment of pseudophakic RRDs with inferior breaks without facedown position postoperatively (primary success rate: 90–93.3%). Consistent with previously reported results, this case series, with single and final operation success rates of 96.2 and 100%, respectively, provides further evidence that air tamponade is sufficient to establish a stable chorioretinal adhesion and achieve retinal reattachment in RRDs with inferior breaks.

For RRDs with inferior breaks, it may be challenging to maintain the retinal breaks attached until the chorioretinal adhesion developed. For RRDs with superior breaks, air in the vitreous cavity can seal the breaks easily because of buoyant force and great surface tension. Regarding RRDs with inferior breaks, air may be unlikely to provide effective tamponade for the breaks for a sufficient duration postoperatively, as the residual SRF tends to fall to the inferior quadrant and may seep around edge of the inferior breaks due to gravity. Thus, it is assumed that air tamponade may be insufficient for the treatment of RRDs with inferior breaks. However, Martínez-Castillo et al. (12, 20) reported that 20-G PPV with air tamponade could adequately treat RRDs with inferior breaks, if complete drainage of SRF was performed. Tetsumoto et al. (9) inferred that short-term tamponade may sufficiently reduce the risk of redetachment if the SRF does not reach the original break. In present study, we adjusted the head position appropriately during the fluid-air exchange, allowing the SRF to flow out easily. In patients with a tiny break in the far periphery, a drainage retinotomy can be created to fully drain the SRF. A peripheral drainage retinotomy should be attempted in a superior quadrant, whenever possible, to avoid complications. Moreover, postoperative supine positioning could prevent the SRF from collecting around the inferior breaks, giving sufficient duration for the establishment of stable chorioretinal adhesion. A recent study by Gozawa et al. (21) observed intraocular gas contact rates of the retina using MRI. They found that the gas could adequately support and seal superior and inferior parts of the retina in the supine position, with a gas contact rate exceeding 90%. Therefore, the patients in this study were instructed to maintain an alternative supine or lateral position, implying that intraocular air bubble can effectively seal inferior breaks and enhance SRF absorption. In addition, the supine position is less demanding and easier for the patients to maintain.

Previous literature demonstrated that the primary anatomical success rates of air tamponade varied from 73 to 94.5% (11, 12, 20, 22–24). This discrepancy may be due to different patient selection criteria, varied sample sizes, and diverse vitreoretinal surgical techniques. It should be noted that surgical techniques are essential for a successful RRD repair. The pathogenesis of RRD involves vitreoretinal tractional forces that result in a full-thickness break (1). Therefore, our technique highlights complete vitreous removal. The vitreous around retinal breaks and vitreous base were removed as completely as possible under 360° scleral indentation. A wide-angle viewing system and scleral indentation are critical for a successful shaving of the vitreous base. In addition, advanced vitreous cutter and directional endolaser probe have greatly facilitated the management of retinal breaks in peripheral, reducing complications such as iatrogenic breaks and posterior capsular damage. Triamcinolone was also used routinely to detect the residual vitreous gel in case of insufficient vitreous liquefaction. In addition, excessive interventions should be avoided to prevent unnecessary complications. PFCL is usually used during vitrectomy to facilitate the peripheral vitreous shaving and SRF drainage. However, subretinal migration of PFCL is a common complication. Li et al. (5) reported that a 360° prophylactic laser coagulation could improve anatomical success rate. It is essential to identify and treat all retinal breaks. Nevertheless, excessive laser may cause retinal necrosis and small, difficult-to-find retinal holes, leading to a redetachment. These holes are difficult to identify within the patches of chorioretinal atrophy. In present study, most patients had severe vitreous liquefaction or horseshoe tears with strong vitreoretinal traction, or a combination of these factors. Therefore, we did not choose scleral buckling as the primary treatment. Our experience with this case series provides further evidence that the complete vitrectomy with air tamponade could be effective in repairing RRDs with inferior breaks. After a follow-up of at least 6 months, the retina of fifty eyes completely reattached after a single surgery, obtaining a primary success rate of 96.2%.

No serious adverse events occurred during the procedure, which indicated the safety of the current surgical technique. As previously demonstrated (10, 11, 20), the leading cause of redetachment is new breaks, which occurred in both recurrent patients. One patient (Case 49) complicated with high myopia developed a myopic macular hole-associated retinal detachments 2 weeks after surgery. As a small amount of submacular fluid would be left at the end of surgery, a potential explanation may be that the great surface tension of air presses against the fovea and the submacular fluid. Previous literature disclosed that exposure of the lens to abnormally high oxygen levels can lead to nuclear sclerosis in vitrectomized eyes (25). In this case series, eight eyes (17.4%) underwent secondary cataract surgery during follow-up. The air usually remains in the eye for about 1 week. The shorter duration of intraocular air contacting with the lens may reduce the risk of cataract development or progression. This study has several limitations, including its retrospective design and the lack of a control group. The retrospective design has an inherent risk of selection bias. In addition, all patients were enrolled from a single tertiary institution, which may cause selection bias.

In conclusion, we observed a satisfactory success rate using 25-G PPV with air tamponade in repairing RRDs with inferior breaks. This technique has a faster visual rehabilitation, a shorter positioning period, fewer complications, and reduced medical costs. The high success rate of this study suggests that air has emerged as a reasonable alternative for tamponade in the management of RRDs with inferior breaks. Prospective comparative studies to assess the efficacy of this technique for complex RRDs are required in the future work.


Typical Case Presentation

Patient No. 15 (Figure 1).


[image: image]

FIGURE 1. Fundus photograph taken preoperatively and postoperatively of the patient (No. 15) undergoing 25-G PPV with air tamponade. (A) A total RRD (range: 12 clock hours) with an inferonasal horseshoe tear (2.5 PD) and posterior PVR. (B) Postoperative 6-day follow-up: the retina reattached. There was an air bubble in the vitreous cavity. (C) Postoperative 6-month follow-up: the retina reattached, with the firm chorioretinal adhesion induced by laser coagulation.


A 46-year-old highly myopic man was referred to our clinic. He complained of decreased vision in the right eye, which had persisted for about 40 days prior to his initial visit to our clinic. His BCVA was 1.7 logMAR (Snellen equivalent 20/1,000). The AL was 26.29 mm in the right eye, which was measured by Lenstar 2 weeks after surgery. Fundoscopy revealed a total RRD (range: 12 clock hours) with posterior PVR and an inferonasal horseshoe tear (2.5 PD) (Figure 1A). Six days after surgery, the retina reattached (Figure 1B). Six months after surgery, the BCVA in right eye was 0.6 logMAR (Snellen equivalent 20/80, Figure 1C).

Patient No. 27 (Figure 2).


[image: image]

FIGURE 2. Fundus photograph taken preoperatively and postoperatively of the patient (No. 27) undergoing 25-G PPV with air tamponade. (A) A macular-off RRD (range: 11 clock hours) with nine horseshoe tears in superotemporal, inferotemporal, and inferonasal quadrants and posterior PVR. (B) Postoperative 5-day follow-up: the retina reattached. There was an air bubble in the vitreous cavity. (C) Postoperative 4-month follow-up: the retina reattached, with the firm chorioretinal adhesion induced by laser coagulation.


A 61-year-old man presented with darkness and decreased vision in the right eye that developed over 1 month. He was previously treated by laser retinopexy for superotemporal tears and localized detachment 20 days ago, but developed a macular-off retinal detachment with nine horseshoe tears and posterior PVR. Intraoperatively, he was found to have multiple horseshoe tears along the attachment of the posterior hyaloid to the posterior vitreous base. His BCVA was 1.7 logMAR (Snellen equivalent 20/1000). Fundoscopy revealed a macular-off RRD (range: 11 clock hours) with nine horseshoe tears (Figure 2A). Five days after surgery, the retina reattached (Figure 2B). Four months after surgery, the BCVA in right eye was 0.6 logMAR (Snellen equivalent 20/80, Figure 2C).
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Objective: To investigate body fluid status in diabetic macular edema (DME) patients and the extent to which it is affected by renal function.

Methods: One hundred and thirty-two eyes from 132 patients with diabetes mellitus (DM) were prospectively collected in this cross-sectional, observational study. Thirty-five were DM patients without diabetic retinopathy (DR), 31 were DR patients without DME, and 66 were DME patients. The fluid status of each participant was quantified with extracellular water-to-total body water ratio (ECW/TBW) using a body composition monitor. Central subfield thickness (CST) and macular volume (MV) were obtained using optical coherence tomography (OCT). Urine albumin-to-creatinine ratio (UACR), estimated glomerular filtration rate (eGFR), and albumin was obtained using serum and urine laboratory data.

Results: ECW/TBW was significantly increased in DME patients (39.2 ± 0.9, %) compared to DM (38.1 ± 0.7, %, P = 0.003) and DR patients without DME (38.7 ± 0.9, %, P < 0.001). In multilinear regression, fluid overload was positively related to DME and UACR (DME vs. DM: β = 2.418, P < 0.001; DME vs. DR: β = 1.641, P = 0.001; UACR, per 102, β = 1.017, P = 0.01). In the binary logistic regression for DME risk, the area under the receiver operating characteristic curve (AUROC) increased significantly by adding ECW/TBW along with UACR and age (AUC: 0.826 vs. 0.768).

Conclusion: DME patients had elevated body fluid volume independent of kidney functions. The assessment of extracellular fluid status may help in the management of DME.

Keywords: diabetic macular edema (DME), optical coherence tomography, body composition measurement, fluid status, albuminuria


INTRODUCTION

The burden of diabetes mellitus (DM) is growing globally, with a worldwide estimated prevalence of 4.1% in 2010 expected to increase to 7.7% by 2030 (1, 2). In China, up to 11.6% of the population aged 18 years and older has diabetes (3). Diabetic microvascular complications such as retinopathy (DR) and macular edema (DME) are the major causes of blindness in DM patients in China (4). Diabetic kidney disease (DKD) is another common microvascular complication that leads to kidney failure in approximately 40% of diabetic patients (5). Our group found that the elevation of urine albumin-to-creatinine ratio (UACR) or the worsening in UACR stages, a signature change for renal function in DKD, was correlated with DME (6) and macular thickening (7). Clinical evidence also supports this connection. DME patients with better renal function had greater chances of better prognoses, especially in refractory DME (8, 9). DKD and DR share similar pathogenesis (10). Hyperglycemia-induced inflammation and oxidative stress lead to loss of endothelial cells, pericytes, and disruption of cell junctions, which contribute to the breakdown of vascular barrier in both the kidney and retina (10). For DME, hyperglycemia-linked pathways also contribute to dysfunction of retinal pigment epithelium (RPE) cells and glial cells such as Müller cells, which normally drain the fluid in the retina to the systemic circulation and keep the retina dehydrated (11, 12). Increased entry of fluid through the damaged blood-retinal barrier (BRB) and decreased drainage result in accumulation of fluid, especially in the macula (13).

Interestingly, while DKD has been proven associated with the elevation in extracellular fluid volume (14), a recent study discovered that fluid overload also appeared in DME patients (15). Imbalance of hydrostatic and oncotic pressure explained by starling equation could account for the phenomenon. The fluid status was monitored by body composition measurement (BCM) objectively and non-invasively, which is widely assumed credible assessing the fluid status of patients with chronic kidney diseases in clinical practice (16, 17). DME characterized by exudative fluid accumulation in the macula was speculated as a focal manifestation of extracellular fluid overload. The accessibility of extracellular water to total body water (ECW/TBW) ratio makes it the perfect systemic fluid marker for DME studies and a potential biomarker for DME treatments (18). Still, the confounding effect between DKD and fluid overload has not been discussed deeply regarding the relationship with DME. There lacked evidence of whether the fluid expansion came up through DME pathophysiological alterations along or shared pathogenesis between DME and DKD.

In this paper, the fluid statuses among different DM patients, including DR patients with or without DME and diabetic patients with or without DR, were investigated. By further exploiting associated changes of fluid status and renal function parameters in DME, this study proposed a novel hypothesis for the role of body fluid status in DME mechanisms. It provided significant clinical evidence to guide future DME management and treatments.



METHODS

This was a cross-sectional observational study. Diabetic patients diagnosed with or without DR and DME by a multi-disciplinary team at Guangdong Provincial People's Hospital were prospectively included from May 2020 to February 2021. Medical records were reviewed by a chief-resident doctor from the department of ophthalmology and a chief-resident doctor from the department of endocrine of Guangdong Provincial People's Hospital. All patients included were informed of the study contents and signed written consent. This study was conducted following the Declaration of Helsinki and under the supervision of the Research Ethics Committee of Guangdong Provincial People's Hospital, Guangdong Academy of Medical Sciences (registration number: GDREC2018380H).


Participant

Patients aged 18 years or older, diagnosed with DM, with or without DR and DME, and capable of going through funduscopic examination, optical coherence tomography (OCT) scans, and BCM were included in the study. Exclusion criteria were receiving pan-retinal photocoagulation, intravitreal injection or pars-planar vitrectomy within 3 months, other retinal diseases including age-related macular disease, retinal vascular occlusion, retinal vasculitis, macular hole, and epiretinal membrane, significant cataract affecting fundus examination, and severe systemic diseases including myocardial infarction, stroke, CKD at end-stage, and under hemodialysis or peritoneal dialysis.



Clinical Parameters

All patients were examined for the following characteristics and parameters: age, sex, height, body weight, systolic blood pressure (SBP), diastolic blood pressure (DBP), history of hypertension, DM duration. Hypertension was defined as SBP ≥140 mmHg or DBP ≥ 90 mmHg (19). Diagnosis and duration of DM were obtained from medical records. Each participant's DM duration was labeled as those diagnosed for 10 years or more and those who were not. Laboratory parameters included glycated hemoglobin (HbA1c), complete blood count, renal functions such as serum creatinine, urea, UACR, lipid profile including cholesterol, triglyceride, low-density lipoprotein (LDL), and high-density lipoprotein (HDL). Other factors included albumin, total protein (TP), and 25-hydroxyvitamin D. Body mass index (BMI) was calculated using the formula of weight in kilograms divided by height in meters squared (20). The estimated glomerular filtration rate (eGFR) was calculated from serum creatinine using the formula of Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (21). All blood samples and urine samples were collected in the morning after 8-h fasting before patients taking breakfast.

The eGFR value of all participants was labeled as normal (≥60 mL/min/1.73 m2) and impaired (<60 mL/min/1.73 m2) according to the definition of CKD (22). The stages of albuminuria was classified with the definition of the USA National Kidney Foundation (23) as normoalbuminuria (UACR <30 mg/g), microalbuminuria (UACR ≥ 30mg/g, <300mg/g), and macroalbuminuria (UACR ≥ 300 mg/g).



Ophthalmic Examinations

All patients received comprehensive baseline ophthalmic examination, including best-corrected visual acuity (BCVA), intraocular pressure (IOP), dilated fundus examination, fundus photography, and OCT. BCVA was examined with the Snellen chart and converted into the logarithm of minimal angle of resolution (logMAR) (24). IOP was investigated with non-contact tonometry (TX-20 Full Auto Tonometer; Canon, Inc., Tokyo, Japan). All patients received slit lamp fundus examination and fundus photography (TRC-NW8 non-mydriatic) retinal camera, Topcon, Tokyo, Japan; D7500 DSLR camera, Nikon, Tokyo, Japan) to obtained one fovea-centered and one optic nerve head-centered photo after mydriasis. OCT examination (Spectralis; Heidelberg Engineering, Heidelberg, Germany) was conduct to capture the image of the macula, which was composed of 61 B-scans at an automatic real-time (ART) setting (10 images averaged) in the central 30 × 25° area. Central subfield thickness (CST), which was defined as the mean retinal thickness of the 1 mm fovea-centered area, and macular volume (MV), which was the volume of the nine subfields of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid, were obtained automatically from the integrated software. The manual adjustments were performed when there were obvious segmenting or fovea locating errors. Diagnosis and staging of DR and DME were based on the fundus examination, fundus photography, and OCT images follow the International Clinical Diabetic Retinopathy Disease Severity Scale and International Clinical Diabetic Macular Edema Disease Severity Scale by two experienced ophthalmologists specialized in retinal disease (PDR, κ = 0.897; DME, κ = 0.918) (25). Differing diagnoses were reassessed and diagnosed by a senior chief ophthalmologist.



Body Composition Measurement

All patients underwent BCM examination (InBody S10; InBody CO., LTD., Seoul, Korea), which measured different body compositions via direct segmental multi-frequency bioelectrical impedance analysis (DSM-BIA). An eight-electrode system connecting to the ankles and two fingertips of each patient's hand segments the human body into five parts, including the right arm, left arm, right leg, left leg, and trunk, and measures different body parts compartments. The instrument uses a current of 6 frequencies, including 1 kHz, 5 kHz, 50 kHz, 250 kHz, 500 kHz, and 1 MHz, the varied cell membrane conductivities from high-frequency to low-frequency current are therefore translated into extracellular water (ECW) and intracellular water (ICW) with different impedance (26). In the in-built software, other data including ECW/TBW of the whole body and separate body compartments, including right arm, left arm, trunk, right leg and left leg, and percentage of body fat (PBF), visceral fat area (VFA), skeletal muscle index (SKI) and phase angle (PhA) were calculated. All patients went through the examination in a supine position after 8-h fasting before breakfast, right before the OCT examination.



Statistical Analysis

Participants were divided into three groups, including DM group (without DR), DR group (diagnosed with DR but no DME), and DME group (diagnosed with DR and DME) according to their diagnosis. Normally distributed continuous variables were shown as mean ± standard deviation in Table 1; χ2 tests were carried out to compare non-parametric variables among the three groups. Tests for homogeneity of variance were conducted on the general characteristics, BCM parameters, and renal function parameters, and no variate was found significant. For each participant, the one eye with higher CST, MV, and more severe DR stage was included in the data analysis. Analysis of variance (ANOVA) was applied to compare the quantitative characteristics, including age, SBP, DBP, BMI, BCVA, IOP, blood test parameters, and BCM results among three groups. Two multivariate linear models were carried out to estimate the effect of renal functions on body fluid status among three diabetic groups after adjusting for significant covariates identified in the univariate linear model. Step-by-step multivariate binary logistic regressions with a backward method were conducted to predict DME risk. The models' receiver operating characteristic (ROC) curves were then drawn to demonstrate their predictive power quantified by the area under the curves (AUC). All statistical analysis was performed using SPSS software (version 26.0, IBM Corp., Armonk, NY, USA). A P <  0.05 indicates statistical significance.


Table 1. General characteristics, systemic parameters and ocular parameters of patients among three groups.
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RESULTS

One hundred thirty-two patients (73 male and 59 female) with 132 eyes were enrolled in the study. Table 1 shows the details of general characteristics, systemic factors, ocular parameters and BCM parameters among the DM group (n = 35), DR group (n = 31), and DME group (n = 66). As for general characteristics, there was no statistically significant difference in sex, age, hypertension, blood pressure, weight among the three groups (all P > 0.05), and there were significant differences in DM duration (P <  0.001) and BMI (P = 0.013). BCVA, CST and MV were significantly different among three groups (all P <  0.001) while IOP was not (P = 0.942).


Systemic Factors and BCM Parameters Among Three Groups

All parameters of blood test and BCM parameters were found normally distributed. In the test of homogeneity, PhA and ECW/TBW showed a high level of collinearity. Hence PhA was excluded in further analysis. In the post-hoc analysis, systemic parameters including urea and PLR in both the DME group and DR group were significantly higher than the DM groups (all P < 0.05), while hemoglobin, 25-hydroxyvitamin D, eGFR were significantly lower than the DM group (all P < 0.05). UACR (DME group: 1265.7 ± 1381.4 mg/gCr; DM group: 21.6 ± 29.9 mg/gCr, P <  0.001) and MLR (DME group: 2.9 ± 1.2 × 10−1; DM group: 2.4 ± 1.2 × 10−1, P = 0.017) was found elevated in the DME group compared to DM group. As for BCM parameters, the DME group had significantly higher ECW/TBW than both the DM group and DR group (P <  0.001). No significant differences of PBF, VFA, BMR, and SMI were detected among three groups (all P > 0.05).



Association Between DME and Fluid Overload

Table 2 demonstrates the association between DME and fluid overload. Univariate linear model (Model 1) shows that DME (compared to both DR and DM), age, DM duration, and UACR were positively associated with fluid overload, while albumin level and eGFR were negatively associated with fluid overload (all P <  0.05). No significant association was found between MAP and ECW/TBW (P = 0.188). In the multivariate linear model, DME, DR, age, MAP, and albumin showed significant impact on ECW/TBW (all P <  0.05; Model 2), while eGFR was not significantly associated with ECW/TBW (P = 0.620; Model 2). In the multivariate model focusing on UACR, only DME, age, and UACR were positively associated with ECW/TBW (all P <  0.05), while MAP showed a negative association with ECW/TBW (P = 0.005).


Table 2. Influence factors of ECW/TBW with univariate and multivariate linear models.
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Fluid Overload and Its Related Influence Factors of DME

In the binary logistic regression analysis with backward method of the risk of DME, age (per 1 year, OR = 0.941, P = 0.009), UACR stage (microalbuminuria, OR = 5.16, P = 0.005; macroalbuminuria, OR = 5.198, P = 0.003), and ECW/TBW (per 10−2, OR = 2.814, P = 0.002) entered the model under the probability for removal at 0.05. Details were shown in Table 3. The predictive power of the multivariate regression models was demonstrated as ROC curves shown in Figure 1 (Model 1: ECW/TBW, UACR, and Age: AUC = 0.826; Model 2: UACR and Age: AUC = 0.768; Model 3: ECW/TBW: AUC = 0.737).


Table 3. Multivariate binary logistic regression for DME risk.
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FIGURE 1. Binary logistic regression receiver operating characteristic curves of the morbidity of DME and their areas under the curve.





DISCUSSION

This study provided new evidence to demonstrate the role of fluid overload in DME. As previously described, the relationship between barrier dysfunction and macular edema, impaired renal function and fluid overload have been investigated, respectively (10, 15). However, the complicated interaction between barrier dysfunction and fluid overload has not been elucidated yet, which make it intricate to explain whether the fluid overload is the mediator between barrier dysfunction and macular edema, or it can lead to DME without the impact from BRB breakdown, as fluid overload also had other influencing factors (27–29). Our study corroborated that fluid overload existed in patients with DME. Furthermore, we were the first to discover that the relationship between fluid retention and DME is independent of renal functions, especially UACR and eGFR. ECW/TBW was proven to be a risk factor for DME, suggesting that fluid overload is a contributing factor to DME apart from BRB disruption.

Tsai et al. (15) had found that the level of fluid overload was correlated with CST in patients with DR, and volume overload was the influence factor of DME. Our study also found a significant difference in fluid status between DME patients and DM patients without DME, either with or without DR. These results suggested that volume expansion might contribute to DME development. Meanwhile, we did not find significant differences in fluid overload status between the DR and DM groups, indicating that fluid overload could be a risk factor for DME but not DR.

A recent study found that fluid overload was correlated with the stages of UACR in T2DM patients with DKD (14). DKD was regarded as a sign of endothelial dysfunction due to oxidative stress and inflammation (30). Also, multiple studies confirmed that UACR levels were significantly associated with DME (6, 7, 31). Hsieh et al. (32) found patients with higher baseline UACR levels to have higher risks for developing DME during the follow-up period than those with lower UACR levels. Nephropathy and retinopathy co-existed in diabetic patients (33). Hemodynamic and structural changes due to inflammatory cytokines and oxidative stress under high blood glucose have been speculated as the cause (31). The increased UACR level suggests albumin leakage in the glomerulus and indicates the vascular barrier breakdown systemically. Even though the BRB was formed predominantly with tight junctions different to peripheral capillaries (34), in our study, the UACR stages were associated with ECW/TBW after adjustment, indicating that UACR is a significant influence factor for fluid overload. Therefore, it was of great importance to consider the role of DKD presented by albuminuria in the process of fluid retention in DME.

As ECW/TBW was reported to be affectable by multiple factors (14, 35, 36), we gradually adjusted for systemic factors, eGFR, and albuminuria, when analyzing fluid status among all participants. DME and ECW/TBW were still positively related after adjusting for confounders, suggesting that in DM patients, DME happens simultaneously with the presence of fluid overload, which was not affected by apparent inner BRB breakdown. Our results confirmed that the two parameters, ECW/TBW and UACR, are independent risk factors for DME. Hence, it could be speculated that the role of systemic fluid overload in DME development may collaborate with other mechanisms than deteriorated BRB function.

Throughout the body, fluid volume, hydrostatic and oncotic pressure, levels of albumin, and capillary permeability are the keys to maintaining the fluid balance between the intracellular and extracellular spaces, which is also true in the retina case. One of the popular theories for DME development was explicated by the starling equation (13). The hydrostatic pressure and oncotic pressure in different compartments govern the movement direction of fluid, which maintain homeostasis under normal circumstances (37). For example, the water transport of RPE cells was proved coupling with lactate, which provide a positive oncotic pressure to drive the water flow (38). It can be speculated that when hydrostatic pressure increases in the capillaries under volume expansion, fluid in the capillaries tends to move to the extravascular space (13). Therefore, high fluid volume can lead to peripheral edema and macular edema in the eyes. Recently, the revised starling equation has risen to make up for the shortcoming of the traditional one (37). The vascular barrier was composed of not only endothelial cells but also a layer which is known as the endothelial surface layer (ESL). ESL is the inner surface of the vascular wall, a semi-permeable layer composed of the glycocalyx and plasma protein such as albumin. Especially, albumin plays a vital role in its filtration function. ESL is usually impaired under systemic inflammation, including DM. The increased production of acute-phase protein suppresses albumin synthesis in the liver due to the limited synthesis capacity. Moreover, increased excretion of albumin from the kidney in the long run in patients with impaired kidney function further decreases the albumin level, leading to the dysfunction of ESL and leakage of fluid and protein. While on the retina, the damaged Müller cells no longer sustain neovascular coupling with DR progression, creating a focal high permeable environment for the albumin (39). Taking together, both fluid overload and impaired blood-retinal barrier can lead to leakage of fluid into the retinal interstitial space, resulting in macular edema.

As retinal thickness decreases with aging (40), we found the model consisting of ECW/TBW, UACR, and age achieved high accuracy in predicting DME risk. This result tally with the hypothesis that fluid overload could be a systemic fluid marker, parallel to the barrier dysfunction represented by albuminuria in the development of DME, in addition to focal VEGF elevation and inflammation.

In clinical practice, anti-VEGF agents are considered the first-line treatment for DME. However, non-responders exits at a considerable percentage (41). Some cases are even refractory to both anti-VEGF treatment and corticosteroid (42), demonstrating the need for additional therapies to treat this disease more comprehensively. Also, it is known that DME does not necessarily fit the regular course of DR progression. It may occur at any stage of DR (43). Therefore, beyond ischemia and inflammation, increased fluid volume may be another critical component in the pathophysiology of DME that has not been given sufficient attention. Several researchers also reported cases in which patients with DME improved, both central retinal thickness reduced and visual acuity improved, after diuretic therapy and restricting salt intake (44, 45), some of whom were even resistant to ophthalmic intervention anti-VEGF and grid laser treatment (46). Considering our findings in this study, we propose that, on the one hand, fluid overload can be one of the mechanisms that cause DME. In this point, treatment to ameliorate extracellular volume expansion such as diuretics and sodium-glucose cotransporter 2 inhibitors may have a role in treating DME patients with high ECW/TBW. On the other hand, in cases of DME who inadequately respond to anti-VEGF therapies and anti-inflammatory drugs, the underlying disease pathology may be mediated by fluid retention. Hence, further study with longitudinal design to observe the treatment response of DME patients with different fluid statuses would be pivotal to confirm the hypothesis.

There were some limitations of the study. The sample size was calculated with preliminary study data. Still, more substantial statistical power might reveal more significant systemic influence factors. Also, the assessment of the risk of DME was to be tested prospectively, and further cohort studies should be conducted to collaborate with our results.

In conclusion, systemic fluid status elevated significantly in patients with DME compared with diabetic patients without DME. Fluid overload and albuminuria were independent risk factors for DME. Fluid overload might have initiated the extravasation in macula edema in addition to barrier dysfunction.
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Chaperonin-Containing TCP1 Subunit 5 Protects Against the Effect of Mer Receptor Tyrosine Kinase Knockdown in Retinal Pigment Epithelial Cells by Interacting With Filamentous Actin and Activating the LIM-Kinase 1/Cofilin Pathway
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Retinitis pigmentosa (RP), characterized by the gradual loss of rod and cone photoreceptors that eventually leads to blindness, is the most common inherited retinal disorder, affecting more than 2.5 million people worldwide. However, the underlying pathogenesis of RP remains unclear and there is no effective cure for RP. Mutations in the Mer receptor tyrosine kinase (MERTK) gene induce the phagocytic dysfunction of retinal pigment epithelium (RPE) cells, leading to RP. Studies have indicated that filamentous actin (F-actin)—which is regulated by chaperonin-containing TCP1 subunit 5 (CCT5)—plays a vital role in phagocytosis in RPE cells. However, whether CCT5/F-actin signaling is involved in MERTK-associated RP remains largely unknown. In the present study, we specifically knocked down MERTK and CCT5 through siRNA transfection and examined the expression of CCT5 and F-actin in human primary RPE (HsRPE) cells. We found that MERTK downregulation inhibited cell proliferation, migration, and phagocytic function; significantly decreased the expression of F-actin; and disrupted the regular arrangement of F-actin. Importantly, our findings firstly indicate that CCT5 interacts with F-actin and is inhibited by MERTK siRNA in HsRPE cells. Upregulating CCT5 using CCT5-specific lentiviral vectors (CCT5-Le) rescued the cell proliferation, migration, and phagocytic function of HsRPE cells under the MERTK knockdown condition by increasing the expression of F-actin and restoring its regular arrangement via the LIMK1/cofilin, but not the SSH1/cofilin, pathway. In conclusion, CCT5 protects against the effect of MERTK knockdown in HsRPE cells and demonstrates the potential for effective treatment of MERTK-associated RP.
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INTRODUCTION

Retinitis pigmentosa (RP) is the most common inherited retinal disease that affected tens of millions of people worldwide and is caused by a series of gene mutations that eventually lead to progressive retinal degeneration (1). As the most common inherited retinal disease, RP affects more than 2.5 million people worldwide (2, 3). However, the pathogenesis of RP remains unclear, and there is currently no effective treatment (4). Studies have shown that the Mer receptor tyrosine kinase (MERTK) gene mutation can lead to RP in humans (5). In the Royal College of Surgeons (RCS) rat, which is a typical animal model of human autosomal recessive inherited RP, the disease was found to be caused by the Mertk gene mutation (6). The MERTK gene encodes the Mer receptor tyrosine kinase, which belongs to the TAM receptor kinase family and participates in the phagocytic process (5). Retinal pigment epithelium (RPE) can constantly phagocytize the shed photoreceptor outer segment (POS), which plays a vital role in maintaining retinal homeostasis, as POS renewal is essential for visual function (7). The phagocytic dysfunction of RPE is an important aspect of the pathogenesis of RP (8). According to previous studies, a mutation in the MERTK gene leads to the phagocytic dysfunction of RPE cells, which is responsible for MERTK-associated RP (5). However, the mechanism underlying the MERTK gene mutation leading to phagocytic dysfunction remains largely unknown.

The process of POS phagocytosis is based on the rigorous control of the distribution and expression of the actin cytoskeleton (9). Actin, as a major component of the cytoskeleton, plays a vital role in the POS phagocytosis process. A previous study showed alphavbeta5 binding POS which is the first step of the POS phagocytosis process is required actin (10). However, nearly decades after the phenomenon was first described, much remains unknown regarding the role of the actin cytoskeleton in this process. Recent studies have emphasized that the rearrangement of RPE cytoskeletal filamentous actin (F-actin) is essential for POS internalization (11). The formation of phagocytic cups via the early recruitment of F-actin lays the foundation for phagocytosis, which means any factor that obstructs the expression of F-actin or disrupts the arrangement of F-actin will lead to phagocytic dysfunction, as the phagocytic cup formed by the orderly aggregation of F-actin combined with POS is the key to phagocytosis initiation (12). Previous studies demonstrated that the F-actin arrangement is abnormal in RPE cells with low phagocytotic activity (13). Recent studies also indicated that phagocytes formed by the recruitment of F-actin and the binding of POS must be combined with MERTK (14). In other words, the MERTK gene mutation may impair the recruitment of F-actin. However, the involvement of abnormal epithelial F-actin cytoskeleton in MERTK-associated RP remains largely unknown.

The TCP-1 cyclic complex, also known as the chaperonin-containing TCP-1 (CCT), is composed of eight parallel subunits (CCT1–8) (15–17). Assisted by ATP binding and hydrolysis, the main function of CCT is to help refold misfolded or unfolded proteins. Between 5% and 10% of the proteins in mammalian cells interact with CCT (18). In S. cerevisiae, CCT deficiency mutations lead to death, demonstrating the importance of CCT function (19). Actin is one of the main substrates of CCT; however, the exact mechanism by which CCT promotes actin folding is not yet understood (20, 21). A recent study found that CCT was required for efficient actin myofilament assembly (22) and that CCT5-specific ATP binding was required for efficient actin folding (23). Additionally, CCT5 controls lysosome biogenesis via the actin cytoskeleton (24). The actin/CCT5 pathway is implicated in multiple diseases—including hereditary sensory neuropathies (23), legionella pneumophila infection (25), muscle atrophy (26), and Alzheimer’s disease (24)—suggesting that CCT5 is associated with various cellular physiological processes in different tissues. Nonetheless, whether the F-actin/CCT5 pathway plays a vital role in MERTK-associated RP remains to be elucidated. Therefore, the present study explored the relationship between CCT5, F-actin, and RP, and the potential molecular mechanism underlying this disease.



RESULTS


Mer Receptor Tyrosine Kinase siRNA Inhibited Cell Proliferation and Induced Morphological Changes and Phagocytic Dysfunction in Human Primary RPE Cells

On the 7 days after the HsRPE cells were extracted and cultured in DMEM medium, we observed cultured cells with an inverted phase-contrast microscope, we found each cell contains abundant brownish-yellow pigments which is the characterization of the HsRPE cell. This result suggests that we’re extracting the HsRPE cells, not other nerve cells, fibroblasts, blood vessel cells, etc (Figure 1A). To further verify that the cells we extracted were HsRPE cells, we stained the cultured cells with RPE65, an RPE cell-specific protein. The result showed every cultured cell is stained with RPE65 (green) (Figure 1B). These results indicate that we have successfully extracted and cultured HsRPE cells. To establish a model of MERTK-associated RP in vitro, MERTK siRNA was applied to HsRPE cells. To test the target-specific efficacy of the MERTK siRNA, two types of MERTK siRNA (MERTK siRNA1 and MERTK siRNA2) were used. Both the mRNA and protein expression of MERTK in the siRNA groups were significantly reduced compared with those in the negative control (NC) siRNA groups (Figures 1C,D). Since MERTK siRNA2 more effectively downregulated MERTK than MERTK siRNA1, we applied MERTK siRNA2 in the subsequent experiments. A Cell Counting Kit-8 (CCK8) assay was used to determine the viability of HsRPE cells. Compared with the NC siRNA group, the group with knocked down MERTK exhibited suppressed cell proliferation, as the optical density (OD) value of the NC siRNA group was higher than that of the MERTK siRNA group (Figure 1E). We then observed the changes in cell morphology using an inverted microscope and found that the cellular morphologies of the HsRPE cells were very different between the NC siRNA group and the MERTK siRNA group. The cells of the NC siRNA group had a typical polygonal appearance; however, the MERTK siRNA-transfected cells became elongated in shape (Figure 1F). Wound-healing assays and Transwell migration assays were performed to assess the wound-healing ability and migration of HsRPE cells. The results demonstrated that the number of migrated HsRPE cells and their migration distance was significantly decreased in the MERTK siRNA group compared with the NC siRNA group (Figures 1G,H). We performed the phagocytosis assay combined with the immunofluorescence assay to evaluate the effect of MERTK siRNA on the phagocytic function of HsRPE cells. For the phagocytosis assay, Nile red-labeled particles and MERTK immunofluorescent staining were used. In the NC siRNA group, the expression of MerTK (green) is significantly higher than MERTK siRNA group, and massive red particles were phagocytized into the HsRPE cells, while the number of red particles that were phagocytized into the HsRPE cells was significantly decreased in the MERTK siRNA group (Figure 1I). These results indicate that MERTK-specific siRNA inhibited cell proliferation and induced morphological changes and phagocytic dysfunction in HsRPE cells.
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FIGURE 1. MERTK siRNA inhibited cell proliferation and induced morphological changes and phagocytic dysfunction in HsRPE cells. (A) The primary cultured HsRPE cells were observed with an inverted microscope at different magnifications (4X, 10X, and 20X). Scale bars: white bar 100 μm; red bars 10 μm. (B) The HsRPE cells were identified by immunofluorescence staining with RPE65 antibody. Scale bars: 50 μm. (C) HsRPE cells were treated with NC, MERTK siRNA1, or MERTK siRNA2 (20 nM) for 24 h, and the expression of MERTK was analyzed by RT-PCR. (D) HsRPE cells were treated with NC, MERTK siRNA1, or MERTK siRNA2 (20 nM) for 48 h, and MERTK expression was determined by Western blotting. (E) HsRPE cells were treated with NC or MERTK siRNA2 (MERTK siRNA) for 48 h, and cell proliferation was analyzed by CCK8. (F) HsRPE cells were treated the same as in (E), and cell morphology was observed with an inverted microscope. Scale bars: 100 μm. (G) HsRPE cells were treated the same as in (E), and wound-healing assays were performed to assess the wound-healing capabilities of HsRPE cells. Scale bars: 200 μm. (H) HsRPE cells were treated the same as in (E), and Transwell assays were performed to evaluate the migration activity of HsRPE cells (purple). Scale bars: 100 μm. (I) HsRPE cells were treated the same as in (E), and their phagocytic ability was examined using phagocytosis assays. The red dots represent the particles and the green dye represents the MERTK protein. Scale bars: 5 μm. **P < 0.01; *** P < 0.001.




Mer Receptor Tyrosine Kinase siRNA Downregulated the Expression of Chaperonin-Containing TCP1 Subunit 5, Which Interacted and Co-localized With Filamentous Actin in Human Primary RPE Cells

Filamentous actin plays a vital role in phagocytosis. To determine whether F-actin was involved in MERTK-associated RP, we detected F-actin by quantitative real-time PCR (RT-PCR) and Western blot assays separately. Both the RT-PCR and Western blot assays demonstrated that MERTK siRNA significantly inhibited F-actin at both the mRNA and protein levels, as compared with the NC group (Figures 2A,B). Furthermore, to detect the distribution and arrangement of F-actin, we performed the immunofluorescence analysis. The results indicated that F-actin demonstrated a highly regular radial distribution of filamentous order in the NC group. However, in the MERTK siRNA group, the F-actin clumped together in a disorderly arrangement around the nucleus (Figure 2C). CCT5 plays an important role in actin regulation; therefore, to determine whether CCT5 was involved in the regulation of F-actin in MERTK-associated RP, CCT5 expression at the mRNA and protein levels was assessed. The RT-PCR results indicated that the downregulation of MERTK significantly suppressed the expression of CCT5 at the mRNA level, compared with that in the NC group, in HsRPE cells (Figure 2D). In line with the mRNA-level results, the Western blotting results demonstrated that CCT5 expression was significantly suppressed by MERTK siRNA in HsRPE cells (Figure 2E). To analyze whether CCT5 and F-actin directly interacted, we performed immunolocalization and co-immunoprecipitation (Co-IP) assays. Immunofluorescence analysis demonstrated that CCT5 and F-actin co-localized in the cytoplasm of HsRPE cells (Figure 2F), and Co-IP analysis demonstrated that CCT5 proteins could directly bind with F-actin proteins, but could not directly bind with MERTK proteins in HsRPE cells (Figures 2G,H). These results indicate that CCT5 interacts and co-localizes with F-actin but not MERTK and that MERTK siRNA can decrease F-actin expression via the regulation of CCT5 expression in HsRPE cells.
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FIGURE 2. MERTK siRNA downregulated the expression of CCT5, which interacted and co-localized with F-actin in HsRPE cells. (A) HsRPE cells were treated with NC or MERTK siRNA for 24 h, and the expression of F-actin was analyzed by RT-PCR. (B) HsRPE cells were treated with NC or MERTK siRNA for 48 h, and the expression of F-actin was analyzed by Western blotting. (C) HsRPE cells were treated the same as in (B), and the distribution and organization of F-actin (green) were detected by immunofluorescence analysis. Scale bars: 10 μm. (D) HsRPE cells were treated the same as in (A), andCCT5 expression was analyzed by RT-PCR. (E) HsRPE cells were treated the same as in (B), and CCT5 expression was analyzed by Western blotting. (F) The co-localization (yellow) of F-actin (red) and CCT5 (green) in HsRPE cells was assessed by immunolocalization analysis. Scale bars: 10 μm. (G) The binding between F-actin and CCT5 in HsRPE cells was verified by co-immunoprecipitation. (H) The binding between MERTK and CCT5 in HsRPE cells was verified by co-immunoprecipitation. **P < 0.01; *** P < 0.001.




Upregulation of Chaperonin-Containing TCP1 Subunit 5 Expression Recovered the Morphology and Migration Function Destroyed by Mer Receptor Tyrosine Kinase siRNA in Human Primary RPE Cells

For a better insight into the involvement of CCT5 in RP, CCT5-specific siRNA and lentiviral vectors were used to downregulate and upregulate CCT5 expression separately. We tested two siRNAs (CCT5 siRNA1 and CCT5 siRNA2) and selected CCT5 siRNA2, showing the best downregulation efficiency, for the subsequent experiments (Figure 3A). After the CCT5 siRNA was transfected into HsRPE cells, the expression of CCT5 was significantly downregulated. On the other hand, treatment with CCT5-specific lentiviral vectors (CCT5-Le) significantly upregulated the expression of CCT5, compared with that in the MERTK siRNA group, at both the mRNA and protein levels (Figures 3B,C). CCK8 assays were used to detect the viability of HsRPE cells. Compared with the MERTK siRNA group, the MERTK siRNA + CCT5 siRNA group demonstrated significant further suppression of cell proliferation, as the optical density (OD) value of the MERTK siRNA + CCT5 siRNA group was lower than that of the MERTK siRNA groups. However, the viability of HsRPE cells in the MERTK siRNA + CCT5-Le group was significantly higher than that seen in the MERTK siRNA group (Figure 3D). These results demonstrate that the upregulation of CCT5 expression enhanced the viability of HsRPE cells, which was inhibited by MERTK siRNA. Next, we observed changes in cell morphology using an inverted microscope. In the MERTK siRNA + CCT5 siRNA group, the shape of the HsRPE cells became more elongated than in the MERTK siRNA group. However, in the MERTK siRNA + CCT5-Le group, the shape of the HsRPE cells became typically polygonal, as in the NC group (Figure 3E). These results indicate that upregulating CCT5 expression restored the morphological dysfunction induced by MERTK siRNA. Wound-healing and Transwell-migration assays demonstrated that the migration distance and the number of migrated HsRPE cells were significantly suppressed in the MERTK siRNA group compared with the control group and that CCT5 siRNA further suppressed these parameters. However, CCT5-Le significantly increased the migration distance and the number of migrated HsRPE cells, which were suppressed by MERTK siRNA (Figures 3F,G). These results indicate that upregulation of CCT5 expression restored the morphology and migration function, which were disrupted in HsRPE cells with MERTK siRNA.
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FIGURE 3. Upregulation of CCT5 expression recovered the morphology and migration function disrupted by MERTK siRNA in HsRPE cells. (A) HsRPE cells were treated with NC, CCT5 siRNA1, or CCT5 siRNA2 (20 nM) for 24 h, and CCT5 expression was analyzed by RT-PCR. (B) HsRPE cells were treated with or without CCT5 siRNA or CCT5-specific lentiviral vectors (CCT5-Le) after exposure to NC or MERTK siRNA for 24 h, and the expression of CCT5 was analyzed by RT-PCR. (C) HsRPE cells were treated with or without CCT5 siRNA or CCT5-specific lentiviral vectors (CCT5-Le) after exposure to NC or MERTK siRNA for 48 h, and CCT5 expression was analyzed by Western blotting. (D) HsRPE cells were treated the same as in (C), and cell proliferation was determined by CCK8 assay. (E) HsRPE cells were treated the same as in (C), and morphological changes were observed using an inverted microscope. Scale bars: 100 μm. (F) HsRPE cells were treated the same as in (C), and wound-healing assays were performed to assess the wound-healing capabilities of HsRPE cells. Scale bars: 200 μm. (G) HsRPE cells were treated the same as in (C), and Transwell assays were performed to evaluate the migration activity of HsRPE cells (purple). Scale bars: 100 μm. # P > 0.05; *P < 0.05; **P < 0.01; *** P < 0.001.




Upregulating Chaperonin-Containing TCP1 Subunit 5 Expression Rescued the Phagocytic Function Disrupted by Mer Receptor Tyrosine Kinase siRNA by Restoring the Expression and Organization of Filamentous Actin in Human Primary RPE Cells

To investigate the function of CCT5-Le in the phagocytic process of HsRPE cells, we performed the phagocytosis assay combined with the immunofluorescence assay. The MERTK siRNA group exhibited a significantly decreased expression of CCT5 (green) and a significantly decreased quantity of red particles that were phagocytized into the HsRPE cells, as compared with the NC siRNA group. In the MERTK siRNA + CCT5 siRNA group, the expression of CCT5 was further decreased and the number of red particles phagocytized into HsRPE cells was further reduced compared with that in the MERTK siRNA group. By contrast, the MERTK siRNA + CCT5-Le group exhibited a significantly increased CCT5 expression and quantity of red particles phagocytized into HsRPE cells compared with the MERTK siRNA group (Figure 4A). To investigate whether CCT5-Le rescued the phagocytic function via the regulation of F-actin, the expression of F-actin was then examined. Our results indicate that MERTK siRNA significantly decreased the expression of F-actin at both the mRNA and protein levels, as compared with that in the NC group. In the MERTK siRNA + CCT5 siRNA group, the expression of F-actin was decreased further compared with that in the MERTK siRNA group. However, in the MERTK siRNA + CCT5-Le group, F-actin expression was significantly increased, compared with that in the MERTK siRNA and MERTK siRNA + CCT5 siRNA groups (Figures 4B,C). Furthermore, to detect whether CCT5-Le restored the distribution and arrangement of F-actin, we performed the immunofluorescence analysis. In the MERTK siRNA + CCT5 siRNA group, the distribution and arrangement of F-actin became more irregular than that in the MERTK siRNA group. However, in the MERTK siRNA + CCT5-Le group, the distribution and arrangement of F-actin were recovered, as seen in the NC group (Figure 4D). These results indicate that the upregulation of CCT5 expression rescued the phagocytic function, which was disrupted by MERTK siRNA, by restoring the expression and organization of F-actin in HsRPE cells.
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FIGURE 4. CCT5 rescued the phagocytic function disrupted by MERTK siRNA by restoring the expression and organization of F-actin in HsRPE cells. (A) HsRPE cells were treated with or without CCT5 siRNA or CCT5-Le after exposure to NC or MERTK siRNA for 48 h, and the phagocytic ability of HsRPE cells was examined by phagocytosis assay. The red dots represent the particles and the green dye represents the CCT5 protein. Scale bars: 5 μm. (B) HsRPE cells were treated with or without CCT5 siRNA or CCT5-Le after exposure to NC or MERTK siRNA for 24 h, and F-actin expression was analyzed by RT-PCR. (C) HsRPE cells were treated the same as in (A), and F-actin expression was analyzed by Western blotting. (D) HsRPE cells were treated the same as in (A), and the distribution and organization of F-actin (green) were detected by immunofluorescence analysis. Scale bars: 10 μm. # P > 0.05; *P < 0.05; **P < 0.01; *** P < 0.001.




Chaperonin-Containing TCP1 Subunit 5 Rescued Human Primary RPE Cells With Mer Receptor Tyrosine Kinase-Associated Retinitis Pigmentosa via the LIM-Kinase 1/Cofilin, but Not the SSH1/Cofilin, Pathway

Phosphorylated cofilin (p-cofilin) and cofilin are essential regulators of F-actin dynamics, regulating the polymerization and depolymerization of F-actin in the processes of phagocytosis and migration. To determine whether cofilin and p-cofilin were involved in CCT5-Le’s rescue of the phagocytosis and migration function of HsRPE cells with MERTK-associated RP, we next determined their levels of expression. Notably, we found that the expression of both cofilin and p-cofilin was suppressed in the MERTK siRNA group compared with that in the NC group. In the MERTK siRNA + CCT5 siRNA group, the expression of both cofilin and p-cofilin was decreased further when compared with that in the MERTK siRNA group. However, in the MERTK siRNA + CCT5-Le group, the expression of both cofilin and p-cofilin was increased compared with that in the MERTK siRNA and MERTK siRNA + CCT5 siRNA groups (Figure 5A). Cofilin is inactivated via phosphorylation by LIM-kinase 1 (LIMK1) and testicular protein kinase 1 (TESK1) and reactivated via dephosphorylation by slingshot 1 (SSH1). Therefore, to investigate whether LIMK1, TESK1, and SSH1 regulated the activity of cofilin in the process of CCT5-Le’s rescue of the phagocytosis and migration function of HsRPE cells under MERTK-associated RP, we detected the expression of LIMK1, TESK1, and SSH1. The results indicate that the expression of LIMK1, TESK1, and SSH1 was decreased in the MERTK siRNA group, compared with that in the NC group. However, in the MERTK siRNA + CCT5 siRNA group, only the expression of LIMK1 and TESK1, and not SSH1, was further decreased compared with that in the MERTK siRNA group. In the MERTK siRNA + CCT5-Le group, the expression of LIMK1 and TESK1 was increased, but the expression of SSH1 again demonstrated no significant change compared with that in the MERTK siRNA and MERTK siRNA + CCT5 siRNA groups (Figure 5B). These results indicate that CCT5-Le rescued the phagocytosis and migration function which were destroyed by MERTK siRNA via the LIMK1/cofilin, but not the SSH1/cofilin, pathway.
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FIGURE 5. CCT5 rescued HsRPE cells with MERTK-associated RP via the LIMK1/cofilin, but not the SSH1/cofilin, pathway. (A) HsRPE cells were treated with or without CCT5 siRNA or CCT5-Le after exposure to NC or MERTK siRNA for 48 h, and the cofilin and p-cofilin expression was analyzed by Western blotting. (B) HsRPE cells were treated the same as in (A), and the expression of LIMK1, TESK1, and SSH1 was analyzed by Western blotting. *P < 0.05; **P < 0.01; *** P < 0.001.





DISCUSSION

Retinitis pigmentosa is caused by multiple molecular interactions, of which the phagocytic dysfunction induced by a MERTK mutation in RPE cells is one of the most vital (1). As a cytoskeleton actin protein, F-actin plays an important role in cellular motility and phagocytosis (27). CCT5 acts as a chaperone protein and plays a vital role in maintaining the normal function and structure of actin proteins (28). Recently, numerous studies have demonstrated the role that F-actin plays in the phagocytosis of RPE cells (29). However, to date, studies have failed to determine whether CCT5 is associated with F-actin regulation or whether it plays an essential role in the progression of RP. Therefore, in this study, we focused on the role of CCT5’s regulation of F-actin in the pathogenesis of RP and the molecular mechanism of such.

We found that downregulating MERTK inhibited cell proliferation, migration, and phagocytic function. Additionally, knocking down MERTK significantly inhibited F-actin’s expression and disrupted its regular arrangement. Importantly, our study revealed, for the first time, that CCT5 interacts with F-actin and that CCT5 expression is inhibited by MERTK siRNA in HsRPE cells. Upregulating CCT5 rescued the cell proliferation, migration, and phagocytic function which were destroyed by MERTK siRNA via an increase in the expression of F-actin, as well as the remodeling of its regular arrangement. Moreover, we discovered that CCT5 promoted the remodeling of F-actin’s arrangement via the LIMK1/cofilin, but not the SSH1/cofilin, pathway (Figure 6).
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FIGURE 6. The model diagram of CCT5-specific lentiviral vectors (CCT5-Le) rescued the cell phagocytic function of HsRPE cells under MERTK siRNA condition by increasing the expression of F-actin and restoring its regular arrangement via the LIMK1/cofilin pathway.


Phagocytosis in RPE cells is a highly conserved, complex process that has evolved to counter the constant shedding of POS (30). To maintain the healthy photoreceptor–RPE interface of the retina, RPE cells constantly phagocytize the POS; however, the mutation of MERTK results in phagocytic dysfunction in RPE cells, leading to RP. However, which part of the phagocytic process is disrupted in RPE cells with the MERTK mutation remains to be elucidated. Ensheathment is required for POS fragmentation before internalization. The MERTK ligands Gas6 and Protein S contribute to the initiation of POS ensheathed by RPE (31). Abnormalities in the ensheathment, fragmentation, and internalization process in POS phagocytosis were found to occur in MERTK-mutated RPE while restoring MERTK expression in the RPE cells of RP patients reversed these abnormalities (32). The ensheathment, fragmentation, and internalization process require an appropriate F-actin distribution and arrangement (33). Therefore, the appropriate expression and correct spatial organization of F-actin filaments are essential for normal proliferation, migration, and phagocytic function (34–36). A recent study reported that, due to the lack of Mertk, the RPE cells of RCS rats could not aggregate F-actin and bind POS, even in the presence of protein S (14). Additionally, a previous study revealed that hypophagocytic RPE cells contain F-actin stress fibers but lack adjacent lateral circumferential F-actin (13). Together, these studies indicate that F-actin is involved in MERTK-associated RP. In line with these findings, our MERTK-associated RP model in HsRPE cells demonstrated that knocking down MERTK significantly inhibited the expression of F-actin and disrupted its regular arrangement. Moreover, we found that downregulating MERTK expression inhibited proliferation, migration, and phagocytic function.

Filamentous actin is regulated by various actin-binding proteins (37). Cofilin is a ubiquitous actin-binding protein that binds to F-actin only in its dephosphorylated state. When dephosphorylated cofilin binds to actin, it depolymerizes F-actin; however, phosphorylation at Ser 3 inactivates cofilin which then separates from, and thereby repolymerizes, F-actin (38). The recombination of the actin cytoskeleton via polymerization and depolymerization of F-actin by cofilin is indispensable for various cellular activities, such as phagocytosis, cytokinesis, and cell migration (39). The balance between F-actin and cofilin is vital for preserving the normal physiological function of cells. Once this balance is disturbed, many diseases can result—including Alzheimer’s disease (40, 41), mitotic disorder (42), cancers (43), optic nerve injury (44), migration disorder (35), immune dysfunction (45), and more. However, whether cofilin takes part in MERTK-associated RP retains a veil of mystery. First, we revealed that knocking down MERTK significantly inhibited the expression of both cofilin and p-cofilin in HsRPE cells. These results are consistent with the abnormal expression and arrangement of F-actin in our MERTK-associated RP model in HsRPE cells. The phosphorylation of cofilin is controlled by the LIMK1/TESK1 pathway (46–48). LIMK1 and TESK1 are, therefore, two key components of the signal transduction pathways that link extracellular stimulation to changes in cytoskeletal structure (49, 50). It was reported that the N-terminal kinase of TESK1 may be a putative candidate accounting for LIMK-independent cofilin phosphorylation, as it shows approximately 50% amino-acid identity with LIMK (51, 52). On the other hand, cofilin is activated by dephosphorylation by the phosphatase SSH1. SSH1’s activity is strongly increased by its binding to F-actin (53). According to previous studies, the overexpression of LIMK1 and TESK1 in cultured cells results in the accumulation of F-actin, and the overexpression of SSH1 leads to the depolymerization of F-actin (49, 50, 53). However, no currently available research indicates a regulatory relationship between LIMK1, TESK1, SSH1, cofilin, and F-actin in RP. In our study, we revealed that the expression of LIMK1, TESK1, and SSH1 was inhibited after MERTK expression was downregulated. These results explain why knocking down MERTK significantly inhibited the expression of both cofilin and p-cofilin in HsRPE cells.

As a chaperonin, CCT5 assists in the folding of the unfolding or misfolded proteins, and actin is reported to be a natural substrate for CCT5 (21). It is reported that the effect of CCT5 on the z-disk of sarcomere cells is required for the efficient assembly of actin filaments, and CCT5-specific ATP binding is required for the efficient folding of actin in vivo. In addition, the mutant A-actin subtype that causes linear myopathy in patients acquires its pathogenic conformation through this function of CCT5 (22). Julie et al. found that CCT depletion did not affect actin-polypeptide synthesis but led to a decrease in natural actin levels and a disturbance of actin-based cell motility (54). McCormack et al. found that actin appeared to fold in association with chaperonin and that actin site II—located at the apex of actin subdomain 4—was the main binding site for CCT binding (55). Llorca et al. produced a three-dimensional reconstruction of the CCT and α-actin complex, which demonstrated that α-actin interacts with the apical domain of one of the two CCT subunits. Furthermore, they found that actin’s binding to CCT is subunit-specific and geometrically dependent (21). CCT5’s interactions in HsRPE cells with the MERTK mutation have not yet been reported. In our study, we discovered that CCT5 interacted with F-actin and that CCT5’s expression was inhibited by MERTK siRNA in HsRPE cells. To verify that F-actin was regulated by CCT5, we downregulated and upregulated CCT5 separately in HsRPE cells. We found that upregulating the expression of CCT5 using CCT5-Le increased the expression of F-actin and remodeled its distribution and arrangement in our MERTK-associated RP model in HsRPE cells. When the expression of CCT5 was decreased using CCT siRNA, the effect was exactly opposite to that of CCT5-Le. In addition to its effect on actin, CCT5 has been reported to be connected to multiple cellular processes including proliferation, migration, and apoptosis via its relation with numerous proteins such as cyclin D1, polymerase basic protein, cell-division cycle protein 20, and P53 (56–59). In our study, we found that CCT5 regulated the expression of LIMK1 and TESK1 but not SSH1. Moreover, upregulating CCT5 rescued the cell proliferation, migration, and phagocytic function of HsRPE cells under MERTK-associated RP. These results indicate that CCT5 protects against MERTK-associated RP in RPE cells through interactions with F-actin and the activation of the LIMK1/cofilin pathway.

However, there are several limitations to our study. First, we only performed in vitro experiments in an RPE cell model established using MERTK siRNA. In vivo experiments should be performed in RCS rats to verify the role of CCT5 in MERTK-associated RP. Many questions remain to be answered in RCS rats, including whether the expression of CCT5 is abnormal in the RPE cells of RCS rats and whether regulating the expression of CCT5 can rescue the RP. Second, although CCT consists of eight subunits, we only detected the function of CCT5 in HsRPE cells. Thus, whether other paralogous subunits are involved in RP requires further exploration. Third, we found that the expression of cofilin, p-cofilin, LIMK1, and TESK1 was upregulated by CCT5-Le, but how CCT5 increases their expression—whether by increasing their transcription or by decreasing their degradation—remains to be determined. Although LIMK1 and TESK1 control the phosphorylation of cofilin, no studies have demonstrated that they control the expression of cofilin. Therefore, whether CCT5 directly increases total cofilin expression or indirectly increases cofilin levels via other signals requires further study. We will attempt to find answers to these questions in future research.

In summary, despite the abovementioned limitations, our results demonstrate, for the first time, that the cell proliferation, migration, and phagocytic function of RPE cells are inhibited by MERTK-associated RP due to the abnormal expression of F-actin and disruption of its regular arrangement. Importantly, our findings reveal that CCT5 interacts with F-actin and regulates its expression and arrangement. Upregulating CCT5 protects against the effect of MERTK knockdown in RPE cells through its interactions with F-actin and activation of the LIMK1/cofilin pathway. These findings provide a new perspective for research into the mechanisms underlying MERTK-associated RP and provide a new direction for future studies of the molecular mechanisms of RP pathogenesis.



MATERIALS AND METHODS


Cell Culture

Human donor eyes were obtained from the Guangdong Eye Bank in accordance with the 2013 Declaration of Helsinki. Written consent was obtained from the donor or the donor’s family for the eye to be used in medical research. The study was approved by the Ethics Committee of Zhongshan Eye Center, Sun Yat-sen University. The human primary RPE (HsRPE) cells were separated from human donor eyes as previously described (60). All the HsRPE cells were cultured in DMEM containing 4.5 g/L glucose, which was supplemented with 1% penicillin/streptomycin and 10% FBS, in a humidified incubator with a 5% CO2 atmosphere at 37°C.



siRNA Transfections

The siRNAs for MERTK and CCT5 were designed and synthesized by RiboBio Inc. (Guangzhou, China). The sequences of the MERTK siRNA and CCT5 siRNA are listed in Table 1. Transient transfections of the siRNAs for human MERTK (20 nM) and CCT5 (20 nM) were conducted using Lipofectamine RNAiMAX (Invitrogen, New York, NY, United States), according to the manufacturer’s protocol. Morphological changes in the cells were investigated using an inverted microscope (Carle ZEISS Axio Observer 7, Oberkohen, Baden-wurttemberg, Germany), 48 h after siRNA transfection.


TABLE 1. List of siRNA sequences.
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Real-Time PCR

The RNA of the HsRPE samples was extracted using Trizol reagent (Invitrogen, New York, NY, United States). After cDNA was synthesized by reverse transcribing the RNA, the RT-PCR assay was performed using a LightCycler 480 SYBR Green I Master (Roche, Indianapolis, IN, United States). The values for each gene were normalized to the levels of tubulin or 18S mRNA. The sequences of the primers used for RT-PCR are listed in Table 2.


TABLE 2. Sequences of PCR primers.
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Western Blot Assay

Cell lysis buffer was used to extract the total protein of the HsRPE cell samples before it was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The total protein was then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, United States). The PVDF membranes were incubated with different primary antibodies: anti-MERTK (Cell Signaling Technology, 4319S), anti-F-actin (Abcam, ab130935), anti-CCT5 (Proteintech, 11603-1-AP), anti-cofilin (Abcam, ab54532), anti-phosphorylated cofilin (p-cofilin, Abcam, ab12866), anti-LIMK1 (Affinity, AF6345), anti-TESK1 (Affinity, DF4012), anti-SSH1 (Abcam, ab76943), and anti-GAPDH (Abcam, ab8245). The membranes were incubated with the corresponding secondary antibody for 1 h at room temperature. The binding of specific antibodies was visualized using Chemiluminescent fluid (Millipore, WBKLS0500).



Cell Counting Kit-8 Assay

A CCK8 kit (Beyotime, Shanghai, China) was used to determine the cell viability. The HsRPE cells were cultured at a density of 7 × 103 cells/well in 96-well plates, after exposure to MERTK siRNA with or without the interference of CCT5 expression for 48 h. The CCT8 assay was performed as previously described in Zhou et al. (61), and the absorption values at a wavelength of 570 nm were evaluated.



Wound-Healing and Transwell-Migration Assays

Wound-healing assays were performed as previously described in Qi et al. (62). Briefly, HsRPE cells from all the groups were seeded into 24-well plates until 100% confluence was attained. Wounds were scratched in the confluent cell layers using 200 uL pipette tips, and the samples were cultured for a further 24 h. The Transwell assays were performed in 24-well plates with a chamber insert (8 μm pore size) (Corning, 3422, Corning, NY, United States). After 24 h of incubation with transfected MERTK siRNAs, CCT5 siRNAs, or CCT5 lentiviral vectors (CCT5-Le), the underlying HsRPE cells were stained with crystal violet before the number of migrated cells was determined using an inverted microscope (Carle ZEISS Axio Observer 7, Oberkohen, Baden-wurttemberg, German).



Phagocytosis Assay

Phagocytosis assays were performed as previously described in Irschick et al. (63). To assess the phagocytosis of HsRPE cells, Nile red-labeled Fluospheres (Sigma-Aldrich, F8825) were used. HsRPE cells from all the groups were cultured until the cell confluence reached 80%. Then, the medium was replaced and 10 μL/mL of diluted 2 μm-diameter particles were added. HsRPE cells were phagocytized with microspheres in a 5% CO2 atmosphere at 37°C for 6 h and then washed with PBS three times to remove the unphagocytized particles before being stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min. Finally, the number of microspheres was quantified by measuring the total fluorescence present using a confocal microscope (Carle ZEISS Axio Imager Z2, Oberkohen, Germany).



Immunofluorescence

The immunofluorescence assays were performed as previously described in Feng et al. (64). HsRPE cells were fixed with 4% paraformaldehyde for 15 min, followed by blocking with 5% BSA at room temperature for 1 h. The cell samples were incubated with RPE65 (Abcam, ab235950), F-actin (Abcam, ab130935), CCT5 (Proteintech, 11603-1-AP), and MERTK (Cell Signaling Technology, 4319S) antibodies. Cell samples were then incubated with secondary antibodies for 1 h at room temperature. Subsequently, the nuclei of the cells were stained using DAPI for 7 min. All the images were taken using a confocal microscope (Carle ZEISS LSM 980, Oberkohen, Germany).



Co-immunoprecipitation

The total protein of the HsRPE cell samples was extracted using cell lysis buffer, leaving 100 μL of cell lysate as the input group. Two 1.5 EP tubes were filled with 400 μL of HsPRE cell lysis solution, and 100 uL of RIPA lysis buffer was added to each. One tube was incubated under rotation with 5 μg of anti-CCT5 (Proteintech, 11603-1-AP), while the other tube was incubated under rotation with 5 μg of rabbit anti-IgG (Cell Signaling Technology, 2729) at 4°C overnight. Fifty microliters of Protein A/G Magnetic Beads (Bimake Ferromagnetic Bead, B23202) were added to two additional 1.5 mL EP tubes. The magnetic beads were washed twice with 1 ml of precooled PBS and centrifuged at 3000 rpm for 1 min. Next, the magnetic beads were rotated and blocked with 3% BSA at 4°C for 30 min, followed by centrifugation at 3000 rpm for 1 min, absorbing the blocking solution, adding the antibody-protein complexes into the magnetic beads, and incubating under rotation at room temperature for 1 h. After incubation, the magnetic beads were washed with washing buffer. After the centrifugation of the proteins at 12,000 rpm and 4°C for 1 min, the supernatant was discarded carefully. Next, the proteins were separated by SDS-PAGE and transferred onto PVDF membranes. The membranes were probed with anti-F-actin (Abcam, ab130935) and anti-CCT5 (Proteintech, 11603-1-AP), and their corresponding secondary antibodies. Specific antibody binding was visualized using chemiluminescent fluid (Millipore, WBKLS0500).



Transfection and Expression of Chaperonin-Containing TCP1 Subunit 5-Le

Lentiviral vectors were used to upregulate the expression of CCT5. The recombined plasmid, contained pLV-CMV.hCCT5.EF1.CopGFP-T2A-Puro.Wpre, was used to produce the lentivirus. The 293 T cells were then transfected with the lentivirus. After 72 h, the 293 T cells were collected, the concentrated virus was extracted by centrifugation, and the virus titer was detected. The HsRPE cells were then inoculated in 6-well plates and incubated until their confluence was about 30%, and 50 μL of virus was added (titer: 2 × 108 TU/mL). After another 48 h of culture, the expression of the target gene in the lentivirus was observed by measuring the green fluorescent protein (GFP), and the mRNA and protein levels were detected. The sequences of the lentiviral vectors of CCT5 are listed in Table 3.


TABLE 3. Sequences of the lentiviral vectors of CCT5.
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Statistical Analysis

Statistical analysis was performed using SPSS 26.0. An unpaired t-test and one-way ANOVA were used to analyze and compare the differences between groups. The data are expressed as the means ± standard deviations (SD) of at least three independent trials. A p-value less than 0.05 was considered statistically significant.
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Purpose: Damage to and death of the retinal pigment epithelium (RPE) are closely related to retinal degeneration. Blue light is a high-energy light that causes RPE damage and triggers inflammatory responses. This study investigates whether blue light induces RPE necroptosis, explores pharmacologic therapy and specific mechanisms, and provides hints for research on retinal degeneration.

Methods: The human RPE cell line ARPE-19 was cultured and subjected to blue light insult in vitro. Annexin V/PI was used to evaluate RPE survival. Minocycline was applied to inhibit the death of RPE. Proteomic measurement was used to analyze protein expression. Inhibitors of necroptosis and apoptosis were applied to assess the death mode. Immunofluorescence of protein markers was detected to analyze the mechanism of cell death. Subcellular structural changes were detected by transmission electron microscopy. Reactive oxygen species (ROS) was tested by DCFH-DA. Mitochondrial membrane potential (Δψm) was detected by JC-1. BALB/c mice received bule light exposure, and RPE flatmounts were stained for verification in vivo.

Results: Blue light illumination induced RPE death, and minocycline significantly diminished RPE death. Proteomic measurement showed that minocycline effectively mitigated protein hydrolysis and protein synthesis disorders. Necroptosis inhibitors (Nec-1s, GSK-872) increased the survival of RPE cells, but apoptosis inhibitors (Z-VAD-FMK) did not. After blue light illumination, high-mobility group box-1 (HMGB1) was released from the nucleus, receptor-interacting protein kinase 3 (RIPK3) aggregated, and mixed-lineage kinase domain-like protein (MLKL) increased in the RPE. The application of minocycline alleviated the above phenomena. After blue light illumination, RPE cells exhibited necrotic characteristics accompanied by destruction of cell membranes and vacuole formation, but nuclear membranes remained intact. Minocycline improved the morphology of RPE. Blue light increased ROS and decreased Δψm of RPE, minocycline did not reduce ROS but kept Δψm stable. In vivo, HMGB1 release and RIPK3 aggregation appeared in the RPE of BALB/c mice after blue light illumination, and minocycline alleviated this effect.

Conclusions: Blue light exposure causes RPE necroptosis. Minocycline reduces the death of RPE by keeping Δψm stable, inhibiting necroptosis, and preventing HMGB1 release. These results provide new ideas for the pathogenesis and treatment of retinal degeneration.

Keywords: necroptosis, cell death, retinal pigment epithelium, minocycline, blue light, retinal degeneration


INTRODUCTION

RPE is a special epithelial cell located between the neuroretina and choroid that plays a crucial role in maintaining normal visual function. RPE cells can absorb light, protect against photooxidation, exchange heat, phagocytize the outer segment of the photoreceptor, participate in vitamin-A metabolism, secrete vascular endothelial growth factors, participate in the formation of the blood–retina outer barrier, and provide oxygen and nutrients from the choroid to the outer retina (1–3). Owing to the complex physiological functions of RPE cells, damage to and death of RPE cells are closely related to retinal degeneration such as retinitis pigmentosa (RP), Best disease, age-related macular degeneration (AMD), and Stargardt disease.

The structures of the eyes, including the cornea, aqueous humor, lens, and vitreous humor, absorb photons of different wavelengths sequentially. The visible light component (380–780 nm) of optical radiation can reach the retina, and the blue light component (400–500 nm) is particularly important because of its high energy (4, 5). The blue light part of 400 to 460 nm is considered to cause potential phototoxic retinal damage (4, 6). A wavelength of approximately 440 nm has been shown to be an excitation peak that damages photoreceptors and RPE function (6). In rhesus, 441 nm blue light-induced photochemical lesions originate in the RPE (7). Light-emitting diodes (LEDs) are widely used in daily life. Compared with traditional light sources, LED light sources emit more blue light, peaking at 435 to 460 nm (4, 8). This condition can lead to a range of health problems including retinal photochemical damage and disorder of circadian rhythms (4, 9, 10). In this study, we used blue light to induce RPE cell damage, studied the mode of RPE death, and explored therapeutic strategies and specific mechanisms.

Cell death is now divided into two categories: accidental cell death (ACD) and regulated cell death (RCD) (11). ACD is caused by severe lesions such as a consequence of burns and is immediate and insensitive to pharmacologic treatment (11). RCD means that cell death can be genetically regulated and modified by pharmacologic or genetic intervention (11–13). Apoptosis is a type of traditional RCD. Necrosis used to be considered passive cell death that could not be regulated. Currently, some types of cell death possess necrotic manifestations, such as necroptosis, which is regulated by RIPK1/3 and is a member of RCD. In the process of necroptosis, RIPK1 recruits RIPK3 to form the necrosome. MLKL is then recruited and activated by RIPK3 and ultimately executes necroptosis (14). Research of Murakami et al. (15) showed that in dsRNA-induced retinal degeneration, necroptosis of RPE cells was crucial and participated in damage-associated molecular patterns (DAMPs)-mediated inflammation. The dysfunction and death mode of RPE in retinal degenerations needs further study.

As a second-generation semisynthetic tetracycline, minocycline has antibiotic properties and can cross the blood-brain barrier. In addition to its antibiotic properties, minocycline has been found to exhibit neuroprotective and anti-inflammatory properties (16–18). Minocycline has been proven to be neuroprotective in various disease models. These disease models contain hemorrhagic and ischemic stroke, spinal cord injury, neuropathic pain, multiple sclerosis (MS), Alzheimer's disease (AD), Huntington's disease, Parkinson's disease, and amyotrophic lateral sclerosis (ALS) (17, 19).

In this study, we adopted blue light exposure to induce human RPE cell damage and death, assessed the death mode of RPE cells induced by the blue light, and sought corresponding pharmacologic treatment. We applied minocycline to inhibit necroptosis of RPE cells and explored the mechanism, demonstrating that minocycline had an excellent rescue effect on dying RPE cells.



MATERIALS AND METHODS


Reagents and Antibodies

Minocycline hydrochloride, Nec-1s, GSK-872, and Z-VAD-FMK were purchased from MedChemExpress (Monmouth Junction, NJ, USA). Anti-HMGB1 antibody and anti-rabbit IgG (H+L), F(ab')2 fragment (Alexa Fluor 488 Conjugate) were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-ZO-1, anti-RIPK3 and anti-MLKL antibodies were purchased from Proteintech (Rosemont, IL, USA). Mitochondrial membrane potential assay kit with JC-1 and ROS assay kit were purchased from Beyotime Biotechnology (Shanghai, China). DMEM/F12 and DMSO were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum was purchased from Gibco (Logan, UT, USA). Dead cell apoptosis kit with Annexin V Alexa Fluor 488 & Propidium Iodide (PI), goat anti-rabbit IgG (H+L) (Alexa Fluor 488), and goat anti-mouse IgG (H+L) (Alexa Fluor 568) were purchased from Invitrogen (Carlsbad, CA, USA).



Cell Culture and Blue Light Illumination

ARPE-19 cells were cultured in DMEM/F12 supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C in 5% CO2. After the medium was replaced, the corresponding drugs (minocycline, Nec-1s, GSK-872, and Z-VAD-FMK) were added to the medium and preincubated for 30 min at 37°C in 5% CO2. Then, the cells were exposed to 2200 lux blue light (440–445 nm wavelength) at 37°C in 5% CO2. The time of blue light exposure was determined according to the experimental needs.



Annexin V/PI Staining

ARPE-19 cells were harvested and washed in cold PBS. Then, the cells were resuspended in 1X annexin-binding buffer. The cell density was 1 × 106 cells/ml. Afterward, 5 μl Alexa Fluor 488 annexin V and 1 μl 100 μg/ml PI working solution were added to each 100 μl of cell suspension. The cells were incubated at room temperature for 15 min. Then, 400 μl of 1X annexin-binding buffer was added to the cell suspension. Next, stained cells were analyzed by flow cytometry (Calibur, BD, USA).



Mass Spectrometry-Based Proteomic Measurement

For each group of cells, three biological replicates were prepared. Proteins were extracted from each group of cells. One hundred micrograms of protein sample were mixed with 100 μl of 8 M urea 0.1 MTtris/HCl solution, centrifuged for 15 min at 14,000 g, and repeated twice. Then, 100 μl 8 M urea 0.1 MTtris/HCL solution was added, and 10 μl 0.05 M TCEP solution was added, incubated at 37°C for 1 h. Then, 10 μl of 0.1 M IAA was added and incubated at 37°C for 1 h. The sample was centrifuged for 15 min at 14,000 g. The sample was washed twice with 50 mM ammonium bicarbonate. Trypsin (1 μg) was dissolved in 100 μl of 50 mM ammonium bicarbonate, and then the mixed liquid was added. The sample was incubated at 37°C overnight, and the peptide fragments were collected by centrifugation. LC–MS/MS analysis was performed with a mass spectrometer (Q-Exactive HF, Thermo Scientific, USA). MaxQuantsoftware (version 1.4.1.2) was used for data analysis.



Transmission Electron Microscopy

ARPE-19 cells were trypsinized and washed by PBS. Then, the cells were fixed in 2.5% glutaraldehyde. The cells were postfixed in OsO4, dehydrated in ethanol, and embedded in epoxy resin. Ultrathin sections were made and then stained with uranium acetate and lead citrate double staining. These specimens were observed with transmission electron microscopy (JEM1400PLUS, JEOL, Japan).



ROS Measurement

The culture medium was removed, and 10 μM DCFH-DA (diluted in serum-free culture medium) was added. ARPE-19 cells were incubated at 37°C in 5% CO2 for 25 min. Then, the cells were washed with serum-free cell culture medium three times to fully remove the non-intracellular DCFH-DA. The cells were collected, and the fluorescence intensity was detected by flow cytometry (Calibur, BD, USA).



Mitochondrial Membrane Potential Detection

The supernatant was removed, and JC-1 dye solution (1×) was added and incubated at 37°C in 5% CO2 for 20 min. Then, the cells were washed twice with JC-1 buffer solution. The cell culture medium was added again, and fluorescence images were taken via laser confocal microscopy (TCS-SP8 STED 3X, Leica, Germany).



Immunofluorescence

ARPE-19 cells of different groups were fixed with 4% paraformaldehyde for 20 min and blocked with 0.3% Triton X-100 and 5% goat serum for 30 min. Primary antibody was added and incubated at 4°C overnight. After washing with PBS, the cells were incubated with secondary antibodies for 1 h at room temperature. Next, the cells were stained with DAPI and mounted in antifade mounting medium. Fluorescence images were acquired via laser confocal microscopy (TCS-SP8 STED 3X, Leica, Germany).



Animals and Blue Light Illumination

BALB/c mice (8 to 10 weeks, male) were used in this study. Mice received 24 h dark adaptation before blue light exposure. The minocycline group received intraperitoneal injection of minocycline 50 mg/kg 1 h before blue light exposure, and 12 h after blue light exposure. The blue light group received intraperitoneal injection of PBS as a control. Their pupils were dilated with eye drops containing 0.5% tropicamide and 0.5% phenylephrine (Santen Pharmaceutical, Osaka, Japan) before blue light exposure. The mice were exposed to 4500 lux blue light (440–445 nm wavelength) for 1 h.



RPE Flatmount Staining

The eyes of the mice were enucleated 24 h after blue light illumination. The anterior segment and the neuroretina were removed and fixed in 4% PFA for 1 h. After washing with PBS, the eyecup was blocked with 0.3% Triton X-100 and 5% goat serum for 30 min, and primary antibody was added and incubated at 4°C overnight. The flatmounts were incubated with secondary antibodies for 1 h at room temperature after washing with PBS. Next, the flatmounts were stained with DAPI and mounted in antifade mounting medium. Fluorescence images were acquired via laser confocal microscopy (TCS-SP8 STED 3X, Leica, Germany).




RESULTS


Blue Light Induces Death of RPE Cells, Which Can Be Inhibited by Minocycline

In this study, we used blue light at 440–445 nm to damage ARPE-19 cells. As a cell line derived from human RPE, ARPE-19 has excellent RPE characteristics. ZO-1 immunofluorescence staining of ARPE-19 cells was positive, which indicated the formation of tight junctions among the cells (Figure 1A). In addition to antibiotic properties, minocycline has been confirmed to have neuroprotective effects in various injury and neurodegenerative models. Minocycline has not been reported to be used to protect RPE cells from light damage. After the addition of minocycline, the ARPE-19 cellular state improved significantly. Flow cytometry confirmed that a large number of cells died after exposure to blue light. Most of the dead cells were located in the upper right quadrant of the flowchart, indicating that the cells were Annexin V/PI double-staining positive (Figure 1B). After application of minocycline, the number of Annexin V/PI double-stained positive cells decreased dramatically, and the cell survival percentage increased. As the dose of minocycline increased, the cell survival percentage rose successively (Figure 1B). The application of 20 or 30 μM minocycline substantially increased the percentage of surviving cells, indicating the protective effect of minocycline on blue-light-damaged RPE cells (Figure 1C).


[image: Figure 1]
FIGURE 1. Blue light causes death of RPE cells, and minocycline protects RPE cells from blue light-induced death. (A) ZO-1 immunofluorescence staining of ARPE-19 cells indicated formation of tight junctions. Scale bar: 50 μm. (B) Detection of ARPE-19 cell viability with Annexin V/PI. With increasing minocycline doses, death of ARPE-19 cells induced by blue light decreased significantly. ARPE-19 cells received blue light exposure for 2 h and were further cultured for 2 h before Annexin V/PI detection. (C) Quantitative analysis of (B) (n = 3). *p < 0.05.


To further investigate the death caused by blue light and the protective effect of minocycline, we used mass spectrometry. After exposure to blue light, the expression of a large amount of protein decreased due to protein hydrolysis and protein synthesis disorder. Compared with the control group, 444 proteins were downregulated and 33 proteins were upregulated in the blue light group. However, the number of downregulated proteins in the minocycline group was obviously less than that in the light group (Figures 2A–F). With the application of minocycline, the expression of proteins representing normal cell activities was upregulated, including cellular processes, environmental information processing, and genetic information processing (Figures 2G–I). Compared with the blue light group, 78 proteins were upregulated and 9 proteins were downregulated in the blue light with minocycline group (Figure 2J). Venn diagram showed differences and commonalities of proteins among groups (Figure 2K). In general, blue light exposure induces RPE cell death, and minocycline can protect RPE cells from blue light-induced death.


[image: Figure 2]
FIGURE 2. Mass spectrometry-based proteomic analysis of cell damage caused by blue light and rescue effect of minocycline in vitro. ARPE-19 cells received blue light exposure for 2 h and were further cultured for 2 h before follow-up experiments. (A–C) Volcano plots of different groups. Light damage led to decrease in expression of large number of proteins, which was alleviated by minocycline. (D–F) Violin plot and clustering heatmap. Cluster analysis of protein expression in different groups. (G–I) Distribution map of upregulated and downregulated proteins at KEGG Level 2 in three groups. (J) Number of upregulated and downregulated proteins in different groups. (K) Venn analysis of characteristics and commonality of different proteins in each group. L_C, blue light group vs. control group; M_C, Blue light with minocycline group vs. control group; M_L, blue light with minocycline group vs. blue light group.




Death of RPE Cells Induced by Blue Light Is Necroptosis, and Minocycline Inhibits the Process of Necroptosis

The pattern of cell death caused by blue light needs further study. Combined with the previous results of Annexin V/PI double staining, we experimentally verified the ARPE-19 cell death mode. As an inhibitor of RIPK1, Nec-1s is a more stable variant of Nec-1 and a more specific inhibitor of RIPK1 without the IDO-targeting effect (20). GSK-872 is the RIPK3 inhibitor. Both Nec-1s (p = 0.027) and GSK-872 (p = 0.025) improved cell survival (Figures 3A–D). On the other hand, the pancaspase inhibitor Z-VAD-FMK (p = 0.068) did not improve cell survival, which meant that the cells did not die from apoptosis but necroptosis (Figures 3E,F). Immunofluorescence experiments confirmed this point.


[image: Figure 3]
FIGURE 3. Necroptosis inhibitors improve blue-light-induced RPE cell viability, but apoptosis inhibitor does not. ARPE-19 cells received blue light exposure for 2 h and were further cultured for 2 h before follow-up experiments. (A) RIPK1 inhibitor Nec-1s (10 μM) improved blue-light-induced ARPE-19 cell viability. (C) RIPK3 inhibitor GSK-872 (10 μM) improved blue-light-induced ARPE-19 cell viability. (E) Pancaspase inhibitor Z-VAD-FMK (30 μM) did not improve blue-light-induced ARPE-19 cell viability. (B,D,F) Quantitative analysis of (A,C,E) (n = 4). *p < 0.05.


As a DNA-binding nuclear protein, HMGB1 is highly conserved. HMGB1 is also a major DAMPs that is released from necrotic cells. In necrosis, HMGB1 is passively released from the nucleus into the extracellular matrix to promote inflammation (21). In apoptotic cells, HMGB1 is firmly bound to chromatin and isolated into apoptotic bodies (21, 22). We analyzed the percentage of HMGB1-release cells in different groups, and there was significant difference between groups. After exposure to blue light, HMGB1 located in the nucleus of RPE cells was released in large quantities (p = 0.000). This release of HMGB1 was effectively weakened with the application of minocycline (p = 0.000) (Figures 4A,D). In normal RPE cells, the fluorescence of RIPK3 was homogeneous. After blue light exposure, RIPK3 aggregated (p = 0.000), characterized by local punctiform fluorescence, suggesting the formation of necrosomes. Within the minocycline treatment, the fluorescence of RPE was similar to that of control cells (Figures 4B,E). MLKL staining was light in normal APRE-19 cells and slightly obvious at the cell edge. After blue light exposure, the fluorescence of MLKL staining was obvious and homogeneous (p = 0.000), indicating the recruitment and activation of MLKL. Along with the application of minocycline, the MLKL fluorescence intensity of RPE cell decreased (p = 0.006) (Figures 4C,F). These findings indicate that blue light can induce RPE cell necroptosis and that minocycline inhibits necroptosis and DAMPs release in RPE cells in vitro.
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FIGURE 4. Immunofluorescence verification of necroptosis molecular hallmarks in blue-light-induced RPE in vitro. ARPE-19 cells were exposed to blue light for 2 h and further cultured for 2 h before immunofluorescence experiments. (A) Blue light caused release of HMGB1 from nuclei of ARPE-19 cells. White arrows indicated release of HMGB1 from nuclei. Minocycline treatment significantly reduced release of HMGB1 from nucleus. Scale bar: 15 μm. (B) Blue light caused aggregation of RIPK3 and enhancement of local fluorescence intensity in ARPE-19 cells. White arrows indicated aggregation of RIPK3. RIPK3 aggregation was evidently alleviated in light with minocycline group cells. Scale bar: 15 μm. (C) Compared with blue light-induced cells, MLKL staining was light in normal APRE-19 cells and slightly obvious at cell edge. After blue light exposure, fluorescence of MLKL staining was obvious and homogeneous. In blue light with minocycline group cells, fluorescence characteristics were between control group and blue light exposure group. Scale bar: 15 μm. (D) Quantitative fluorescence analysis of (A) (n = 6). (E) Quantitative fluorescence analysis of (B) (n = 6). (F) Quantitative fluorescence analysis of (C) (n = 6). **p < 0.01, ***p < 0.001.




The Mechanism of Inhibition Necroptosis by Minocycline Is Related to Mitochondria Protection

Taken together, the results of flow cytometry and immunofluorescence indicated that the effect of minocycline on RPE rescue was better than that of the necroptosis inhibitors Nec-1s and GSK-872. To further explore the mechanism by which minocycline inhibits necroptosis in RPE cells, transmission electron microscopy was applied. Compared with the control group and blue light with minocycline group, the morphological changes of RPE cells of the blue light group were obvious (Figures 5A–C). RPE cells in the blue light group exhibited necrotic characteristics accompanied by microvillus disappearance, destruction of cell membranes, organelle disintegration, and vacuoles formation (Figures 5B,E). After the addition of minocycline, the illuminated cells retained some microvilli, and the cell morphology was similar to that of the control group (Figures 5D,F). Further enlarged pictures show the details of mitochondria in the three groups of cells. There were a large number of mitochondria in normal ARPE-19 cells. In the blue light group, mitochondria disappeared with vacuoles remaining. Under blue light with minocycline, the mitochondrial intermembrane space was enlarged, suggesting that mitochondrial oxidative respiration was active (Figures 5G–I). This might be why cells resisted blue light damage and avoided the formation of necroptosis.


[image: Figure 5]
FIGURE 5. Ultrastructure of RPE cells to show blue light damage and protective effects of minocycline via transmission electron microscopy. ARPE-19 cells were exposed to blue light for 2 h and were further cultured for 2 h. (A) Photomicrograph of normal ARPE-19 cells. (B) Photomicrograph of ARPE-19 cells exposed to blue light. (C) Photomicrograph of ARPE-19 cells with blue light exposure and minocycline treatment. (D–F) Enlarged parts of white dotted boxes in (A–C). In cells of blue light group, many cytoplasmic vacuoles were observed, cell membranes were damaged, and nuclear membranes were intact. (G–I) Enlarged views of mitochondria in white dotted boxes in (D–F). Note large number of mitochondria in normal ARPE-19 cells. In blue light group, mitochondria disappeared, and vacuoles remained. Under blue light with minocycline, mitochondria existed, but mitochondrial intermembrane space was enlarged. (A–C) Scale bar: 2 μm. (D–F) Scale bar: 1 μm. (G–I) Scale bar: 200 nm.


Reactive oxygen species (ROS) contain oxygen free radicals such as superoxide anion radical ([image: image]) and hydroxyl radical (•OH) and non-radical oxidants such as hydrogen peroxide (H2O2) and singlet oxygen (1O2) (23). ROS are mainly produced by mitochondria as byproducts of aerobic metabolism. High levels of ROS result in oxidative stress, and low levels of ROS regulate signaling pathways (24, 25). In the ROS experiment, after 30 min of blue light exposure, the RPE cell mass spread out and became elliptical in the FSC/SSC diagram, suggesting that the RPE cells were swollen and that ROS in the RPE cells increased (Figures 6A,B). The cell mass of the blue light with the minocycline group was similar to the control group, and the cell state was even better according to FSC/SSC diagram, although ROS of the RPE cells was also elevated (Figures 6A,B). In the ROS experiment, the ROS levels of the blue light group were elevated (p = 0.000), and minocycline did not lower the ROS levels (p = 0.000) (Figures 6B,D,E). Minocycline could not prevent the blue light-induced ROS increase, but the RPE cells treated with minocycline remained in good condition. This suggests that RPE cells here have a good tolerance to ROS, and ROS may not be as threatening as previously thought.


[image: Figure 6]
FIGURE 6. Mechanisms by which minocycline reduces light-induced RPE death. (A) Variations in FSCs and SSCs in ARPE-19 cells in different groups in ROS experiment. Blue light exposure time was 30 min. In blue light group, cell mass became elliptical, and FSC value moved right. In blue light with minocycline group, ARPE-19 cells were preincubated with 30 μM minocycline for 30 min before blue light exposure, and cell mass was aggregated and similar to that of control group. (B) ROS of ARPE-19 cells in different groups. Blue light exposure time was 30 min. (C) Bright field and JC-1 fluorescence images of different groups. Blue light exposure time was 1 h. Scale bar: 50 μm. (D) Superposition of three groups ROS diagrams in (B). Curve of blue light group became sharp and moved right. Curve of blue light with minocycline group moved right. (E) Quantitative analysis of (B). ROS in both blue light group and blue light with minocycline group was increased (n = 3). (F) Quantitative analysis of (C). In blue light group, decrease in fluorescence intensity ratio suggested decrease in Δψm (n = 10). **p < 0.01, ***p < 0.001.


Mitochondria are the potential targets of blue light and the regulatory centers of cell death. The synthesis of ATP, uptake and storage of Ca2+, and generation and detoxification of ROS are inseparable from Δψm (26). The collapse of Δψm implies cell death. After 1 h of blue light exposure, RPE cells exhibited a decrease in Δψm, as quantitated by the JC-1 aggregates and monomers fluorescence intensity ratio (p = 0.001). In the blue light with minocycline group, Δψm of RPE cells remained relatively stable (p = 0.133) (Figures 6C,F). The utilization of minocycline was conducive to maintaining the stabilization of Δψm and the normal physiological function of cells exposed to blue light.

In conclusion, blue light exposure can lead to an increase in ROS. However, the protective effect of minocycline does not occur by reducing ROS but stabilizing Δψm. This protects the mitochondrial structure and function to maintain the normal physiological function of RPE cells and to avoid death.



Minocycline Suppresses Necroptosis Signs in RPE Cells Caused by Blue Light in vivo

To analyze the influence of blue light exposure on the RPE in vivo, BALB/c mice were exposed to blue light. Mice that received minocycline treatment were intraperitoneally injected with minocycline. In the control group, HMGB1 was only expressed in the nucleus. In the blue light group, a large amount of HMGB1 was released from the nucleus (p = 0.000). In the blue light with minocycline group, minocycline reduced the release of HMGB1 from the nucleus (p = 0.001), although part of HMGB1 was still released into the cytoplasm (Figures 7A,C). After blue light exposure, RIPK3 staining showed punctate fluorescence enhancement, indicating the aggregation of RIPK3 (p = 0.000). With the application of minocycline, the aggregation of RIPK3 was slightly weakened (p = 0.046) (Figures 7B,D). These results indicate that DAMPs and inflammation play important roles in the process of blue light-induced RPE degeneration. Necroptosis is involved in blue light-induced RPE degeneration in vivo. Minocycline can alleviate necroptosis and inhibit DAMPs release.
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FIGURE 7. Expression of necroptosis-related proteins in RPE flatmount staining in vivo. (A) Blue light caused release of HMGB1 from nuclei of RPE cells. Minocycline treatment significantly reduced release of HMGB1 from nuclei. Scale bar: 15 μm. (B) Blue light caused aggregation of RIPK3 in RPE cells. Minocycline treatment alleviated aggregation. Scale bar: 15 μm. (C) Quantitative fluorescence analysis of (A) (n = 6). (D) Quantitative fluorescence analysis of (B) (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

In our current research, we demonstrated that blue light exposure can lead to RPE cell necroptosis and HMGB1 release and that minocycline can reduce the death of RPE cells, inhibit necroptosis, and prevent the release of HMGB1 by keeping Δψm stable.

There is significant evidence about inflammation in the process of retinal degeneration. Apoptosis is generally considered to be anti-inflammatory by withholding the signal broadcast of damaged cells. Previous studies showed that light induces the apoptosis of RPE cells (27, 28). However, different wavelengths, irradiation durations, and intensities of light can cause different levels of damage to RPE cells. At the same time, the methods to distinguish apoptosis and necrosis are limited, so the two cell death modes cannot be well-distinguished. For instance, the TUNEL assay is traditionally considered to identify apoptotic cells, but necrotic cells can also be TUNEL positive due to DNA strand breakage. Annexin V/PI staining cannot adequately distinguish between necrosis and apoptosis. Apoptosis is an ATP-dependent death mode, intracellular ATP levels keep largely unvaried until the end of the death, whereas necrosis happens under intracellular ATP depletion (29). The modes of cell death are switchable. Caspase-8 is a switch between apoptosis and necroptosis. In apoptosis, Caspase-8 suppresses necroptosis by cleaving RIPK3 (30). Study of Yang et al. showed that RPE cells presented low levels of Caspase-8 expression (31). This means that RPE cells are more prone to necroptosis when suffer damage. In addition, autophagy has been studied in blue light-induced RPE injury. Autophagy might be a protective mechanism against blue light-induced RPE damage at an early stage (32, 33) because of its homeostatic mechanism by removing faulty cellular components. Nevertheless, abnormal autophagy at the late stage of blue light-induced RPE damage might aggravate cell degeneration (32).

Necroptosis has been implicated in many human neurodegenerative diseases. Cell death and neuroinflammation motivated by necroptosis mediate the pathogenesis of these diseases (34) including ALS (35), MS (36), AD (37), and Parkinson's disease (38). In retinal neurodegenerative diseases such as RP and AMD, oxidative stress and mitochondrial dysfunction of RPE cells are observed (39–41). Hanus et al. (42, 43) found that oxidants could induce RPE cell necroptosis. This indicates that research on necroptosis is crucial for relevant pathophysiology exploration in retinal degeneration.

Necrotic cells release DAMPs, and DAMPs can cause an inflammatory response. Murakami et al. (15) showed that RIPK3 deficiency suppressed the release of DAMPs from necrotic cells and cytokine production. HMGB1 is a major DAMPs. As a prototypical alarmin, extracellular HMGB1 can activate innate immunity, and TLR4 and RAGE are the main HMGB1 receptors (44). The release of HMGB1 into the extracellular matrix can be induced by various cell stresses and diseases such as trauma, hemorrhagic shock, and sepsis (45, 46). Our study proved that blue light exposure induced HMGB1 release from RPE cell nuclei, once again proving that blue light excited RPE cell inflammation and necroptosis.

The experimental results showed that direct blue light exposure could cause necroptosis of RPE cells by damaging mitochondria, thus emphasizing the link between blue light exposure and RPE degeneration. Blue light, mitochondria, RPE necroptosis, and cell death pathways around these three factors need to be further studied.

The rescue effect of minocycline on necroptosis is much better than that of Nec-1s and GSK-872 because the rescue effect of minocycline is multifaceted. The first point is the protective function of minocycline on mitochondria. As we have proven, within minocycline, even under blue light exposure, Δψm remained relatively stable so that mitochondria could provide ATP continuously. Multiple studies have confirmed that minocycline can play an effective therapeutic role in different neurodegenerative diseases. The therapeutic properties may be due to the antiapoptotic effects of minocycline (47, 48), inhibition of key enzymes activities such as matrix metalloproteinases (MMPs) (49), inducible nitric oxide synthase (iNOS) (50), phospholipase A2 (PLA2) (51), inhibition of microglial activation (52), calcium chelation, and other mechanisms (17, 19). Obviously mitochondrial Ca2+ accumulation leads to the opening of mitochondrial permeablity transition pore. It is followed by the mitochondrial swelling and the mitochondrial membrane rupture, which results in the liberation of mitochondrial proteins, including cytochrome c (53). Overload of Ca2+ concentration exists at the early stage of necroptosis. Minocycline can decrease intracellular levels of Ca2+ and prevent the release of cytochrome c (54). Necroptosis is involved in the pathogenesis of several neurodegenerative diseases such as MS, AD, Parkinson's disease, and ALS, and it is possible that minocycline inhibits necroptosis in these neurodegenerative diseases and thus alleviates these diseases. In summary, the protective effect of minocycline may be the result of multilayered synthesis, and mitochondrial conservation is a priority in blue-light-induced RPE cell death.

The conventional view is that ROS are toxic to cells because of their high chemical reactivity. As signaling molecules and enhancing immunologic defense, ROS are also considered to be beneficial for biosystems (55, 56). This biological contradiction underlies mechanisms by which ROS are significant for the normal activities of living organisms and their senescence (55). Therefore, homeostasis of ROS is crucial to normal cell activities. The retina is a high-energy demand and highly oxygen-consuming tissue (57). The highest oxygen levels are in the choroid, whereas this descends sharply across the outer retina, forming a large gradient of oxygen (58). RPE cells perform complex and important biological functions including transporting oxygen to the outer retina, and are rich in mitochondria. Upon continuous exposure to light with intensive oxygen metabolism, RPE cells are more tolerant to oxidative stress than other cells. In our results for RPE cells in the blue light with minocycline group, although ROS of the cells were elevated, the cell state was even better, which indicated that transient ROS elevation might not lead to the death of RPE cells. In the process of blue light damage, mitochondria serve as death regulation centers, and a decrease in Δψm leads to the obstruction of ATP synthesis, which is more fatal. Long-term oxidative stress can lead to the degeneration of RPE cells; however, brief strong light exposure is more dangerous than continuous weak light stimulation.

In conclusion, our results demonstrate that blue light can induce RPE cell necroptosis and DAMPs release. Minocycline has excellent effects on inhibiting the necroptosis and DAMPs release of RPE cells under bule light illumination and can improve the survival of RPE cells remarkably by stabilizing Δψm. This study provides new clues regarding the pathogenesis and treatment of retinal degeneration.
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Purpose: To delineate the characteristics and treatment of cytomegalovirus-immune recovery retinitis (CMV-IRR) in human immunodeficiency virus (HIV) patients with immune recovery under effective highly active antiretroviral therapy (HAART) regimen.

Methods: We reported four patients with HIV who were diagnosed with CMV-IRR soon after effective HAART. Plasma levels of CD4 T cells, HAART regimen, and other clinical and laboratory characteristics of the four patients were described. Patients were monitored for ocular manifestations and clinical signs under effective ocular and systemic anti-cytomegalovirus (CMV) and corticosteroid treatment for 12 months.

Results: With HAART, plasma levels of CD4 T cell counts rose remarkably. The mean baseline CD4 count of the four patients was 14.5 (range from 7 to 33) cells/μl before HAART and 183.25 (range from 153 to 220) cells/μl when diagnosed with CMV-IRR. Ophthalmic examination demonstrated severe vitreous opacities and necrotizing retinitis, intraretinal hemorrhages, and vasculitis. A large number of CMV sequencing was detected by DNA sequencing of vitreous samples. All four patients were recovered from CMV-IRR with anti-CMV and corticosteroid treatment.

Conclusions: Cytomegalovirus-immune recovery retinitis is a new diagnosis of HIV-associated ocular complication under HAART. These findings suggest that the immunological effects of HAART may accelerate the CMV retinitis in patients with very low initial CD4 T cell counts. HIV patients are recommended to have a thorough fundus examination before HAART initiation and a close follow-up especially in those with low CD4 counts to avoid the progression of CMV retinitis.
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INTRODUCTION

In the pre-highly active antiretroviral therapy (HAART) era, cytomegalovirus retinitis (CMVR) is the most common intraocular opportunistic infection in patients with Acquired Immune Deficiency Syndrome (AIDS) and occurs primarily in patients with an absolute CD4 counts <50 cells/μl. HAART was introduced in 1996 to treat HIV-infected patients by reducing HIV viral load and increasing CD4 T cell counts. The most commonly used combination of HAART consists of one protease inhibitor and two reverse transcriptase inhibitors, resulting in increased life survival and a decrease in the incidence of CMVR.

Over the past 20 years, the HAART-mediated improvement of immune function in patients with AIDS may also alter the way in which the eye responds to cytomegalovirus (CMV), resulting in a change in the clinical manifestations of ocular CMV retinitis.

Immune reconstitution inflammatory syndromes (IRIS) represent an inflammatory response to an opportunistic pathogen in the context of immune recovery after initiating HAART (1). Immune recovery uveitis (IRU) is characterized by anterior segment and vitreous inflammatory reactions that are directed toward CMV antigens in ocular tissues, accompanied by cystoid macular edema (CME) and epiretinal membrane formation (2).

Immune recovery uveitis occurs in some patients with pre-existing CMVR due to the improved immune function associated with new potent antiretroviral. It has been described in the context of inactive retinitis several months to years after HAART initiation (3). In contrast, active CMV retinitis in immune reconstitution subjects had only been documented in a few case series with complex and severe retinal lesions and was postulated as an IRIS phenomenon, called “immune recovery retinitis” (4).

Therefore, in this retrospective study, we reported four patients with active CMV retinitis and severe vitritis in the context of a successful HAART regimen. They all had very low CD4 T cells before HAART initiation and were then developed to CMV-IRR within 8 weeks in good response to HAART. We depicted the clinical signs and the DNA sequencing of the vitreous body and followed up with them for 12 months with effective treatment.



METHODS


Patients and Methods

We reviewed four patients who attended our department and were diagnosed with active CMV-IRR with high CD4 counts under effective HAART from May 2019 to January 2021. We retrospectively studied the medical records of the four patients including clinical manifestations, ophthalmic examinations, and treatments. The study was approved by the institutional ethics committee of Huashan Hospital affiliated with Fudan University (protocol number: KY2021-837), and the treatment was performed under the tenets of the Declaration of Helsinki. The patients enrolled in the study signed the written informed consent for the publication of their data and examinations. Demographic data, CD4 cell counts, and current HAART regimen were all recorded. The CD4 counts were done using flow cytometry in all four patients. Ophthalmological examinations were performed using a slit lamp, fundoscopic investigation, fundus photographs, ocular B-ultrasound, and optic coherent tomography (OCT) (ZEISS, CIRRUS HD-OCT 4000, Germany).



Signs and Symptoms of CMV-IRR

Diagnosis of IRIS was specified as follows: (1) good response to ART; (2) deterioration of an infectious condition related to ART initiation; and (3) inability to explain the symptoms.

Cytomegalovirus retinitis was defined by necrotizing retinitis, intraretinal hemorrhages, and vasculitis (manifested as yellow-white retinal lesions with granular border and hemorrhage along with vessels). Retinitis improvement was defined as the replacement of hemorrhages with atrophic scar (5). The location of the CMVR lesion was categorized into three zones. Zone 1 consisted of the area within 1,500 μm of the edge of the optic nerve or within 3,000 μm of the center of the fovea. Zone 2 was extended from the limits of zone 1 to a circle defined by the ampullae of the vortex veins. Zone 3 was extended from the limits of zone 2 to the ora serrata.

Patients with CMV-IRR were defined as those who developed CMV retinitis or worsening CMV retinitis with vitritis on successful HAART (4). The CMV-IRR was diagnosed by an experienced ophthalmologist by fundoscopic exploration and vitreous sample DNA sequencing (BGI, China).

Immune recovery uveitis was defined by completely healed CMV retinitis with any of the following types of ocular inflammation under successful ART: anterior uveitis, vitritis, papillitis, cystoid macular edema, or epiretinal membrane (6).

Moreover, HIV retinopathy, toxoplasmosis retinitis, acute retinal necrosis, progressive outer retinal necrosis, and syphilitic retinochoroiditis were excluded by laboratory assessment and fundus manifestations.



Treatment of CMV-IRR

All four patients underwent three-port pars plana vitrectomy (PPV) for vitreous samples DNA sequencing with or without silicone oil tamponades. They all received appropriate anti-CMV therapy during the follow-up that includes oral ganciclovir (2 g/tid) and intravitreal injections. Intravitreal treatment regimen included ganciclovir (2 mg/0.1 ml) and dexamethasone (0.4 mg) injections (once a week for the first months and transferred once every other week until the lesion border was stable). All four patients received oral ganciclovir treatment for 6 months and the mean intravitreal injection was 7.25 times for an eye (range from 6 to 10).




RESULTS

In our study, all four patients were progressed with active CMVR lesions with immune recovery within 8 weeks of HAART initiation. Characteristics of the four CMV-IRR patients with HIV positive are summarized in Table 1. Among the four patients, the mean CD4 T cells were 14.5/μl at the HIV diagnosis and 183.25/μl at the CMV-IRR diagnosis. All four patients had an obvious increase of CD4 T cells over 100/μl from a very low baseline (<40/μl). They came to our ophthalmology department and presented with progressed blurred vision without any ophthalmological examination or treatment. The slit lamp showed vitritis and retinitis without anterior segment abnormalities. The vitreous activity was evaluated according to the grading system (1+ to 4+) proposed by Nussenblatt et al. (7). Fundus examination including mydriasis fundus examinations, ultrasound B scans, and OCT scans was performed in the four patients. The fundus showed typical necrotizing retinitis, intraretinal hemorrhages, and vasculitis (Figure 1, patient four). Three patients had retina lesions in zones 2 and 3, while the other patient had retina involvement in zones 1–3. OCT showed normal in one patient and a slight epiretinal membrane in macular in two patients. The other patient had a minor retinal neurosensory layer detachment in the macular (Figures 2A–D). Ultrasound B scans demonstrated obvious vitritis in all four patients (Figures 3A–D). PPV was done and vitreous samples were aspirated for next-generation sequencing. The results demonstrated a high copy of the CMV sequence ranging from 60,527 to 445,532.


Table 1. Characteristics of the four cytomegalovirus-immune recovery retinitis (CMV-IRR) patients with human immunodeficiency virus (HIV) positive.
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FIGURE 1. The fundus showed typical necrotizing retinitis, intraretinal hemorrhages, and vasculitis in zones 1–3 (the left eye of patient four).



[image: Figure 2]
FIGURE 2. In patient one (A), optic coherent tomography (OCT) showed an epiretinal membrane in macular in the right eye; in patient two (B), OCT was normal in macular in both eyes; in patient three (C), OCT showed a slight epiretinal membrane and inner retina disorder in macular in both eyes; in patient four (D), OCT showed a slight epiretinal membrane and a minor retinal neurosensory layer detachment in the left eye (Left: the right eye, right: the left eye, (D) shows only the left eye for the atrophy of the right eye).



[image: Figure 3]
FIGURE 3. Ultrasound B scans demonstrated severe vitritis in all four patients [(A) patient one, (B) patient two, (C) patient three, (D) patient four] (Left: the right eye; right: the left eye) [(D) shows only the left eye for the atrophy of the right eye].


Then, the patients underwent weekly intravitreal injection of ganciclovir 2 mg/0.1 ml plus steroids/dexamethasone 0.4 mg for the first month and shifted to biweekly till the lesion was stable. Oral use of ganciclovir was administered as 2 g tid for 6 months.


Patient 1

A 54-year-old male experienced blurred vision in the right eye 2 months after HAART initiation (Zidovudine [AZT], Lamivudine [3TC], and Efavirenz [EFV]). CD4 counts were 200/μl. Visual Acuity (VA) was 20/166 in the right eye. Ophthalmic examination showed retinal necrosis and hemorrhages with severe vitritis (+++) in zones 2 and 3. OCT showed a slight epiretinal membrane in the macular of the right eye. He underwent PPV and silicone oil tamponades, and silicone oil removal was conducted 6 months later. Vitreous DNA sequencing showed CMV sequence of 66,544 copies. A total of 10 intravitreal injections were performed until the lesions were stable. His VA of the right eye was 20/100 at the last follow-up.



Patient 2

A 40-year-old male experienced blurred vision and black shadows in both eyes 2 months after HAART initiation (3TC and Dolutegravir [DTG]). CD4 counts were 160/μl. VA was 20/50 in the right eye and 20/40 in the left eye. Ophthalmic examination showed retinal necrosis and hemorrhages with vitritis (++) in zones 2 and 3. OCT was normal in the macular. He underwent PPV and silicone oil tamponades in the left eye and ganciclovir and steroid intravitreal injections for both eyes. Afterward, immediate PPV and silicone oil tamponades were conducted in the opposite eye for secondary retinal detachment 1 month later. Vitreous DNA sequencing showed a CMV sequence of 446,072 copies. Silicone oil removal was conducted 4 months later for both eyes. Intravitreal injections were conducted eight times separately for both eyes. VA of the patient was 20/20 in both eyes at the last follow-up.



Patient 3

A 50-year-old male experienced blurred vision for both eyes 4 weeks after HAART initiation (3TC, EFV, and TDF). He had the herpes zoster infection three times since 2014. CD4 counts were 220/μl. VA was 20/25 in the right eye and 20/50 in the left eye. Ophthalmic examination showed retinal necrosis with vitritis (++) in both eyes in zones 2 and 3. He underwent PPV and silicone oil tamponades in both eyes and intravitreal injections six times in total. Vitreous DNA sequencing showed a CMV sequence of 60,527 copies. Silicone oil removal was conducted 4 months later. VA of the patient was 20/25 in the right eye and 20/40 in the left eye at the last follow-up.



Patient 4

A 40-year-old male experienced blurred vision in the left eye 6 weeks after HAART initiation (3TC, EFV, and TDF). CD4 counts were 153/μl. VA was 20/66 in the left eye. His right eye has no light perception since his youth for an unknown reason. Ophthalmic examination showed retinal necrosis and hemorrhages with vitritis (++) in zones 1–3. He underwent PPV and intravitreal injection for the left eye. Afterward, immediate PPV and silicone oil tamponades were operated on due to vitreous hemorrhage for retinal holes 1 week after surgery. Moreover, regular intravitreal injections were performed six times in total. Vitreous DNA sequencing showed a CMV sequence of 206,679 copies. Silicone oil removal was conducted 6 months later. His VA of the left eye was 20/50 at the last follow-up.




DISCUSSION

In general, CMV retinitis was a severe opportunistic infection due to immunodeficiency with minimal intraocular inflammation, which has been extensively described in patients with HIV under ineffective treatment. We found that a small number of patients with CMV retinitis suffered retinitis progression and vitritis rapidly with HAART initiation. The results of this case series suggested that the pattern of CMVR of HIV patients might have changed by the introduction of HAART.

Traditionally, vitritis has not previously been associated with AIDS-related CMV retinitis. In 1997, Jacobson et al. firstly reported 5 cases of CMV retinitis with immune response 4–7 weeks after HAART (8). In their report, two patients had vitritis that was noted early in the course of the retinitis, and the vitritis occurred in patients who have a history of very low CD4 counts before HAART initiation. All 5 patients had recovered from the retinitis after a 7-month follow-up.

In 2014, Ruiz-Cruz et al. described a case series of patients with either new-onset CMV retinitis or CMV retinitis relapse (increasing border activity) soon after initiating HAART. They named it CMV-IRR, which could be described as a HAART-induced inflammatory immune response to subclinical CMV ocular infection (4). Most of them showed immune recovery, manifested as a rise of CD4 T cells and occurred within 2 months after HAART. Moreover, they suggested a hypothesis that active CMV retinitis might be an initial stage of a continual process leading to healed CMV retinitis observed in IRU.

However, some studies provided no evidence for the proposed “immune recovery retinitis.” The long-term result of CMVR in patients with HIV indicated that immune recovery with HAART can inactivate CMV retinitis lesions, even without anti-CMV drugs (9). The recent large-scale study by Gary et al. indicated that severe opacity was associated with lower CD4T-lymphocyte count and CMVR lesions were getting inactive after immune recovery with HAART (10). Tural et al. and MacDonald et al. demonstrated that some patients who responded to combined antiretroviral treatment with an increase in CD4 T-lymphocyte levels regained the ability to suppress CMV without specific anti-CMV therapy (11, 12).

Cytomegalovirus retinitis activity (indicated by the corresponding surface area) is accurately reflected by the presence and level of CMV DNA in aqueous humor and vitreous humor (13). In our study, among the thirty patients with CMV retinitis, four (13.3%) were progressed with active CMVR lesions with immune recovery within 8 weeks of HAART initiation. They all had a history of low CD4 T cells and a subsequent good immunological response, indicating the immune recovery retinitis caused by the immune response of CMV infection. Furthermore, they suffered from severe vitritis and a high copy of CMV in the vitreous body, which demonstrated that an effective HAART regimen might fail to inactive the CMV retinitis lesions.

Immune recovery uveitis emerges as a cause of visual morbidity in AIDS patients with pre-existing CMVR several months to years of initiation of HAART (14–17). Patients with IRU were reported in the literature to have no active retinitis or detectable CMV DNA in peripheral blood (14). It is associated with the presence of inactive CMV retinitis, combination antiretroviral therapy with protease inhibitors, and evidence of at least partial immune reconstitution suggested by increased CD4+ cell counts. The study by Robinson et al. showed that patients with IRU had a 10-fold increase in the mean CD4 T cell at the time of examination when compared with the mean CD4 T cell count at the time of diagnosis of CMV retinitis (18).

The reason for some patients showing CMV-IRR was still unknown. CMV-IRR may be caused by an immune response against persistent CMV antigen in the eye, while the immune response to CMV antigens varies a lot in patients (18). The possible mechanisms of CMV-IRR development could be summarized as follows: CMV retinitis causes a breakdown in the blood-ocular barrier and may allow migration of inflammatory cells into the eye. Patients with IRU might suffer from CMV retinitis or systemic CMV infection at a very low level of CD4 counts before HAART initiation. The good immunological response and increased CD4 counts with HAART treatment activated the immune response to CMV antigens. The inflammation could be activated by CMV antigens expressed on latently infected cells, near the areas of previously active CMV retinitis. Schrier et al. previously have shown that this may be related to the predisposition to CMV retinitis (6). Further studies are necessary to evaluate the incidence and pathogenesis of this newly described syndrome.

Treatment of CMV-IRR has faced rigorous challenge with limited experience and severe retina inflammation and high intraocular CMV copies. Regular treatment of CMV retinitis includes systemic and ocular ganciclovir (topical and intravitreal). Traditionally, weekly injections are advised until active CMV retinitis lesions are resolved (19). The concentration of intravitreal ganciclovir varies from 0.4 to 4 mg/0.1 ml in different research studies (20–24). A successful approach in South Africa gave biweekly injections of 2 mg of ganciclovir for the first 2 weeks followed by weekly injections until immune reconstitution, and the patient has received systematic anti-CMV treatment for at least 3 months (25). IRU with severe vitreous inflammation and/or CME typically was treated with periocular corticosteroids (triamcinolone acetonide 40 mg) or intravitreal corticosteroids without complications (26–28). Furthermore, some authors recommend restarting anti-CMV therapy to prevent CMV reactivation following corticosteroid treatment (3, 29). In our study, we combined intravitreal injection of ganciclovir with dexamethasone to suppress the high copies of CMV and severe vitritis and retinitis. Systemic corticosteroids and non-steroidal anti-inflammatory agents were not utilized because of relative immune compromise (30).

Ganciclovir is one of the optimal strategies in treating CMV retinitis. After diffusing into CMV-infected cells, ganciclovir is phosphorylated by the viral kinase UL97 and then further phosphorylated by cellular kinases to ganciclovir triphosphate, which inhibits the viral DNA polymerase UL54. To inhibit the replication of wild-type strains of CMV in vitro, the inhibitory concentration IC50 of Ganciclovir is 0.25–1.22 mg/l (31). Based on our experience and previous reports about CMV retinitis (22, 23), weekly intravitreal injection of 2 mg ganciclovir was effective and safe in most cases. The average intravitreal injections were 7.5 times (range from 6 to 10 times) in the four patients until retinal lesions were stable.

The presence of silicone oil in the vitreous cavity might have been a protective factor (26). It is fairly safe to assume that the ERM seen in our three patients was the result of vitritis inflammation (15). Recently, ERM formation has been recognized as an inflammatory complication of IRU by Studies of the Ocular Complications of AIDS and is being used as a diagnostic criterion in the definition of IRU (15, 26).

All four patients had immediate PPV with or without silicone oil tamponades due to severe retinal complications even under effective treatment. One patient with bilateral CMV-IRR had a retinal detachment in the non-PPV eye with routine intravitreal injections 1 month after the CMV-IRR diagnosis. Another patient suffered from vitreous hemorrhage because of retinal holes 1 week after PPV surgery (without silicone oil tamponades). They all had silicone oil removal 4–6 months after the surgery. Future studies with a larger sample size are needed to clarify the treatment and prognosis of the diseases. Regular ophthalmologic follow-up has been recommended at 3-month intervals for patients with HIV. Our patients had the incident of CMV-IRR within 2 months after HIV initiation. CMV-IRR was a newly diagnosed ocular complication with progressive retinitis and vitritis under effective HAART. Two of our patients developed vitreous hemorrhage or retinal detachment during treatment. Thus, we suggested a closer ophthalmologic examination especially for those patients with CD4 counts less than 50 cells/μl. Pupil dilation and fundus examination should be performed to avoid missing the peripheral lesions.



CONCLUSIONS

In conclusion, patients with HIV are recommended to have a thorough ophthalmic examination before HAART. Vitreous DNA sequencing should be adopted in patients with possible CMV retinitis lesions. Intravitreal ganciclovir and corticosteroids are safe and effective in CMV-IRR patients. PPV with silicone oil tamponades may be essential to avoid the complications of retinal detachment and vitreous hemorrhage.
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Xinping She1,†,‡, Chen Zou2‡ and Zhi Zheng1*


1Shanghai Key Laboratory of Ocular Fundus Diseases, Department of Ophthalmology, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, National Clinical Research Center for Eye Diseases, Shanghai Engineering Center for Visual Science and Photomedicine, Shanghai Engineering Center for Precise Diagnosis and Treatment of Eye Diseases, Shanghai, China

2Eye Institute, Eye and ENT Hospital, Shanghai Medical College, Fudan University, Shanghai, China

Edited by:
Hetian Lei, Shenzhen Eye Hospital, China

Reviewed by:
Matthew P. Simunovic, The University of Sydney, Australia
 Katelyn Swindle-Reilly, The Ohio State University, United States

*Correspondence: Zhi Zheng, zzheng88@sjtu.edu.cn

†ORCID:Xinping She orcid.org/0000-0001-7803-2246

‡These authors have contributed equally to this work

Specialty section: This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

Received: 14 September 2021
 Accepted: 29 April 2022
 Published: 27 May 2022

Citation: She X, Zou C and Zheng Z (2022) Differences in Vitreous Protein Profiles in Patients With Proliferative Diabetic Retinopathy Before and After Ranibizumab Treatment. Front. Med. 9:776855. doi: 10.3389/fmed.2022.776855



Proliferative diabetic retinopathy (PDR) accounts for severe impact on vision, its mechanism is still poorly understood. To compare the differences of vitreous protein profiles in PDR patients before and after a complete anti-vascular endothelial growth factor (VEGF) loading dose with ranibizumab treatment. Twelve vitreous humor (VH) samples were collected from six PDR patients before (set as pre group) and after (set as post group) intravitreal injection of ranibizumab (IVR) treatment. LC–MS/MS and bioinformatics analysis were performed to identify differentially expressed proteins. Proteins were validated with targeted proteomics using parallel reaction monitoring (PRM) in a validation set consisting of samples from the above patients. A total of 2680 vitreous proteins were identified. Differentially expressed proteins were filtrated with fold change ≥2.0 (post group/ pre group protein abundance ratio ≥2 or ≤ 0.5) and p-value <0.05. 11 proteins were up-regulated and 17 proteins were down-regulated, while consistent presence/absence expression profile group contains one elevated protein and nine reduced proteins, among which seven proteins were identified as potential biomarkers for IVR treatment through PRM assays. Bioinformatics analysis indicated the up-regulated proteins were significantly enriched in “GnRH secretion” and “Circadian rhythm” signaling pathway. This report represents the first description of combined label-free quantitative proteomics and PRM analysis of targeted proteins for discovery of different proteins before and after IVR treatment in the same patient. IVR treatment may protect against PDR by promoting SPP1 expression through “GnRH secretion” and “Circadian rhythm” signaling pathway.

Keywords: proliferative diabetic retinopathy, proteomics, ranibizumab, label-free, LC-MS/MS, PRM


BACKGROUND

Diabetic retinopathy (DR) is the leading cause of blindness among working age people (1–4). The worldwide prevalence of DR has been estimated to be 34.6% in patients with diabetes, and the prevalence of vision-threatening DR, such as proliferative diabetic retinopathy (PDR) has been estimated to be 6.96% (5). PDR is the worst stage of DR, it may lead to devastating complications, such as vitreous hemorrhage or tractional retinal detachment.

Several studies have shown that vascular endothelial growth factor (VEGF) is a crucial causative factor of PDR (6, 7). Ranibizumab is a specific anti-VEGF drug, it is an engineered, humanized and recombinant antibody fragment binding closely to all VEGF-A isoforms. Preoperative intravitreal injection of ranibizumab (IVR) treatment significantly reduces the occurrence of intraoperative and postoperative complications (8). A meta-analysis of 14 randomized controlled trials indicated that anti-VEGF pretreatment before vitrectomy greatly facilitated surgery (9). Another network meta-analysis revealed that preoperative anti-VEGF pretreatment showed the best treatment effect (10). However, the molecular mechanism is not completely clear. We previously reported that preoperative IVR treatment in patients with severe PDR contributes to a decreased risk of postoperative neovascular glaucoma (11), and found further changes in vitreous protein profiles of PDR patients treated with and without IVR (12). While there have been no reports on the changes in vitreous humor (VH) protein profile before and after IVR treatment in the same patient. Taking the influence of individual differences into account, the VH samples of the same patient before and after IVR treatment were tested, then the identified differences can be considered to be entirely caused by IVR. This is a research topic worthy of further study. Thus, it is of interest to study differences of vitreous protein profile in PDR patients before and after ranibizumab treatment.

Proteomics have been widely applied for global analysis of proteins (13), and it has great value for studying the effects of DR (14, 15). Label-free quantification is a type of quantitative mass spectrometry method. This technology does not require expensive isotope labels as internal standards, but it improves the detection efficiency of low-abundance proteins and the accuracy of protein quantification. Using label-free quantification technology, the sample loading volume is small. In recent years, label-free quantification has been commonly applied for the study of DR (16–18). Parallel reaction monitoring (PRM) is an ion monitoring technology based on high-resolution and high-precision MS. Compared with western blotting and ELISA, it has higher sensitivity and higher resolution and unlike these other methods, it can be used for the simultaneous detection of multiple target proteins without the need for antibodies (19). Therefore, it is often used as a verification method.

In this study, 12 vitreous samples were collected from six PDR patients before and after IVR treatment, and label-free technology combined with PRM target validation was used to conduct proteomic analysis of and assess the VH samples. This study aimed to identify differences in vitreous protein profiles in patients with PDR before and after IVR treatment and to further reveal the potential therapeutic targets of ranibizumab in PDR patients.



MATERIALS AND METHODS


Patients and Sample Collection

Six PDR patients who required vitrectomy were recruited from the department of ophthalmology, Shanghai General Hospital. The protocol was approved by the Research Ethics Committee of Shanghai General Hospital (Ethical approval number: 2021KY031). Signed informed consent was obtained from all patients, and the experimental procedures followed the tenets of the declaration of Helsinki. Patients' rights to privacy were protected in this study. All of the PDR participants were screened according to the expert consensus for the prevention and treatment of DR. Examinations were carried out by a professional ophthalmologist after pupil dilation. Clinical characteristics of the study population are shown in Table 1.


Table 1. Clinical characteristics of the patients.
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The inclusion and exclusion criteria were as follows. Patients who met the diagnostic criteria of PDR with vitreous hemorrhage were eligible for inclusion in the study. Eyes that received laser or intraocular injection therapy within 3 months were excluded; patients with retinal vein occlusion, retinopathy of prematurity, sickle cell retinopathy, familial exudative retinopathy and other retinal vascular diseases were excluded.

Before IVR treatment, we used 25G vitreous cutter (Constellation; Alcon Instruments, Inc., Fort Worth, TX, USA) to collect 0.25–0.3 mL VH without any infusion, and these VH samples were used as the pre group. A portion of the VH was extracted to makes room for the injection of ranibizumab, and 0.5 mg/0.05 mL ranibizumab (Lucentis; Novartis Pharma Schweiz AG Inc., Schaffhauserstrasse 4332 Stein, Switzerland) was injected. Three days later, we used 25G vitreous cutter to collect 0.25–0.3 mL VH without any infusion before pars plana vitrectomy (PPV), and which were used as the post group. After obtaining the vitreous sample, we immediately performed a centrifugation. 0.25–0.3 mL of undiluted VH was centrifuged for 10 min at 4 °C and 15000 rpm; then the supernatant was stored in liquid nitrogen and analyzed later. Sample processing refers to the method in our previous publication (12).



Sample Processing

VH samples were lysed according to the FASP procedure (20), and proteins were extracted by using buffer 1 (4% SDS, 100 mM Tris-HCl, 1 mM DTT; pH 7.6). The concentration of protein was quantified with the BCA Protein Assay Kit (Bio-Rad, USA). A filter-aided sample preparation procedure (20) was used for protein digestion. 200 μg of protein from each sample was added to 30 μL buffer 2 [4% SDS, 100 mM DTT, 150 mM Tris-HCl (pH 8.0)]. Protein suspensions were digested with 4 μg trypsin (Promega) in 40 μL 25 mM NH4HCO3 buffer overnight at 37°C. The peptides were desalted on C18 cartridges [Empore™ SPE Cartridges C18 (Sigma)], concentrated by vacuum centrifugation and reconstituted in 40 μL of 0.1% (v/v) formic acid. UV light spectral density at 280 nm was used to estimate the peptide content.

Label-free quantification analysis was performed on a trapping ion mobility mass spectrometer (Bruker, timsTOF™ Pro). The mass spectrometer was operated in positive ion mode. A Pierce high pH reversed-phase fractionation kit (Thermo Scientific) was used to fractionate samples into six fractions by increasing acetonitrile step-gradient elution according to the instructions. MS data were acquired using a data-dependent top 10 method by dynamically choosing the most abundant precursor ions from the survey scan (100–1700 m/z) for higher-energy C-trap dissociation fragmentation. The raw MS data for each sample were combined and searched using MaxQuant 1.5.3.17 software. Parameters and instructions are shown in Table 2.


Table 2. Maxquant identification and quantification parameter table.
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Bioinformatics Analysis

Hierarchical clustering analysis was performed by using Cluster 3.0 and Java TreeView software. The protein sequences of the selected differentially expressed proteins were locally searched using NCBI BLAST and InterProScan to find homologous sequences. Gene Ontology (GO) terms were mapped, and the sequences were annotated using the software program Blast2GO (https://www.blast2go.com/). The GO annotation results were plotted by R scripts. Proteins were blasted against the online Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://geneontology.org/) to retrieve their KEGG orthology identifications. Enrichment analysis was performed based on Fisher's exact test. Protein–protein interactions (PPIs) were retrieved from the IntAct molecular interaction database using gene symbols or STRING software, and P-values < 0.05 were considered significant.



Validation of Proteomic Analysis

To further verify the LC-MS/MS results, PRM analysis was performed for the same samples used in the MS discovery phase (n = 6 in both the post group and pre group) by using a high-resolution Q-Exactive HF mass spectrometer (Thermo Scientific, USA). The isotope relabeling peptide (PRTC:GLILVGGYGTR) was spiked in each sample and used as a standard internal reference. The original PRM files were analyzed using SKYLINE 3.5.0 software.



Statistics

IBM SPSS 20.0 (SPSS, Inc., USA) and SAS (version 9.4) were used for statistical analysis. The Venn diagram was generated using an online tool developed by the Van de Peer Laboratory (Bioinformatics & Evolutionary Genomics). Comparisons among groups were conducted using paired sample t-test. Definition of proteins with present or absent expression was that, two or more times in one set of samples are not null values, and all the data in the other set are null values. Quantifiable proteins can be defined as more than half of the biological replicates have quantitative information. When screening differentially expressed proteins, the criterion of fold change (FC) >2 times or FC < 0.5 times, and P- value < 0.05 was applied.




RESULTS


Identification and Quantification of Protein Profiles

A total of 2680 VH proteins were identified in this study (Supplementary Table S1). Among these proteins, 13 were found solely in the post group, 101 were found solely in the pre group, and the other 2566 proteins were found in both the pre group and post group (Figure 1A). Venn diagrams were used to analyze the overlap of proteins between the pre group and post group (Figures S1A,B).


[image: Figure 1]
FIGURE 1. Changes in protein profiles before and after IVR treatment. (A) Venn diagram of differentially expressed proteins between the post group and pre group; (B) Histogram showing quantitative differences in protein expression between the post group and pre group. Significantly down-regulated proteins are marked in blue (FC < 0.5 and P < 0.05), and significantly up-regulated proteins are marked in red (FC > 2 and P < 0.05); (C) Volcano plot showing the significant differences in protein expression between the post group and pre group (P < 0.05).


A total of 38 proteins were differentially expressed in the post group compared with the pre group, including 11 up-regulated and 17 down-regulated, one only found in POST-group and nine exclusived to PRE-group (Figure 1B). Significantly down-regulated proteins are marked in blue FC < 0.5 and P < 0.05, while significantly up-regulated proteins are marked in red (FC > 2.0 and P < 0.05) in the volcano plot in Figure 1C. The database species used was Swissprot_Homo_sapiens_20395_20210106.fasta.



GO Function Analysis of Differentially Expressed Proteins

A total of 1874 GO terms related to all 38 differentially expressed proteins were identified using Blast2GO software (Supplementary Table S2). Furthermore, the number of differentially expressed proteins was determined according to GO secondary function annotation. Among the GO secondary functions, 20 subcategories were in the biological process (BP) category, 7 were in the molecular function (MF) category and 13 were in the cellular component (CC) category. The top GO terms from each category were selected (Figure 2A). The predominant term in the BP category was “cellular process” (33 proteins), followed by “biological regulation” (29 proteins), “regulation of biological process” (28 proteins), “metabolic process” (28 proteins), “response to stimulus” (25 proteins), and “positive regulation of biological process” (21 proteins). The largest number of proteins were involved in the MF “binding” (30 proteins), followed by “catalytic activity” (17 proteins). The largest number of proteins were enriched in the CCs “cell part” (37 proteins) and “cell” (37 proteins), followed by “organelle” (28 proteins).
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FIGURE 2. Number of differentially expressed proteins on the GO secondary function annotation level and Top 20 GO terms between the post IVR group and pre IVR group. (A) Graph of GO annotation of the differentially expressed proteins according to GO secondary function annotation. BPs, MFs and CCs are shown in blue, red and orange, respectively; (B–D) Bubble charts showing the results of enrichment analysis of BPs, MFs, and CCs for the differentially expressed proteins using Fisher's exact test (P < 0.05). The color represents the P-value (take -log10); the closer the color is to red, the smaller the P-value and the higher the significance of the enrichment of the corresponding.


To reveal the overall functional enrichment characteristics of all differentially expressed proteins and to identify the most important significantly enriched GO terms, Fisher's exact test (P < 0.05) was applied to perform enrichment analysis of the differentially expressed proteins. The BP term that exhibited the most significant change in enrichment was “phagocytosis, recognition,” the MF term that exhibited the most significant change in enrichment was “intramolecular oxidoreductase activity,” and the CC term that exhibited the most significant change in enrichment was “DSIF complex” (Fig 2B–D). The main proteins involved were immunoglobulin heavy variable 3–23 (IGHV3-23), RNA-splicing ligase RtcB homolog (RTCB), osteopontin (SPP1), thymidine phosphorylase (TYMP), proactivator polypeptide-like 1 (PSAPL1), puromycin-sensitive aminopeptidase (NPEPPS), and complement C1q subcomponent subunit A (C1QA).



KEGG Pathway Analysis

All 38 differentially expressed proteins were blasted against the online KEGG database and were subsequently mapped to KEGG pathways.

As shown in Figure 3A, the most notable pathway was “Protein processing in endoplasmic reticulum” (four proteins), followed by “Prion disease” (three proteins), “GnRH secretion”(two proteins), “NF-kappa B signaling pathway” (two proteins), and “Wnt signaling pathway” (two proteins). Furthermore, we used Fisher's exact test (P < 0.05) to perform KEGG pathway enrichment analysis of the 38 differentially expressed proteins. The results showed that “GnRH secretion” exhibited the most significant change in enrichment followed by “NF-kappa B signaling pathway” and “Protein processing in endoplasmic reticulum” (Figure 3B).
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FIGURE 3. Analysis of changes in KEGG pathway between the post IVR group and pre IVR group. (A) Histogram showing the top 20 KEGG pathways in which the differentially expressed proteins between the post and pre group; (B) Bubble chart showing the enrichment of the top 20 KEGG pathways, as determined by Fisher's exact test (P < 0.05); (C) Pathways in which the up-regulated and down-regulated differentially expressed proteins were enriched.


To better investigate the significance of the differences in the pathways for which the differentially expressed proteins were enriched, we performed KEGG pathway and pathway enrichment analyses of the up-regulated and down-regulated proteins separately (Figure 3C). The down-regulated proteins were significantly enriched in “Prion disease” (three proteins, P = 0.0417), while the up-regulated proteins were significantly enriched in “GnRH secretion” (two proteins, P = 0.0020), “Circadian rhythm” (one protein, P = 0.0461).



Protein Interaction Network Analysis

The PPI network diagram showed that 28 of the 38 differentially expressed proteins were involved in the interactive network (Figure 4). According to intergroup analysis and comparison, the proteins ACTB (Actin, cytoplasmic 1), SPP1 and PTGES3 (Prostaglandin E synthase 3) had larger circles than the other proteins, indicating that they might be the key points that affect the metabolic or signal transduction pathways of the entire system.


[image: Figure 4]
FIGURE 4. PPI network diagrams for differentially expressed proteins post- and pre- ranibizumab intraocular injection. The circled nodes in the figure represent down-regulation (blue) and up-regulation (red), the line represents the interaction between protein and protein. the black arrows marked the three proteins with highest connectivity. PPI, Protein-Protein Interaction; ACTB, Actin, cytoplasmic 1; SPP1, Osteopontin; PTGES3, Prostaglandin E synthase 3.




Verification of Candidate Proteins by PRM

Seven proteins that showed significant changes in expression, including IGHV3-23, RTCB, SPP1, TYMP, PSAPL1, NPEPPS, C1QA, were examined by PRM. These proteins had larger FC values and are associated with potentially important biological functions related to angiogenesis, proliferation, and fibrosis. The expression of three of the proteins (IGHV3-23, RTCB, SPP1) was up-regulated in the post group compared with the pre group, and the expression of four proteins (TYMP, PSAPL1, NPEPPS, C1QA) was down-regulated in the post group compared with the pre group. We found that the overall trends of the label-free quantification and PRM results were consistent (Figure 5, Supplementary Table S4). The consistency of the PRM and label-free quantification results indicated the reliability of our proteomic data. Information such as peptide, precursor Mz, fragment ion, areas and other original data are shown in Supplementary Table S3. Targeted peptide Skyline analysis results were shown in Supplementary Figure S2.
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FIGURE 5. Fold change of protein level (Post / Pre) in Label-free and PRM verification. (A) Up-regulated proteins between the post IVR group and pre IVR group. (B) Down-regulated proteins between the post IVR group and pre IVR group. Fold change (FC) >2 times or FC < 0.5 times, and P-value < 0.05.





DISCUSSION

In our present study, a total of 38 significant differentially expressed proteins were identified in the VH of PDR patients collected before and after IVR treatment. In our previous study, we identified differentially expressed proteins between PDR patients who received anti-VEGF therapy and those who did not (12, 21). However, in those two studies, the treated samples and untreated samples were collected from different patients. The design of our study is a paired sample, which compares the preoperative and postoperative samples of the same person.

Bioinformatics analysis indicated that the most significantly enriched BP was “phagocytosis, recognition.” The signaling pathway that most significantly enriched was “protein processing in endoplasmic reticulum.”

We further analyzed the up-regulated proteins and down-regulated proteins among the 38 differentially expressed proteins separately using the database. The up-regulated proteins were significantly enriched in “GnRH secretion” and “Circadian rhythm” signaling pathway.

Among the differentially expressed proteins identified by LC-MS/MS, we were particularly interested in seven proteins (IGHV3-23, RTCB, SPP1, TYMP, PSAPL1, NPEPPS, C1QA). These proteins play critical roles in angiogenesis, proliferation, and fibrosis, which are all closely associated with the development of PDR. However, the role of these proteins in the pathogenesis of DR is unclear. In our study, we verified the differential expression of these candidate proteins by PRM, and the results were generally consistent with those obtained by LC–MS/MS. These results suggest that these proteins may be important in the pathogenesis of DR.

IGHV3-23 belongs to a group of approximately 40 functional variable (V) genes in the immunoglobulin heavy chain locus on chromosome 14, and the variable domain participates in antigen recognition. IGHV3-23 may play a pathologically relevant role in the occurrence or progression of thymic MALT lymphoma (22). In chronic lymphocytic leukemia, IGHV3 gene is being highly utilized and with high mutational load, it has been shown to that display a bad prognosis (23). A relatively large Taiwanese cohort of chronic lymphocytic leukemia showed the most frequent usage of IGHV3-23 gene (24). In COVID-19 patients, IGHV3-23 was over-represented and was identified as novel B-cell-receptor (25). RTCB is a catalytic subunit of the tRNA-splicing ligase complex that acts as an RNA ligase with broad substrate specificity and may act on RNAs. Recent studies on Parkinson's disease have shown that RTCB-1 can play a neuroprotective effect by splicing XBP-1 mRNA (26). Another instance of a nonsplicing function for a tRNA processing factor is the discovery that, following axonal injury, RtcB mutants in C. elegans exhibit axon regeneration times that are faster than those of wild-type nematodes (27). This role for RtcB depends on its ligase activity and appears to be specific to neurons. SPP1 (synonym osteopontin), is a glycosylated protein. It is the main adhesion and chemotactic factor for vascular cells. As an angiogenic and fibrogenic factor, SPP1 has been reported to be expressed in patients with DR (28). Plasma SPP1 levels are associated with the presence and severity of DR, suggesting that SPP1 may be a potential biomarker for DR. Ang II upregulated SPP1 expression in adult rat cardiac fibroblasts by ROS-mediated activation of ERK1/2 and JNK pathways (29). A recent study demonstrated that S100A4 induces NF-κB-dependent expressions and secretions of SPP1 in osteosarcoma cell lines (30). These findings suggest that SPP1 may be a molecular mechanism related to S100A4 signaling. The increases in IGHV3-23, RTCB, and SPP1 expression indicated that ranibizumab may play an immune-activating and neuroprotective role in PDR patients.

TYMP has a role in inducing chemotaxis of ECs and angiogenesis. Through its enzymatic activity, TYMP produces 2-deoxy-d-ribose-1-phosphate from thymidine; subsequent hydrolysis generates 2-deoxy-d-ribose, which is the molecule that exerts chemotactic and angiogenic effects (31). A clinical study identified PSAPL1 genes to be enriched in the patients with face and neck atopic dermatitis(AD), suggesting that innate immune system is potentially associated with the pathophysiology of face and neck AD (32). PSAPL1 was associated with breast cancer grade and involved in the epithelial cell differentiation pathways and the sphingolipid metabolic process (33). Protein PSAPL1 was diferent in non-lesional and lesional samples compared to healthy skin and might represent proteins that contribute to maintaining the non-lesional state (34).

NPEPPS is involved in proteolytic events essential for cell growth and viability. It is required for the proliferation of myoblasts in the growth phase (35). C1QA associates with the proenzymes C1r and C1s to yield C1, the first component of the serum complement system. A study identified C1qA as a novel AGE-binding protein in human serum and found that it participates in stimulating the classical complement pathway (36). The decrease in the expression of these four proteins, TYMP, PSAPL1, NPEPPS, C1QA, indicates that ranibizumab may have a protective effect in PDR patients by reducing angiogenesis, inhibiting cell proliferation, inhibiting complement activation, etc.

The choice of ranibizumab is based on our previous research (12). Ranibizumab inhibits all isoforms of VEGF-A to block the activation of the VEGFR-1 and VEGFR-2 receptors, which prevents subsequent neovascularization due to receptor activation (37). Compared with bevacizumab, ranibizumab has a higher VEGF165 binding affinity (38) and achieves robust DR regression. Ranibizumab is a chimeric molecule that includes a nonbinding human sequence which makes it less antigenic in primates and a high affinity epitope that binds to VEGF-A (39). Ranibizumab appears to have some benefits in terms of systemic adverse events than other anti-VEGF agents (40). We used a Bruker timsTOF™ Pro mass spectrometer to analyze the VH. This instrument couples trapped ion mobility spectrometry (TIMS) to high-resolution time-of-flight MS. Use of the ion mobility parameter added a dimension of separation and increased overall system peak capacity in the gas phase. Ultimately, this resulted in better coverage of the proteome (41, 42).

However, there were some limitations to this study. First, the sample size of each group was small. Second, we did not conduct in-depth research on the results of this experiment at the animal or cell level. Large-scale clinical studies and in vitro experiments are necessary to investigate the molecular mechanisms of IVR in PDR. At the same time, we should also study the therapeutic effects of other anti-VEGF drugs on PDR in further study.



CONCLUSIONS

In conclusion, this study demonstrated that VH protein profiles differed in response to ranibizumab treatment. Proteins that showed increased expression after IVR treatment were significantly enriched in “GnRH secretion” and “Circadian rhythm” pathway. This report reveals IVR treatment may protect against PDR by promoting SPP1 expression through “GnRH secretion” and “Circadian rhythm” signaling pathway, providing a new perspective on the mechanism of ranibizumab treatment to PDR.
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Optical Coherence Tomography Biomarkers in Predicting Treatment Outcomes of Diabetic Macular Edema After Dexamethasone Implants
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Purpose: To identify optical coherence tomography (OCT) biomarkers that may predict functional and anatomical outcomes in diabetic macular edema (DME) patients treated with intravitreal dexamethasone (DEX) implant.

Materials and Methods: Sixty-four eyes from 50 patients with DME were enrolled. Best-corrected visual acuity (BCVA) and OCT biomarkers including central retinal thickness (CRT), subretinal fluid (SRF), intraretinal cysts (IRC), ellipsoid zone disruption (EZD), disorganization of retinal inner layers (DRIL), hard exudate (HE), hyperreflective foci (HRF), epiretinal membrane (ERM), and vitreomacular interface (VMI) changes were evaluated at baseline and at 3, 6, and 12 months after treatment. Multiple logistic analysis was performed to evaluate each OCT biomarker as a predictive factor for functional and anatomical improvement at the end of treatment.

Results: The presence of SRF at baseline was associated with a favorable outcome, with CRT improving by more than 100 μm after treatment from multivariate logistic regression analysis [odds ratio 6.16 (1.75–21.6)]. In addition, baseline SRF predicted a greater CRT improvement from multiple regression analysis (model R-square 0.11, p = 0.006). The reduction of DRIL, SRF, LONLC, IRC, and EZD were correlated with better CRT improvement (more than 100 μm) (P < 0.05). SRF and EZD recovery can also predict better visual prognosis (P < 0.05).

Conclusion: OCT biomarkers can be used to predict who may benefit the most after DEX treatment. We suggest that the DEX implant should be considered as a first line treatment in DME patients with SRF.

Keywords: diabetic macular edema (DME), disorganization of retinal inner layers, hyperreflective foci, intravitreal dexamethasone implant, optical coherence tomography biomarkers, subretinal fluid


INTRODUCTION

Diabetes mellitus (DM) is one of the most important global health issues, with an estimated 425 million patients suffering from DM worldwide (1). Among the complications of DM, diabetic macular edema (DME) is the most frequent cause of visual impairment, with prevalence rates ranging from 7 to 12.8% among those with diabetes from different population-based studies (2–4). DME is also one of the leading complications among those with retinal vascular disorders (5).

Antivascular endothelial growth factor (anti-VEGF) injections are generally considered over focal grid laser photocoagulation as the gold standard and first-line therapy for clinically significant DME (6, 7). Nonetheless, up to 40% of patients do not respond optimally, with half of that classified as non-responder after monthly injections for 1 year (8).

Besides anti-VEGFs, there are other available treatments for DME including laser, surgery, and corticosteroids, with each targeting different pathogenic mechanisms of the disease. The biodegradable intravitreal dexamethasone (DEX) implant (Ozurdex®, Allergan, Inc., Irvine, CA, United States) has been identified as an effective treatment of DME and is approved by the US Food and Drug Administration (FDA) (9). In addition, the beneficial effects of DEX implant in anti-VEGF non-responders are well-established in several studies (9, 10).

As it is crucial to identify which DME patients may most benefit from DEX implant, spectral domain optical coherence tomography (SD-OCT) may serve as non-invasive, rapid, safe, and cost-effective predictive tool. Quantitative measurements in OCT such as central retinal thickness (CRT) and qualitative data i.e., different space of fluid distribution, disorganization of the retinal inner layers (DRIL), ellipsoid zone disruption (EZD), hard exudate (HE), hyperreflective foci (HRF) may serve as OCT biomarkers (11–13). The aim of this study is to investigate whether these OCT biomarkers can serve as predictors to identify which DME patients will most benefit from DEX implants.



MATERIALS AND METHODS

This retrospective, interventional case series study was conducted at China Medical University Hospital (CMUH) between January 2018 and January 2021. The study was performed in accordance with the World Medical Association’s Declaration of Helsinki and the study design was approved by the Institutional Review Board of CMUH (IRB number: CMUH109-REC3-158). Owing to the retrospective design of the study, the review board waived the need for written informed consent.


Population and Study Design

Inclusion criteria were as follows: (1) age older than 18 years; (2) history of type 1 or 2 diabetes mellitus; (3) presence of severe NPDR (non-proliferative diabetic retinopathy) and PDR (proliferative diabetic retinopathy) confirmed by widefield fluorescein angiography; (4) DME with central retinal thickness more than 250 mm; (5) treatment with at least one DEX implant; (6) follow-up lasting at least 3 months. For patients who received bilateral treatment with DEX, both eyes could be included.

The main exclusion criteria were as follows: (1) a history of pars plana vitrectomy in the study eye; (2) concomitant glaucoma; (3) another concomitant retinal disease that causes macular edema including retinal vein occlusion, neovascular age-related macular degeneration or uveitis; (4) previous treatment with intraocular anti-VEGF within 3 months or corticosteroids within 6 months prior to treatment with DEX implant; (5) any other ocular condition that can influence visual acuity.

Each patient’s demographic data, medical history (including diabetes and hypertension), best-corrected visual acuity (BCVA), IOP, and CRT, as well as the occurrence of any complications, prior to and 3, 6, and 12 months after the DEX implant were retrieved from the electronic medical record. Any patients whose IOP exceeded 25 mmHg at any visit was evaluated and treated accordingly. Patients were eligible for retreatment with DEX implant if their retinal thickness increased by 50 μm from the lowest recorded level, and further doses of DEX implant were also given if the patient experienced a recurrence of ME as determined by OCT.



Outcome Measurement

The OCT scans were all obtained by SD-OCT (Heidelberg Spectralis, Heidelberg, Germany). In each patient, SD-OCT was used to record 25 6-mm radial scans across the retina centered on the fovea (6 × 6 mm area) (Figure 1). Grading of OCT images was all performed by two evaluators manually (YTH and PPM), masked to details of clinical findings and systemic parameters. When disagreement occurred, a third senior retina specialist would determine the final grading (CJL). OCT images were graded for the following parameters at each visit (baseline, 3, 6, and 12 months): EZD, DRIL, presence of HE, presence of HRF, its quantity (average number in one cut), and location (between the ILM and the INL; between the OPL and the ELM; in all retinal layers), SRF, intraretinal cyst (IRC), presence of an epiretinal membrane (ERM), presence of large outer nuclear layer cyst (more than 100 μm) (LONLC) and vitreomacular interface (VMI) [posterior vitreous detachment (PVD), vitreomacular adhesion (VMA), and vitreomacular traction (VMT)].


[image: image]

FIGURE 1. The 25 6-mm radial scans across the retina centered on the fovea in SD-OCT.




Statistical Analysis

All analyses were computed by using PASW Statistics 18 software (Version 18.0. Chicago: SPSS Inc.). The numerical data are expressed as mean and standard deviation and the categorical variables as absolute frequency and percentage. The baseline characteristic of patients and changes in CRT were analyzed by using Chi-square and one-way ANOVA. Multiple regression analysis was performed to evaluate the possible OCT biomarker (EZD, DRIL, HE, HRF, SRF, IRC, ERM, and VMI) as predictive factors for final visual acuity improvement at the end of treatment. A p-value smaller than 0.05 was considered to be statistically significant.




RESULTS


Study Population

A total of 64 eyes from 50 participants were ultimately included in this study. Demographic and baseline characteristics are detailed in Table 1. Of the included eyes with DME, 37 (58.8%) were naïve and 27 (42.2%) were refractory to previous anti-VEGF injections; 59 (92.2%) of patients had severe NPDR and 5 (7.81%) patients had PDR. Thirty patients (60%) were female, 20 (40%) were male, and mean age was 66.22 ± 10.17 years old. Mean duration of follow-up was 9.89 ± 3.24 months and 92.2% of the cases were followed up more than 6 months. A total of 38 eyes (59.4%) were phakic and 26 eyes (40.6%) were pseudophakic. HbA1c levels were available for 29 patients; the mean value was 7.47 ± 1.34%.


TABLE 1. Baseline clinical data and status of OCT biomarkers.

[image: Table 1]


Anatomical and Functional Outcome

The mean final change in CRT for all 64 eyes after the DEX implant treatments reached a statistically significant level (decreased from a mean initial CRT of 411.17 ± 119.50 μm to a mean final CRT of 333.00 ± 103.89 μm, p < 0.05) (Figure 2A). During the follow-up period, CRT showed rapid improvement in the first 3 months, then fluctuated within a stable range (Figure 2B). The mean change in LogMAR BCVA of all 64 eyes after the DEX implant treatments showed statistical significance (0.81 ± 0.46–0.67 ± 0.49, p < 0.05). The BCVA improved gradually but significantly after 12 months (Figure 3), taking slightly longer to reach the level of significance than the CRT changes.


[image: image]

FIGURE 2. (A) Final CRT significantly improved after treatment. (B) Mean CRT improved significantly after the third month and continuously improved up to the end of the study (month 12) (*p < 0.05 compared to before-treatment data).
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FIGURE 3. (A) Final BCVA (LogMAR) significantly improved after treatment. (B) Mean BCVA improved gradually after the third month, reaching statistical significance in month 12 (*p < 0.05 compared to before-treatment data).


During the follow-up period, 21 (32.8%) eyes received one injection. 23 (35.9%) eyes received two injections, and 20 (31.3%) eyes received three injections (mean injection number: 1.98 ± 0.81). IOP elevation is an important concern in patients receiving DEX implant. The mean change IOP of all the eyes were from 15.66 ± 3.40 to 15.89 ± 4.83 mmHg, which showed no statistically significant difference (p > 0.05). Serial IOP measurements during treatment also revealed no obvious elevation (Figure 4).
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FIGURE 4. Serial IOP change during treatment, revealing no obvious elevation.




Optical Coherence Tomography Biomarker Analysis

In our study group, baseline OCT biomarker characteristics showed high prevalence of HRF (92.2%), IRC (82.8%), DRIL (79.7%), and HE (71.9%); and lower prevalence of SRF (23.4%) and LONLC (31.3%) (Table 2).


TABLE 2. Baseline OCT Biomarkers.

[image: Table 2]
Multiple regression analysis was used for evaluating possible OCT biomarkers that predict improvement of CRT at the end of treatment. The presence of SRF at baseline was correlated with CRT improvement of more than 100μm after treatment from multivariate logistic regression analysis [with SRF vs. without SRF: odds ratio 6.16 (1.75–21.6)] (Figure 5). Also, in Table 3, positive baseline SRF predicted a greater CRT improvement from multiple regression analysis (model R-square 0.11, p = 0.006).
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FIGURE 5. Model using OCT biomarkers as predictors of CRT improvement greater than 100 μm after treatment (multivariate logistic regression): the presence of SRF at baseline favored an outcome with CRT improvement > 100 μm [SRF (+) vs. (-): odds ratio 6.16 (1.75–21.6)].



TABLE 3. Model using OCT biomarkers as predictors to predict extent of CRT improvement (ΔCRT) after treatment (multiple regression).

[image: Table 3]
No single OCT biomarker at baseline was associated with BCVA improvement to a statistically significant degree (all p > 0.05). However, trends of BCVA improvements were more prominent in eyes without DRIL (69.2% eye without DRIL displayed BCVA improvement vs. 47.1% of eyes with DRIL.), and with HRF (54.2 vs. 20%) and PVD (56.3 vs. 37.5%) (Table 4).


TABLE 4. Treatment results of BCVA grouped by baseline OCT biomarker status.
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The DEX implant treatment significantly decreased the proportion of DRIL, SRF, LONLC, IRC and EZD (p < 0.05). In subgroup analyses, we investigated OCT biomarker changes correlated with final CRT improvements (greater than 100 μm or less than 100 μm) and final BCVA (VA improved group vs. VA not improved group). In the group with final CRT improvements greater than 100 μm, DRIL, SRF, LONLC, IRC, and EZD all significantly decreased while none of these OCT biomarkers significantly changed in groups with CRT improvements less than 100 μm (Table 5). In groups stratified by BCVA improvements, DRIL decreased regardless of VA status, while BCVA improvements were correlated with SRF and EZD resolution (p < 0.05) (Table 6).


TABLE 5. Changes of OCT biomarkers presentation pre (baseline) and after study in whole group and by final CRT response.
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TABLE 6. Changes of OCT biomarkers presentation in groups and by final BCVA response.
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DISCUSSION

In the present study, we found the presence of SRF as the best OCT biomarker to predict CRT improvement. Also, the reduction of DRIL, SRF, LONLC, IRC, and EZD were correlated with better CRT improvement (more than 100 μm) (P < 0.05). SRF and EZD recovery can also predict better visual improvement.

Also, we demonstrated that under real-world conditions, DEX implant served as an effective and efficient strategy in treating DME, both anatomically and functionally. With an average of fewer than two injections, the treatment effect was sustained during the 1-year follow-up in most of the cases.

In practice, most clinicians consider anti-VEGF as a first-line treatment with laser photocoagulation as adjuvant therapy (14). DEX implant is mainly used as a second line therapy in most clinical situations due to the side effects of glaucoma and cataract progression (9, 15). Several guidelines recommend of DEX implant usage in patients with history of major cardiovascular event, vitrectomized eye, anti-VEGF non-responder, and pseudophakia (15–17). In the current study, we proposed qualitative OCT biomarkers in DME could provide important information to guide the treatment choice.

To date, there is limited literature focusing on the relationship between DEX implant efficacy, baseline OCT characteristics, and changes of OCT biomarkers in DME patients. Most studies focus on baseline OCT biomarkers as predictors of functional outcome. Zur et al. demonstrated that baseline continuous IS-OS layer and submacular fluid responded better to DEX implants. Also, treatment response was not different among treatment-native and refractory group (13). Meduri et al. proposed similar conclusions that the presence of SRF and the integrity of EZ were positive biomarkers in predicting the efficacy of DEX implant in treatment-naive DME patients (18). Vujosevic et al. showed that treatment-naive DME patients with baseline SRF had a better response to intravitreal dexamethasone rather than to anti-VEGF (19).

The presence of SRF in DME is associated with active inflammation and higher levels of IL-6 in vitreous cavity (20). Corticosteroids are well-known for its efficient anti-inflammation effects, with strong inhibition of TNF-α, VEGF, and. ICAM-1, and upregulation of anti-inflammatory agents such as adenosine and IL-10 (21). Therefore, as expected, the presence of baseline SRF severed as a good indicator for response to DEX implant treatment.

In contrast, the role of baseline HRF is less clear, with some studies considering it as a biomarker for improved DEX implant treatment response (19, 22) and other studies coming to the opposite conclusion, considering the lack of HRF as a better prognostic factor (15, 23). In our current study, the baseline HRF is a neutral OCT biomarker, with no statistically significant prediction of functional and anatomical outcomes, which is similar to the study by Ahn et al. (24). Pathology studies have suggested HRF to be lipoprotein extravasation after breakdown of the inner blood retinal barrier in the initial stages of the development of intraretinal hard exudates (25). Further studies are needed to identify its role in DME. In our study, higher DR severity may be another reason that baseline HRF had less predictive power for functional and anatomical outcomes. Also, the high percentage of HRF at baseline can be another evidence of high severity (92.2%). In fact, 56.25% (36/64) of the cases showed decreasing amounts of HRF.

In the present study, the reduction of DRIL, LONLC, IRC, and EZD was correlated with more than 100 μm CRT improvement. The presence of DRIL in DME was thought of as a sign of chronicity of macular edema and dysfunction of Muller cells (11). We hypothesized that reduction of DRIL after DEX implant might be related to its anti-inflammatory effect on Muller cells, correlating with more CRT improvement. The reduction of other parameters like LONLC and IRC was more apparently related to better anatomical outcome with less space occupied fluid inside the retina. In addition, EZD indicated the breakdown of photoreceptors cells, hindered the normal visual phototransduction and was related to the worse functional outcome (26). We did not find other parameters like ERM, VMI, and the quality and quantity of HRF to be related the visual and anatomical prognosis in the present study.

Central macular thickness is a well-established proxy for treatment outcome in several studies (14–19). However, in our study, there are some gaps between anatomical and functional outcomes. There are some possible explanations. First, we only enrolled DME patients who were confirmed by OCT, with severity indicated by the high presence of IRC, HRF, and DRIL (all near 80%). Also, the use of a DEX implant was considered as second choice in most clinical situations, with 57.8, 43.8, and 42.2% cases having been previously treated with panretinal photocoagulation (PRP), posterior subtenon triamcinolone injection (PST), and anti-VEGF respectively. Combined with the chronicity and high severity of our DME patients, limited visual recovery may occur despite an improved foveal contour. As a results, the findings of our study are still valid if DEX implants are used in an earlier stage or in treatment-naïve patients.

The progression of cataract might bias visual acuity improvement despite successful treatment with DEX implant. Indeed, there would be some cataract progression in patients who received more than one DEX implant. But we are convinced the outcomes are valid for several reasons. First, there was no significant cataract progression that required operation during the follow-up period. More importantly, we performed multivariate analysis and lens status was not significantly associated with outcomes. Previous studies have found similar conclusions that the lens status was not significantly associated with differences in BCVA (10, 27). Lastly, if we had divided our subjects into two groups, the smaller case number in each group would make the outcomes less reliable.

About sample size, because this is a retrospective study, we have collected all the available and eligible cases as many as possible. In the meantime, we did not set up a minimally required sample size because the main purpose of this study is not to compare outcomes between exposure and non-exposure groups for which sample size is crucial in the study design to make sure the power of the study is enough to confirm the value of intervention. Instead, the nature of our study is an exploratory one, which focused on the presentation of OCT biomarkers in patients with different characteristics, their changes during the treatment process, their role of prediction to treatment response and so on.

Most of the limitations of this study came from its retrospective nature. And the clinical decision to initiate DEX implant was based on the physician’s choice. Moreover, due to the strict inclusion and exclusion criteria, there were a relatively low number of study subjects. Also, we could not separately treat naïve patient from the non-naïve patients. However, we provided the wash-out period (intraocular anti-VEGF within 3 months or corticosteroids within 6 months). Wide field fluorescein angiographies were not analyzed, therefore information regarding macular perfusion and peripheral non-ischemia area was not available.

In conclusion, OCT biomarkers can be used to guide selection of DME patients who may most benefit from DEX implants. We furthermore suggest that DEX implant should be considered as a first-line treatment in patient with SRF at baseline. Changes of DRIL, SRF, LONLC, IRC, and EZD can also help predict the treatment response in DEX implant. Further head-to-head large-scale clinical trial between anti-VEGF agents and DEX implant is needed to identify the role of these OCT biomarkers to optimized current treatment of DME patients.
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Purpose: In this study, we aimed to investigate clinical characteristics and histopathology and evaluate surgical outcomes of quadrantic lamellar-sclerectomy with sclerostomy for uveal effusion syndrome (UES).

Design: Retrospective, cohort study.

Participants: Overall, 106 eyes of 66 patients diagnosed with UES were treated at the Beijing Tongren Hospital between January 1, 2001 and June 26, 2021.

Methods: Patients were examined by routine ophthalmologic examinations, fluorescein and indocyanine green angiography (FFA/ICGA); axial length determination; color Doppler ultrasound (CDU); ultrasound biomicroscopy (UBM), optical coherence tomography (OCT), and optical coherence tomographic angiography (SD/SS-OCTA). Quadrantic lamellar-sclerectomy with sclerostomy was performed at the equator in all patients and histopathological examination of the excised sclera was analyzed in all samples.

Main Outcome Measures: The reattachment of the choroid and retina with resolution of the serous fluid, best corrected visual acuity (BCVA), choroidal thickness, and recurrence of ciliochoroidal detachment were the main outcome measures.

Results: Two subgroups were identified: (1) type 1 (nanophthalmic eye), wherein the eyeball was small (average axial length 15.83 ± 1.45 mm) with high hypermetropia (average 12.6 diopters) and (2) type 2 (non-nanophthalmic eye), wherein the eyeball size was normal (average axial length 23.45 ± 1.68 mm) with or without refractive error, combined with or without systemic symptoms. Histopathologically, types 1 and 2 demonstrated similarly abnormal sclera with the disorganization of collagen fiber bundles and deposits of proteoglycans in the matrix. Quadrantic lamellar-sclerectomy with sclerostomy was effective in both types 1 and 2, inducing post-operative resolution of the subretinal fluid accumulation and increasing the useful BCVA. The choroidal thickness was significantly different before and after surgery (P < 0.05). Approximately 98.1% of cases attained permanent reattachment within 6 months after one operation through this procedure. The single operation success rate was 96.2%, and success with one or two operations was 100%.

Conclusions: UES is caused by abnormalities of the sclera and increased resistance to transscleral fluid outflow, combined with increased choroidal thickness. Quadrantic lamellar-sclerectomy with sclerostomy is an effective treatment for UES that can rescue correct the useful visual acuity.

Keywords: uveal effusion syndrome, nanophthalmic eye, idiopathic ciliochoroidal detachment, clinical characteristics, outcomes of surgical treatment


INTRODUCTION

The term “uveal effusion syndrome” was first described by Schepens and Brockhurst in 1963 (1). Subsequently, in 1975, Brockhurst (2) reported that this entity condition was associated with nanophthalmos and scleral abnormality and that the congestion of the choroidal venous system caused by the compression of vortex veins by a thick sclera was the cause of subretinal fluid accumulation. He then proposed a novel surgical procedure involving vortex vein decompression (3). Based on these studies, the nanophthalmos and abnormality of the sclera were considered the pathogenic factors associated with UES.

In 1982, Gass and Jallow (4) reported idiopathic serous detachment of the retina, ciliary body, and choroid, and termed it idiopathic uveal effusion syndrome (IUES). They conjectured that this disorder was caused by scleral abnormality with enhanced resistance to the outflow of transscleral intraocular protein; they introduced (5, 6) a surgical procedure comprising scleral resection without vortex vein decompression. Trelstad et al. (7) revealed that a sclera with UES demonstrated histochemical abnormalities and their findings were supported by subsequent studies (8–12). Forrester (13) believed that IUES was a type of ocular mucopolysaccharidosis, with the initial defect resting in the proteodermatan synthesis and/or degradation by the scleral fibroblasts. Additional evidence also showed that abnormal mucopolysaccharides of the sclera played an important role in IUES pathogenesis.

These reports indicated that in UES, scleral abnormality impedes transscleral outflow of intraocular protein and fluid and compresses the vortex veins, resulting in choroidal vein congestion. Intraocular fluid accumulates in the choroidal space, leading to ciliochoroidal detachment (14–18).

However, optimum treatment methods for UES have been debated. Vortex vein decompression with scleral resection was initially advocated for the treatment of uveal effusion associated with nanophthalmos. Gass (17) believed that the treatment effect had less to do with vortex vein decompression than with scleral resection to facilitate protein and fluid drainage through the sclera. The effectiveness of scleral resection and sclerostomy were also reported in subsequent studies (19–22).

In our study, we describe the clinical characteristics of UES and classify UES eyes into two subgroups based on axial length, refractive error, and systemic symptoms. In addition, to further explore the therapeutic effectiveness for UES in Asian patients, we performed a minimum volume quadrantic surgical procedure and followed up for a long time for detecting the resolution of the ciliochoroidal detachment and the useful final vision.



PATIENTS AND METHODS

We retrospectively analyzed 106 eyes of 66 consecutive Asian patients diagnosed with primary UES treated from January 1, 2001 to June 26, 2021 at the Beijing Tongren Hospital. The study and data collection were in compliance with the principles of the Declaration of Helsinki, and written informed consent was obtained from all participants. The operative procedure was performed by senior ophthalmologists (WB. W).

Cases that met the following inclusion criteria were included: (1) the fundus showed bullous retinal detachment in the periphery without any evidence of rhegmatogenous retinal detachment; (2) retinal detachment was accompanied by annular peripheral flat or bullous ciliochoroidal detachment; (3) FA/ICGA demonstrated a leopard-spot pigmentation sign without leakage from the choroid into the subretinal space; (4) the ora serrata was easily observed without scleral depression; (5) subretinal fluid was easily shifted from its position, and (6) other causes of ciliochoroidal detachment such as prolonged hypotony, intraocular tumor, dural arteriovenous fistula, and intraocular inflammation were excluded.

The clinical data concerning patient demographics, associated ocular and systemic disease, treatment history, ocular symptoms, BCVA, and intraocular pressure (IOP), axial length (by A-scan or IOL-master), standard ocular CDU (since 2010), UBM (since 2013), FFA/ICGA, choroidal thickness (by EDI-OCT/OCTA [μm], since 2010), as well as OCT and SD/SS-OCTA (since 2010) were collected. The surgical findings including intraoperative and post-operative period were noted. A record of the histopathological features was listed. Long-term outcomes, in terms of reattachment of the choroid and retina, BCVA, choroidal thickness, surgical side effects, and recurrence of UES, were assessed.


Operative Procedure

Surgical treatment was performed in all eyes included in this study, the main surgical procedure was as Gass described previously (5), but we modified and adopted minimum volume standards for surgical procedures. We performed lamellar-sclerectomy with sclerostomy at two sites in the temporoinferior and nasoinferior quadrants during the initial surgery; if recurrence occurred, we performed additional surgeries at the equator in the supratemporal and supranasal quadrants following a similar procedure.

At the equator of these two quadrants, extending from immediately behind the extraocular muscle insertions to the vortex veins, we created a two-third thickness of scleral incision measuring ~5–6 mm × 3–4 mm (Figure 1) and performed sclerectomies in each quadrant. On the center of each sclerectomy bed, the sclerostomy that was excised in pieces measuring ~2 mm × 2 mm and the choroid were exposed. When sclerectomy was performed and the choroid was exposed, abundant serous suprachoroidal fluid was spontaneously released. If IOP was decreased during choroidal drainage, a small amount of balanced salt solution (BSS) (0.5–1.5 ml) was injected with a 30-gauge needle at a site 3.0 to 3.5 mm from the limbus into the eyeball to maintain the IOP. Tenon's capsule and the bulbar conjunctiva were closely sutured using 8-0 Vicryl sutures. We did not perform the vortex vein decompression. All excised scleral pieces were analyzed via histopathological examinations.


[image: Figure 1]
FIGURE 1. Quadrantic lamellar-sclerectomy with sclerostomy. At the equator of each quadrant, we created a two-thirds thickness scleral incision measuring 6 mm × 4 mm (black arrow), on the center of each sclerectomy bed, the sclerostomy was excised in pieces measuring 2 mm × 2 mm (yellow arrow), and the choroid was exposed. The image was taken immediately after the sclerostomy was completed. Note that the choroid is exposed and abundant yellow serous suprachoroidal fluid was spontaneously released (white star).


Patients were followed up regularly by previously described ophthalmologic examinations on months 1, 2, and 3 after surgery, and then every 6 months thereafter during the follow-up visits. In addition, FA/ICGA and EDI-OCT/OCTA were repeatedly examined.



Statistical Analysis

Data collected on continuous scale, including age (years), axial length (millimeters) and choroidal thickness (μm), were expressed as mean, median, minimum, and maximum. Student's t-test was performed to compare the choroidal thickness and BCVA measurements pre- and post-operation. P-value <0.05 was considered to be significantly different. All analyses were performed using Stata version 15.0 (StataCorp. LLC, College Station, TX, USA).




RESULTS

In all, 106 eyes of 66 patients (Asian/Chinese) with UES were included in this study and underwent quadrantic lamellar-sclerectomy with sclerostomy. The mean patient age was 36.08 ± 12.67 years (median, 43; range, 26–62). To evaluate the effect of surgical management on the affected eyes, we divided patients with UES into two subgroups according to the following criteria: type 1, nanophthalmic eye, axial length <19.0 mm, with high grade of hypermetropia in refraction; type 2, non-nanophthalmic eye with abnormal sclera, normal axial length (≥21.0 mm), with or without accompanied systemic symptoms. During the time of surgery, types 1 and 2 demonstrated rigid and thickened sclera. CDU showed the highest scleral thickness of 2.1–3.2 mm.

Among the 106 eyes in 66 patients with UES, type 1 was found in 62 eyes (31 patients) and type 2 in 44 eyes (35 patients). Among them, 30 eyes (29%) were previously treated with periocular corticosteroids (triamcinolone acetonide or methylprednisolone) and showed no effective response. The median follow-up duration was 65.3 months (range, 12–122 months). Clinical data of the patients and eyes are listed in Table 1.


Table 1. Descriptive characteristics of patients with UES of type 1 and type 2.

[image: Table 1]


Clinical Characteristics of UES Patients
 
Type 1 (Nanophthalmic Eye)

There were 62 eyes in 31 patients in this group and all patients presented with bilateral nanophthalmos eyes (Figure 2A). The mean age was 35.86 ± 12.22 years (median, 31; range, 26–62 years), with 18 males and 13 females (Table 1). All patients were in good health systemically. Axial length was 15.83 ± 1.45 mm (median, 15.16, ranged, 13.85–18.03 mm), and the axial lengths showed <1 mm difference between both eyes of a single patient. Both eyes demonstrated high hypermetropia, with an average of +12.6 D (ranging, +8.9 to +18.0 D).


[image: Figure 2]
FIGURE 2. A 27-year- women with UES type 1. (A) Patients presented with nanophthalmos eyes. (B) Exudative retinal detachment accompanied by annular peripheral ciliochoroidal detachment was observed (Imagenet 6, Topcon, Japan).


Further, 60 eyes (97%) of 30 patients showed a peripheral shallow anterior chamber because of a swollen iris, and underwent YAG laser iridectomy, and IOP was within normal limits in all eyes post-operatively. Exudative bullous retinal detachment accompanied by annular peripheral ciliochoroidal detachment was observed in the unilateral eye (Figure 2B); and slight annular ciliochoroidal detachment and choroidal folds that were not significant were seen in the contralateral eye.

Both eyes demonstrated a small optic disc with slight papilledema, which was commonly observed in the highly hypermetropic eye. FFA did not reveal any abnormality except retinal vein dilation in 33 eyes; however, a leopard-spot sign of granular hyperfluorescence of the retinal pigment epithelium (RPE) was observed in the posterior pole and inferior quadrants in all eyes (Figure 3A). ICGA revealed diffusely granular marked choroidal hyperfluorescence at an early stage, which increased with time and persisted until the late stage as diffuse intense choroidal hyperfluorescence (Figure 3B). The abnormal ICGA findings in the affected eye were the same as those observed in the fellow eye. UBM showed the presence of ciliary body edema and detachment in all eyes, which led to an anterior rotation of the ciliary body. CDU clearly demonstrated small eye sizes and remarkably thickened sclera (mean 2.5 mm), with the accumulation of subretinal fluid.


[image: Figure 3]
FIGURE 3. UES in Type 1. (A) FFA (Spectralis; Heidelberg Engineering, Inc.) revealed the retinal vein dilation with leopard-spot sign of granular hyperfluorescence of the retinal pigment epithelium (RPE) was observed in the posterior pole and inferior quadrants. (B) ICGA revealed diffusely granular marked choroidal hyperfluorescence at the early stage, which increased with time and persisted until the late stage as diffuse intense choroidal hyperfluorescence.




Type 2 (Non-nanophthalmic Eye)

There were 44 eyes of 35 patients in this group; most of the patients (26/35, 74.3%) showed unilateral UES. The mean age was 44.68 ± 8.18 years (median, 43; range, 32–62 years), with 15 males and 20 females (Table 1). Axial length was 23.45 ± 1.68 mm (median, 24.03, range, 21.4–26.20 mm). Both eyes of a single patient revealed almost the same normal axial lengths. The difference in the axial length in both eyes was within 1.0 mm. Refractive errors of these eyes were <1.00 D, without any high hyperopia.

The accompanying systemic symptoms were polyarteritis nodosa in 1 patient, psoriasis in 2 patients, demyelinating disease in 1 patient, rheumatoid arthritis in 2 patients, Sjogren Syndrome in 1 patient, chronic dermatitis in 1 patient, vasculitis in 2 patients, and facial nevus flammeus (port-wine stain) in 1 patient (Figure 4A). External eye examination revealed episcleral vessel dilation (36/44, 81.8%) (Figure 4B); anterior chamber was free of cells; IOP was normal in all eyes. Fundus examination demonstrated typical manifestations of exudative retinal detachment associated with ciliochoroidal detachment similar to those observed in type 1, except that there was no papilledema (Figure 5). FA/ICGA findings showed diffuse patchy hyperfluorescence and leopard-spot signs, which were almost similar to those observed in type 1, without dye leakage in any eye (Figures 6A,B). UBM showed the presence of a ciliochoroidal effusion and ciliary body detachment, similar to type 1, in the affected eyes. In all patients, CDU showed normal-sized eyes, with marked thickening of the sclera (mean 2.7 mm) and choroidal and retinal detachment in all eyes (Figure 7).


[image: Figure 4]
FIGURE 4. (A) Patient with UES type 2 and facial nevus flammeus (port-wine stain). (B) External eye examination revealed episcleral vessel dilation; anterior chamber was free of cells.



[image: Figure 5]
FIGURE 5. Type 2 UES. The fundus examination (Imagenet 6, Topcon, Japan) demonstrated typical manifestations of exudative bullous retinal detachment associated with ciliochoroidal detachment similar to those observed in type 1, except that there was no papilledema.



[image: Figure 6]
Figure 6. (A,B) UES in type 2. FA/ICGA (Spectralis; Heidelberg Engineering, Inc) findings showed diffused patchy hyperfuluorescence and leopard-spot sign, which were almost similarly observed in type 1, without dye leakage in any eye.



[image: Figure 7]
FIGURE 7. UES in type 2. (A) UBM examination showing effusion of the ciliary body and thickened sclera. (B) CDU (TomTec Imaging System, Germany): annular bullous choroidal detachment, remarkably thickened sclera (red arrow).






OCT AND OCTA

The choroidal thickness and macular areas in both eyes of UES patients were evaluated via OCT and OCTA. All eyes (type 1 and type 2) showed pachychoroid.

In type 1, EDI-OCT was performed in 42 eyes of 21 patients and a choroidal thickness of 869.46 ± 8.33 μm (range, 381.20–878.58 μm) was observed (Figure 8); both eyes of the same patient showed almost the same choroidal thickness (Figure 7B); in type 2, EDI-OCT was performed in 38 eyes of 19 patients; a choroidal thickness of 816.56 ± 10.21 μm (range, 589.63–1075.61 μm) was observed in the affected eye and 781.23 ± 9.33 μm (range, 692.42–1104.15 μm) in the fellow eye (Figure 9). Both eyes of the same patient showed almost the same choroidal thickness.


[image: Figure 8]
FIGURE 8. SS-OCT (SS-OCT, VG200D, SVision Imaging, Ltd., China) in type 1 showed that each retinal layer was uneven and wavy with pachychoroid, leopard-sign spots in the fundus corresponding to accumulation of outer retinal material, which presented as focal thickening of the RPE layer.



[image: Figure 9]
FIGURE 9. SS-OCT (SS-OCT, VG200D, SVision Imaging, Ltd., China) in type 2 showed that each retinal layer was even with the pachychoroid, leopard-sign spots in the fundus corresponding to accumulation of outer retinal material, which presented as focal thickening of the RPE layer.


SD-OCT showed that each retinal layer was uneven and wavy; leopard spots were observed in the fundus corresponding to the accumulation of outer retinal material, which presented as focal thickening of the RPE layer. B-scan of SS-OCT showed the scleral thickness of ~3 mm (Figure 8), consistent with the CDU measurements.

SD/SS-OCTA was performed in 18 type 1 eyes and revealed capillary tortuosity, thickened subfoveal choroid, crowded macular morphology, and macular dysplasia with attenuation of foveal avascular zone (FAZ) (Figure 10). The restoration of photoreceptor and RPE damage, flattening of crowded macular morphology, and expansion of attenuation of FAZ were observed by SS-OCT/OCTA with time during follow-up post-operatively (Supplementary Figures 1, 2).


[image: Figure 10]
FIGURE 10. SD/SS-OCTA (SS-OCT, VG200D, SVision Imaging, Ltd., China) in type 1 revealed that the macular morphology was crowded and showed macular dysplasia with decreased size of foveal avascular zone (FAZ).


SD/SS-OCTA was performed in 16 eyes in type 2 and revealed the normal FAZ size and retinal layers (Figure 11); however, pachychoroid was seen in both eyes.


[image: Figure 11]
FIGURE 11. SD/SS-OCTA (SS-OCT, VG200D, SVision Imaging, Ltd., China) revealed that the macular morphology was normal with no decrease in the size of foveal avascular zone (FAZ).




SURGICAL MANAGEMENT AND OUTCOME

We performed quadrantic lamellar-sclerectomy with sclerostomy at two sites at the equator in the inferior quadrants in all eyes and the procedure was as described above (Figure 1). There were no surgical side effects, such as hemorrhage, infection, iatrogenic retinal tear, and aggravation of cataract, during the intraoperative or post-operative period. Of the eyes tha underwent one scleral thinning surgery, complete resolution of subretinal and supraciliochoroidal fluid was observed within 6 months in 98.1% of eyes, and the mean time of retinal flattening was 1.2 months (range: 0.5–2.5 months).


Type 1

We performed surgery in 62 eyes. During surgery, we noted that the eyeballs were small sized, with insertions of the rectus muscles and the equator located unusually anteriorly; the equator located 8 to 10 mm posterior to the limbus. The sclera were abnormally rigid and thick. Thickness of the sclera at the equator was more than 2.0 mm, which was consistent with the CDU results.

After surgery, ciliochoroidal and retinal detachment resolved with complete resolution of subretinal fluid within 1.0 to 2.5 months in all nanophthalmic eyes (Figure 12).


[image: Figure 12]
FIGURE 12. Histochemical features of the scleras in type 1 (A) and type 2 (B). Note the collagen fibers bundles was variable diameters, arranged irregularly; spaces between collagen fibers bundles were enlarged.


Among patients who underwent bilateral surgery, the mean interval between surgeries for the two eyes was 9.85 ± 11.50 months (median 8, range 1–36 months).

Two eyes of 2 patients showed recurrence of UES 2 years later and 2 eyes of 2 patients showed recurrence 3 years later; we performed the same surgery at two sites at the equator in the upper quadrants. After reoperation, the choroidal and retinal detachment were completely resolved without any signs of recurrence at the last follow-up. In addition, 3 eyes (5%) of 2 patients in type 1 group showed reattachment spontaneously without surgery (follow-up duration, 11 months to 8 years).

One year after surgery, FA/ICGA was performed in all patients in whom the retina was completely reattached. Angiography demonstrated marked hyperfluorescence in the choroidal background fluorescence during the early to late phase in both the affected and unaffected eyes. These findings were similar to those observed before the surgery.

In the type 1 group, BCVA at presentation was 20/100 to 20/200 in 20 (32.2%) eyes, and ≤ 20/200 in 42 (67.7%) eyes; final BCVA was 20/80 in 22 (35.5%) eyes, 20/100 to 20/200 in 33 (53.2%) eyes (Table 2).


Table 2. Change in best corrected visual acuity (BCVA) of patients with UES before- and post-surgery to the last follow-up visit available.

[image: Table 2]



Type 2

In 44 eyes, we performed quadrantic lamellar-sclerectomy with sclerostomy at two sites at the equator in the lower quadrants. During surgery, the eyeball was normal in size; however, the sclera was abnormally rigid and thickened in all eyes. The sclera at the equator was more than 2.5 mm thick.

All procedures were successful and no recurrence of UES was observed at the last follow-up. In 2 patients, the unaffected eyes showed retinal and choroidal detachment caused by UES, 9 and 11 months after the affected eye was operated, respectively. The surgery was performed and was successful in these two patients (Figure 13).


[image: Figure 13]
FIGURE 13. Preoperative (A) and 3-month postoperative (B) retinal images (montage, CLARUS 500; Carol Zeiss) of an eye with type 2 UES. Note retinal detachment involving the macula and choroidal swelling extending posterior to the equator in the superior quadrants (A). Total resolution of the retinal detachment and choroidal swelling (B) was achieved 3 months after quadrantic lamellar-sclerectomy with sclerostomy in the inferior quadrants.


In the type 2 group, BCVA at presentation was 20/100 to 20/200 in 8 (18.1%) eyes, and ≤ 20/200 in 36 (86.4%) eyes; final BCVA was 20/80 in 5 (11.4%) of eyes, 20/100 to 20/200 in 35 (79.5%) (Table 2).

In type 2, we disclosed that 26 patients had a monocular disease and 9 had a bilateral disease. A total of 9 patients who had monocular involvement at initial examination developed disease of the contralateral eye at a mean interval of 9.0 months (range, 8–12 months).

There was no difference in choroidal thickness and BCVA between the two groups (P > 0.05) post-operatively. The final BCVA was not related to the time of retinal choroidal detachment, but related to the early subretinal fluid removal and photoreceptor damage.

At the 6-month follow-up, the choroidal thickness in both groups after operation was lower than that before operation (P < 0.05). At the last follow-up, the mean choroidal thickness in the type 1 group before and after operation was 869.46 ± 8.33 μm and 599.53 ± 9.16 μm, respectively; in the type 2 group, the mean choroidal thickness of the affected eyes before and after operation was 836.56 ± 10.21 μm and 713.32±8.43 μm, respectively (Table 3). There was significant difference in the before and after operation values between these two groups (P < 0.05). After age and gender matching, there were no significant differences in the choroidal thickness of affected eyes between type 1 and type 2 UES patients (P > 0.05).


Table 3. Change in choroidal thickness of patients with UES before- and post-surgery to the last follow-up visit available.
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HISTOPATHOLOGICAL EXAMINATION OF THE SCLERA

Surgically excised scleral pieces of type 1 and type 2 were examined histopathologically. Pathologically, collagen fiber bundles in the thickened sclera demonstrated markedly irregular arrangement and the widths of the bundles varied (Figures 14A,B). Deposits of matrix between the bundles were remarkable in all eyes.


[image: Figure 14]
FIGURE 14. Preoperative (A) and 3-month postoperative (B) retinal images (montage, CLARUS 500; Carol Zeiss) of an eye with type 1 UES. Note that the retinal detachment with choroidal swelling extending posterior to the equator in the inferior quadrants, and a subretinal proliferative membrane and macular fold are observed (A). Total resolution of the retinal detachment and choroidal swelling (B) was achieved 3 months after quadrantic lamellar-sclerectomy with sclerostomy in the inferior quadrants.


Histochemical features of the sclera showed that collagen fiber bundles were of variable diameters and arranged irregularly and spaces between collagen fibers bundles were enlarged; however, the Alcian blue staining (glycosaminoglycans) of the matrix in type 1 and type 2 eyes was negative.



DISCUSSION

To the best of our knowledge, our study, 106 eyes of 66 patients with UES, reports the largest case series concerning UES including nanophthalmos and non-nanophthalmos (idiopathic). After undergoing one scleral thinning surgery, complete resolution of subretinal and supraciliochoroidal fluid was observed within a mean time of 1.2 months in 98.1% of eyes. During a mean follow-up duration of 65.3 months, the final BCVA improved or stabilized in 89.6% of eyes; however, OCT/OCTA imaging revealed that the extent of improvement was limited by photoreceptor and pigment epithelial damage resulting from macular dysplasia or chronic retinal detachment. The OCTA role in defining macular status and visual potential is consistent with Mansour's (23) findings in nanophthalmos. In addition, in our nanophthalmos group, secondary glaucoma combined with optic atrophy was also the main reason for poor final vision.

In the present study, we divided the eyes of patients with primary UES into two groups mainly according to the axial length: type 1 and type 2 UES. Type 1 and 2 UES showed incompletely same clinical characteristics but similar histologic appearance, except for the axial length and refractive error (Table 1). These results indicate that both types are subtypes in the same category.

In incomplete conformity with previous studies (1, 2, 4), several special clinical features were noted in a large proportion of our Asian patients: type 1 showed bilateral involvement, protracted course, elevated IOP accompany closer of anterior chamber, and absence of known systemic disorders; type 2: male sex and unilateral involvement, middle age at onset, normal IOP, dilated episcleral veins, and no vitreous cells, but may be accompanied with different systemic symptoms. Ancillary testing typically revealed characteristic FFA abnormalities consistent with leopard-spot RPE alterations. CDU showed evidence of diffuse choroidal thickening, and similarly, OCT/OCTA showed pachychoroid in type 1 and type 2 UES. The choroidal thickness significantly changed before and after surgery.

Subsequent single recurrences in 0.4% of eyes in type 1 over a mean follow-up duration of 65.3 months responded to reoperation. No recurrence was observed in type 2. Only 3 eyes of 2 patients (0.3%) in type 1 occurred reattachment spontaneously without surgery (range of follow-up, 3 months to 2 years). However, in the absence of an unoperated control group with similar disease severity, we cannot entirely confirm whether the reattachments observed in our cases were spontaneous and unrelated to the surgical procedure; alternatively, this may be a phase in the natural history of the disorder.

The pathogenesis of UES is unclear, possibly related to congenital anomaly of the sclera and vortex vein hypoplasia, and the secondary block of transscleral fluid outflow.

In types 1 and 2 UES, OCT/OCTA revealed marked thickening of the choroid and sclera (Figure 1), and at surgery, the sclera was abnormally rigid and unusually thickened to more than 2.5 mm. Histopathological studies showed disorganization of collagen fiber bundles and variation in size of collagen fibrils. These findings were consistent with previous studies (7–13, 17). Because of the histopathological abnormalities in the rigid and thickened sclera, fluid drainage was also compromised from the decreased function of uveoscleral outflow pathways, leading to excessive protein and fluid accumulation in the suprachoroidal space.

Previous studies have demonstrated excessive glycosaminoglycans accumulation in the matrix of the sclera, combined with defective vortex veins, resulting in decreased drainage of extravasated protein through channels of the transscleral outflow pathway (5, 24–26). However, in the present study, the histochemical examination showed the Alcian blue staining (glycosaminoglycans) in the matrix was negative in all eyes. These findings were not consistent with previous studies. Therefore, we believe that the theory of glycosaminoglycan deposition in the sclera of patients with UES needs further research and interpretation with caution.

Along with the main proposed mechanism which results in subretinal fluid accumulation, a second mechanism is the choroidal vein congestion caused by vortex vein compression by the thickened sclera (4). ICGA in types 1 and 2 demonstrated markedly diffuse choroidal hyperfluorescence during the early stage, and this finding persisted and increased in the late stage (Figures 3, 6). OCT/OCTA showed pachychoroid in type 1 and type 2, and the choroidal thickness was significantly increased. These findings suggest that there is marked hyperpermeability in the choroidal vessels and massive accumulation of fluid in the choroidal stroma. However, the choroidal thickness decreased with time during follow-up post-operatively, indicating that the speculation on the pathological mechanism of the disease is reasonable and indicating the effectiveness of this surgical treatment.

Ciliochoroidal detachment is manifested by the accumulation of fluid in the choroid, particularly in the suprachoroid, observed at the periphery for almost 360 degrees, even before the fundus changes detectably. During this period, the eye is asymptomatic and in the subclinical stage of UES. The condition usually occurs in the fellow eye in type 1, and is proven by OCT/OCTA, UBM, and ICGA. Following the development of the disease, long-term accumulation of the choroidal fluid decompensates the RPE and prevents inward to outward trans-RPE fluid flow through the pump mechanism of RPE (27). Subsequently, subretinal fluid accumulated and exudative retinal detachment occurred. In the clinical stage of UES, the ocular manifestations became apparent and symptomatic in eyes with both unilateral and bilateral involvement. These processes suggest that scleral abnormality is a major cause of the UES (Figure 8), and our study confirmed initial hypothesis (5) by Gass again.

Given the development of the disorder, surgical management of the sclera is reasonable (2, 3, 5, 6). In 1975, Shaffe (28) proposed that the cause of ciliochoroidal effusion associated with nanophthalmos is choroidal engorgement caused by impaired drainage of vortex veins because of the thick sclera characteristic of this disease. Brockhurst (3) subsequently reported the successful use of vortex vein decompression as a surgical remedy of nanophthalmic uveal effusions. However, the surgery was challenging to perform because considerable bleeding occurred during the removal of the sclera around the vortex vein. In 1983, Gass (5) suggested partial-thickness sclerectomies without vortex vein decompression in UES with nanophthalmos and reported successful effectiveness. Uyama (29) subsequently performed subscleral sclerectomy (sclerectomy under the scleral flap) without vortex vein decompression. This procedure preserved the scleral flap and the procedure was relatively complicated, and this may be related to recurrence post-operatively. In recent years, in Mansour's (29) small series of type 1 UES, faster resolution of subretinal fluid was reported with extensive circumferential scleral resection (90% thickness) without unroofing the choroid, allowing the removal of the scleral barrier to diffusion. They described the effectiveness with speed of resolution [within an average (±SD) of 13.9 (±8.7) days)]; however, we still believe with this procedure, there may be a risk of developing scleral staphyloma after resection because of the large-scale scleral removal. Therefore, we attempted to modify the Gass's techniques and performed minimum volume quadrantic lamellar-sclerectomy with sclerostomy without decompression of the vortex vein, retaining the stable IOP and avoiding hemorrhage during the surgery. The rationale for abovementioned procedures were similar to that of trabeculectomy to create a bypass outflow route for the aqueous humor.

The nature of the scleral abnormality in IUES has not been clarified. There is evidence that vortex vein obstruction also plays a role in the pathogenesis of UES in normal-sized eyes (7). In our series, signs of increased uveal venous pressure, such as dilated episcleral veins, were obviously present in most type 2 patients, which may be associated with the sclera and increased resistance to transscleral outflow of the intraocular fluid. Uyama (30) found blood in Schlemm's canal, and on intraoperative examination, the vortex veins were thought to be reduced in number and/or caliber in 68% of eyes. Furthermore, signs of uveal congestion observed in type 2 patients in our study decreased or disappeared after scleral surgery. This implies that vortex vein obstruction is at least partially a secondary change, resulting possibly from scleral swelling induced by high protein concentration (5). In addition, in our series, type 2 patients had bilateral disease, which may imply the associated systemic factors.

Based on the previous reports indicating that the proteoglycan composition of the surrounding matrix controlled the size and organization of collagen fibers (31, 32), several reports speculate that a defect in mucopolysaccharide metabolism may be the cause of abnormalities such as thickened sclera or permeability in this disorder (7, 9, 33, 34). Of interest, in this regard, was the occurrence and successful treatment of ciliochoroidal effusion by combined sclerectomies and sclerostomies in a patient with systemic mucopolysaccharidosis type II (Hunter's syndrome), a disorder in which the sclera is thickened by the deposition of mucopolysaccharide (8). This type previously was categorized as IUES and was treated in the same manner as nanophthalmos. Interestingly, in our series, the type 2 UES accompanied different systemic symptoms, which may be categorized as the systemic disease-associated factors to UES; thus, “idiopathic/primary UES” in the true sense is still controversial.

Thus, in IUES, transscleral protein transport impairment seems to be the primary pathophysiologic factor and uveal congestion plays a secondary role. Based on the successful use of Gass's technique in patients with nanophthalmic uveal effusion (19, 20, 35), Allen (20) and Johnson (21) suggested that the same pathophysiology and surgery may be applied in IUES.

ICGA revealed that a subclinical condition in the choroid lasts for a long period after surgery. Recurrence of retinal and ciliochoroidal detachment sometimes occurs. When the effects of draining choroidal fluid cease, reoperation is necessary and can be performed easily without complications. In our small number of patients with recurrence, reoperation was favorable. Thereafter, the suprachoroidal fluid spontaneously drained and retinal detachment gradually resolved.

In this study, we achieved a successful outcome with this procedure without any complication in all eyes with types 1 or 2 UES. This procedure was easy to perform, and the outcomes were excellent. For type 1 nanophthalmos, secondary angle closure cause by uveal effusion occurs because of fluid accumulation in the supraciliary space extending anteriorly from the suprachoroidal space (36). UBM demonstrated that the ciliary body is anatomically hinged to the eye wall at the scleral spur, and accumulation of supraciliary fluid leads to detachment and anterior rotation of the ciliary body. The mass effect causes forward displacement of the lens–iris diaphragm, leading to a shallow anterior chamber, aqueous misdirection, appositional angle closure, and elevated IOP. In our experience, it is necessary to perform YAG laser iridectomy before scleral surgery to reduce IOP and avoid intraoperative complications, such as suprachoroidal hemorrhage.

In conclusion, our results revealed that abnormal sclera and increased resistance to transscleral outflow of intraocular fluid is the primary cause of types 1 and 2 UES, and creation of a bypass outflow route for intraocular fluid by lamellar-sclerectomy with sclerostomy is the rationale for surgical treatment of this condition. Minimum volume quadrantic lamellar-sclerectomy with sclerostomy is highly recommended as the first-choice treatment and is effective. Although we found no significant correlation between the lasting term of pre-operative RD and final BCVA, the excellent results with the modified surgical technique performed in our cases and the visual recovery seen in many patients indicates that surgical intervention as soon as macular function is threatened by subretinal fluid accumulation is the key to successful treatment. Further systemic and genetic studies associated with scleral abnormality should be helpful in understanding the precise cause of primary UES.
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A Novel Role of IL13Rα2 in the Pathogenesis of Proliferative Vitreoretinopathy
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Proliferative vitreoretinopathy (PVR), an inflammatory and fibrotic blinding disease, is still a therapeutic challenge. Retinal pigment epithelial (RPE) cells dislodged in the vitreous play a central role in the PVR pathogenesis. To identify potential novel contributors to the pathogenesis of PVR, we investigated a profile of vitreous-induced changes in ARPE-19 cells by RNA sequencing. Bioinformatics analysis of the sequencing data showed that there were 258 genes up-regulated and 835 genes down-regulated in the ARPE-19 cells treated with human vitreous. Among these genes, there were three genes related to eye disease with more than threefold changes. In particular, quantitative PCR and western blot results showed that interleukin 13 receptor (IL13R)α2 that is over-expressed in a variety of cancers was up-regulated more than three times in the vitreous-treated ARPE-19 cells. Immunofluorescence analysis indicated that interleukin-13 receptor subunit α2 (IL13Rα2) was highly expressed in ARPE-19 cells within epiretinal membranes from patients with PVR. Importantly, blocking IL13Rα2 with its neutralizing antibody significantly inhibited vitreous-induced contraction of ARPE-19 cells, suggesting a novel role of IL13Rα2 in the PVR pathogenesis. These findings will improve our understanding of the molecular mechanisms by which PVR develops and provides potential targets for PVR therapeutics.
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INTRODUCTION

Proliferative vitreoretinopathy (PVR) refers to the retinal re-detachment caused by extensive contraction and traction of the proliferative membrane on the surface of the retina and behind the vitreous after reattachment of rhegmatogenous retinal detachment (RRD) (1–4). It is the most common cause of failure to repair RRD (2). The growth and contraction of cell membranes in the vitreous cavity and on both sides of the surface of the retina, and intraretinal fibrosis are characteristics of PVR. PVR occurs in 8–10% of patients undergoing primary retinal detachment correction surgery, and in 40–60% of patients with open global injury (5, 6). At present, repeated surgery is the only option for patients with PVR (3, 7). But recurrent detachment and retinal damage caused by the PVR process itself lead to poor visual effects of the surgery. In the past period of continuous development of vitreous surgery technology, the incidence of PVR in prospective studies has remained unchanged (8, 9).

Fibrotic epiretinal membranes (ERMs) are composed of extracellular matrix such as collagen and fibronectin and cells such as retinal pigment epithelial (RPE) cells, fibroblasts, glial cells, and macrophages (3, 10–12). Almost all risk factors for PVR are related to the diffusion of RPE cells in the vitreous or the destruction of the blood–eye barrier (6). In the process of retinal tear in PVR patients, the detached RPE cells will contact the vitreous, causing the vitreous to stimulate the migration of RPE cells on the surface of the retina. At the same time, the inflammatory mediators and blood released by the retinal tear promote the production of collagen by RPE cells, which further lead to the formation and contraction of ERM (13). Due to the role of RPE cells and glial cells in the vitreous membrane in the pathogenesis of PVR, RPE cells have been widely used in the study of the pathogenesis of PVR (14, 15).

The purpose of this study was to investigate the differentially expressed genes (DEGs) of human RPE cells induced by vitreous and thereby to identify potential therapeutic targets.



MATERIALS AND METHODS


Major Reagents

Primary antibodies against β-actin (Cat. 4970 1:2,000), pan Keratin (Cat. 4545S, 1:200), and interleukin13 receptor subunit α2 (IL13Rα2) (Cat. 85677S 1:1,000) were bought from the Cell Signaling Technology (Danvers, MA, United States), a neutralizing antibody for IL13Rα2 was purchased from the R&D Systems (Cat. AF146), and a primary antibody against KI67 (Cat. ab243878, 1:200) was purchased from the Abcam (Danvers, MA, United States). Horseradish peroxidase-conjugated goat anti-rabbit IgG (Cat. SA00001-2, 1:5,000) was ordered from the Proteintech (Danvers, MA, United States). Fluorescent labeled secondary antibodies of rabbit (Cat. A21206) or mouse (Cat. WA316324) were bought from the Thermo Fisher Scientific (Waltham, MA, United States).



Patient Vitreous and ARPE-19 Cells Culture

Before launching the project, the ethics approval of the clinical research ethics committee of Jinan University was obtained. A written informed consent was signed by each patient before vitreous samples were harvested from patients with or without PVR (HV).

ARPE-19 purchased from American Type Culture Collection (Manassas, VA, United States), and was cultured in the DMEM/F12 medium with 10% fetal bovine serum (FBS) and 1% penicillin G sodium (100 units/ml) and streptomycin (100 mg/ml) in a humidified incubator at 37°C with 5% CO2 (16).



Porcine Vitreous

Porcine vitreous was taken from fresh porcine eyes, frozen at a –80°C freezer. The eyeballs were dissected on ice and the isolated vitreous was diluted at 1:3 in DMEM/F12 and filtered for sterilization (17).



Cell Proliferation Assay

Cells were cultured a 6-well plate with slides in the DMEM/F12 supplemented with 10% FBS. After the cells were completely attached to the slide, the medium was changed to DMEM/F12 only. Then the cells were treated with vitreous with Ki67 for a proliferation assay. The Ki67 primary antibody was incubated at 4°C overnight, and the fluorescent secondary antibody was incubated for 1 h in the dark at room temperature. Finally, the cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) for 10 min, and the slides were mounted for photographs in a NIKON Ti2-E fluorescence microscope (18, 19).



Cell Migration Assay

Cells were grown to confluence in a 24-well plate before the cell monolayer was scratched with a 200-μl-pipet tip to create a wound. After washing the cells twice with phosphate-buffered saline (PBS), either DMEM/F12, or vitreous (1:3 dilution in DMEM/F12) was added. Photographs were taken to record the width of the wounds at the beginning of the experiment, and then they were taken again 24 h later. After at least three independent experiments were conducted, Adobe Photoshop CC 2018 software was used to analyze the wound healing areas (20, 21).



Contraction Assay

Cells were trypsinized, counted, and centrifuged at 800 rpm for 5 min. The cell pellets were re-suspended in a collagen I solution (Cat. A10483, Gibco, United States) (pH 7.2) on ice, and the collected cells were diluted to 1 × 106 cells/ml in the collagen solution, which were transferred to the wells (300 μl/well) in a 24-well plate that had been incubated with 5 mg/ml bovine serum albumin (BSA)/PBS overnight. The plates were moved into a 37°C incubator for 90 min to allow the collagen to solidify, where upon the collagen gel was overlaid with 0.5 ml of either DMEM/F12, vitreous (1:3 dilution in DMEM/F12), or vitreous plus a neutralizing antibody against IL13Rα2 (1 μg/well). After 48 h, the diameter of the gel was measured and calculated. The data of three independent experiments were used for statistical analysis (21–23). Neutralizing the IL13RA2 receptor using neutralizing antibodies in collagen gel contraction is the same as the contraction assay.



RNA Sequencing

Serum starved ARPE-19 cells at 70–80% confluence were treated with human vitreous diluted at a ratio of 1:3 in the DMEM/F12 medium for 24 h. The treated cells were then harvested by Trizol for RNA isolation using an OMEGA kit (R6834). Subsequently, a Complementary DNA (cDNA) library was established and the quality and integrity of the RNA were examined by a NanoDrop analysis. RNA sequencing was performed by NovaSeq 6000. The differential genes were screened to satisfy | log2FC| ≥ 1 and p < 0.05, and genes were further screened to identify significantly differentially expressed genes related to eye diseases (24, 25).

Notably, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) are two databases, and enrichment analysis is an integrated calculation of the functional information in the database. The full name of GO database analysis is Gene Ontology, and it divides the function of genes into three parts: cellular component (CC), molecular function (MF), and biological process (BP). Using the GO database, we can get the disease correlation of the target gene at the three levels of CC, MF, and BP. KEGG database analysis is a kind of pathway-related database to study the various pathways of the human body that genes participate in (24, 25).



Quantitative PCR (qPCR) Analysis

Total RNA in the RPE cells treated by vitreous was extracted using an OMEGA kit (R6834), and then reverse transcribed to construct a cDNA library using a kit (RR036A, Takara). The differential expression of eye disease-related genes was analyzed by qPCR using a kit (RR820A, Takara). Primer sequences: IL13RA2 forward (F): 5’-GGGCATTGAAGCGAAGATACA-3’; IL13RA2 reverse (R): 5′-GCCCAGGAACTTTGAACTTCTG-3′ (26); APCDD1 forward (F): 5′-TCCTGCTCAGATACCTGTTCC-3′; APCDD1 reverse (R): 5′- GTGATGGCACTGTGACTCCT-3′; CD180 forward (F): 5′-AACCTAAGCCTGAACTTCAATGG-3′; CD180 reverse (R): 5′-GCCAGAGAGACTGAGTAGTAGAG-3′.



Western Blot

When cells reached 70–80% confluence, they were serum-starved for 24 h, and then treated with or without vitreous from patients (diluted 1:3 in DMEM/F12) for 24 h. After two washes with ice-cold PBS, cells were lysed in a cell lysis buffer for 30 min. The cell lysates were then clarified by centrifugation at 13,000 rpm for 10 min at 4°C. The total proteins were quantitated using a BCA kit (Cat. KGP250, keyGen, China), and the samples were boiled for 5 min. Proteins were separated by 10% sodium dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride (PVDF) membranes, and then subjected to western blot analysis using desired antibodies. Signal intensity was determined by densitometry using the Image J Software (22).



Immunofluorescence

This experiment was performed as described previously (27, 28). Briefly, the tissues on slides were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature, blocked with 3% FBS for 30 min at room temperature, and then incubated with primary antibodies (anti-IL13Rα2 antibody or non-immune IgG at 1:200 dilution) at 4°C overnight. After thorough washes, the secondary antibody at a ratio of 1:1,000 was incubated at room temperature for 1 h in the dark. Next, the DAPI staining at a ratio of 1:1,000 was performed in the dark for additional 10 min. Finally, after the slides were washed thoroughly, they were mounted for photograph in a NIKON Ti2-E fluorescence microscope (27, 28).



Statistics

Data from three independent experiments were used for statistical analysis with ordinary one-way ANOVA. The p value less than 0.05 was considered to be a significant difference (29).




RESULTS


RNA Sequencing Analysis Reveals That There Are 258 Genes Up-Regulated and 835 Genes Down-Regulated in Vitreous-Treated Retinal Pigment Epithelial Cells

Treatment of RPE cells with vitreous in vitro was to mimic PVR pathogenesis in vivo, and vitreous from human, bovine, and experimental rabbits is able to enhance cell proliferation, survival, and contraction (23, 30, 31). We then tested if vitreous from porcine could also have a similar bioactivity. Results showed that porcine vitreous was also capable of enhancing cell proliferation as shown in Supplementary Figures 1–3. These data are consistent with our previous findings that vitreous enhances PVR-related cellular events (13).

To discover novel genes contributing to PVR pathogenesis, we next treated ARPE-19 cells with human vitreous for transcriptional profiling. The quality of the RNA extracted from ARPE-19 cells treated with human vitreous reached the requirements for RNA sequencing (data not shown). Significant DEGs between the control and the vitreous-treated groups were identified based on the criteria of a log2-fold change of >2. The results showed that in the RPE cells treated with human vitreous there were 1,093 differential genes, of which there were 258 genes up-regulated (23.6%) and 835 genes were down-regulated (76.4%). Among them, there are three genes related to eye diseases (Figure 1). Cluster analysis was performed on 46 of the differentially expressed genes in the genomics data. In the cluster heatmap, the red and blue regions represent the up-regulated and down-regulated expression of genes, respectively (Figure 2); KEGG enrichment analysis revealed that nearly half of the differential genes were mainly concentrated in pathways related to cellular components such as the mitogen-activated protein kinase (MAPK) pathway (Figure 3).
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FIGURE 1. Differentially expressed genes (DEGs) of retinal pigment epithelial (RPE) cells induced by the control group and vitreous. Results of a volcano plot chart of the differentially expressed genes were identified from the control and vitreous-treated group.
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FIGURE 2. Heat map of hierarchical clustered genes. A heat map of hierarchical clustered genes. In total, there were 46 genes from the genomics data showing a significantly aberrant expression (at least two-fold change), p < 0.05. In the clustering analysis, red and blue regions indicate the up-regulated and down-regulated genes, respectively. C1, C2, C3, and N1, N2, N3 represent the three independent repetitions of the control group and the vitreous induction group, respectively.
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FIGURE 3. An enrich mean analysis of pathways for DEGs based on the KEGG database. An enrich mean analysis of pathways for DEGs based on the KEGG database. The horizontal and vertical axes represent the enrichment score of – log p and the pathway category, respectively.




Vitreous Induces Changes in IL13RA2 Expression of mRNA and Protein

Among the 1,093 differential genes induced by vitreous, there were three genes with more than threefold changes (Table 1), which were confirmed by qPCR analysis (Figure 4). Noticeably, PVR is an inflammatory eye disease (12), IL13 is present in the vitreous (32); in addition, IL13Rα2 can bind to IL13 with high affinity to enhance cell proliferation and migration in the carcinogenesis (33, 34), and these cellular events are related to PVR pathogenesis. Thereby, we next investigated whether a vitreous-induced change in IL13RA2 revealed by RNA sequencing was indeed the case. To this end, we treated ARPE-19 cells again with human vitreous and analyzed them with qPCR. The results showed that the vitreous treatments dramatically heightened the IL13RA2 expression in the RPE cells as shown in Figure 4.


TABLE 1. Main DEGs after vitreous induced.
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FIGURE 4. Vitreous induced changes in the mRNA expression. The qPCR analysis of mRNA expression in ARPE-19 cells induced by vitreous. The mean ± SD of three independent experiments is shown; **** denotes 0.0001, using paired t test; *** denotes 0.001, using paired t test; ** denotes 0.01, using paired t test. Positive values indicate a fold increase in expression of the target gene relative to the internal reference, and negative values are opposite.


Since vitreous induced changes in mRNA expression of IL13RA2, we next examined if its protein levels were also changed with the vitreous stimulation. As expected, Western blot analysis showed that vitreous augmented IL13Rα2 expression in the ARPE-19 cells (Figure 5). This Western blotting data are consistent with those obtained from RNA sequencing and qPCR.
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FIGURE 5. Vitreous induced the protein expression of IL13Rα2. Western blot analysis of the vitreous-induced protein expression of IL13RA2 in ARPE-19 cells. One of three representative experiments is shown. Bar graphs showed the Western blot band intensity, and the mean ± SD of three independent experiments is shown; *** denotes 0.001, using paired t test. (A) The protein expression of IL13RA2 in ARPE-19 cells. (B) Histogram of protein expression gray value. The mean ± SD of three independent experiments is shown; *** denotes 0.001, using paired t test. Control: ARPE-19 cells treated with DMEM/F12 only. Vitreous: ARPE-19 cells treated with vitreous diluted in DMEM/F12.




IL13Rα2 Is Highly Expressed in Epiretinal Membranes From Patients With Proliferative Vitreoretinopathy

We next investigated whether IL13Rα2 was expressed in RPE cells within the epiretinal membranes from PVR patients. To this end, we stained epiretinal membranes with antibodies against keratin specific for epithelial cells and IL13Rα2. The immunofluorescence results showed that IL13Rα2 was highly expressed in RPE cells in epiretinal membranes from PVR patients (Figure 6).
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FIGURE 6. IL13Rα2 is highly expressed in RPE cells within epiretinal membranes from patients with proliferative vitreoretinopathy (PVR). Fibrotic epiretinal membranes from patients with PVR were first incubated with primary antibodies: a mixture of non-immune mouse and rabbit IgGs (A–D), or of anti-IL13Rα2 and pan keratin antibodies (E–H) at 4°C overnight, and then with fluorescently labeled secondary antibodies at 1 h in room temperature. Co-staining of IL13Rα2 with pan keratin in H indicates IL13Rα2 expression in RPE cells in the ERMs from patients with PVR. Scale bar: 50 μm.




Neutralization of IL13Rα2 Prevents Vitreous-Induced Contraction of Retinal Pigment Epithelial Cells

One of important events in the PVR pathogenesis is the contraction of epiretinal membranes, leading to the retinal detachment. Thereby we assessed if neutralization of IL13Rα2 could prevent vitreous-induced contraction of ARPE-19 cells in a collagen gel contraction assay, one of cellular models for PVR. As expected, vitreous stimulated the contraction of the collagen gel, and the antibody neutralizing IL13Rα2 significantly prevented the contraction induced by the vitreous (Figure 7), suggesting that this antibody is promising for PVR therapeutics.
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FIGURE 7. Blocking IL13Rα2 prevents vitreous-induced contraction of RPE cells. After the mixtures of ARPE-19 cells with collagen I solution formed a collagen gel, they were treated with DMEM/F12 + an antibody or vitreous + an antibody for 48 h. C, control antibody; N-A: neutralizing antibody against IL13Rα2; V + C, vitreous + control antibody; V + N-A, vitreous + neutralizing antibody against IL13Rα2. *** denotes 0.001, using paired t test.





DISCUSSION

In this article, we report that vitreous induced a large increase in IL13Rα2 in ARPE-19 cells and blocking IL13Rα2 with its neutralizing antibody prevents contraction of ARPE-19 cells, implicating a novel role of IL13Rα2 in the PVR pathogenesis. The clinical manifestations of PVR are related to a series of inflammatory and fibrotic changes (12, 35–37). When the retina of a patient ruptures, RPE cells exposed in the vitreous cavity respond to the vitreal growth factors and cytokines, leading to forward feedback to secrete these factors more (38), mediating wound repair responses such as matrix synthesis, cell migration, proliferation, and epithelial–mesenchymal transition (EMT), leading to the formation of epiretinal membranes, an essential process of PVR (39).

So far, the pathogenesis of PVR has not been completely understood. Hypotheses for PVR formation have been proposed for the essential roles of multiple growth factors and cytokines, such as transforming growth factor beta (TGF-β), platelet-derived growth factor (PDGF), vascular endothelial growth factors (VEGF), interleukins (ILs), tumor necrosis factor alpha (TNF-a) (12, 38, 40). ILs can be secreted by a variety of cells in response to a variety of stimulation including tissue damage. In recent years, studies have revealed that ILs are closely related to the occurrence and development of PVR. For instance, IL-6, a marker of acute inflammation (41), is up-regulated in the vitreous and subretinal fluid of the PVR group, and is positively correlated with the degree and duration of RRD and PVR grades (42, 43). IL-8, playing a key role in regulating inflammation and mediating angiogenesis, is elevated in PVR patients (44).

We herein report that IL13RA2 is heightened in the vitreous-treated RPE cells. IL13RA2, one of the high-affinity membrane receptors of IL-13, is highly expressed in tumors, such as liver cancer (45), glioblastoma (46), colon cancer (47), and pancreatic cancer (48). IL13RA2 has two forms: transmembrane form and extracellular soluble form (49–51). The transmembrane form is related to the signal transduction of ligands and the binding of other membrane receptors to form different functional subunits; soluble IL13RA2 seems to inhibit the function of IL13 (51, 52). It is speculated that the functions of the two forms of IL13RA2 may be antagonistic to each other. The previous studies on tumors reported that the overexpression of IL13RA2 endows tumors with the ability to invade and metastasize. IL-13 plays a key role in many pathological processes, such as asthma, pulmonary fibrosis, and ulcerative colitis (53, 54), and IL13 as an inflammatory factor plays an important part in various inflammatory reactions, suggesting IL13RA2 may play an important role in PVR.

Noticeably, IL13Rα2 cooperates with epithermal growth factor receptor (EGFR) VIII signaling to promote glioblastoma multiforme (46), whereas PDGF receptor (PDGFR)β plays an essential role in vitreous-induced cellular responses related to PVR (13). Thereby we hypothesize that in ARPE-19 cells, IL13Rα2 interacts with PDGFRβ signaling to boost vitreous-stimulated cellular events intrinsic to PVR as illustrated in Figure 8, and this hypothesis is being tested in our research group.
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FIGURE 8. Schematic of a hypothesis: a role of IL13Rα2 cooperates with PDGFRβ in the PVR pathogenesis. Based on current literatures (13, 55) IL13Rα2 cooperates with PDGFRβ to initiate signaling pathways of Ras/Raf/MEK/ERK, PI3K/Akt, Rac1/ROCK, and thereby enhance cellular responses (survival, proliferation, EMT, migration, and contraction) intrinsic to PVR. ERK, extracellular signal-regulated kinases; PI3K, phosphoinositide 3 kinase; Rac1, Ras-related C3 botulinum toxin substrate 1; ROCK, Rho-associated protein kinase; EMT, epithelial–mesenchymal transition; PVR, proliferative vitreoretinopathy.


In this study, we employed RNA sequencing to discover changes in vitreous-treated ARPE-19 cells, leading to our findings that IL13Rα2 was up-regulated significantly, and blockade of IL13Rα2 prevented contraction of ARPE-19 cells, suggesting that IL13Rα2 be a novel therapeutic target for PVR.
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Inner Retinal Layer Hyperreflectivity Is an Early Biomarker for Acute Central Retinal Artery Occlusion
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Purpose: To investigate inner retinal hyperreflectivity on optical coherence tomography (OCT) as a potential biomarker indicating acute central retinal artery occlusion (CRAO).

Methods: A total of 56 patients at two university hospitals with acute CRAO (symptom onset ≤48 h) were included in this retrospective study. The optical intensity of the inner retinal layers was determined in both eyes and the relationship between symptom onset and inner retinal layer optical intensity in OCT scans compared to the unaffected fellow eye was analyzed. Several differential diagnoses [central retinal vein occlusion, anterior ischemic optic neuropathy, diabetic macular edema, and subretinal fibrosis/disciform scar (Junius-Kuhnt)] served as controls to validate optical intensity-based diagnosis of CRAO.

Results: CRAO strongly correlated with an increased inner retinal layer hyperreflectivity in this cohort with acute CRAO with a time since symptom onset ranging from 1.1 to 48.0 h. Receiver operating characteristic (ROC) analysis showed an area under the curve of 0.99 to confirm CRAO with a true positive rate of 0.93 and a false positive rate of 0.02. No correlation between optical intensity and time since symptom onset was noticeable. None of the differential diagnoses did show an elevated optical intensity of the inner retinal layers as it was detectable in CRAO.

Conclusion: OCT-based determination of inner retinal layer hyperreflectivity is a very promising biomarker for a prompt diagnosis of CRAO in an emergency setting. This may be of major interest to speed up the administration of a possible thrombolytic treatment.

Keywords: central retinal artery occlusion (CRAO), optical coherence tomography, retinal ischemia, retinal imaging biomarkers, ischemia biomarker


INTRODUCTION

Acute central retinal artery occlusion (CRAO) causes sudden monocular vision loss. Early intravenous thrombolysis (IVT) within 4.5 h is currently subject of ongoing prospective randomized trials. However, established algorithms and strategies for a rapid and accurate diagnosis and to triage patients do not yet exist. Most patients do not reach appropriate medical facilities in time to potentially initiate IVT, which illustrates the urgent need for retinal ischemia biomarkers in order to quickly and safely diagnose CRAO and provide therapy within a therapeutic time window of 4.5 h (1–7).

Typically, CRAO is a clinical diagnosis, though funduscopic changes, such as a cherry red spot or retinal pallor, may be lacking within the IVT-relevant very early phase, while ischemic signs may already become apparent on optical coherence tomography (OCT) scans (8). OCT provides high resolution non-invasive microstructural retinal images and has been shown to be a valuable diagnostic instrument for CRAO (9–16). Several retinal ischemia biomarkers can be visualized early, using OCT imaging within the acute phase of CRAO. Besides a loss of structure of the retinal layers, ischemic intracellular edema causes a time-dependent increase in retinal thickness, which eventually resolves and is followed by severe inner retinal atrophy in the chronic phase (9, 10, 12, 14–18). The relative retinal thickness increase (RRTI, retinal thickness increase at the thickest portion of the papillomacular bundle of the affected compared to unaffected eye) may provide information about the onset of ischemia with high accuracy (16). The ischemic edema is accompanied by hyperreflective inner retinal layers (ganglion cell layer to outer plexiform layer) and hyporeflective outer retinal layers (11, 19). Whereas the hyperreflectivity of the inner retinal layers is discussed to be most likely due to an increased intracellular ischemic edema, whereas consequently hyporeflectivity of the outer layers is caused by the decreased signal permeability of the edematous inner retinal layers (19, 20). However, as the retinal thickness often is normal or only mildly increased within the first hours (8, 10, 16), we hypothesized that the ischemia-induced increase in optical intensity may potentially be visible as the first ischemic sign anteceding retinal edema. This study therefore investigated the optical intensity of the inner retinal layers as a diagnostic criterium of CRAO and as a discriminator between potential differential diagnoses of CRAO with (sub-)acute vision loss.



MATERIALS AND METHODS


Study Design and Patient Selection

The retrospective analysis included 56 patients (35 male, 21 female; age 73.1 ± 10.9, range 42–93) with acute CRAO who presented at two tertiary care facilities (University Eye Hospital Tübingen, Germany and Department of Ophthalmology, University Medical Center Hamburg-Eppendorf, Germany). All included patients were able to reliably report the time of symptom onset (≤48 h) of sudden, painless and persistent monocular vision loss and received an OCT scan of both eyes within 48 h [mean (SD) time-to-OCT (TTO): 13.2 ± 10.5 h (range 1.1–48.0 h)]. Visual acuity was ≤20/400. CRAO was diagnosed by an ophthalmologist. Inner retinal layer reflectivity of the affected and unaffected eye was compared. Patients with high picture noise or poor OCT image quality had to be excluded prior to analysis. Mean OCT quality index (signal-to-noise ratio, higher index indicates better quality) was 26.4 ± 5.1 in CRAO eyes and 27.4 ± 4.7 in healthy fellow eyes. Also lens status was analyzed, as potentially opacities can decrease image quality: lens status was symmetric in 55 patients. Lens status was according to age (no cataract) in 14 patients, 15 patients had incipient cataract, 7 patients presented with advanced cataract and pseudophakia was recorded in 15 patients. In four patients lens status was not recorded. One patient was pseudophakic in the healthy eye and had incipient cataract on the opposite eye affected by CRAO. Patients with retinal/macular pathologies other than CRAO (reperfused/transient CRAO, arteritic CRAO, cilioretinal artery, age-related macular degeneration, epiretinal gliosis, etc.) were also excluded.

In addition, the optical intensity of the inner retinal layers was analyzed and compared to the fellow eye in 40 patients with manifest potential differential diagnoses of possibly causing subjective acute vision loss, such as central retinal vein occlusion (CRVO; n = 10), diabetic macular edema (DME; n = 10), subretinal fibrosis/disciform scar (Junius-Kuhnt, JK; n = 10), or non-arteritic anterior ischemic optic neuropathy (NA-AION; n = 10). The inner retinal optical intensity of the eyes with CRAO was compared to the more severely affected fellow eyes of the other differential diagnoses.



Data Collection and Statistics

Optical coherence tomography scans were performed with a Spectral-Domain OCT (Spectralis OCT, Heidelberg Engineering, Germany). Horizontal scans and the “white-on-black” mode through the fovea of both eyes were processed, saved as grayscale JPEG images and then further analyzed with ImageJ (National Institutes of Health, Bethesda, MD, United States) similar to the study of Chen et al. (11). The fovea centralis was identified and the four scans around the central scan (two below and two above) and the central scan were used for segmentation. After manual segmentation of the inner retinal layers (see Figure 1; retinal nerve fiber layer, ganglion cell layer, inner plexiform layer, inner nuclear layer, and outer plexiform layer) the raw scores of optical intensity that were inside the segmentation [gray scale, 0 (black) to 255 (white)] were extracted and analyzed using the software R (21). Only the inner retinal layer reflectivity was included into our analysis. Receiver operating characteristic (ROC) analysis was performed to classify between the eye affected and unaffected eye given the optical intensity. For each value of optical intensity sensitivity and specificity was calculated. The optimal cut-off was found by maximizing the sum of sensitivity and specificity.
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FIGURE 1. Analysis of inner retinal layer reflectivity. Segmentation of the inner retinal layers, where the optical intensity was analyzed in eyes with (A) central retinal artery occlusion and (B) the unaffected fellow eye.


Analysis of variance (ANOVA) and post hoc t-test adjusted for multiple comparisons with Bonferroni method were used to compare the optical intensity between the potential differential diagnoses of CRAO and test for significance. The residuals from the linear model were verified for normal distribution using Shapiro–Wilk test (p > 0.05). Variances were equal (Levene test p > 0.05).




RESULTS

In the analyzed patient cohort of 56 patients the time between known symptom onset and OCT scan (TTO) ranged from 1.1 to 48.0 h (13.2 ± 10.5 h (mean ± SD; see Table 1 for data overview). The optical intensity of the study eye group affected by CRAO ranged from 134 to 219 (mean 177 ± 19) compared to 85 to 153 (123 ± 14) in the group of healthy fellow eyes (see Figure 2), and, without exception, was higher in all of the patients’ eyes with CRAO compared to their fellow eye (see Figure 3). The optical intensity was normally distributed and showed a statistically highly significant difference (p < 0.001) between both groups. A temporal correlation of the increase in optical intensity could not be observed (R2adj = 0.009), as a distinct difference in optical intensity could be seen from the very beginning (within the first hours) (see Figure 3). The mean relative increase in optical intensity of the affected compared to the fellow eye was 46.8 ± 25.5% (95% confidence interval 39.4–52.6%). ROC-analysis (see Figure 4) of the classification by inner retinal layer optical intensity revealed the optimal cut-off with the highest sum of sensitivity and specificity at a raw score of 149.46 with an area under the curve (AUC) of 0.99 and a true positive rate (sensitivity) of 0.93 and false positive rate (1-specificity) of 0.02. Using the optimal cut-off, only four CRAO retinas showed an optical intensity, which was located in the range of the healthy eyes and vice versa even only one healthy retina above 149.46 respectively in the range of CRAO retinas.


TABLE 1. Data overview.
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FIGURE 2. Distribution of optical intensity of in eye with central retinal artery occlusion and unaffected fellow eyes. Histogram (A) and box plot (B) showing the distribution of optical intensity in the eyes with CRAO (red) and in the unaffected fellow eyes (cyan). Differences in optical intensity were highly significant (p < 0.001).
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FIGURE 3. Optical intensity over time of the affected and unaffected fellow eye. Optical intensity of the inner retinal layers differs significantly in acute central retinal artery occlusion between the affected (red) and the unaffected fellow eye (cyan). Time did not have an impact or correlation on the optical intensity increase of the inner retinal layers (R2adj = 0.009). The red line marks the optimal cut-off value estimated with the ROC analysis.
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FIGURE 4. Receiver operating characteristic (ROC) analysis. ROC analysis revealed an area under the curve of 0.99 with the optimal cut-off (sum of highest sensitivity and specificity) to confirm CRAO at an optical intensity of 149.46 revealing a true positive rate (TPR) of 0.93 and a false positive rate (FPR) of 0.02.


The comparison of optical intensity between possible differential diagnoses of CRAO showed a significant difference (see Table 2; p < 0.001 in all pairwise comparisons with CRAO) between CRAO and AION, JK, CRVO, and DME, whereas there were no significant differences between these groups (see Table 2; AION vs. JK, padj = 1.000; AION vs. CRVO, padj = 1.00; AION vs. DME, padj = 0.770, JK vs. CRVO, padj = 1.000; JK vs. DME, padj = 1.000; and CRVO vs. DME, padj = 1.000) or between the fellow eyes (padj > 0.05) (see Figure 5).


TABLE 2. Optical intensity data of all included groups.
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FIGURE 5. Optical intensity of potential differential diagnoses of CRAO. Optical intensity of the study eye vs. fellow eye. Eyes with CRAO showed a significant higher optical intensity compared the other analyzed groups (A,C), whereas there are no differences between the groups of the fellow eyes (B). In none of the investigated differentials (CRVO, central retinal vein occlusion; N-AION, non-arteritic anterior ischemic optic neuropathy; DME, diabetic macular edema; JK, Junius-Kuhnt degeneration, subretinal fibrosis/disciform scar) the inner retinal optical intensity compared to the fellow eye was significantly different (A,B). *level of statistically significant difference (padj ≤ 0.05) compared to CRAO.




DISCUSSION

Optical coherence tomography is a non-invasive high resolution in vivo retinal imaging method and is likely to become the key diagnostic instrument in the acute management of CRAO. Typically, CRAO is a clinical diagnosis, but as unfortunately clinical signs such as retinal edema and a cherry red spot may have not evolved in the very early phase, pathognomonic signs on OCT scans can provide valuable information about CRAO. An increase in retinal thickness for example is a characteristic feature, for which a temporal correlation has been shown recently (16, 17). Similarly, a rise in optical intensity in the affected eye can be observed (9, 11, 12, 19), but the temporal dynamics have yet been unknown. In CRAO the inner retinal layers appear as a hyperreflective demarcated and mostly edematous band. Consequently, the light signal is attenuated by edematous inner retinal layers and the outer retinal layers appear hyporeflective. Possibly, the optical intensity is correlated to the final visual outcome (11).

In this study we retrospectively analyzed the optical intensity of the inner retinal layers (analyzed collectively) compared to the healthy fellow eye in patients that had suffered from CRAO. The optical intensity in the CRAO group was statistically highly significant higher compared to the healthy fellow eye group (p < 0.001; AUC 0.99, true positive rate 0.93, and false positive rate 0.02), which can therefore be interpreted as reliable parameter to diagnose CRAO in the acute phase. The absolute values in our study of the measured optical intensity of the inner retinal layers are comparable to the data of previously published studies (11, 12). Another study reported that the increase in optical intensity of the inner nuclear layer was most indicative for CRAO among all retinal layers (19). However, in our opinion defining single layers of the inner retina can be quite challenging in the acute situation as they become hard to distinguish in the ischemic retina. We therefore preferred the summarized analysis of the optical intensity of the inner retina as a whole.

The first 4.5 h after ischemia onset are critical for the prognosis of every therapeutic approach. Administration of IVT within 4.5 h shows a superior visual prognosis compared to the untreated natural course (4, 6, 7). The RRTI, the change of retinal thickness in the affected compared to the healthy fellow eye, is a parameter showing temporal changes and therefore allowing a highly accurate estimate of ischemia duration, which can be essential when the exact onset of symptoms cannot be reported reliably (10, 16, 17). Furthermore, the RRTI might reveal the amount ischemia induced retinal damage (higher RRTI represents more severe damage). Nevertheless, since significant retinal edema develops over time and may be lacking in the very early phase of CRAO, the RRTI might not be suitable to diagnose CRAO within the first few hours (16, 17). Moreover, retinal edema is not a specific sign of ischemia and can be apparent in other retinal vascular disorders such as DME or retinal vein occlusion. Vice versa, this is where the optical intensity comes in to the picture as the optical intensity allows quick diagnosis of CRAO and may therefore enhance the diagnostic algorithm as an early biomarker – even in the absence or before the development of significant retinal edema. In contrast to the time-dependent RRTI, the optical intensity did not show a significant temporal increase or correlation (16, 17). The increase in optical intensity was already visible in patients with a very short time since symptom onset (1–4 h) and hyperreflectivity did not change significantly over time (up to 48 h). Consequently, optical intensity comes with the great potential to be used as an early diagnostic discriminator in patients with acute vision loss in order to decide whether the underlying cause is CRAO, and thus requires an immediate neurovascular workup. Potential differential diagnoses coming with a possible monocular loss or reduction of vision, such as CRVO, DME, JK, or NA-AION can be ruled out safely. Vitreous hemorrhage, another potential differential, can be easily confirmed by fundoscopy or sonography, as OCT typically is not possible due to limited light signal penetration.

Among the limitations of this study is the retrospective character including a possible selection bias, as only patients with known symptom onset and available OCT scans of both eyes were included in our analysis. The central scan through the fovea as well the two scans above and below were used for segmentation, which could be a possible bias but enables an automatized workflow for the future detection of CRAO, because the central scan is usually detected automatically by OCT imaging machines. Also, the relatively low number of patients within the first 3 h limit the validity of the optical intensity increase within the acute phase, as it remains unknown when exactly and how fast the optical intensity increases, but nonetheless there was no significant increase with time in our cohort. Moreover, quality parameters of OCT imaging need to be established for a valid optical intensity analysis as image noise may reduce the reliability of optical intensity. For example, a lower limit of the signal-noise-ratio to warrant valid use of optical intensity needs to be established. Opacities of the optical axis such as cataract or corneal opacities, vitreous hemorrhage can decrease the light signal and therefore it needs to be kept in mind that this may potentially influence the measured optical intensity. This is especially relevant in patients with asymmetrical lens status. Although we could differentiate CRAO from healthy eyes accurately in almost all, there are a few patients that have not matched perfectly: one patient with asymmetrical lens status was included in our study: the eye with CRAO had incipient cataract, the healthy fellow eye was pseudophakic and showed increased optical intensity compared to the other healthy eyes. However, there we found no particular reason why this was not the case in other pseudophakic eyes. Other eyes with an optical intensity out of line were found in three CRAO eyes, in which the optical intensity was too low compared to the other eyes with CRAO: one patient had a relatively low RRTI of only 7% 3.5 h after ischemia onset and therefore could somewhat influence the optical intensity. The two other patients (one with both eye having incipient cataract, one with both eyes having advanced cataract) had a high image noise as a possible confounder, although signal-to-noise ratio reached a decent quality level in these patients. OCT enables a fast visualization of characteristic microstructural changes in the ischemic retina in CRAO (9, 14, 20). This study revealed that the diagnosis of CRAO on the basis of an optical intensity increase in the inner retinal layers is reliable, even in the acute phase where other clinical signs may only be visible faintly. Further research with a higher number of patients is required to confirm this studies results and the clinical use in order to implement optical intensity-based diagnosis of CRAO in an emergency algorithm. Included in an emergency algorithm, the optical intensity should be used to decide on whether the diagnosis is CRAO or not and the RRTI to define or confirm the time since ischemia onset. Altogether, both parameters support patient-reported information with objectifiable information, that potentially could be decisive in the further management and visual prognosis. Moreover, an automatic determination of these parameters by an automated OCT software or machine learning algorithms would greatly accelerate the ophthalmological diagnosis and further neurovascular referral to promptly initiate IVT within 4.5 h of ischemia onset and/or to start with a comprehensive neurovascular work-up. Additional imaging modalities could potentially enhance the diagnostic workflow. There is evidence that a positive retrobulbar spot sign visualized by ultrasound could be associated with a poor response to IVT and could therefore be a contraindication (15, 22, 23). Retinal diffusion restriction visualized by diffusion-weighted magnetic resonance imaging (DWI-MRI) may provide additional information (24). Further studies are needed to explore the possibilities offered by different diagnostic tools. Conclusively, a hyperreflectivity of the inner retinal layers may confirm acute CRAO. Particularly, when determined in the very early phase, the optical intensity may serve as a diagnostic biomarker, also in the absence of obvious fundus changes or before retinal edema can be detected.
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Group DM NPDR PDR HIF/x? P-value
Number 32 56 43 - =
Age (years) 55.5 (48.25-65.00) 56 (50.50-61.00) 55 (49.00-60.00) 074 0,692
Female sex (%) (W/F) 4375 375 4447 056" 0.756
Duration of DM (years) 914676 1250+ 5.79 12.86 + 6.76 3.82° 0.025*
Duration of HBP (years) 300 (0-10.00) 0.00 (0-6.00) 275 0-10.00) 427 0.118
Fasting blood glucose (mmol/L) 7.46 (5.81-8.72) 8.25 (6.38-9.67) 8.46 (6.42-11.20) 378 0.151
HbATC (%) 6.8(6.18-7.83) 7.75 (7.03-8.98) 7.8 (6.68-9.10) 5210 0074
Triacylglycerol (mmol/L) 1.82 (1.01-2.60) 1.2 (0.82-1.81) 1.4(0.92-2.49) 233 0312
Cholesterol (mmol/L) 4.30(3.91-6.03) 4.59 (3.74-5.68) 4.99 (4.32-5.89) 6.84° 0.033"
LDL-C (mmolrL) 2,50 (2.05-3.09) 2.80 (2.03-3.60) 3.06 (2.58-3.92) 9.08° 0011
HDL-C (mmol) 1.17 (1.00-1.40) 1.16 (0.98-1.48) 1.13(0.98-1.43) 1.15% 0.562
API 2192071 2.42.+091 282095 5.05° 0.008"
A 275+ 097 2024 1.47 344+ 1.20 4070 0019"
AP 008039 0004 +0.31 0.11%0.30 1410 0247
VEGF-A (pg/m) 15.47 (11.40-25.92) 27.64 (20.62-35.32) 24.85 (18.59-33.54) 17.150 <0001
VEGF-C (pg/mi) 5261 (13.41-150.07) 87.76 (55.69-142.05) 99.82 (53.81-198.35) 4870 0.088
VEGF-D (pg/m) 120,81 (47.14-218.77) 248,54 (150.45-428.89) 2742 (172.90-401.96) 19.70° <0.001"
PIGF (pg/mi) 1.41(0.58-2.44) 2.6 (1.89-3.31) 2.41(1.65-3.87) 16.38° <0001

DM, diabetes melitus; NPDR, non-proliferative diabetic retinopathy; PDR, prolferative diabetic retinopathy; HbATc, hemoglobin; LDL-C, low densiy lipoprotein cholesterol; HDL-C, high
density lipoprotein cholesterol; VEGF, vascular endothelial growth; PIGF, placental growth factor; APVAVAIP, atherogenic index of plasma; AP, atherogenic plasma index, defined as
LDL-C/HDL-C; A, atherogenic index, wes calculated as TC-(LDL-GYHDL-C; AIP. atherogenic index of plesma, defined as log triglycerides TG/HDL-C; PIGF, placental growth factor;

VEGF, vascular endothelial growth factor.

“Statistically significant: P < 0.05. According to the type of data and the data distribution, one-way ANOVA analysis (a), Post-hoc LSD corection. b Kruskal-Wallis (a) were applied.
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Cytokines

AP
Normal AP group
Abnormal API group
vz
P-value

Al
Normal Al group
Abnormal Al group
vz
P-value

AIP
Normal AIP group
Abnormal AIP group
tz
P-value

VEGF-A (pg/ml)

22.45 (14.59-32.91)
24.85 (18.24-34.29)
—1.25¢
0211

22.77 (15.35-31.86)
26.8(18.24-35.72)
—1.70°
009

23.08 (17.63-32.30)
24.85 (17.63-34.53)
—0.94¢
0346

VEGF-C (pg/ml)

80.58 (36.06-127.49)
90.86 (53.81-182.09)
—154
0.124

80.58 (37.28-127.49)
101.57 (63.81-187.19)
—1.85°
0.064

82.65 (38.17-145.62)
90.82 (51.41-175.89)
-1.15¢
0.249

VEGF-D (pg/mi)

154.1 (71.78-274.36)
256,58 (147.91-400.44)
—2561°
0.009*

179.77 (72.09-280.18)
256.50 (147.91-400.45)
—2.40°
0.016*

192.47 (83.652-286.23)
252.01 (137.00-389.96)
—1.60°
0111

PIGF (pg/mi)

213+£1.32

254 +1.28
—1.63°
0.106

2164126
2504132
—1.76°
0.081

226+1.28

2.50+1.33
—1.01°
0316

“Statistically significant: P < 0.05. According to the type of data and the data distribution, @ Kruskal-Walls test, ® independent-sample t-test, and/® Mann-Whitney U-test were applied.
VEGF, vascular endothelial growth; PIGF, placental growth factor; DM, diabetes melitus; NPDR, non-prolferative diabetic retinopathy; PDR, prolferative diabefic retinopathy; AP,

atherogenic plasma index (LDL-C/HDL-C); Al, atherogenic index: (TC-(LDL-C))/HDL-C;

IR, atherogenic index of plasma log (TG/HDL-C).
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VEGF-A VEGF-C VEGF-D PIGF

(pg/mi) (pg/mi) (pg/mi) (pg/mi)
TC:
Normal TG group 22.45 (17.09-32.30) 77.16 (43.40-125.32) 201.47 (122.13-335.91) 2.14(0.99-3.10)
Abnormal TC group 27.64 (19.86-37.45) 122,65 (61.12-219.99) 266,55 (142.79-427.94) 2.84(1.78-3.66)
z —2.66° -331° —2.11° —287°
P-value 0.008" 0.001* 0.035" 0.004*
LDL-C:
Normal LDL-C group 22.77 (17.41-32.30) 78.50 (42.61-128.59) 196.32 (102.48-335.91) 2.14/(1.00-3.13)
Abnormal LDL-C group 27.64 (19.33-37.06) 11852 (65.60-212.44) 266,55 (178.27-433.74) 2.84(1.69-3.66)
z 214 -277° -2.36° —2.74
P-value 0.082" 0.008" 0.018" 0.006"
TG:
Normal TG group 24.85 (18.59-34.20) 82.65 (46.90-140.71) 245.08 (128.21-395.90) 2.47 (1.34-3.28)
Abnormal TG group 24.49 (16.68-32.01) 11551 (48.03-207.07) 209.77 (121.46-361.79) 1,85 (1.31-3.51)
z -0.84° —1.48° -0.51° -0.74°
P-value 0.400 0.140 0610 0.458
HDL-C:
Normal HDL-G group 24.85 (17.76-33.56) 99.82 (47.23-186.00) 227,54 (110.30-405.02) 241134
Abnormal HDL-C group 24,86 (18.06-33.30) 81.95 (46.60-117.01) 233,87 (136.74-363.15) 233147
vz -0.29 -0.99° -0.10° -0372
P-value 0772 0.321 0921 0712

VEGF, vascular endothelal growth; PIGF, placental growth factor; TC, cholesterol; TG, triglycerides; LDL-C, low-density ipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol,
“Statistically significant: P < 0.05. According to the type of data and the data distribution, @ independent-sample t-test, and ® Mann-Whitney U-test were applied.
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Model 1

Model 2

Model 3

Model 4

®)
Model 1

Model 2

Model 3

Model 4

©
Model 1

Model 2

Model 3

Model 4

Variable

Al
VEGF-A
Al
VEGF-C
Al
VEGF-D
Al
PIGF

APl
VEGF-A
APl
VEGF-C
APl
VEGF-D
APl
PIGF

AP
VEGF-A
AP
VEGF-C
AP
VEGF-D
AP
PIGF

Estimate

0.39
0.02
0.35
0.00
0.32
0.00
0.35
0.41

0.56
0.02
0.50
0.00
0.44
0.00
0.50
0.40

0.39
0.02
0.14
0.00
0.34
0.00
0.27
0.44

StdErr

0.15
0.01
0.16
0.00
0.15
0.00
0.15
0.14

0.20
001
0.20
0.00
0.20
0.00
0.20
0.14

0.50
0.01
0.52
0.00
051
0.00
051
0.14

P-value

0.010"
0.008
0.027*
0.003
0.038"
0.002*
0.021*
0.004*

0.004*
0.003
0.013*
0.105
0.027"
0.002*
0.011*
0.005*

0.444
0.084
0.783
0.037
0.507
0.001*
0.593
0.002*

OR

1.48 (1.10-1.99)
1.02 (1.00-1.04)
1.41(1.04-1.92)
1.00 (1.00-1.01)
1.38 (1.02-1.86)
1.00 (1.00-1.01)
1.43 (1.06-1.92)
1.50 (1.14-1.98)

1.74 (1.19-2.59)
1,02 (1.00-1.04)
1.65 (1.11-2.45)
1.00 (1.00-1.01)
1.56 (1.05-2.30)
1.00 (1.00-1.01)
1.66 (1.12-2.45)
1.49 (1.13-1.96)

1.47 (0.55-3.95)
1.02 (1.00-1.04)
1.15 (0.42-8.20)
1.00 (1.00-1.01)
1.40 (0.52-3.82)
1.00 (1.00-1.01)
1.31(0.49-3.55)
1.55 (1.18-2.04)

AP, atherogenic plasma ndex (LDL-G/HDL-G); A, atherogenic indiex (TC-(LDL-G)/HDL-C; DM, diabetes melitus; NPDR, non-proliferative diabetic retinopathy; PDR, prolferative diabetic
retinopathy; PIGF, placental growth factor; VEGF-D, vascuer endothelial growth factor D; HBR, hypertension; HbA1c, hemoglobin Afc. When DM, NPDR, and PDR were considered as
the independent variable, after controlling the age, sex, duration of diabetes and hypertention, fast glucose, and hemoglobin, the multiple ordinal regression models show that Al and

AP contributed to the occurrence and serverity of DR associated with elevated plasma level of VEGF-D and PIGH

“P < 0.05 is considered statistical significance.
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AMann-Whitney U-test.
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Univariate Multivariate

OR 95% CI p OR 95% CI p
Sex, Fys. M 1.44 095~2.20 0.087 207 1.22~3.51 0007
Age (above 65 years) 076 050~1.17 0213 080 047~136 0.402
Smoking 1.49 0.45~4.99 0514 1.94 0.44~8.45 0379
Hypertension 1.26 0.81~1.96 0.298 1.53 0.86~2.72 0.150
Diabetics 050 023~109 0.083 027 0.10~0.73 0010
PCV/CNV 0.77 0.50~1.18 0.230 0.82 0.47~1.44 0.495
AMD disease history (more 077 064~094 0011 075 057~098 0033
than 12 months; 3-12

months; 1-8 months; 1 and

below)

PDT 1.04 056~198 0.905 0.79 035~179 0577
Anti-VEGF-RBZ/Conbercept 169 1.08~2.77 0039 1.48 0.79~2.78 0222
Number of injections 143 096~134 0.150 1.40 1.42~1.75 0003
Diameter of lesion above 0.14 003~0.64 0011 024 004~134 0.105
500

Baseline OCT 1.00 1.00~1.00 0.005 1.00 1.00~1.00 0208
VA change at the 1st month 10.92 6.33~18.86 <0001 18.75 7.41~2551 <0001

above 5 letters.

Adjusted by sex, age, smoking status, hypertension, diabetics, PCV/CV, AMD disease history, PDT usage, kind of anti-VEGF, diameter of lesion, baseline OCT, and whether VA changing
at the 1st month above 5 letters.
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ALL (<%
Patients (eyes) 368 233
Age (years)
mean + SD 68.9+95 605+£99
median (IQR) 69 (615~76) 69 (62~77)
min~max 40~95 40~95
Female sex 1 (%) 145 (39.4%) 93 (30.9%)
CNV/PCY 233/135 -
Diabetes (%) 33(0.0%) 25 (10.7%)
Hypertension n (%) 119 (32.3%) 74 (31.8%)
Smoking n (%) 11(3.0%) 44.7%)
Disease history (month)
mean £ SD 102 £ 185 98+ 17.9
median (IQR) 3(1~12) 3(1~11)
min~max 0.1~123 0.1~128
Diameter of lesion (jum)
mean £ SD 2495.5 + 1559.5 23809 + 15209
median (IQR) 2,204 (1420.5~3266.5) 2,109 (1,428~3,043)
min~max 92~12,700 107~12,700
BCVA (ETDRS letters)
mean £ SD 313133 316+ 187
median (IQR) 25 (28~40) 25 (22~40)
min~max 20~75 20~75
CRT (mm)
mean + SD 4406 + 2286 420.7 + 2144
median (IQR) 372 (277~541) 353 (269~522)
min~max 100~1,632 100~1,221
PDT n (%) 46 (12.5%) 13 (5.6%)

*Student t-test; »Mann-Whitney U-test; *chi-square.

PCV

135

67889
67 61~75)
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Observation markers Gestational age at birth

CCT (mm) 0.263, P =007
Anterior surface COR (mm) =0.082,P=083
Posterior surface CCR (mm) —0.072,P=062
ACD (mm) r=0.161,P =026
LT (mm) -0.168,P=0.24
Curvature radius of the anterior £=0.086,P =055

surface of the lens (mm)

Curvature radius of the posterior 0.279, P=0.05

surface of the lens (mm)

AL (mm) 0435, P = 0.002"
SE(D) ~0.334,P = 002"
LogMAR (BCVA) -0.307, P = 008"

Pearson correlation analysis was performed for all markers; *P < 0.05.

CCT, central comeal thickness; CCR, anterior surface comeal curvature radius; ACD,
anterior chamber depth; LT, lens thickness; AL, eye axis length; SE, spherical equivalent;
BCVA, best-corrected visual acuity; LogMAR, logarithm of the minimal angle of resolution.
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Observation markers SE (laser group)
CCT (mm) ~0.281,P=0.11
Anterior surface CCR (mm) 0.051,P =073

Posterior surface CCR (mm)  r = 0.053, P = 0.72

ACD (mm) r=0.101,P =049
LT (mm) r=-0.139, P =034
Curvature radius of the r=0.167,P =025
anterior surface of the lens

(mm)

Curvature radius of the r=-0084, P =082
posterior surface of the lens

(mm)

AL (mm) ~0.773, P = 0.000*

SE (control group)

-0.087, P =0.62
0.138, P=0.30
r=0.244, P = 0.07
r=-0.469, P = 0.000*
r=0.364, P =0.01"
r=-0.123, 0.36

r=0073,P=059

—0.734, P = 0.000"

Pearson correlation analysis was performed for all markers; 'P < 0.05.
CCT, central comeal thickness; CCR, anterior surface comeal curvature radius; ACD,
anterior chamber depth; LT, lens thickness; AL, eye axis length.
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Observation markers ~ Age of the laser group  Age of the control group

CCT (mm) r=0256,P=007 r=0303,P=002"
Anterior surface COR 1= -0079,P =059 r=0079,P =056
(mm)

Posterior suface COR 1= ~0.109,P=045  r=—0.068, P =061
(mm)

ACD (mm) r=0261,P=007 r=0.468, P = 0.000"
LT (mm) r=-0281,P=011  r=-05656P=0000"
Cunvature radius of the  r = 0.234, P = 0.10 r=0.063,P =064
anterior surface of the

lens (mm)

Curvature radius of the = 0.232, P = 0.11 r=0.149,P =027
posterior surface of the

lens (mm)

AL (mm) =0.625, P =0.000" 703, P =0.000"
SE(D) = ~0.528, P =0.000" 0.655, P = 0.000"
LogMAR (BCVA) = —0.538, P =0.000" 0542, P = 0.000"

Pearson correlation analysis was performed for all markers; *P < 0.05.

CCT, central comeal thickness; CCR, anterior surface comeal curvature radius; ACD,
anterior chamber depth; LT, lens thickness; AL, eye axis length; SE, spherical equivalent;
BCVA, best-corrected visual acuity; LogMAR, logarithm of the minimal angle of resolution.





OPS/images/fmed-08-783552/fmed-08-783552-t002.jpg
Observation markers

CCT (mm)
Anterior surface COR
(mm)

Posterior surface COR
(mm)

ACD (mm)

LT (mm)

Curvature radiius of the
anterior surface of the
lens (mm)

Curvature radiius of the
posterior surface of the
lens (mm)

AL (mm)

SED)

LogMAR (BCVA)

Laser
group

0.54 +0.04
7.53+£0.33

6.756+0.34

324 £0.26
3.80 +£0.19

10.02 +
093

5.55+0.51

2260 +
1.42

-1.28%
338

0.12+£0.13

Control
group

0.66 £ 0.03
7.84 £0.30

7.03+024

3.64+026
3.45+0.16

10.52
0.85

5.80+0.36

2345+
1.23

—-0.07 +
2.00

0.05+0.11

Two-sample t-tests were performed for all mrkers; 'P < 0.05.
CCT, central comeal thickness; CCR, anterior surfece comeal curvature radius; ACD,
anterior chamber depth LT, lens thickness; AL, eye exis length; SE, spherical equivalent;
BCVA, best-corrected visual acuity; LogMAR, logarithm of the minimal angle of resolution.

-2.116
-5.063

—4.864

—8.065
10514
—2.962

-2917

-3.332

—2.208

3.070

0.04"
0.000

0.000

0.000
0.000
0.004*

0.004*

0.001*

0.03"

0.003*
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Baseline information Laser group

Gestational age at bith ~ 28.16 £ 2.15
w)

Bith weight (g) 1,280  585.56
Number of eyes/person 50125

Sex (m/f) 17/8

Age (years) 7.32:+£285

X2 test; Age was an independent sample t-test.

Control
group

68/29
16/13
7.34 £257

X2t

0.930
—0.047

0.34*
0.96
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Etiologic factors

Congenital retina and optic disc anomalies

Best viteliform macular dystrophy
Reinitis pigmentosa
Optic disc drusen
Morning glory disc anomaly
Optic disc hamartoma

Inflammatory retinochoroidopathy
Ocular toxoplasma retinochoroiditis
Qcular toxocariasis retinochoroiditis
Multfocal choroiditis

Idiopathic

High myopia

Total

N (%)

9(30.0%)

3

2

1

1

2
9(30.0%)

5

1

3
8(26.7%)
4(13.3%)

30

0-11 years, N

8 (47.1%)

2

2

1

1

2
4(23.5%)

3

1

0
5(29.4%)

0

17

Subgroup analysis

12-18 years, N

1(7.7%)

oo o =

0
5(38.5%)
2
0
3
3(28.1%)
4(30.7%)
13
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Treatment types (n = 25) NixEs

Ranibizumab 17
Conbercept 5
Aflibercept 3
Average frequency 1.40 + 0,58
1 injection 16
2injections 8
Binjections. 1
BCVA (23 eyes, logMAR)

Baseline 096+ 0.49
Post-treatment 0.85+0.443
Final visit 0.85+0.42
Outcome of BCVA (n = 23)

Improvement 12

Stability "
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Features

Subjects (7)
Presenting visual acuity
Age (years)
Mean
Male
Female
Median
Range
Gender
Male
Female
Laterality
Unilateral
Bilateral
Ocular associations
Congenital/developing abnormalities
Best viteliform macular dystrophy
Reinitis pigmentosa
Optic disc drusen
Morning glory disc anomaly
Optic disc hamartoma
Inflammatory retinochoroidopathy

Ocular toxoplasma retinochoroiditis
Ocular toxocariasis retinochoroiditis
Multfocal choroiditis

Idiopathic

High myopia

Numbers

30 (33 eyes)

112+£46

1256 +39

10.1£49
1
1-18

17 (56.7%)
13 (43.3%)

27 (90.0%)
3(10.0%)

9(30.0%, 10 eyes)
3(10.0%, 4 eyes)
2(6.7%, 2 eyes)
1(3.3% 1 eye)
1(3.3% 1 eye)
2(6.7%, 2 eyes)
9(30.0%, 10 eyes)
5(16.7%, 6 eyes)
1(3.3%, 1 eye)
3(10.0%, 3 eyes)
8(26.7%, 8 eyes)
4(13.3%, 5 eyes)
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Feature n (%)

Location (n = 33)

Subfoveal 28(84.8)
Peripapillary 5(15.2)
Activity at presentation (n = 33)

Active 28(84.8)
Inactive 5(15.2)
Pattern of leakage in active CNVMs where FFA was available (n = 28)
Classic 27 (96.4)
Occult 1(3.6)
Types of CNVMs where OCT was available (n = 33)

Type 1 1(3.0)

Type 2 32(97.0)
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Treatment features

No. of patients (eyes)

Number of total treatments per
patient

Mean + SD
Range
Argon laser photocoagulation
Number of treatments per patient
Mean + SD
Range
Anti-VEGF
Number of treatments per patient
Mean  SD
Range

*Statistically significant.

Patients with
retinal cyst

23(23)

747 £3.01
@-12)

4.08+1.35
(-6)

3.13£1.03
(2-5)

Patients
without retinal
cyst

100 (100)

3534231
(1-12)

2.31£099
(1-5)

2234157
0-4)

p-value

0.023"

0.019"

0.039"
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Outcomes Patients with
retinal cyst
No. of patients (eyes) 23(23)

Best corrected visual acuty (log

MAR) no. (%)
<07 2(2/23,8.70%)
1.70-0.7 4 (4/28,17.39%)
=1.70 16 (16/23,
69.57%)
Uncooperative 1(1/23, 4.35%)

Leaking telangiectasia resolution
no. (%)

Resolved 18 (18/23,
78.26%)

Not resolved 5(5/23,21.74%)

Time to resolution (months)
Mean + SD
Range

22.33+7.98
(15-83)

Patients
without retinal
cyst

p-value

100 (100)
0639

441100, 4.00%)

23 (28/100,

23.00%)
62 (62/100,

62.00%)
11(11/100,

11.00%)

0.750

87 (87/100,
87.00%)
13 (13/100,
13.00%)
0.043
18.63 £ 5.47

©-29)
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Variable

No. of patients (eyes)
Age at presentation(years)
Mean & SD
Range
Follow-up (months)
Mean  SD
Range
Sex, no. (%)
Male
Fermale
Eye laterality, no. (%)
Right eye
Left eye

Patients with
retinal cyst

23(23)

6.356+3.28
2-15

2061 £+ 11.30
9-60

21(91.30%)
2(8.70%)

11 (47.83%)
12 (62.17%)

Patients without p-value
retinal cyst

100 (100)
0,057
5.41+212
3-15
0.731
32.02 + 15.07
6-65
0933
92 (92.0%)
8(8.0%)
0.789
46 (46.0%)
54 (54.0%)
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Variable Patients with Patients without p-value
retinal cyst  retinal cyst

No. of patients (eyes) 23(29) 100 (100)
Best-corrected visual acuity (log 0,062
MAR) no. (%)

<07 2(8.70%) 4(4.0%)

1.70-0.7 3(18.04%)  21(21.0%)

=170 15(65.22%) 58 (68.0%)

Uncooperative 3(13.04%) 17 (17%)

Coats’ disease stage, no. (%) 0.157

1 00 0

2a 3(18.04%) 17 (17.0%)

2 3(1804%)  33(33.0%)

3a 16 (69.57%) 44 (44.0%)

3 1(4.35%) 5(5.0%)

4 0 1(1.0%)

5 0 0
Macular involvernent 0238

Yes 19(826%)  81(81.0%)

No 4(17.4%) 19.(19.0%)
Combined stages of Coats’, no. (%) 0.028*

Stages 110 28 6(26.09%) 50 (50%)

Stages 3Ato 5 17 (73.91%) 50 (50%)
Fluorescein angiography 0031
telangiectasia clock hours

Mean & SD 782£278  5.41+802

Range 4-12 1-12
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Visual Acuity change at the 1st month
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Group A Group B
(intact/disrupted) (intact/disrupted)

ELM Postoperative 1 Week 1721
Postoperative 1 Month 12/18
Postoperative 6 2817
Months

EZ  Postoperative 1 Week 022
Postoperative 1 Month or21
Postoperative 6 19/11
Months

ELM, external limiting membrane; EZ, ellipsoid zone. *P < 0.05.

0/10
114
6/10

0/10
015
114

P value

1.000
0.034*
0.008"

0.020"
<0.001*
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Item

Age

Baseline BCVA, Log MAR

Axial length

Preoperative diameter of ELM
disruption

Preoperative diameter of EZ
disruption

Macular ILM-RPE distance

THI

L B B

LI T A i A ]

o~

r
P

Baseline
BCVA

-0.228
0.132

—0.227
0.197
0.350

0.029%
0211

0.197
—-0.068
0.691
0.334
0.035%
0273
0.084
-0.111
0.489
0.366
0.019%
-0.376
0.015*
-0.393
0.012%

6M BCVA

-0048
0.753
0615

<0.001*
0.098
0.580
0.461

0.003"
0.395

0.013"
-0.028
0.871
0.273
0.208
0.398
0.010*
0.078
0.629
-0.007
0.965
-0.392
0.011*
-0.205
0.204

ABCVA

-0.143
0.347
0.250
0.097

—0.424
0.013"

-0.198

0.227
-0.246

0.132
-0.063
0.709
0.048
0.768
-0.200
0.209
-0.207
0.194
0.435
0.004*
0.105
0515
-0.182
0.262

BCVA, best-corrected visual acuity; 6M BCVA, 6-month best corrected visual acuity;
BD, basal diameter; ELM, external limiting membrane; EZ, elipsoid zone; H, height;
ILM, internal limiting membrane; MLD minimal linear diameter; RPE, retinal pigment
epithelium. ABCVA was defined as preoperative BCVA minus 6-month postoperative

BCVA. *P < 0.05.
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Mean BCVA changes campared batween CNVand PCV. Mean BCVA changes campaned Between two ant-VEGF trestments
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Item Value

Number of eyes 45
Sex, WF 12/31

Eye, OD/OS 19/26

Age, years 64.33 +7.60
Axial length, mm 23.83+1.36
MH stage, n (%)

2 16 (35.6%)

3 9(200%)

4 20 (44.49%)
BCVA, Log MAR 098033
MLD, pm 578.46 + 339.65
8D, um 1319.17 + 575.10
H,pm 439.87 + 105.53
Preoperative diameter of ELM disruption, um 2049.94  700.77
Preoperative diameter of EZ disruption, um 2379.87 + 799.06

Al values are meanstandard deviation unless otherwise indicated. BCVA,
best-corrected visual acuity; BD, basal diameter; H, height; ELM, exteral limiting
membrane; EZ, ellipsoid zone; MLD, minimal linear diameter.
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Group A Group B P
value
Number 30 15
Age, years 64.43+7.99 6443701 0902
MH stage
2 11 5
3 5 4 0729
4 14 6
Axial length, mm 23564123  2488+149  0.100
BCVA, Log MAR 093032 110£034 0096
MLD, pm 535.02+335.16 659.13+34535 0276
8D, um 1181.49 + 486.79 1584.69 % 65454 0.031*
H,um 424,68 £85.28 469.17 + 13534 0277
Diameter of ELM disruption, um 193469  712.57 2280.45 £ 641.05 0.149
Diameter of EZ disruption, pm  2345.52 + 870.04 2448.56 £ 661.24 0.710
Maximum distance between EZ 2620860 2889+ 1277  0.444
and RPE, pm
Fovea ILM-RPE distance, um ~ 51.51 £13.81 49001607  0.621
DHI 0.43+0.18 042£0.18 0886
MHI 0.42 %020 033+0.48  0.148
THI 1.09+0.71 091 +£0.49 0.413
Angle
EZ-MH 168.63 £ 4.59 168.35+ 530 0.866
EZ-end 3851+£957  4461+1145 0084
EZNFL 6834+ 1267  71.31+£1275 0485
EZ-GOL 65.43+ 1223  69.30+ 1163 0337
EZINL 5838+ 1383  64.49+971 0148
EZOPL 54151407  6004%1073  0.177
EZONL 5040+ 1447 559541143 0219

Al values are meanistandard deviation unless otherwise indicated. BCVA,
best-corrected visual acuity; BD, basal diameter; ELM, extenal limiting membrane; EZ,
ellpsoid zone; GCL, ganglion cell layer; H, height; ILM, intemal limiting membrare; INL,
inner nucear layer; MLD, minimal linear diameter; NFL, nerve fiber layer; ONL, outer
nuclear layer; OPL, outer plexiform layer; RPE, retinal pigment epithelium. *P < 0.05.
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Characters Beta

Baseline composite VFQ-25 score 0.666
Macular integrity -0.335
Gender

Age

Average threshold

P1

P2

63% BOEA area

95% BOEA area

Average metamorphopsia score

Composite VFQ-25 score

R=0.830, p <0.0001.

<0.0001

<0.0001
0.433
0.960
0.308
0.834
0.766
0.465
0.654
0.002
0.721
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Characters beta P

Gender 0913
Age 0091
Change of macular integrity 0057
Change of average threshold 0679
Change of P1 0808
Change of P2 0338
Change of 63%BCEA area 0524
Change of 95%BCEA area 0.469
Change of average metamorphopsia ~0284 0.039
score

Change of BOVA 0962

R=0.284, p =0.039.
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Subscales

General health

General vision

Ocular pain

Near activities

Distance activities

Vision related social functioning
Vision related mental health
Vision related role difficulties
Vision related dependency
Driving

Color vision

Peripheral vision
Composite score

Baseline

40.35 + 19.91
26.93 + 17.21
72.37 £ 17.56
66.52 + 23.01
71.42 £ 21.02
86.18 + 19.86
47.48 £ 19.97
52.63 & 25.52
59.94 + 24.11
62.30 + 39.58
91.07 + 16.81
82.14+21.17
66.42 + 14.06

After

44.02 +£17.63
35.36 + 17.47
7433 £ 16.59
7127 £ 24.42
7425 £ 18.10
86.38 + 16.22
53.24 £ 21.09
53.79 £ 22.73
62.80 + 25.22
66.67 £ 39.09
92.41 + 15.01
78.57 £ 21.55
68.12 £ 14.28

058

0.45
o1
021
0.84
0.012
0.84
0.43
0.39
0.81
0.10
0.088
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Parameters

Baseline BCVA
Final BOVA

P (paseline vs. final)

Baseline Macular integrity
Final integrity

P (baseline vs. final)

Baseline average threshold
Final average threshold

P (oaseline vs. final)

Baseline P1

Final P1

P (baseline vs. final)

Baseline P2

Final P2

P (oaseline vs. final)

Baseline 63%BCEA area

Final 63%BCEA area

P (oaseline vs. final)

Baseline 95%BCEA area

Final 95%BCEA area

P (paseline vs. final)

Baseline metamorphopsia score
Final metamorphopsia score
P (baseline vs. final)

Baseline composite score
Final composite score

P (paseline vs. final)

Baseline vision subscale score
Final vision subscale score

P (paseline vs. final)

Baseline mental health subscale score

Final mental health subscale score
P (paseline vs. final)

“Wilcoxon matched-pairs signed rank test or Mann-Whitney test.

BCVA changes < 5 letters
n=19

55.58 + 16.13 (52)
57.11 £ 16.15 (59)
0,003
88.22 + 26.96 (100)
84.54 2010 (100)
0.285"

18.97 £6.99(19.8)
21.93 + 5.57 (22.5)
0.001
48.74 £ 31.51 (46)
68.00 + 31.12 (86)
0.005*

74.16 + 27.97 (84)
86.79  16.93 (96.00)
0.010*

14.58 £ 17.85 (6.65)
595759 (2.3)
0.009*

43.68 + 53.47 (19.95)
17.78 £22.71 (6.8)
0.010*
091+ 0.71(0.60)
0.64  0.64 (0.50)
o.016*

65.60 + 16.09 (70.45)
67.48 £ 15.19 (65.79)
0479
25.26 + 16.11 (20)
33.68 £ 17.71 (40)
0011
46.38 + 19.13 (43.75)
51,64 +20.71 (56.25)
0.186

BCVA changes > 5 letters
n=38

50.05 + 14.08 (48.5)
65.87 + 12.88 (69)
<0.0001
97.86 7.3 (100)
81.95 + 23.76 (96.15)
<0.0001*

18.27 £ 551 (19.1)
22.66 + 4.93 (23.85)
<0.0001
43.34 +20.73 (41)
60.87 + 27.34 (62.00)
0.004
7182 4 25.73 (83.5)
83.08  17.87 (86.00)
0017
11.96 + 10.77 (7.80)
7.41£7.45(6.2)
0.012*

35.86 + 32.28 (23.40)
23,08 + 25.30 (17.60)
0.024*

0894 0.70 (0.70)
055 & 0.51 (0.425)
0010
65.33 + 13.14 (65.42)
68.44 £ 14.00 (67.625)
0.103
27.76 + 17.89 (20)
36.22 + 17.54 (40)
0.003
4803 20,61 (43.75)
54.05 + 21,51 (56.25)
0.034

0.189
0.03

0.139*
0.229*

0.683
0614

0.559%
0.334*

0.703"
0.278"

0955
0.184*

0.947*
0.190"

0.946"
0.858*

0.946
0813

0610
0.612

0.772
0.689
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n
BCVA

Macular integrity

Average threshold

P1

P2

63% BOEA area

95% BOEA area

Average metamorphopsia score
General vision subscale

Mental health subscale
Composite score

BCVA change < 5

19
1.63+83.75 (1.0)
368+ 24.62(~0.2)
296+ 327 (2.1)
19.26 2553 (19.00)
12,68 + 20.75 (2.0)
~8.27 1356 (~3.45)
—24.80  40.69 (~10.20)
~027 £ 0.4 (-02)
8.42 + 15,37 (0.0)
5.26 + 16.70 (6.25)
1.88 + 1136 (2.42)

BCVA change > 5

38
15.82 +7.81 (14.0)
—15.91 % 24.44 (-2.55)
439+ 425 (4.1)
17.53 £ 33.01 (14.50)
11.26 + 24.10 (3.0)
—4.55 £ 11.03 (~1.90)
—12.78 £ 38,13 (-5.00)
~0.34 +0.68 (-0.18)
824 +22.98(0.0)
557 & 15.36 (6.25)
240 £8.73(352)

<0.0001

0.06"
081

0.79"
0.45*
0.46*
0.36"
0.79
0.976
0.945
0.521

“Mann-Whitney test.
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Characters Beta

Baseline BOVA 0789
Gender

Age

Macular integrity

Average threshold

P

P2

63% BOEA area

95% BCEA area

Average metamorphopsia score
Composite VFQ-25 score

R =0.789, p < 0.0001.

<0.0001
0.403
0.966
0.317
0.058
0.111
0.131
0.160
0.205
0.159
0.968
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Characteristics

n
Male/fermale

Agelyear)

BCVA [ETDRS)

Axial length (mm)
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Characteristics Mean & SD/Median
(interquartile range)

Baseline 12 months after PRP
Patients (eyes) 28 (45) 13(21)
Sex, male (%) 14 (50%) 8(62%)
Duration of diabetes 11.79+£8.23 d
(years)
Age (years) 57.46 £ 8.67 58544878
BMI (kg/m?) 23.00 + 2.50 23,04 +2.52
SBP (mmHg) 139.61 = 19.63 139.21 £ 19.19
DBP (mmHg) 79.71 % 13.40 8057 + 13.18
HbA1c (%) 826207 807 %192
Creatinine (umol/l) ~ 92.45 (70.16-123.37)  94.25 (71.36-128.54)
Cor (ml/min) 61.66+23.78 60.69 + 24.82
AL (mm) 22,85+ 063 2290 +0.64

p-velues are calculated by using a ttest.

P-value

0.772
0.943
0.940
0.810
0.724
0.781
0.776
0.456

SBR, systolic blood pressure; DBP. diastolic blood pressure; BMI, body mass index;

HbATc, glycated hemoglobin; Ccr, creatinine clearance rate; AL, axial length.
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Variables Baseline (n = 45) 1 month (n = 30) 3-6 months (n = 20) 12 months (n = 21) P-value

BOVA (LogMAR) 0.20 0.10-0.29) 0.14(0.05-0.23) 0.15 (0.07-0.23) 0.14(0.06-0.28) 0355
SFCT () 252,43 (220.92-283.95) 250,98 (227.48-292.47) 261.79 (229.11-294.47) 268.73 (230.08-297.39) 0507
Macular SCP VD (%)
Whole VD 46.27 (43.88-48.66) 46.45 (44.17-48.73) 45.67 (43.34-48.00) 46.06 (43.66-48.46) 0593
Foveal VD 17.26 (12.84-21.69) 2066 (16.01-25.31) 17.52 (13.30-21.74) 185 (14.07-22.93) 0004
Parafoveal VD 45.80 (42.74-48.87) 45.99 (43.13-48.86) 45,08 (42.14-47.92) 44.79 (41.82-47.77) 0391
Perifoveal VD 47.21 (44.73-49.70) 47.59 (45.21-49.97) 46.79 (44.3-49.28) 46.94 (44.44-49.44) 0579
Macular DCP VD (%)
Whole VD 43,05 (40.79-45.31) 42.91 (40.84-44.97) 42.38 (40.01-44.76) 43,65 (41.21-46.09) 0.703
Foveal VD 2752 (23.28-31.75) 28.17 (23.9-32.43) 27.86 (28.77-31.95) 2751 (28.11-81.91) 0942
Parafoveal VD 47.43 (45.27-49.59) 4689 (44.77-49.01) 46.28 (43.93-48.62) 47.88 (45.56-50.2) 0.443
Perifoveal VD 43.93 (41.50-46.37) 44.10 (41.82-46.38) 43.52 (41.08-46.01) 44.72 (42.08-47.37) 0.746
FAZ (6.0mm scan)
FAZ (mm?) 0.38 (0.30-0.46) 032 (0.23-0.41) 0.34 (0.25-0.44) 0.36 (0.26-0.46) 0412
Perimeter (mm) 2.49(221-2.77) 2.26 (1.94-2.57) 2.33(1.99-2.76) 2.41(2.06-2.76) 0396
Al 1.16 (1.13-1.20) 1,16 (1.11-1.19) 1.13 (1.00-1.17) 1.16 (1.11-1.20) 0376
FD-300 47.17 (44.85-49.49) 48.41 (45.84-50.98) 45.22 (42.52-47.92) 45.78 (43.02-48.54) 0.108
Peripapillary VD (%)
Peripapillary 49,02 (47.32-50.72) 48.12 (46.28-49.97) 48.67 (46.78-50.55) 47.52 (45.59-49.45) 0.146
Superior Nasal 45.90 (43.76-48.04) 44.93 (42.48-47.37) 4681 (44.32-49.30) 45.00 (42.52-47.67) 0.444
Nasal Superior 43.60 (41.26-45.95) 42,67 (40.15-45.2) 43.76(41.19-46.32) 42.04 (39.42-44.66) 0235
Nasal Inferior 43.90 (42.05-45.76) 43.98 (41.84-46.11) 43.17 (40.97-45.37) 43.18 (40.9-45.46) 0.848
Inferior Nasal 48.48 (45.69-51.26) 47,62 (44.63-50.6) 47.72 (44.69-50.74) 46.24 (43.16-49.33) 0474
Inferior Temporal 55.37 (52.79-57.95) 53.76 (50.92-56.50) 54.51(51.61-57.40) 54.47 (51.50-57.45) 0415
Temporal Inferior 51.92 (50.06-53.78) 51.35 (49.21-53.50) 53.16 (50.95-55.38) 51.13 (48.83-53.42) 0359
Temporal Superior 54.25 (52.01-56.5) 53.79 (51.14-56.45) 53.86 (51.10-56.63) 54.87 (51.99-57.75) 0896
Superior Temporal 51.92 (49.06-54.78) 51,50 (48.23-54.77) 52,09 (48.72-55.45) 51.96 (48.48-55.44) 0985

p-values are calculated by using a linear mixed-effects model before and after panretinal photocoagulation adjusting for age, sex, and axial length.
LogMAR, the logarithm of the minimum angle of resolution; SCP, superficial capillary plexus; VD, vessel density; DCP, deep capillary plexus; Al

circularity index.
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Characteristics

Patients

Male

Female

Eyes

Age (years), Mean  SD
(range)

Myopia (diopters), Mean
SD (range)

Value

a8
34
14
54
2342 (12-33)

—6.50 + —1.25 (-2.75 to —10.00)

Duration of RRD (months), 9:+06(4-18)
Mean + SD (range)

PVR classification (eyes, %)

Grade D1 48 (88.9)
Grade D2 6(11.1)
Number of retinal breaks, n (%)

One 16 (29.6)
Two 11(20.4)
Three 15 (27.8)
Four 6(11.1)
Six 4(7.4)
Seven 2@7)
Site of retinal breaks, f (%)

Superior site 16 (29.6)
Inferior site 28(51.9)
Both sites 10(18.5)
Numbers of patients with symptom of visual field defects
preop. 49
postop. 0
BCVA (range)

preop. 2.00-1.00
postop. 1.30-0.10
10P (mmHg), Mean  SD

preop. 14.42:£2.22
postop. 18.75 £8.13
Retinal attachment after 49(90.7%)
single surgery, n (%)

Postoperative complications, n (%)

Temporary IOP elevation 5(9.9)
Hyphema 101.9)
Retinal redetachment 5(9.9)
Follow-up (months), Mean 23422 (9-78)

+8D

RRD, rhegmatogenous retinal detachment; PVR, proliferative vitreoretinopathy; BCVA,
best corrected visual acuity; IOP, intraocular pressure.
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Time BCVA (letters)

Before treatment 49.96 +9.65
1 month 64.33 £ 10.83"
3 month 66.42 & 11.24"
6 month 67.67 £7.07*

‘P < 0.05 compared with the data before treatment.

CRT (um)

308.50 + 45.48
219.63 £ 30.27"
221.33 & 40.65"
220.96 + 33.09

Amp-P1 (nv/deg2)

40.71 £9.69
50.67 £ 9.48"
54.92 4 8.45"
55.67 + 6.74"

CNV area (mm2)

0.35£0.13

0.20 £0.10*
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Characteristics

Gender (eye)

Age (year)

Axis (mm)

Course of disease (day)
Diopter (D)

Type (eye)

Male
female

Subfoveal
Parafovea

Patients, N = 20 (eyes, N = 24)

11
13
4030  14.27
2828+ 1.53
820+5.06
~(10.58 % 2.49)
12

12
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Model summary (acute phase)

Variable

(Constant)
Macular DVP-VLD

Model summary (convalescent phase)

Variable

(Constant)
Macular SVP-VPD
Macular CG-VPD
Whole FOV DVP-VPD

R
0.250

Unstandardized coefficients

B Std. error
4675 1.638
-0.148 0.060
R
0.425

Unstandardized coefficients

B Std. error
5.309 1.141
-0.033 0.020
—-0.028 0.011
—-0.025 0.011

Adjusted R2
020
Standardized coefficients
Beta
-0500

Adjusted R2

0.3568

Standardized coefficients

Beta

-0.261
-0.415
-0.356

P-value

0.025

0.011
0.025

P-value

0.030

0.000
0.113
0.014
0.030

VPD, vascular perfusion density; VLD, vascular length density; SVP superficial vascular plexus; DVR, deep vascular plexus; CC, choriocapillaris; FV, flow voids; FOV, field of view; R?,

regression coefficient: Std. error, standard error.
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VPD (%)

svP

Macular

Whole FOV

Peripapillary

DVP
Macular

Whole FOV

cc
Macular

Whole FOV

Healthy
controls.

49.41 2.5,
(48.46-50.36)
50.95 +3.52,
(49.64-52.27)

49.04 + 2,53,
(48.10-49.99)

50.93 + 2.24,
(60.10-51.77)
53.10 +3.50,
(51.76-54.44)

68.23 + 2,67,
(67.24-69.23)
67.59 +2.62,
(66.61-68.57)

Acute phase

42.70 £5.14,
(40.30-45.11)
44.41 + 4.48,
(42.31-46.51)
4145 £5.73,
(38.47-43.83)

49,63 +2.38,
(48.52-49.66)
5152 £3.38,
(49.94-53.10)

63.53 +2.83,
(62.21-64.86)
62.42 3,01,
(61.01-63.83)

Convalescent
phase

49.24 +2.39,
(48.35-50.13)
50.46 +3.98,
(49.35-51.58)

47.72 £ 2.60,
(46.75-48.69)

51.17 £2.96,
(50.10-52.28)
5425:+4.32,
(52.64-55.86)

69.30  4.34,
(67.68-70.92)
6861+ 4.61,
(66.89-70.33)

<0.001*
<0.001*

<0.001"

0.101*

0.054*

<0.001*

<0.001*

<0.001

<0.001

<0.001

0.251

0.474

<0.001

<0.001

0.907

1.000

0.484

1.000

0.746

0.069

0.083

<0.001

<0.001

<0.001

0.123

0.048

<0.001

<0.001

VPD, vasculer perfusion density; SVR, superficial vascular plexus; DVP deep vasculer plexus; CC, choriocapillris; FOV, fild of view. Data are presented as mean + SD, (95%Cl).

“One-Way ANOVA followed by Bonferroni post-hoc test,
Kruskal-Wals test followed by Bonferron post-hoc test,

p*: p-value between Healthy Controls and Acute VKH patients.

pP: p-value between Healthy Controls and VKH patients in convalescent phase.
pC: p-value between Acute VKH patients and VKH patients in convalescent phase.
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VLD (mm-") Healthy Acute phase Convalescent p P pb P°

controls phase
svp
Macular 2407 £1.91, 21,88 +2.54, 24.69 + 2,04, 0013* 0602 017 0013
(23.36-24.79) (20.69-23.07) (23.93-25.45)
Whole FOV 2315+ 1.88, 20,07 +1.91, 2354 +1.54, <0001 <0.001 1 <0001
(22.45-23.85) (19.87-21.66) (22.96-24.11)
Peripapillary 2279 +1.87, 19.21£2.94, 22.84 +1.35, <0001 <0.001 1 <0001
(22.28-23.30) (17.84-20.59) (22.34-23.35)
DVP
Macular 2729+1.13, 27.16 +1.80, 27.86 +1.68, 0.157* 1 036 0263
(26.87-27.71) (26.56-27.76) (27.23-28.48)
Whole FOV 27.60 +1.01, 27.05 +1.35, 27.77 £1.74, 0.19* 052 1 0224
(27.22-27.97) (26.41-27.68) (27.13-28.41)

VIPD, vascular perfusion density; SVF, superficial vascular plexus; DV, deep vascular plexus; CC, choriocapillaris; FOV, field of view. Data are presented as mean + SD, (95%Cl).
*One-Way ANOVA followed by Bonferroni post-hoc test.

p°: p-value between Healthy Controls and Acute VKH patients.

pP: p-value between Healthy Controls and VKH patients in convalescent phase.

p°: p-value between Acute VKH patients and VKH patients in convalescent phase.
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Flow voids

Macular (6 x 6 mm?)
Flow void area (%)

Number of FV1,000 (n)
Average size (um?)

Periphery
Flow void area (%)

Number of FV1,000 (n)

Average size (um?)

Healthy controls

14.80 £ 3.84,
(18.54-16.54)
1182.00
(1140.25-1246.25)
3332.50
(2911.75-3687.25)

15.04 % 4.03,
(18.87-16.24)
868.00
(834.76-921.50)
3397.00
(8070.75-3948.00)

Acute phase

21,61 +3.80,
(19.82-23.39)
1285.00
(1204.00-1335.00)
4901.50
(3998.00-5332.50)

22.49 + 4.49,
(20.39-24.59)
907.50
(835.50-964.25)
5607.50
(4450.50-6625.50)

Convalescent phase

14.86 % 587,
(11.89-16.19)
1211.50
(973.50-1273.25)
3316.00
(2466.50-3940.00)

14.04 +5.98,
(12.67-18.84)
901.50
(710.50-953.25)
3548.00
(2726.25-4208.00)

FV1,000, flow void area >1,000 um?. Data are presented as mean == SD, (95%C}) or median (P25-P75).

*One-Way ANOVA followed by Bonferroni post-hoc test.

Kruskal-Walis test followed by Bonferroni post-hoc test.
p*: p-value between healthy controls and acute VKH patients.

pP: p-value between healthy controls and VKH patients in convalescent phase.
pC: p-value between acute VKH patients and VKH patients in convalescent phase.

<0001
0.007"

<0001

<0001+
0513"

<0001

<0.001

0.002

<0.001

<0.001

1.000

<0.001

1.000

0.635

1.000

1.000

1.000

1.000

<0.001

0.004

<0.001

<0.001

1.000

<0.001
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BCVA (LogMAR) Acute phase Convalescent phase

r p-value r p-value
SVP-vPD

Macular 0208 0201 ~0.445° 0014
Whole FOV ~0.143 0549 ~0340 0066
Peripapillary 0.049 0.837 0.076 0.692
SVP-VLD

Macular 0381 0098 -0210 0265
Whole FOV ~0.089 0709 ~0240 0201
Peripapillary 0.193 0.415 0275 0.141
DVP-VPD

Macular ~0.367 0112 0.088 0644
Whole FOV -0.132 0.580 -0.3563 0.056
DVP-VLD

Macular -0500° 0025 0.060 0752
Whole FOV ~0.154 0516 -0.303 0.104
CC-vPD

Macular -0243 0301 ~0.441 0015
Whole FOV ~0370 0.108 -0373" 0042
Macular CC-FV

Flow void area (%) 0235 0319 0.414* 0023
Peripheral CC-FV

Flow void area (%) 0.149 0.532 0.365" 0.047

1, Pearson correlation coefficient. VPD, vascular perfusion density; VLD, vasculer length
density; SVF, superficial vascular plexus; DV, deap vascular plexus; CC, choriocapillais;
FV, flow voids; FOV, field of view. *p < 0.05.
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Number of eyes/individuals
Age (years)

Sex, male/female

BOVA (LogMAR)

FAZ (mm?)

Al

Healthy controls

3015
34 (26-58)
5/10
NA

0.409  0.090
(0.253-0.568)
1.133 £0.048
(1.062-1.201)

Acute phase

20113
34 (27-53)
85
0.60+0.35
(0.20-1.30)
03340116
(0.168-0.543)
1.122 +£0.047
(1.050-1.182)

Convalescent phase

30717
36(29-43)
o8
0.42 +0.28
(0.00-0.92)
0.347 £0.110
(0.184-0518)
1.133 £0.034
(1.080-1.195)

p-Value

0971
0.302"
0012t

0.055¢

0.869¢

BCVA, best-corrected visual acuity; FAZ, foveal avascular zone; Al, acircularity index. Data are presented as Mean + SD (range) or Median (P25-P75), unless otherwise indicated.

“Kruskal-Walls test.
* Chi-square test.
*Student t-test.
$One-way ANOVA.
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Control (n = 25) NPDR (n = 10) PDR (n = 55) P-value

po pb Pe
Patient characteristics
Age (years) 61.68410.63 65.50 +9.30 51.07 +11.50 >0.99 <0.01 <0.01
Female/male () 16/9 5/5 28/27 09519 09519 0.1365
Duration of diabetes (years) - 12.6:£589 13,0 +6.46 - - 0856
HoATc (%) 527035 5974048 7.82:£155 0.1801 <0.0001 0.0041
Body mass index (kg/m2) 2367 £3.28 2298+ 2.41 23.74.+2.68 >099 >0.99 >099
TC (mmolL) 4524071 5.49% 059 499:£1.14 0.1272 00113 02515
TG (mmolL) 1.76 £0.71 212223 171 £1.44 >099 09274 >099
HDL (mmoiL) 1184020 1.025 +0.24 1054028 06994 04579 >0.99
LDL (mmolrt) 225+0.66 272%070 247 £073 02083 0.7058 0.7588
Systolic BP (mmHg) 136.10 £ 20.49 147.30 + 12.89 140.90 + 19.60 0.1062 0.8543 0.3714
Diastolic BP (mmHg) 82.08 +8.36 80.20  7.42 83.20 + 13.10 >099 >0.99 >099
Ocular characteristics
Vitreous hemorrhage - 010 55/55 - - <001
Tractional retinal detachment - o10 21/55 - - <001
Provious laser treatment - 6/10 28/55 - - 0.7359
(Non-PRP/IRP/PRP) & 4/3/3 27/9/19 - -
Epiretinal fibrosis - - 4155 - - -
silicon oil filling - - 21/56 - - -
Operated eye (right/left) 817 5/5 20/35 09519 09519 0.1365
NLRP3 (ng/ml) 0.08 40,00 0.04 % 0.00 0.05 4 0.01 00615 <0.0001 0.0174
Caspase-1 (pg/mL) 15.48 38 12.38 +2.97 44.52 £12.32 >0.99 <0.0001 <0.0001
IL-1 (pg/mL) 872522 11.07 £ 856 29.08 + 6,17 >0.99 <0.0001 <0.0001
VEGF (pg/mL) 30.98.+5.88 5631+ 11.36 350.54 + 81.03 02610 <0.0001 0.0007
SVD (ng/mL) 19.83 £ 4.51 17.74 £ 4.47 14.46 £5.73 >0.99 <0.0001 0.1603
WD (ng/ml) 21.83+£8.95 16.86 + 2.40 18.21 %291 0.0049 0.0008 >0.99

2P, Control vs. NPDR; R, Control vs. PDR; °P. NPDR vs. PDR.

Data are displayed either as mean  SD or numbers of subjects. P < 0.05 is considered statistcall significant. PDR, prolferative iebetic retinopathy; TC, totel cholesterol; TG,
triglycerice; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PRR. pen-retinal photocoagulation; IRF, incomplete retinel laser photocoagulation; IL-1, interleukin-18; VEGF,
vascular endothelial growth factor; SVD, serum 25 (OH) D; WD, vitreous 25 (OH) D.
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TRD(n=21)  Non-TRD (1=34)  P-value

NLRP3 (ng/mL) 0.05 0,01 0.04 £ 0.00 <0.0001
WD (ng/mL) 16.14 + 1.44 19.49 £2.85 <0.0001
Caspase-1 (pg/ml)  49.26 +9.45 4160 £ 13.09 00182
IL-1B(pg/mL) 32.48.+4.33 26.89 +6.21 00007
VEGF (pg/mL) 387607155 827.60 +78.90 00011

Data are presented as mean + SD. P < 0.05 is considered statistically significant.
TDR, tractional retinal detachment; VD, vitreous 25 (OH) D; IL-18, interleukin-1p; VEGF,
vascular endothelial growth factor.
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Non-PRP (n = 27) IRP (n = 9)

NLRP3 (ng/mL) 0.05£0.01 0.04 £0.01
WD (ng/mL) 17.67 £288 18,62 £3.76
Caspase-1 (pg/mL) 49.68 % 1071 4577 £9.46
IL-18 (pg/mL) 31.56 +5.65 30.56 +5.37
VEGF (pg/mlL) 394.40 + 80.45 341.80 + 41.37

3R, Non-PRP vs. IRP; PR, Non-PRP vs. PRP; °F, IRP vs. PRR.
Data are shown as mean + SD. P < 0.05 was considered statistically significant.

PRP pan retinal photocoagulation; IRP, incomplete retinal laser photocoagulation; WD, vitreous 25 (OH) D; IL-18, interleukin-1p; VEGF, vascular endothelial growth factor.

PRP (n = 19)

0.04 £ 0.00

18.78 £ 2.50
36.60 + 11.96
24.70 + 4.96
292.30 + 55.52

0.0752
>0.99

>0.99

>0.99

0.4580

P-value
po

0.0017
0.3051
0.0006
0.0003
<0.0001

>0.99
>0.99
0.1141
0.0673
0.0971





OPS/images/fmed-08-752538/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-736316/fmed-08-736316-g002.gif





OPS/images/fmed-08-736316/fmed-08-736316-g003.gif





OPS/images/fmed-08-736316/fmed-08-736316-g004.gif
® sms@nomm st 5 6 ot
e Re0.71,P<0.0001 ° Re0.77.<0.0001
- H
E.u \:\?‘t\ %.,.

Serum 2501 O Viseous 25 @) Ologio

ReoT2pe0029

Reospmooms

o Ui i





OPS/images/fmed-08-736316/fmed-08-736316-g005.gif
2é e g
¢ R=0.46,$50.0004. ° R=0.62,P<0.0001
g, i
i g
s .

Vireous 25 {OH) Ofng/ml) Vitreous 25 (OH) Ding/mi)





OPS/images/fmed-08-736316/fmed-08-736316-g001.gif
i






OPS/images/fmed-09-831436/fmed-09-831436-g003.jpg
Pathway

control-VS-normal

Axon guidance +

IL-17 signaling pathway -

Chemokine signaling pathway -

Hematopoietic cell lineage 4

Adrenergic signaling in cardiomyocytes -
Inflammatory mediator regulation of TRP channels -
Complement and coagulation cascades 4
Parathyroid hormone synthesis, secretion and action 4
Ovarian steroidogenesis -

Tryptophan metabolism -

Steroid biosynthesis 4

Glycosphingolipid biosynthesis - ganglio series 4
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Choroidal
thickness
(um)

Before-
surgery
Post-surgery

Type 1
(nanophthalmic
eye)nt =21
patients, n2 = 42
eyes

Affected eyes

869.46 + 8.33

599.53 + 9.16

Type 2(non-nanophthalmic eye)
n1=19;n2 =38 eyes

Affected eyes Fellow eyes
816.56 + 1021 781.23 +9.33
713.32 £ 8.43 /
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BCVA-before surgery
(%)

<20/200
20/100-20/200
BOVA-post surgery
<20/200
20/200-20/133
20/80

Type 1
(nanophthalmic eye)
n1 =31 patients,
n2=62eyes

42(67.7%)
20(32.2%)

7 (11.3%)
33(53.2%)
22(35.5%)

BCVA, best corrected visual acuity.

Type 2

(non-nanophthalmic

eye) 1 =35;n2 =44
eyes

36 (86.4%)
8(18.1%)

4(9.0%)
35 (79.5%)
5(11.4%)
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Characteristics

Type 1 (nanophthalmic Type 2

eye) n1 =31 patients, n2 (non-nanophthalmic eye)

=62eyes
Age (yes)
Mean 35.86 + 12.22
Median (range) 31(26-62)
Sex, No. (%)
Female (%) 42 (13/31)
Male (%) 58 (18/31)
Lateralty 100%
Right eye (%) /
Lefteye (%) /
Axial length (mm)
Mean 16.83 £ 145
Median (range) 15.16 (13.85-18.08)
Average refractive +126
error (D)
Closed angle 97 (60/62)
glaucoma (%)
Systemic symptoms None
(0, %)
Episcleral vessel None
lltion (%)
Recurrences during 6 (4/62)
follow-up (%)

UES, uveal effusion syndrome; yes, years; D, diopter.

n1=35;n2 = 44 eyes

44,68+ 8.18
43 (32-62)

57 (20/35)
43 (15/35)
26 (9/35)

40 (21/52)
60 (31/52)

23.45 + 1.68
24.03 (21.4-26.20)
<1.00

None

polyarteritis nodosa (1,
2.8%), psoriasis (2, 5.7%),
demyelinating disease (1,
2.8%), theumatoid arthritis
(2,5.7%), Sjogren
Syndrome (1, 2.8%),
chronic dermatitis (1, 2.8%),
vasculits (2, 5.7%), facial
nevus flammeus (port-wine

stain) (1, 2.8%)
81.8% (36/44)
None
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Factors Univariate regression*  Multivariate regression

Coefficient  P-value  Coefficient  P-value

Age 0.003 0.445
Baseline BCVA| -0.299 0.010 —0.224 0.029
Baseline CFT on OCT 0.001 0.073
IRC on OCT 0.016 0.910
SRF on OCT -0.017 0.822
HF on OCT —-0.087 0.431
DRIL on OCT 0.135 0.048 0.188 0.136
EZ disruption on OCT 0.083 0.281
T&E (reference) vs. PRN 0.162 0.013 0173 0.009
Total injection numbers -0.019 0.059
Recurrence of edema 0.103 0.143

*Adjustment for age, baseline BCVA, and baseline CFT.

BCVA, best-corrected visual acuity; CFT, central foveal thickness; DRIL, disorganization of
retinal inner layers; EZ, ellpsoid zone; HF, hyperrefiective foci; IRC, intraretinal cyst; OCT,
optical coherence tomography; PRN, pro re nata; SRF, subretinal fluid; T&E, treat-and-
extend.
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PRN34eyes  T&E34eyes  P-value

OPD visits (mean  SD)

Year 1 69:£20 74%17 0270
Year 2 58+16 55+18 0560
Total 127426 12981 o782
Injection numbers (mean = SD)

Year 1 49£15 76£18 <0.001
Year 2 1812 35+19 <0.001
Total 62:£20 11.0£82 <0.001
Recurrence of macular 24(70.6) 14 (412) 0015
edema (No./%)

VH (No./%) 5(14.7) 388 0.709
BCVA at 12 months: 06150386 04370247 0005
(logMAR, mean =+ SD)

BCVA at 24 months: 0559 £0417  0398+£0294 0021
(logMAR, mean = SD)

CFT at 12 months (um, 3218+1518 2891 +65.1 0.287
mean  SD)

CFT at 24 months (um, 3489+141.1 20324627 0019
mean  SD)

BCVA, best corrected visual acuity; CFT, central foveal thickness; logMAR, logarithm of
the minimum angle of resolution; OPD, outpatient clinic; PRN, pro re nata; SD, standard
deviation; T&E, treat-and-extend; VH, vitreous hemorrhage.
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Age (years, mean + SD)
Sex (M:F)

HbA1c (meanSD)
Pseudophakic (No./%)
PDR (No./%)

PRP (No./%)

Previous anti-VEGF (No./%)
Previous non-anti-VEGF
treatment (No./%)

Preoperative BOVA
(logMAR, mean=SD)
Baseline OCT features
CFT (um, mean  SD)
ERM (No./%)

IRC (No./%)

SRF (No./%)

DRIL (No./%)

HF (No./%)

EZ disruption (No./%)

PRN 34 eyes

62373
21:13
754 £1.10
5(14.7)
14(412)
12 (35.9)
7(206)
388

0.710 £0.310

4462 + 1267
9(26.5)
33(91.1)
1235.9)
24 (70.6)
3191.2)
20(58.8)

T&E 34 eyes

60.6+88
1747

7.42+1.18
8(23.5)
17 (50.0)
11(32.4)
6(17.6)
5(14.7)

0.723 £ 0.333

438241192
5(14.7)
31(91.2)
9(26.5)

10 (20.4)
30(88.2)
15 (44.1)

P-value

0.377
0.329
0.677
0.3556
0.465
0.798
0.758
0.709

0487

0.629
0.369
0.614
0.431
0.001
1.000
0.225

BCVA, best-corrected visual acuity; CFT, central foveal thickness; DRIL, disorganization
of retinel inner layers; ERM, epiretinal membrane; £Z, ellpsoid zone; HF, hyperreflective
foci; IRC, intraretinal cyst; logMAR, logarithm of the minimum angle of resolution; OCT,
optical coherence tomography; PDR, prolferative diabetic retinopathy; PN, pro re nata;
PRP, panretinal photocoagulation; SD, standard deviation; SRF, subretinal fluic; TE,
treat-and-extend; VEGF, vascular endothelial growth factor:
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CRAO AION JK CRVO

Study eye

n 56 9 10 9
Range 134-219 108-171 104-157 91-159
Mean (SD) 177 (19) 134 (22) 129 (19) 128 (25)
Median (Q1, Q3) 177 (165, 193) 131 (120, 140) 125 (117, 147) 123 (107, 148)
Fellow eye

n 56 9 10 9
Range 85-153 106-145 96-164 119-137
Mean (SD) 123 (14) 121 (13) 128 (20) 129 (6)
Median (Q1, Q3) 124 (118, 130) 118 (112, 127) 125 (119, 132) 132 (123, 133)

SD, standard deviation; Q1, first quartile that corresponds to 25%, Q3, third quartile that corresponds to 75%.
2ANOVA.

DME

9
79-136
112 (19)

112 (99, 126)

9
93-143
115 (15)

116 (109, 121)

p-Value

<0.0012

0.248?2
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No. of eyes/patients

Age (year) (mean = SD; range)
Gender, no. (%)

Men

Woman

Systemic disease, no. (yes/no)

Eyes, no. (%)

Right

Left

Axial length (mm) (mean = SD; range)

Preoperative BCVA
LogMAR (mean = SD; range)

Preoperative IOP (mmHg) (mean & SD; range)
Lens status, no. (%)

Phakia

Pseudophakia

Aphakia

Beyond vascular arcade, no. (%)
Combined choroidal detachment, no. (%)
Combined macular membrane, no. (%)
Combined lattice degeneration, no. (%)
Lens surgery, no.(%)

No

Phaco

Phaco+I0L implantation

Silicone oil volume (mi) (mean = SD; range)

Total

53
62.4 % 8.0 (40-81)

4(7.5)
49 (925)
30/23

37 (69.8)
16 (30.2)

29.98 +2.01
(26.54-35.82)

225+0.76
0.7-4.0)

12.7 £8.1 (6-19)

4584.9)
6(11.3)
239
35 (66)
6(11.3)
14 (26.4)
24 (45.3)

31(585)
2037.7)
239
6712 (4.3-95)

Face-down
group

28
63.7 £ 5.8 (52-75)

13.6)
27 (96.4)
18/10

22(78.6)
6(21.4)
2999+ 1.76
(27.50-33.30)

227 +0.71
(1.3-3.0)

12,1 2.7 (7-17)

26 (929)
1(3.6)
13.6)

18 (64.3)

3(10.7)

9(82.1)

13 (46.4)

16 (57.1)
12 (42.9)
0(0.0)
67:£12(45-95)

Adjustable
group

25
610+ 9.9 (40-81)

3(12.0)
22 (880)
1218

15 (60.0)
10 (40.0)
2996 +2.28
(26.54-35.82)

2224084
0.7-4.0)

13.4 £ 8.4 (6-19)

19 (76.0)
5(20.0)
14.0)
17 (68.0)
3(12.0)
5(20.0)
11 (44.0)

15 (60.0)
8(32.0)
2(80)

6.7 4 1.4 (4.3-9.0)

P value

0.237

0.523

0232

0.142

0.970

0692

0.137

0.147

0.776

1.000

0317

0.859

0.179

0.944

BCVA, best corrected visual acuity; ILM, internal limiting membranes; IOL, intraocular lens; IOP, intraocular pressure; LogMAR, logarithm of the minimum angle of resolution.
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Gene

CD180
APCDD
IL13RA2

Description

CD180 molecule
APC down-regulated 1
interleukin 13 receptor subunit alpha 2

logFC

—5.6276
—3.3411
3.3898

P value

0.0000
0.0000
0.0000
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Time-to-oct (h)
Mean optical intensity
(CRAQ)

Mean optical intensity
(fellow eye)

Absolute difference
Relative increase (%)

Range

1.1-48.0
134-219

85-153

5.1-130.1
3.7-162.5

Mean (SD)

13.2 (10.5)
177 (19)

123 (14)

54.8 (23.6)
46.8 (25.5)

Median (Q1, Q3)

9.0(5.2,20.1)
177 (165, 193)

124 (118, 130)

53.6 (38.3, 68.9)
43.9 (29.7, 57.1)

Time-to-OCT in hours (time from symptom onset to the time of OCT scan), mean
optical intensity in the eyes with central retinal artery occlusion and the unaffected
fellow eye and the absolute and relative difference between both groups.
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Description of measurement, location, and method

From the Bruch’s membrane to the sclerochoroidal interface at fovea.

At the fovea with enhanced depth imaging OCT, 9-mm horizontal and vertical scans through
the foveal center.

From the outer edge of the hyper-reflective RPE to the sclerochoroidal interface at the fovea,
750 um temporal to the fovea, and 750 wm nasal to the fovea.

From the outer edge of the hyper-reflective RPE to the sclerochoroidal interface at the fovea
and at 1,000 m nasal and temporal to the fovea.

The vertical distance from the Bruch’s membrane to the sclerochoroidal interface at fovea and
1,500 um nasally, 1,500 m superiorly, 1,500 pm temporally, and 1,500 wm inferiorly apart
from the foveal center.

At the fovea and 3,000 wm nasal, temporal, superior, and inferior to the fovea in the horizontal
and vertical sections.

Atthe fovea and 500 um, 1,000 jum and 1,500 wm nasal and temporal to the fovea.

The vertical distance from the Bruch membrane to the sclerochoroidal interface at fovea, and
nasal respective temporal at 500 m, 1,0004m, 1,500 um and 2,000 distance from the
fovea.

At the fovea and 1,000 um and 3,000 um to the fovea superiorly, inferiorly, temporally, and
nasally.

Atthe fovea and 1,600 um and 3,000 m from the center of the fovea in areas of superior,
temporal, inferior, and nasal quadrants.

The fovea and 1,000 m intervals from the fovea to a distance of 3,000 wm i the nasal,
temporal, superior, and inferior directions. The average of 14 choroidal thickness readings was
recorded as the macular choroidal thickness.

The choroidal thickness was automatically measured with choroidal thickness map using the
Early Treatment Diabetic Retinopathy Study grid (EDTRS). It's divided into 9 sectors in the grid.
The diameters for central foveal circle, parafoveal circle, and perifoveal circle were 1, 3, and
6mm, respectively.
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Method Accuracy Precision Sensitivity Specificity Fi-score

A ResNet-34 90.71 89.36 90.03 87.94 89.68
MB 91.43 90.19 90.74 88.65 90.46
MB-ASPP 92.14 91.25 91.10 87.94 91.18
Proposed 92.38 91.07 92.16 91.48 91.57
T ResNet-34 83.51 81.24 68.52 96.24 71.66
MB 82.72 76.46 7192 94.18 7367
MB-ASPP 84.55 80.67 7272 94.88 75.40
Proposed 85.34 83.58 7245 96.58 75.78
N ResNet-34 92.63 88.29 83.02 96.87 86.34
mB 93.68 89.51 86.29 97.18 87.79
MB-ASPP 93.95 90.83 85.79 97.81 88.06
Proposed 94.21 91.69 85.94 98.12 88.48

ResNet-34, original ResNet-34 model; MB, Multi-branch ResNet-34 model; MB-ASPP, Multi-branch ResNet-34 & ASPP model; Proposed, Multi-branch ResNet-34 & ASPP &
Attention model. The bold values represent the results of our proposed method.
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Parameters

Number of gradable images.
Number of subjects

Gender (male/female)

Age (years)

BOVA (LogMAR)

AL (mm)

SE(D)

High myopia

1,663
704
310/394
52.62 £ 14.03
057 +£053
29.54 £2.44
-11.90 4 7.20

Data are presented as mean = standard deviation.
BCVA, best corrected visual acuity; AL, Axial length; SE, spherical equivalent.

Normal

200

116

51/65
56.37 £9.23
0.11£0.10
23.09 £0.91
0.03 £ 0.9
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Atrophic Tractional

component (A) component (T)

A0: No myopic TO: No macular

retinal lesions, or traction, or

tessellated fundus foveoschisis only

only

A1: Retinal atrophy T1: MH o retinal
detachment

Neovascular
component (N)

NO: No PMCNV

N1: PMCNV

PMCNV, Pathological myopic choroidal neovascularisation; MH, Macular hole.
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Mean retinal nerve fibre layer (1 = 37) (m) (Mean  SD)

Before LASIK
1h post-op
t-value
P-value

1 day post-op
tvalue
P-value

Temporal

98.08 + 10.14
86.86 + 13.56
4926
0.000%
99.50 + 12.4
0.905
0.372

Superior

120.24 £ 12.79
123.97 + 17.16
2.265
0.011*
126.78 + 14.69
1.166
0.251

Nasal

58.00 + 9.08
58.67 + 11.52
0.443
0.66
59.51+£9.98
1727
0.093

Inferior

124.29 + 13.56
122.05 £ 17.42
0.997
0.325
129.24 £ 1417
3.632
0.001*
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Mean macular fovea thickness and volume (n = 37) (Mean + SD)

Before LASIK
1h post-op
t-value
P-value

1 day post-op
t-value
P-value

Fovea

thickness (1m)

67.18 £ 10.25
57.81+ 105
6.171
0.000*
62.24 +10.64
3.620
0.001*

Fovea volume

(mm?)

0527 + 0.081
0.454 + 0.082
6.032
0.000*
0.4956 + 0.088
3.220
0.003*

Parafovea
thickness (um)

12420 £ 7.61
100.43 + 156.98
9.837
0.000*
120.18 £8.33
2.901
0.006*

Parafovea
volume (mm?)

0.780 + 0.047
0.634 + 0.098
9.700
0.000*
0.765 £ 0.062
2910
0.008*

Perifovea
thickness (1m)

98.83 £ 2.57
91.81+1.48
2.532
0.016"
100.75 + 4.41
0.694
0.492

Perifovea
volume (mm2)

2,128 £0.199
1.941 +£0.183
4.393
0.000"
2.107 +£0.187
0.525
0.603
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Clinical ResNet50 Model

Normal RVO High myopia Glaucoma DR mMD Total
Normal 299 0 [ 0 0 1 300
RVO o 183 1 3 15 10 162
High myopia 0 2 259 18 1 28 308
Glaucoma o 1 0 108 3 14 126
DR 0 15 0 9 191 23 238
MD 2 17 5 23 11 123 181
Total 301 168 265 161 221 199 1,315

RVO, retinal vein occlusion; DR, diabetic retinopathy; MD, macular degeneration.
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Clinical

Normal

RVO

High myopia
Glaucoma
DR

MD

Total

171

EfficientNet-B4 Model

High myopia Glaucoma

0 0
0 1

296
1 123
1 0
2

300 134

RVO, retinal vein occlusion; DR, diabetic retinopathy; MD, macular degeneration.

MD

[SESIINIRCY

167
184

Total

300
162
308
126
238
181

1,315
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References  Country/ Groups

Region

Guetal. (19  China

Zhuetal.(20) China

Kimetal. (18) Korea

Hoetal. (15)  Taiwan,

China
Chenetal.  Taiwan,
(14) China

Wakabayashi  Japan
etal. (17)

Takahashi Japan
etal. (16)

Xuetal (13)  China

Kinoshita Japan
etal. (11)

Sasakietal.  Japan
(12)

Babaetal  Japan
(10

Chenetal.(8) Taiwan,
China

Matsumura  Japan
etal.(9)

Laietal. (7)  Taiwan,
China

Inverted ILM
flap

ILM peeling
Inverted ILM
insertion
Inverted ILM
flap

Inverted ILM
flap

ILM peeling
Inverted ILM
flap
Inverted ILM
flap

ILM peeling
Inverted ILM
insertion

ILM peeiing

Inverted ILM
flap

ILM peeling

Inverted ILM
flap

ILM peeling

Inverted ILM
flap

Inverted ILM
flap

ILM peeling
Inverted ILM

flap

ILM peeling

Inverted ILM
insertion

ILM peeling
Inverted ILM
flap

ILM peeiing

Inverted ILM
insertion

No. of
eyes

22

20
26

23

"
20

20
10

27

20/2

19/1
21/5

16/7

211

1413

8/5

o5

11/2

14/2

151

16/3

18/4
32

51

772

5/5

8/3
16/4

14/6
82

1n

24/3

Female/Male Age

61.56+86

636+82
63£5

608

61.8 +£10.1

60.2 + 8.2

656+ 7.7

62.4+86

67.8+£99

69.2+9.1

68478

69.1+£85

60.17+9.04

59.47+8.63
64.4+45

750+ 6.4

66.0 £ 125

74

68
62.06 & 8.90

60.53 +£8.78
67.7 £ 9.7

753+8.7

59.1 £10.6

AL

28.28 +2.01

2834+ 1.78
27.82 £2.20

28.92 +2.86

28.96 + 1.57

2925 +£2.10

2075 +£2.21

29.45 +1.58

29409

296£1.7

291£19

20611

27.37£0.91

27.71£0.81
31.76 £2.38

30.47 £2.57

30.10 £ 1.95

2895

30.30
28.40 £ 1.94

2035+ 1.88
284422

304£16

20.37 £1.92

RD wif
beyond the
arcade

6/20

6/17

414

12/2

5/8

7/29

8/8

10/8

12/6

15

3/6

6/4

/4
1179

10/10

9/18

in/

PPV

procedure

23G/25G

236

23G

20G/23G
125G

23G/25G

23G/25G

23G/25G
20G/23G

125G

20G/23G
125G

236/25G
127G

23G/25G
271G
23G

23G
25G

25G

25G

256G

25G
23G

23G
256G

25G

23G

M
dying

IcG

ICG

IcG

ICG/BBG

IcG

IcG

IcG
TAICG

/BBG

TAICG
/BBG

BBG

BBG

BBG

BBG
BBG

BBG

BBG

BBG

BBG
IcG

IcG
BBG

BBG

IcG

Tamponade
agent

C3F8/SO

Ar/SO

Ar/SO

SF6/C3F8/SO

C3F8

SF6/C3F8

SF6/C3F8

SF6/C3F8/S

SF6/C3F8/SO

SFB/C3F8/SO

SF6/C3F8/SO

C3F8

C3F8
SF6/C3F8

SF6/C3F8

SF6/C3F8

C3F8

C3F8
C3F8

C3F8
SF6/C3F8/SO

SFB/C3F8/SO

C3F8

Postoperative
positioning

Maintain a facedown
position for 1 week.

A prone position for >
8h per day for 1 week

Stay in a strict
face-down position for
1107 days after
surgery

Keep a prone position
for 1 week and avoid a
supine position
afterwards

Keep in a facedown
position over night and
1o supine for 1 week

*

Maintain a facedown
position for mean 12
days

Maintain a facedown
position for 3 to 4
weeks

Maintain a facedown
position for 10 to 14
days.

Maintain a facedown
position postoperatively
for at least 6 days

Maintain a prone
position for approxi
mately 5 days after
surgery

Keep in a facedown
position over night and
no supine for 1 week

Maintain a prone
position postoperatively
for at least 1 week

Remain in a prone
position for 1 day and
to avoid the supine
position afterward

Initial
MH
closure

20
(90.9%)
8(40%)
19 (73%)

20 (87%)

2
(66.7%)

11
(67.9%)
18
(100%)

13
(100%)

6
(42.9%)
12 (92%)

14 (39%)

12 (75%)

4(25%)
16 (89%)

8(47%)
5(100%)

6 (100%)

5
(65.5%)
8(80%)

4(36%)
20
(100%)

7 (35%)
9(90%)

4
(83.3%)

26 (96%)

il retinal
reattachment

22 (100%)

19 (95%)
26 (100%)

21(91%)

3(100%)

19 (100%)

17 (94%)

13 (100%)

14 (100%)
12 (92%)
31(86%)

13 (81%)

15 (93%)

18 (100%)

17 (100%)
5 (100%).

6 (100%)

5(55.5%)

10 (100%)

10(91%)
20 (100%)

20 (100%)
9(90%)

6(50.0%)

26 (96%)

AL, axial length; BBG, brillant blue G; C3F8, perfluoropropane; ICG, indocyanine green; ILM, internal limiting membranes; MH, macular hole; PPV, pars plana vitrectomy; RD, retinal detachment; SF6, sulfur hexafluoride; SO, siicon oil;

TA, triamcinolone acetonide.
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Face-down

group
No.of eyes/patients 28
Postoperative BOVA at 6 months.

LogMAR (mean  SD; range) 1.3+0.4(05-20)

Compared with preoperative (P value) P =0000
BCVA improvement (mean & SD) -1.0£07
MH closure after initial surgery, no. (%) 15 (53.6)
Retinal reattachment after iniial surgery, no. (%) 28(100.0)
Postoperative high IOP, no. (%) 15 (63.6)

BCVA, best corrected visual acuity; IOP, intraocular pressure; LogMAR, logarithm of the minimum angle of resolution;

Adjustable group

25

1.1£0.4(04-2.2)
P =0.000
-1.1£07
18(72.0)
24/(96.0)
11 (44.0)

MH, macular hole.

P value

0.102

0.554
0.167
0.472
0.487
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Model

EfficientNet-B4

ResNet50-6

ResNet50-5 (15)

Evaluation indicators

Sensitivity
Specificity
Fi-score
AUC

95% CI
Kappa
Accuracy
Sensitiity
Specificity
Fi-score
AUC

95% CI
Kappa
Accuracy
Sensitiity
Specifcity
F1-score
AUC

95% CI
Kappa
Accuracy

Normal

100%
99.90%
99.83%

1
0.998-1

99.67%
99.80%
99.50%
0.997
0.993-1

99.33%
100.00%
99.67%
0.996
0.991-1

RVO

96.68%
98.61%
93.09%
0.971
0.953-0.990

82.10%
96.96%
80.61%
0.895
0.860-0.931

87.65%
96.50%
84.02%
0.921
0.890-0.951

High myopia Glaucoma
96.10% 97.62%
99.60% 99.07%
97.37% 94.62%

0.979 0.983
0.966-0.991 0.968-0.999
94.61%

95.59%

84.09% 86.71%
99.40% 95.54%
90.40% 75.26%
0917 0.906
0.893-0.942 0.870-0.943
81.31%

84.64%

87.34% 95.24%
99.62% 96.43%
92.60% 85.11%
0.934 0.958
0.912-0.956 0.936-0.981
89.33%

90.59%

AUC, area under the curve; Cl, confidence interval; RVO, retinal vein occlusion; DR, diabetic retinopathy; MD, macular degeneration.

DR

90.76%
99.16%
93.30%
0.950
0.928-0.971

80.25%
97.21%
83.22%
0887
0.857-0.918

88.24%
97.66%
89.55%
0.929
0.905-0.954

MD

92.27%
98.50%
91.51%
0.954
0.931-0.977

67.96%
93.30%
64.74%
0.806
0.765-0.848
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Gene

MERTK
CCT5
F-actin
18s

Forward sequence (5'-3')

GGAAATAGCTACGCGGGGAA
AGTATGCCATGAGAGCGTTT
TGATGTTAGGCCTGCAAGA
GTAACCCGTTGAACCCCA

Reverse sequence (5'-3')

TTCCGAACGTCAGGCAAACT
GCAGGGTTCATCTCCTTCAC
GTAGTGCTGCATCAATTTCC
CCATCCAATCGGTAGTAG
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Gene

MERTK siRNA1
MERTK siRNA2
CCT5 siRNA1
CCT5 siRNA2
NC siRNA

Sequences (5'-3')

GGATGAAGCCTCCGACTAA
GGTGACCTCTGTCGAATCA
GGAGAGACGTTGACTTTGA
GCGATAGCGTCCTTGTTGA
TTCTCCGAACGTGTCACGT
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Small Medium

<05 205and <2
(=8 (n=11)
VEGF 32431962  42.14+1520
L6 7.38:£856 260+ 161
-8 10.54 +8.13 17.41 £17.24
1L-10 080038 089035

IP-10 306.06 + 241.69  349.963 + 257.06
MCP-1  421.11£187.37  414.68 4 106.51

Large
22
(n=15)

53.14 + 19.63
11.07 £21.47
17.41 £17.24
1.16 £0.48

403.57 £ 313.35
413.76 + 168.99

P-value

0.043*
0.522°
0.297°
0.057°
0.657°
0.665°

VEGF, vascular endothelial growth factor; IL-6, interleukin 6; IL-8, interleukin 8 IL-10,
interleukin 10; IP-10, interferon-inducible protein 10; MCP-1, monocyte chemotactic
protein 1. P-values calculated by Spearman rank correlation analysis. *One-way ANOVA

test; PKruskal-Wallis test.
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nAMD (N = 27)
VEGF 36,50 + 18.12
L6 7,63+ 16.43
L8 10.55 £ 7.76
IL-10 088 +0.30
IP-10 346.99 + 245.80
MCP-1 506,60 + 483.30

Type 1
nCSC (N = 13)

36.99 + 10.86
213+£091
4.87 £ 1.40
0.69 £ 0.09

319.68 + 71.622
319.68 £71.62

P-value

0.475°
0.151°
0.006°
0.005°
0.120°
0019°

RAMD (N = 20)

48.60 + 18.49
4.98 £5.39
19.79 + 28.36
1.20 +£0.56
426.02 + 292.43
478.90 + 272.01

Type 2
mMCNV (N = 27)

31.65+ 12.85
12.63 + 16.87
19.36 + 13.79
0.93£0.19
589.26 + 539.16
763.92 + 500.56

P-value

000t®
0.009°
0102
0.031°
0.451°
0,001

NAMD, neovascular age-related maculer degeneration; mCNV, myopic choroidal neovascularization; nCSC, neovascular central serous chorioretinopathy; VEGF, vascular endothelial
growth factor; L6, interleukin 6; IL-8, iterleukin 8; IL-10, interleukin 10; IP-10, interferon-inclucible protein 10; MCP-1, monocyte chemotactic protein 1. 2Independent samples t-test;

bMann-Whitney U-test.
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RAMD Type 1 (n = 27)

VEGF 36.50 + 18.12
IL-6 7.63£16.43
IL-8 10.55 % 7.76
IL-10 0.83 +0.30
1P-10 346.99 + 245.80
MGP-1 506.60  483.30
Angiogenesis Index 0.75 % 0.41

NAMD Type 2 (n = 20)

48.60 + 18.49
4.98 +5.39
19.79 £ 28.36
120+ 056
426.02 + 29243
478.90 = 272.01
0.92 £0.54

Pcv
(=37

40.31 £21.29
6.65 + 10.42
34.95 £ 58.96
1.37 £ 1.60
700.88 + 669.11
701.84 +549.77
1.08 £0.56

Type 1vs. Type 2

0.024
0.966
0.156
0.019
0.159
0.445
02

Type 1 vs. PCV

0.348
0.833
0.039
0.028
<0.001
0.007
0.005

Type 2 vs. PCV

0.037
0.841
0.488
0.718
0.026
0.091
0.192

nAMD, neovascular age-related macular degeneration; PCV, polypoidal choroidal vasculopathy; VEGF, vascular endothelial growth factor; IL-6, interleukin 6; IL-8, interleukin 8; IL-10,

interleukin 10; IP-10, interferon-inducible protein 10; MCP-1, monocyte chemotactic protein 1. P-values calculated by Mann-Whitney U-test.
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VEGF

NAMD -0.196
0.238
pPcv 0.161
0.357
mCNV/ 0.085
0.757
nCSC 0.133
0.732

IL-6

-0.116
0.488

-0.019
0915
0.349
0.087

-0.35
0.356

IL-8

0.078
0.64
-0.129

0.462
-0.076
0.717
—0.427
0.252

IL-10

0.152
0.364
0.007
0.97

0.01

0.963
0.018
0.963

1P-10

0.143
0.39
0.007
0.967
—0.208
0.324
-0.25
0516

MCP-1

0.074
0.658
0.04
0.821
-0.087
0.68
-0.65
0.058

CMT, central macular thickness; nAMD, neovasculer age-related macular degeneration;
PCV polypoidal choroidal vasculopathy; mCNV, myopic choroidal neovascularization;
nCSC, neovascular central serous chorioretinopathy; VEGF, vascular endothelial growth
factor; IL-6, interleukin 6; IL-8, interleukin &; IL-10, interleukin 10; IP-10, interferon-
inducible protein 10; MCP-1, monocyte chemotactic protein 1. P-values calculated by
Spearman rank correlation analysis.
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Age
Sex (M/F)
VEGF

IL-10

IP-10

MCP-1

Angiogenesis Index

Control
(n=43)

709£73
14/29
29.78 + 11.76
6.99+7.89
9.37 £5.90
0.68+0.23
178.87 £ 105.13

452.93 + 193.11

0.42 £0.27

nAMD
(n=47)

71.3+108
12/36
41,65 + 19.06
0.004
6.50 £ 12.89
0.246
14.48 + 19.69
0.262
1.02 £ 0.46
<0.001
380.62 + 266.52
<0.001
494.82 + 403.46
0.881
0.82 £0.47
<0.001

PCV
(n=237)

656116
13/24
4031 +21.20
0007
665 % 10.42
0.44
34.95 +58.96
0018
1.87 £1.60
<0.001
70068 + 650.11
<0.001
701.84 +549.77
0013
1.08 +056
<0.001

mCNV
(n=30)

57.6+16.0
9/21
32.02 + 14.49
0.452
12.23 + 16.20
0.062
19.10 + 13.08
<0.001
0.93+0.18
<0.001

580.84 + 513.65

<0.001

752.72 + 478.40

<0.001
0.76 £ 0.39
<0.001

ncsc
(n=13)

513+£92
/6
36.99 + 10.86
0.044
213+£091
0.021
487 £1.40
0.007
0.69 £ 0.09
0.299

225.07 £128.10

0.165

319.68 + 71.62

0
0.70 £0.37
0.003

DAMD, neovascular age-related macular degeneration; PCV, polypoidal choroidal vasculopathy; mCNV, myopic choroidal neovascularization; nCSC, neovascular central serous
chorioretinopathy; VEGF, vascular endothelial growth fector; IL-6, interleukin 6; IL-8, interleukin 8; IL-10, interieukin 10; IP-10, interferon-inducible protein 10; MCP-1, monocyte

chemotactic protein 1. P-values calculated by Spearman rank correlation analysis. P-values calculated by Mann-Whitney U-test.
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] SE.
ECW/TBW 1.035 0327
Age ~0.06 0.023
Normoalbuminuria Reference -
Microalbuminuria 1.641 0.588
Macroalbuminuria 1.648 055

P

0.002*
0.009"

0.005*
0.003*

Exp ()
2814
0.941
5.16
5.198

DME, dliabetic macular edema; ECW/TBW, extracelular water-to-total body water ratio.

Adjusted 2 of logistic regression model = 0.401.
Exp (B) stands for standerdized regression coefficient.
Stands for P < 0.05.
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B

Groups.

oM Reference
DR 0627
DME 1131
Groups

DR Reference
DME 0504
Age 0037
DM Duration 0160
MAP ~0.008
Albumin -0.051
eGFR -0.013
UACR 0030

Model 1

95%Cl

0.229-1.026
0.793-1.469

0.152-0.855
0.024-0.05
0.005-0.315
—0.02-0.004
-0.084-0.018
—0.018-0.008
0.019-0.041

Expp

1.873
3.099

1.656
1.038
1.178
0.992
0.950
0.987
1.031

0.002*
<0.001*

<0.001"
<0.001*
0.043"
0.188
0.003"
<0.001*
<0.001*

Reference
0.526
1.096

Reference

0.569
0.038
-0.057
-0.011
-0.046

—-0.001

Model 2

95%Cl

0.123-0.929
0.766-1.425

0.268-0.869
0.026-0.049
—0.185-0.072
—0.019to —0.002
-0.073 to-0.02
—0.006-0.004

Expp

1.692
2989

1.767
1.038
0.945
0.990
0.955
0.999

0.011*
<0.001*

<0.001*
<0.001*
0.389
0.017*
0.001*
0.620

Model 3
] 95%C1
Reference -
0387 0.036-0.809
0.883 0530-1.236
Reference =
0.496 0.196-0.796
0038 0.027-0.048
~0006  -0.137-0.125
-0012  -0021 to -0.004
~0018  -0052-0016

0.017 0.004-0.029

Exp B

1.472
2418

1.642
1.039
0.994
0.988
0.982

1.017

0.073
<0.001*

0.001*
<0.001*
0.926
0.005*
0.206

0.010%

DM, diabetes melitus; DR, diabetic retinopathy; DME, diabetic macular edema; MAR, mean arterial pressure; GFR, estimated glomerular filration rate; UACR, urine albumin-to-

creatinine ratio.

DM duration, every § years; MAR, per mmHg; Albumin, per g/L; GFR, per mL/min/1.73 m?; UACR, per 10-2 mg/g.

Model 1: univariate analysis; Model 2: multivariate model adjusted for systemic covariates and eGFR; Model 3: multivariate model adjusted for systemic covariates and UACR.

P was acquired using generalized linear model.

*Stands for P < 0.05.
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Characteristics

Female, n (%)
Hypertension, n (%)
DM duration <10 years, n (%)
Age, years

SBP, mmHg

DBP, mmHg

MAP, mmHg

BMI, kg/m?

HbAtc, %
Hemoglobin, /L.

TP, mg/L

Alburnin, /L.

Urea, mmol/L
Creatinine, pmol/L
eGFR, mU/min/1.73 m?
UACR, mg/gCr

UACR stage, median (range)'
25-hydroxyvitamin D, ng/mL
NLR

MLR, 10~

PLR

Ocular parameters
LogMAR

IOP, mmHg

OCT values

CST, pm

MV, mm?®

BCM parameters
ECW/TBW, %

PBF, %

VFA, cm?

BMR, keal

SMI, kg/m?

Phase angle

DM, n =35

19 (54.3)
11.(31.4)
25(71.4)
563 155
131.8+24.7
825+ 148
989+ 167
24930
85+31
13524153
692+ 7.4
398432
5621
683200
956:+24.0
216£299
1(1-2)
247578
22£12
24%12
1122+ 43.2

0.1+£02
140£30

264.9 £20.6
85+04

38107
20373
91.8+35.6
1386.3 £ 184.2
7A£14
57+08

DR,n =31

17 (54.8)
14 (45.2)
7(226)

60.6+88
133.3£20.7
786114
96.8+13.2
24134
87£20
1218+21.6
719+58
400+47
83+45
134.8 £ 166.3
67.3+255
7853 % 16408
2(1-9)
17.6£69
2713
27£13
145.4 £ 50.5

0.4+05
14034

268.0 £29.6
87056

38.7+£09
27.7+58
87.9£289
1336.7 £212.2
68+1.1
53+08

DME, n = 66

23(348)
31(47.0)
27 (40.9)

57.7+93
137.6 % 185
815+ 116
1002 % 12.0
23127
81+18
1201 £175
71689
38754
91+4.4
1642 77.7
688+ 28.4
1265.7 £ 1381.4
3(1-9)
187 £7.0
29%12
29+12
1491 £ 511

06+04
13.8+£38

4175 £ 168.1
109+26

392+£09
263+78
7884285
13564.3 £ 213.9
69+12
49+08

po

0.076°
0.303°
<0.001"
0.293
0.358
0.406
0516
0.013*
0.620
0.387
0.281
0.381
<0.001*
0.016*
<0.001*
<0.001*
<0.001"
0.023*
0.056
0.021*
0.001*

<0.001*
0.942

<0.001*
<0.001*

<0.001*
0.125
0.101
0.604
0.467

<0.001*

0.380
1.000
0.606
1.000
0.885
1.000
0.009%
0526
1.000
0.016*
0.020%
<0.001*
0.057

0.029%
0.422
0515
0.021*

0.085
1.000

1.000
1.000

0.008"
1.000
1.000
0.991
0.766
0.231

1.000
0.551
1.000
1.000
0.012%
1.000
<0.001*
0.445
0.897
<0.001*
0.061
<0.001*
<0.001*

0.038*
0.050
0.017%
0.001*

<0.001*
1.000

<0.001*
<0.001*

<0.001*
0.130
0.131
1.000
0913

<0.001*

0.707
1.000
0.820
0.755
0.324
0.572
1.000
1.000
0.673
1.000
1.000
1.000
0.271

1.000
1.000
0.767
1.000

0.010"
1.000

<0.001*
<0.001*

0.019"
1.000
0.546
1.000
1.000
0.014*

DM, diabetes melitus; DR, diabetic retinopathy; DME, diabeic macular edema; SBR. systolic blood pressure; DBP, diastolic blood pressure; MAP. mean arterial pressure; BMI, body
mass index; HbATc, glycated hemoglobin; TR, total protein; eGFR, estimated glomerular firation rate; UACR, urine albumin-to-creatinine ratio; NLR, neutrophil-to-lymphocyte ratio;
MLR, monocyte-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; LogMAR, the logarithm of miniml angle of resolution, for best-corrected visual acuity; IOR, intraoculer pressure;
CST, central subfield thickness; MV, macular volume; ECW/TBIW, extracelluler water-to-total body weter ratio; PBF, percentage of body fat; VFA, visceral fat area; BMR, basal metabolic

rate; SMI, skeletal muscle index.

ab.cd\ere acquired using one-way ANOVA; © was acquired using x2 tests.

%#P.yvalue among three group.

5P-value between DM group and DR group.
°P-value between DM group and DME group.
9P-value between DR group vs DME group.

9JUACR stage including normoalbuminuria, microalbuminuria and macroalbuminuria were denoted as stage 1 to 3.

*Stand for P < 0.05.
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Characteristics

Gender

Age (years)

Disease course (days)
Myopia

Preoperatively

Number of quadrants involved
Number of retinal breaks
Location of retinal breaks

Type of retinal breaks

Size of retinal breaks (PD)
Macular involved

PVR

Final success

Case 35 Case 49
Male Male
49 44
10 4
Yes High myopia (AL:
29.55 mm)
5 6
4 3

Twoin 7 0’ clock, one  Onein 7 o’ clock, one
in 8 0’ clock, and one in in 8 0’ clock, and one in

9 0’ clock 9 o’ clock
Horseshoe tears Horseshoe tears and
atrophic hole
1 1
Off Off
None or A None or A
Yes Yes
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Characteristic

No. of breaks

Mean no.

Single: two: three or more (eyes)
Type of breaks

Horseshoe tears

Atrophic holes

Horseshoe tears + atrophic holes
Size of breaks

Small breaks (<2 PD)

Medium breaks (>2 PD, and <5 PD)
Location of breaks

Inferior

Superior + inferior

2.9 +2.1 (range: 1-12)
9 (17.3%): 18 (34.6%): 25 (48.1%)

29 (55.8%)
8(15.4%)
15 (28.8%)

38 (73.1%)
14 (26.9%)

13 (25.0%)
39 (75.0%)
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Characteristic

Gender (male: female)
Age (years)
Disease course (days)

Preoperative logMAR BCVA (Snellen
equivalent)

Lens status (phakic: pseudophakic)

Vitreous status (transparent: haze:
hemorrhage)

High myopia (eyes)

Axial length of highly myopic eyes (mm)
PVR grade (A or none: B: C1)

RRD extent (clock hours)

Macular involved (on: off)

Drainage retinotomy (no: yes)

39 (75.0%): 13 (25.0%)
51.8 £ 11.8 (range: 28-79)
15.2 + 15.1 (median:10, range: 2-90)
1.59 £ 0.93 (20/778)

46 (88.5%): 6 (11.5%)
20 (38.5%): 22 (42.3%): 10 (19.2%)

16 (30.8%)

28.21 4+ 1.66 (range:26.15-31.12)
22 (42.3%): 26 (50.0%): 4 (7.7%)
6.5 + 2.3 (range: 2-12)

12 (23.1%): 40 (76.9%)

25 (48.1%): 27 (51.9%)

PPV, pars plana vitrectomy; RRD, rhegmatogenous retinal detachment; LogMAR,
the logarithm of the minimum angle of resolution; BCVA, best corrected visual
acuity; PVR, proliferative vitreous retinopathy.
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Al Primary ERMs No ERMs Crude analysis Age-adjusted analysis

P-value OR (95%Cl) P-value OR (95%Cl)

Men 140.1+18(9,105) 1403+ 1.8(306) 140.1+1.8(8799) 007 1.06 0026 1.08
(0.99,1.18) (1.01,1.15)

Women  139.3 4+ 1.9(11,422) 140.6 +1.8(436) 139.3+1.9(10,986) <0.001 1.41 <0.001 1.15
(1.84,1.49) (1.09, 1.21)

Al 1307+ 19(20527) 1405418 (742) 139.6% 1.9(19,785)  <0.001 125 <0001 1.42
(1.21,1.30) (1.07,1.16)

Multivariable analysis*

P-value  OR (95%Cl)

0364 1.04
0.96,1.19)

<0.001 1.19
(1.11,1.28)

<0001 112
(1.07,1.18)

“Adjusted by age, waist-hip circumference ratio, blood urea nitrogen, urine acid, estimated glomerular fitration rate, glucose, lipoprotein a, total cholesterol and high-density lipoprotein

as continuous variables, and the presence of diabetes melitus and sex (except in sex-specifc analysis) as binary variables.
OR, odds ratio; CI, confidence interval.

The concentrations of serum sodium are presented as mean = standard deviation (number of individuals).

Two-tailed values of P < 0.05 were considered statistically significant.
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Age group (years)

<40
40-49
50-69
60-69
70+
Total

The concentrations of serum sodium are displayed as mean + standrd deviation.

9,949
4,268
3,666
2,479
912
20,774

All

Sodium
(mmol/L)

1394 £18
139.4 £1.9
1402 £ 1.9
140.4 + 1.9
140.1 £ 2,071
139.7 £1.9

4,065
1,943
1,671
1,133
423
9,225

Men

Sodium
(mmol/L)

1401 £1.7
1401+ 1.8
1401 £ 1.9
1401 £ 1.9
130.9 £ 2.0
1401+ 1.8

Serum sodiium concentrations between the men and women were compared by independent t-test.
Serum sodium concentrations among different age groups were compared by one-way analysis of variance, and post hoc tests adjusted by Bonferroni were performed when a significant

difference was detected.

Two-talled values of P < 0.05 were considered statisticaly significant.

*Compared with particioants <40 years old, P < 0.05.
1 Compared with participant age 40-49, P < 0.05.
+Compare with participants aged 50-59, P < 0.05.
#Compared with participants aged 60-69, P < 0.05.

Note there was a decrease in sodium level in people aging 70+ years.

5,394
2,325
1,995
1,346
489
11,549

Women

Sodium
(mmol/L)

1388 £ 1.7
1388 + 1.7
1403 £ 1.9
140.6 & 1.8
1402 £ 2.0
1393+ 1.9

P-value
(men vs. women)

<0.001
<0.001
0.032
<0.001
0.089
<0.001
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Age (year)

Wormen (%)

Waist-hip circumference ratio

Systolic blood pressure (mmHg)

Sodium (mmol/L)

Blood urea nitrogen (mmol/L)

Urine acid (mol/L)

Blood glucose (mmol/L)

Lipoprotein a (mg/L)

Total cholesterol (mmol/L)

High density lipoprotein (mmol/L)

Estimated glomerular fitration rate (mV/min/1.73m?)

Diabetes mellitus (%)

P-value

<0.001

0.341

0.737

0.498

<0.001

0.076

0.644

0.256

0.880

0.003

0.122

0.050

0.977

Al

OR (95% Cl)

1.10
(1.10, 1.11)
1.10
(091,139
086
(0:34,2.14)
0.998
(0993, 1.003)
1.42
(1.07,1.17)
0.94
(088, 1.01)
1.00
(0.998, 1.001)
096
(089, 1.03)
1.00
(0.997, 1.004)
1.14
(1.05,1.24)
1.49
(0.96, 1.48)
1.01
(1.00,1.02)
1.01
(0.73,1.40)

P-value

<0.001

0.559

0.530

0.369

0.684

0.227

0.119

0.505

0.328

0.590

0.106

0.157

Men

OR (95% Cl)

111
(1.10,1.13)

/

0.51
(0.05,5.01)
1.002
(0.99, 1.01)
1.04
(0.96, 1.12)
098
(0.88,1.08)
1.001
(0.99, 1.003)
0.90
(0.79,1.03)
1.002
(0.99, 1.01)
1.07
(098, 1.24)
0.89
(059, 1.36)
1.01
(0.99, 1.03)
1.38
(0.88,2.14)

P-value

<0.001

0.638

0.221

<0.001

0.596

0.156

0.644

0.788

0.031

0.293

0.721

0.159

Women

OR (95% CI)

141
(1,09, 1.13)

/

1.67
(0.20, 14.16)
099
(099, 1.003)
1.48
(110, 1.27)
097
(0.88,1.08)
099
(0.99, 1.001)
1.03
(0.90, 1.19)
099
(0.99, 1.004)
1.15
(1.01,1.80)
1.49
(0.86, 1.65)
1.002
(0.99,1.02)
070
(0.43,1.15)

OR, odds ratio; Cl, confidence interval; Low-density lipoprotein was not included as it shares the co-linearity with the total cholesterol (variance inflation factors > 5).
Two-tailed values of P < 0.05 were considered statistically significant.
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Age (year)

Women (n/%)

Body mass index (kg/m?)
Waist-hip circumference ratio
Heart rate

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Sodium (mmol/L)

Potassium (mmol/L)

Calcium (mmol/L)

Phosphate (mmol/L)

Blood urea nitrogen (mmol/L)
Uric acid (umol/L)

Estimated glomerular fitration rate (ml/min/1.73 m?)
Blood glucose (mmol/L)

High sensitive C-reactive peptide (mg/L)
Lipoprotein a (mg/L)

Triglyceride (mmolL)

Total cholesterol (mmol/L)

Low density lipoprotein (mmol/L)
High density lipoprotein (mmol/L)
Arterial hypertension (n/%)
Diabetes melitus (/%)

No-ERMs

N =21,832

436 £ 13.3
11,940/54.7
239+37
085 + 0.1
74.8 £ 10.0
1268 £ 17.9
766 £ 11.1
1306 £ 2.1
4.18 £ 0.30
234 £0.09
1.13+0.156
478 £1.27
3286 + 87.0
102.8 £+ 14.8
534 +£126
144 +3.14
19.6 + 221
136 £1.20
4.89 + 094
289 +0.78
1.45 & 0.40
1,117/52
1,858/8.6

Primary ERMs

N=841

624 £+ 87
496/59.0
243 £ 3.1
0.88 + 0.07
742 £ 100
137.4 £ 198
79.0 £ 10.8
1404 £ 1.9
421031
2.33 £ 0.09
112+ 0.15
5.16 £ 1.29
3244 £81.0
88.4 + 13.0
5.70 + 1.29
177 + 4.83
235+244
1.50 + 1.12
5.156 £ 0.97
3.08 £ 083
1.48 + 041
121/145
142/16.9

Univariable analysis

P-value

<0.001
0014
0.001
<0.001
0.098
<0.001
<0.001
<0.001
0.001
0.009
0.030
<0.001
0.164
<0.001
<0.001
0.006
<0.001
0.001
<0.001
0.000
0.112
<0.001
<0.001

OR (95%Cl)

1.10(1.09, 1.11)
1.19(1.04, 1.37)
1.03(1.01, 1.05)

16.12 (6.28, 41.35)

0.99(0.99, 1.001)
1.08 (1.025, 1.03)
1.02(1.01,1.02)
1.24(1.19, 1.29)
1.50(1.19, 1.91)
0.34(0.15,0.76)
059 (0.36, 0.95)
1.23(1.18, 1.29)
0.99(0.99, 1.00)
0.95 (0.94,0.95)
1.45 (1.1, 1.19)

1.02 (1.008, 1.04)

1.007 (1.004, 1.01)
1.07 (103, 1.12)
1.29(1.21,1.38)
1.31(1.21,1.42)
1.16 (097, 1.36)
3.11(2.54,3.81)
2.19(1.82, 2.64)

Age-adjusted analysis

P-value

0.002
0.562
0037
0.363
0.088
0.564
<0.001
0.243
0.951
0.174
0.011
0.004
0.047
0.042
0.662
0.067
0.479
<0.001
0.001
0.070
0.189
0.033

Data are presented as mean = standard deviation for continuous variables, and as the number of cases/percentages for categorical variables, respectively.

OR, odds ratio; Cl, confidence interval.

Allveriabes in the univariable analysis were further adjusted by age.
Two-tailed values of P < 0.05 were considered statistically significant.

OR (95%CI)

1.26 (1.09, 1.46)
0.99(0.97, 1.02)
0.31(0.10, 0.93)
0.99(0.99, 1.00)
0.99(0.99, 1.00)
1.002 (0.99, 1.01)
1.12(1.07, 1.16)
087 (0.68, 1.10)
108 (0.44, 2.38)
1.42 (086, 2.34)
0.93(0.88,0.98)
0.99(0.99, 0.99)
1.005 (1.001, 1.01)
094 (0.89, 0.99)
0.99(0.97, 1.02)
1.00 (1.00, 1.01)
1.02 (096, 1.09)
1.14(1.07, 1.23)
1.16(1.07, 1.26)
1.18(0.99, 1.40)
0.86(0.69, 1.08)
0.81(0.66,0.98)
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Age group (years)

<40
40-49
50-69
60-69
70+
Total

n

17/10,196
40/4,805
221/4,118
436/2,736
127/965
841/22,820

All

%

02(0.4,083)
0.8(0.6,1.1)
54(4.7,6.1)

16.9(14.7,17.7)

13.2(11.3, 16.0)
37(34,39)

n

7/4,453
17/2,242
86/1,933

170/1,239

66/439

346/10,306

%

02(0.05,03)
0.8(0.4,1.1)
4.4(36,5.4)

13.7 (119, 163)

15.0(11.8,21.5)
33(30,3.7)

n

10/5,743
23/2,563
136/2,185
266/1,497
61/526
496/12,514

Women

%

02(0.1,08)
09(05,1.3)
62(52,7.5)

17.8(16.0, 20.5)
11.6(9.1,15.5)
40(36,43)

The prevalence of primary ERMs is shown as the number of patients / all study participants and mean (95% confidence interval).
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Age
Gender
AIDS diagnosis
Eye with CMV-IRR
CD4 counts/ul
Baseline
CVMR diagnosis
HAART

Drug
Week

Visual acuity

ioP
Vitreous
CVMR region

Surgery

Intravitreal injection
Drugs
Times
Surgery complications
CMV copies
Outcomes after
12 months

54
Male

Right

10
200

AZT,3TC EFV
8

R20/166
L20/26
R15L16

4

Zone 2,3

PPV-siicone oil
tamponades

Ganciclovir+TA
10
NO
66,544
R20/100
L20/26

4“0
Male

Both

8
160

3TC. DTG
7

R 20/50
L20/40
R20L17
++
Zone 2.3

PPV-tsiicone oil
tamponades

Ganciclovir+TA
8
Retinal detachment
446,072
R20/20
L20/20

Patient

3TC, Lamivudine; DTG, Dolutegravir; EFV, Efavirenz; TDF, Tenofovir; TA, dexamethasone; NLP, no light perception.

Male
Both

33
220

BTC,EFV,TDF
4

R 20/25
L 20/50
R8LS
++
Zone 2,3
PPV

Ganciclovir+TA
6
No
60,527
R20/25
L 20740

40
Male

Left

7
153

3TC,EFV,TDF
8

RNLP
L20/66
L14
++
Zone 123
PPV

Ganciclovir+TA
6
Vitreous hemorrhage
206,679
RNLP
L20/50
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Name

Lentiviral vectors of CCT5

Sequence

ATGAACTCCTCCTTGGGACCCACTATCGAGAAACTATCAGTGTCTCATATAATGGCAGCAAAGGCTGTAGCAAATACAATGAGAACAT
CACTTGGACCAAATGGGCTTGATAAGATGATGGTGGATAAGGATGGAGATGTGACTGTAACTAATGATGGGGCCACCATCTTAAGCA
TGATGGATGTTGATCATCAGATTGCCAAGCTGATGGTGGAACTGTCCAAGTCTCAGGATGATGAAATTGGAGATGGAACCACAGGAG
TGGTTGTCCTGGCTGGTGCCTTGTTAGAAGAAGCGGAGCAATTGCTAGACCGAGGCATTCACCCAATCAGAATAGCCGATGGCTAT
GAGCAGGCTGCTCGTGTTGCTATTGAACACCTGGACAAGATCAGCGATAGCGTCCTTGTTGACATAAAGGACACCGAACCCCTGAT
TCAGACAGCAAAAACCACGCTGGGCTCCAAAGTGGTCAACAGTTGTCACCGACAGATGGCTGAGATTGCTGTGAATGCCGTCCTC
ACTGTAGCAGATATGGAGCGGAGAGACGTTGACTTTGAGCTTATCAAAGTAGAAGGCAAAGTGGGCGGCAGGCTGGAGGACACTA
AACTGATTAAGGGCGTGATTGTGGACAAGGATTTCAGTCACCCACAGATGCCAAAAAAAGTGGAAGATGCGAAGATTGCAATTCTC
ACATGTCCATTTGAACCACCCAAACCAAAAACAAAGCATAAGCTGGATGTGACCTCTGTCGAAGATTATAAAGCCCTTCAGAAATAC
GAAAAGGAGAAATTTGAAGAGATGATTCAACAAATTAAAGAGACTGGTGCTAACCTAGCAATTTGTCAGTGGGGCTTTGATGATGAA
GCAAATCACTTACTTCTTCAGAACAACTTGCCTGCGGTTCGCTGGGTAGGAGGACCTGAAATTGAGCTGATTGCCATCGCAACAGG
AGGGCGGATCGTCCCCAGGTTCTCAGAGCTCACAGCCGAGAAGCTGGGCTTTGCTGGTCTTGTACAGGAGATCTCATTTGGGACA
ACTAAGGATAAAATGCTGGTCATCGAGCAGTGTAAGAACTCCAGAGCTGTAACCATTTTTATTAGAGGAGGAAATAAGATGATCATTGA
GGAGGCGAAACGATCCCTTCACGATGCTTTGTGTGTCATCCGGAACCTCATCCGCGATAATCGTGTGGTGTATGGAGGAGGGGCT
GCTGAGATATCCTGTGCCCTGGCAGTTAGCCAAGAGGCGGATAAGTGCCCCACCTTAGAACAGTATGCCATGAGAGCGTTTGCCG
ACGCACTGGAGGTCATCCCCATGGCCCTCTCTGAAAACAGTGGCATGAATCCCATCCAGACTATGACCGAAGTCCGAGCCAGACA
GGTGAAGGAGATGAACCCTGCTCTTGGCATCGACTGTTTGCACAAGGGGACAAATGATATGAAGCAACAGCATGTCATAGAAACCT
TGATTGGCAAAAAGCAACAGATATCTCTTGCAACACAAATGGTTAGAATGATTTTGAAGATTGATGACATTCGTAAGCCTGGAGAATCT
GAAGAATGA





OPS/images/fmed-08-802626/fmed-08-802626-t001.jpg
Characteristics

Age (y)

Mean  SD

Range

BCVA (logMAR)

Mean & SD

Range

Axial length (mm)

Mean + SD

Range

Progressed (eyes)

Pathology enlargement*
Enlargement of retinoschisis
Enlargement of LMH
Enlargement of foveal RD

Newly onset pathology
Development of retinoschisis
Development of LMH
Development of foveal RD
Development of FTMH

Duration of progression

Improved (eyes)

Stable (eyes)

50 (31 eyes)

5435 +8.13
41-76

0.21£0.17
0.00-0.70

29.41 £ 2,61
24.85-35.93
2(6.45%)
0

o -nMwooo

0
16.5
0(0%)
29(93.55%)

$1(30 eyes)

50104 11.13
26-70

025£020
0.00-0.70

31.08 £2.33
25.42-35.47
5(16.67%)

omnmomOo o s s

0
19.4
1(3.33%)
24 (80.00%)

$2 (12 eyes)

57.58 +£6.33
47-71

0.44 £0.29
0.10-1.00

31.00+£2.20
27.60-34.32
3(25.00%)

coooo ~m e

0
15
0(0%)
9(75.00%)

3 (22 eyes)

49.45 + 6.46
37-66

0.54 £0.51
0.00-1.85

29.98.+2.12
27.08-32.86
8(36.36%)

N S

1213
3(18.64%)
11 (60.00%)

4 (25 eyes)

54.64 %+ 12.72
21-74

078+ 0.44
0.05-1.85

29.82+2.35

26.66-33.48

14 (56.00%)
9

os 00 8N G

11.46
1(4.00%)
10 (40.00%)

BCVA, best corrected visual acuity; logMAR, logarithm of the minimum angle of resolution; RD, retinal detachment; LMH, lamellar macular hole; FTMH, full-thickness MH.

*Increased height or extent of the pathology.
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Locations of measurement LMM (0 = 78) HM (n = 53) mONV (1 = 17) Changes in choroidal parameters
across 3 myopic groups.

Beta p for trend”
Choroidal thickness, jum
Subfoveal 295.14(41.52) 28465 (37.12) 163,94 (16.12) 7068 <0001
Nasal, 1.5mm 248.86 (39.27) 188.14 (44.20) 10632 (16.17) 7127 <0001
Ternporal, 1.5 mm 20426 (46.34) 25107 (30.56) 160.54 (21.05) —e237 <0001
Superior, 1.5mm 30821 35.74) 236.00(38.51) 161.43 (19.91) 7088 <0001
Inferior, 1.5 mm 202.44(31.45) 220.06 (42.20) 142,28 (17.97) 7507 <0001
<0001 <0001 <0001
ol
Subfoveal 06355 0.1208) 06446 0.0120) 0.6513(0.0090) 0.0079 <0001
Nasal, 1.5mm 0.6353 (0.0306) 06440 0.0148) 0.6500 0.0109) 0.0074 <0001
Ternporal, 1.5 mm 0.6356 0.0148) 06415 0.0281) 0.6425 (0.0148) 0.0035 0.0072
Superior, 1.5mm 0.6354 00279) 06441 0.0199) 0.6512(00184) 0.0079 <0001
Inferior, 1.6 mm 06355 (0.0923) 06443 0.0878) 0.6488 (0.0469) 0.0067 <0001
p=0806" p=0844 p=0409"

Data presented are mean (standard deviations), adjusted for the presence of posterior staphyloma and chorioretinal atrophy.
T Generalized linear model, adjusted for the presence of posterior staphyloma and chorioretinal atrophy.
#Repeated-measures ANOVA, comparing the distribution of CT across subfoveal, nasal (1.5 mm), temporal (1.5 mm), superior (1.5 mm), and inferior (1.5 mm) locations.
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Group by final BCVA response

VA improved (A LogMAR < 0)

Pre

DRIL 22/33 (72.7%)
SRF 6/33 (18.2%)
LONLC 9/33 (27.3%)
IRC 28/33 (84.9%)
EZD 17/33 (51.5%)

After

15/33 (45.5%)"
1/33 (3.0%)*
3/33 (9.1%)

22/33 (66.7%)

9/33 (27.3%)"

VA not improved (A LogMAR > 0)

Pre

27/31 (87.1%)
9/31 (29.0%)
11/31 (35.5%)
25/31 (80.7%)
17/31 (54.8%)

After

18/31 (68.1%)"
4/31 (12.9%)
4/31 (12.9%)"
20/31 (64.5%)
16/31 (51.6%)

*p < 0.05, compared to pre-study, by Chi-Square test.
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LMM (1 =78) HM(n=53) mCNV(n=17) p-value’

Retinal parameters on OCT
Central thickness,  251.40 (17.16) 246.20 (20.68) 243.94(21.27) 023
wm

Volume cube, 1047(087)  9.96(049)  9.82(043 0003
mm?

Average thickness, 282.63 (10.35) 276.49 (13.29) 278.65(17.28)  0.009
wm

Choroidal parameters on OCT

Total choroicl 258(070)  182(061)  1.00(0.25) <0001
area, mm?

Vascular area, 163042  1.17(088)  065(0.16)  <0.001
mm2

Stomalarea,mm? 095 (0.28)  065(024)  035(009) <0001
Choroidal 205.14 (41.52) 236.00(3851) 153.94(15.12)  <0.001
thickness, um

ovi 0636(0012) 0.645(0.012)  0.651(0.009)  <0.001

Data presented are means (standard deviations).
LMM, low to moderate myopia; HM, high myopia; mCNV, myopic choroidal
neovasculerization; OCT, optical coherence tomography; CVI, choroidl vascularity index.
#Based on one-way ANOVA.
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DRIL
SRF
LONLC
IRC
EZD

Whole group

Pre

51/64 (79.7%)
15/64 (23.4%)
20/64 (31.3%)
53/64 (82.8%)
34/64 (53.1%)

After

33/64 (51.6%)"

5/64 (7.8%)"
7/64 (10.9%)"

42/64 (65.6%)"

25/64 (39.1%)

Group by final CRT response

CRT improved > 100 pm

Pre

20/22 (90.9%)
10/22 (45.5%)
10/22 (45.5%)
21/22 (95.5%)
17/22 (77.3%)

After

10/22 (45.5%)"
0/22 (0.0%)*
0/22 (0.0%)*
16/22 (72.7%)*
10/22 (45.5%)"

CRT improved < 100 um

Pre

31/42 (73.8%)
5/42 (11.9%)
10/42 (23.8%)
32/42 (76.2%)
17/42 (40.5%)

After

23/42 (54.8%)
5/42 (11.9%)
7/42 (16.7%)

26/42 (61.9%)
15/42 (35.7%)

*p < 0.05, compared to pre-study, by Chi-Square test.
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Locations of measurement

CT (km)
Subfoveal

Nasal, 1.5mm
Temporal, 1.5mm
Superior, 1.5mm
Inferior, 1.5 mm
cvi

Subfoveal

Nasal, 1.5mm

Temporal, 1.6 mm
Superior, 1.5mm
Inferior, 1.5mm

LMM (0 = 78)

1CC (95%C)

098 (0.96-0.99)
096 (0.93-0.98)
0.97 (0.95-0.99)
096 (0.93-0.99)
096 (0.93-0.98)

0.96 (0.92-0.99)
095 (0.90-0.99)
095 (0.90-0.98)
096 (0.93-0.98)
097 (0.95-0.99)

Mean difference* (SD)

9.42(12.88)
-9.85(14.07)
8.31(10.43)
9.28(7.15)
10.17 (1251)

0.018 (0.021)
0026 (0.015)
~0.007 (0.013)
0.020 (0.041)
0014 (0.012)

HM (n = 53)
ICC (95%Cl)  Mean difference (SD)

0.96 (0.93-0.98) 827 (10.75)

0.96 (0.93-0.98) 9.11 (11.71)

0.97 (0.95-0.99) 10.32 (13.94)

0.96 (0.93-0.98) ~7.148.41)

0.96 (0.93-0.98) 858 (11.85)

0.97 (0.95-0.99) 0.014 0.012)

0.95 (0.90-0.99) 0,017 (0.025)

0.96 (0.93-0.98) 0,011 (0010)

0.97 (0.96-0.99) ~0.009 (0.021)

0.96 (0.92-0.99) 0011 (0012)

mCNV (o = 17)

1CC (95%Cl)

095 (0.90-0.99)
095 (0.91-0.99)
0.96 (0.93-0.98)
0.96 (0.93-0.98)
098 (0.97-0.99)

0.96 (0.93-0.98)
097 (0.96-0.99)
095 (0.91-0.99)
095 (0.90-0.98)
096 (0.93-0.98)

Mean difference* (SD)

10.32 (14.96)
-8.90(13.77)
10.41 (16.10)
9.45 (6.15)
10.27 (16.33)

0.019 (0.024)
0023 (0.016)
0016 (0.017)
0018 (0.022)
~0015(0.014)

ICC, intraclass correlation coefficient; Cl, confidence interval; SD, standard deviation. LMM, low-to-moderate myopia; HM, high myopia; mCNV, myopic choroidal neovascularization;
CT, choroidal thickness; CVI, choroidal vascularity index.
*Mean difference was determined from the 1st measurement minus 2nd measurement.
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Percentage of eyes with BCVA improvement Final BCVA response (A LogMAR, mean + SD)

Baseline biomarker (+) ) (+) )

DRIL 24/51 (47.1%) 9/18 (69.2%) -0.11 £ 0.43 -0.22 £ 0.21
ERM 19/35 (564.3%) 14/29 (48.3%) -0.12 £ 0.43 -0.156+0.35
EZD 17/34 (50.0%) 16/30 (53.3%) -0.20 + 0.44 -0.06 £+ 0.33
HE 24/46 (52.2%) 9/18 (50.0%) -0.14 £ 0.43 -0.11 £ 0.28
HRF 32/59 (564.2%) 1/5 (20.0%) -0.15 + 0.41 -0.00 £ 0.06
IRC 28/53 (52.8%) 5/11 (45.5%) -0.14 £ 0.43 -0.09 +£0.16
LONLC 9/20 (45.0%) 24/44 (54.5%) -0.14 £ 0.52 -0.13+0.33
SRF 6/15 (40.0%) 27/49 (65.1%) -0.16 £ 0.44 -0.13 £ 0.38
VMI 6/16 (37.5%) 27/48 (56.3%) -0.09 +0.33 -0.15 + 0.41

Comparing positive baseline biomarker status to negative baseline biomarker status, by Chi-Square and Student t-test.
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LMM (0 =78)
Age, years 2658 (0.56)
Male/Female 41737
Axial length, mm 24.95 (1.05)
Spherical ~4.26(1.35)
equivalent, D
BCVA, LogMAR —-0.27 (0.06)
Intraocular 15.84(3.02)

pressure, mmHg

HM (n = 53)

28.13(1.63)
29/24

26.42 (0.95)

~7.62(1.18)

~0.02(0.04)
16.77 (6.39)

Data presented are means (standard deviations).

LMV, low-to-moderate myopia; HM, high myopia;

neovascularization; BOVA, best-corrected visual acuity.

mMCNV (0 =17) p-value

4308(191)  <0.001
107 0.89

2808(1.11)  <0.001

—937(1.79)  <0.001

010(0.11)  <0.001
1629(302) 036

mCNY,  myopic - choroidal
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Analysis of variance

Source DF Sum of squares Mean square
Model 1 122,153 122,153
Error 62 945,646 15,252
Corrected Total 63 1,067,799 0.4375
Variable Parameter estimate Standard error
Intercept -54.00000 17.64292
SRF -103.13333 36.44305

AIC

-151.4508
-165.4669
-201.8591

Type Il SS

142,884
122,153

F-value

8.01

F-value

9.37
8.01

Pr>F

0.0063

Pr>F

0.0033
0.0063

*Variables included before model selection: gender, age, lens status, and all baseline OCT biomarkers.
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Baseline OCT biomarkers

DRIL (+) 51/64 (79.7%)
ERM (+) 35/64 (54.7%)
EZD (+) 34/64 (53.1%)
HE (+) 46/64 (71.9%)
HRF (+) 59/64 (92.2%)
IRC (+) 53/64 (82.8%)
LONLC (+) 20/64 (31.3%)
SRF (+) 15/64 (23.4%)
VMI (VMA or VMT) 16/64 (25.0%)
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Baseline clinical data

Age

Gender (female)
Lens (pseudophakic)
Side (OD)
HbA1c

CRT intiat
LOgMAR intiar
IOP jnitial

s/p VI

s/p PST

s/p PRP
Follow-up months
3

6

12

Mean

Injection times
1

2

3

Mean

50 patients, 64 eyes

66.22 + 10.17
30/50 (60.0%)
26/64 (40.6%)
30/64 (46.9%)
747 +£1.34
411.17 £ 119.50
0.81 4+ 0.46
15.66 £ 3.40
27/64 (42.2%)
28/64 (43.8%)
37/64 (57.8%)

5/64 (7.8%)
156/64 (23.4%)
44/64 (68.8%)

9.89 + 3.24

21/64 (32.8%)

23/64 (35.9%)

20/64 (31.3%)
1.98 + 0.81
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WStandard Wald
Parameter DF Estimate Error Chi-Square Pr > ChiSq
Intercept 1 -0.2164 0.3203 0.4566 0.4992
SRF 1 1 0.9096 U.3203 8.0645 0.0045
Odds Ratio Estimates
95% Wald

Effect Point Estimate Confidence Limits
SRF (+) vs (-) 6.167 1.757 21.643

______________________________________________________ Odds Ratios with 95% Wald Confidence Limits =~ @@ @@ e,
SRF (+) vs (-)3 } @ {

: ] ] : | : v easennnng ’ : : I

o 1 5 10 15 20

Odds Ratio

* Variables included before model selection: gender, age, lens status and all baseline OCT biomarkers
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Month
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IOP (Mean * SD) 15.66 t 3.40

16.07 £ 4.56
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Potential pyroptotic targets for therapy

Disease NLRP3 Caspase-1 Caspase-3 Caspase-8 GSDMD, GSDMD-N GSDME, GSDME-N
AMD v v v v v

DR v v v

Acute glaucoma v v v v

Chronic glaucoma v v

+ represents that the pyroptoss-related protein has been demonstrated to pley a role i the retinal cisease on the left and may therefore be a potential novel therapeutic target for that
disease. AMD, age-related macular degeneration; DR, diabetic retinopathy; NLRPS, nucleotide-binding and oligomerization domein (NOD)-like receptor family pyrin domain-containing
- GSDMDVE-N, gasdermin-D/E: GSDMD-N, N-terminal of gasdermin D/E.
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LogMAR

LogMAR

Final BCVA (LogMAR) change after treatment

® ' LogMAR (Mean * Standard Error)
) *
_y P <0.05
0.81
0.80 — e g
0.75 - R iilivinsA A s
L
,,,,,,,,,,,,,,,,,,,,,, 0.67
g
0.65 — *
0.60 — _
| |
Baseline Final
Baseline Final
LogMAR (Mean * SD) 0.81% 0.46 0.67 * 0.49
Serial BCVA change during treatment
® ' LogMAR (Mean % Standard Error)
N * P <0.05
0.85 —
o0-81 3 H
0.80 — - S H
R 0-76
0.75 - i el el e e L ST e “ 0.73
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%
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0 3 6 12
Month
Baseline Month 3 Month 6 Month 12
LogMAR (Mean % SD) 0.817% 0.46 0.76 = 0.46 0.74% 0.45 0.73% 0.55
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Study

Chietal. (50)

Chietal. (51)

Qietal. (52)

Pronin et al. (53)

Chen et al. (54)

Dong et al. (55)

Zhang et al. (56)

Wen et al. (67)

Model/Cell type studied

Mouse model of acute
IOP-induced glaucoma

Mouse model of acute
10P-induced glaucoma

RIR injury rat model

Acute OHT mouse mode!

RIR injury mouse model

Chronic OHT rat model

Chronic OHT mouse model

RIR injury mouse model

Technique

PCR, western blotting

PCR, western blotting

TUNEL staining, western
blotting

Western blotting,
immunohistochemistry

HE staining, retrograde
FG-labeled imaging,
immunofluorescence,
western biotting

Western blotting

Wester blotting

Western blotting

Findings

TLR4 deficiency protected against
inflammasome activation and RGC death
after acute IOP elevation via caspase-1
and caspase-8-dependent pathways
Inhibition of HMGB1, like TLR4 deficiency,
protected against inflammasome
activation and RGC death after acute IOP
elevation via caspase-1 and
caspase-8-dependent pathways
Inhibition of TLR4 increased RGC survival
by decreasing apoptosis

Within a few hours of inducing acute OHT
in mouse eyes, retinal levels of GSDMD,
caspase-1, and NLRP3 were

significantly increased

Genetic deletion of GSDMD significantly
increased retinal thickness and decreased
RGC death after RIR injury

Protein levels of mature caspase-1 were
elevated in rat retinas after chronic OHT

Protein levels of NLRP3 and cleaved
caspase-1 were elevated during the
chronic OHT process

RIR injury increased GSDMD-N expression
in Iba-1+ microglia

Relevance of findings to
pyroptosis

Pyroptosis-associated inflammatory
pathways take place and cause RGC
death after acute IOP elevation

Pyroptosis-associated inflammatory
pathways take place and cause RGC
death after acute IOP elevation

TLR4-mediated pathway may lead to
RGC apoptosis rather than pyroptosis
after RIR injury

Markers of GSDMD-mediated
pyroptosis are upregulated in the
retina after exposure to acute OHT

Absence of an effector of pyroptosis
protects against RGC death after
RIR injury

Caspase-1 processing, which can
lead to pyroptosis, is increased in rat
retinas with chronic OHT
Components of the canonical
pyroptotic pathway are activated in a
chronic OHT mouse model

An effector of pyroptoss is
upregulated in microglia after

RIR injury

IOP, intra-oculer pressure; RGC, retinal ganglion cel; PCR, polymerase chain reaction; RIR, refinal ischemia/reperiusion; TUNEL, terminal deoxynucleotiayl transferase aUTP nick end
labeling; OHT, ocular hypertension; HE, hematoxylin and eosin; FG, fluoro-gold; NLRP3, nucleoltide-binding and ligomerization domain (NOD)-lie receptor family pyrin domain-containing

IL-18, interleukin-18; GSDMD, gasdermin D; GSDMD-N, N-terminal of gasdermin D; TLR4, toll-like receptor 4; HMGBT, high-mobilty group box 1.
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Study

Jiang et al. (42)

Chen et al. (43)

Guetal. (44)

Gan et al. (45)

Yuetal. (46)

Duetal. (47)

Xietal. (48)

Zhaetal. (49)

Model/Cell type studied

Primary human RECs
incubated in 25mM high
glucose

HRMECs incubated in
30mM high glucose

HRMEGs incubated in
30mM high glucose

HRPs incubated in 30mM
high glucose

HRPs incubated in
200 pg/ml AGE-BSA

Mouse primary retinal Miiler
cells incubated in 30 mM
high glucose

/ARPE-19 cells incubated in
50mM high glucose

ARPE-19 cells incubated in
50mM high glucose

Technique

Western biotting

Western blotting

Pland caspase-1 FLICA
staining, flow cytometry

Pore formation: Pl uptake
Celllysis: LDH release
Cytokine release: ELISA

Protein expression: Westem
blotting

Oytokine release: ELISA
LDH activity: LDH assay kit
Cell viability: cell

counting kits

Western blotting

Western blotting

Western blotting

Findings

Increased protein levels of NLRP3,
cleaved caspase-1, and IL-18 in high
glucose vs. normal glucose group

Increased protein levels of NLRPS,
cleaved caspase-1, and IL-1B in high
glucose vs. normal glucose group
Pyroptosis and caspase-1 activity were
markedly increased in
high-glucose-treated HRMEGs vs. the
control group

High glucose-treated HRPs experienced
greater pore-formation, celllysis, and
release of IL-1 and IL-18 compared to
controls — these effects were reversed
with NLRPS, caspase-1, or GSDMD
inhibition

AGE-BSA increased expression of active
caspase-1 and GSDMD-N and promoted
secretion of IL-1B, IL-18, and LDH in
HRPs, alongside decreasing HRP viabilty

Increased levels of NLRPS, cleaved
caspase-1, and IL-1 in high
glucose-treated mouse retinal Ml cells

High glucose upregulated protein
expression of caspase-1, GSDMD,
NLRP3, IL-1p, and IL-18 in ARPE-19 cells
High glucose upregulated protein
expression of caspase-1, GSDMD,
NLRP3, IL-1p, and IL-18 in ARPE-19 cells

Relevance of findings to
pyroptosis

The NLRP3/caspase-1-mediated
pyroptotic pathway may be activated
in HRMECs in response to high
glucose

The NLRP3/caspase-1-mediated
pathway may be activated in RECs in
response to high glucose

High glucose promotes pyroptotic cell
death in HRMECs

High glucose can induce the loss of
HRPs via GSDMD-mediated
pyroptosis

HRPs undergo GSDMD-mediated
pyroptosis when treated with
AGE-BSA

The NLRP3/caspase-1-mediated
pyroptotic pathway may be activated
in Miller cells cultured under high
glucose conditions

High glucose may promote
GSDMD-mediated pyroptosis in
ARPE-19 cells

High glucose may promote
GSDMD-mediated pyroptosis in
ARPE-19 cells

HRMECs, human retinal microvascular endothelial cells; RECs, retinal endothelial cells; P!, propicium iodide; FLICA, fluorochrome-labeled inhibitors of caspases; HRPS, human retinal
pericytes; LDH, lactate dehydrogenase; ELISA, enzyme-lied immunosorbent assay; AGE-BSA, advanced glycation end-product modified bovine serum albumin; ARPE-19, human
adlt retinal pigment epithelia cel lne-19; NLRP3, nucleotice-binding and oligomerization domain (NOD)-like receptor family pyrin domain-containing 3; IL-1; interleukin-1p; IL-18,

interleukin-18; GSDMD, gasdermin D; GSDMD-/

N-terminal of gasdermin D.
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Study

Tarallo et al. (35)

Kerur et al. (36)

Teeng et al. (37)

Gaoetal. (38)

Sunetal. (39)

Yang et al. (40)

Liao et al. (41)

Model/Cell type studied

Human RPE cells
transfected with pAlu

Human RPE cells
transfected with pAlu,
subretinal injection of pAlu
in mice

Lysosomal destabilization in
ARPE-19 cells using
Leu-Leu-OMe treatment

AB intravitreal injections in
Long-Evans rats

A-treated ARPE-19 cells

Ap-treated ARPE-19 cells

atRAL-treated ARPE-19
cells

Technique

MTS cell viabilty assay

Immunohistochemistry

LDH release, caspase-1
inhibition with 10 M
Z-YVAD-FMK

Western blotting

Flow cytometry for positive
Pl and caspase-1 staining

Immunofiuorescence,
scanning electron
microscopy

Western blotting

Findings

The cytoprotective agent glycine
(pyroptosis inhibitor) did not rescue Al
RNA-induced RPE degeneration
Gsdmd~/~ mice were resistant to Al
RNA-induced RPE degeneration; however,
there was no observed cleavage of
GSDMD into its N-terminal-pore-forming
30 fragment in pAlu-transfected human
primary RPE cells or WT mice subretinally
injected with Alu RNA

Lysosomal destabilization induced LDH
release from ARPE-19 cells, mediated by
caspase-1

RPE-choroid protein lysates of rats
receiving A injections showed significantly
greater cleavage of pro-GSDMD into
GSDMD-N compared to controls

AB significantly increased the proportion of
ARPE-19 cells staining positive for both PI
and caspase-1

AP triggered increased levels of
GSDMD-N, as well as sweling, bubbiing,
and cell membrane rupture in ARPE-19
cells

Lysates of ARPE-19 cells treated with 15
UM atRAL showed increased levels of
cleaved GSDME at 6 and 12h but
GSDMD remained full-length

Relevance of findings to
pyroptosis

Als RNA accumulation (a feature of
GA) may not induce RPE
degeneration via pyroptosis

GSDMD s reqired for Alu
RNA-induced RPE degeneration, but
plays a non-pyroptotic role

ARPE-19 cells undergo pyroptosis in
response to lysosomal destabilization

AB upreguiates GSDMD-N, a driver of
pyroptosis, in RPE cells

AB induces pyroptosis in ARPE-19
cells

Ap causes upregulation of a
pyroptosis effector and morphological
characteristics of pyroptosis in
ARPE-19 cells

atRAL-treated ARPE-19 cells may
undergo GSDME-mediated, rather
than GSDMD-mediated, pyroptosis

RPE, retinal pigment epithelium; pAlu, plasmid coding for Alu RNA; GA, geographic atrophy; WT, wild-type; ARPE-19, human adult retinal pigment; LDH, lactate dehydrogenase; AB,
amyloid beta; P, propidium iodide; GSDMD/E, gasdermin D/E: GSDMD-N, N-terminal of gasdermin D; atRAL, all-trans retinal.
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Item

Enzyme
Max missed cleavages
Meain search

First search

MS/MS tolerance
Fixed modifications
Variable modifications
Database

Database pattern
Include contaminants
Protein FDR

Peptide FDR

Peptides used for protein
quantiication

Time window (match
between runs)

protein quantification
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Value

Trypsin
2

6ppm
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Carbamidomethyl (C)
Oxidation (M)

Swissprot_Homo_sapiens_
20806_20210106fasta
Reverse

TRUE

<001

<001

Use razor and unique
peptides
2min

LFQ
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Sodium Total (n = 20,661) Women (n = 11,494) Men (n = 9,167)
Level

(mmol/L) N ERMs (%)  OR (95% CI)* n ERM (%) OR (95% Cl)* n ERM (%)  OR(95% CI)*
135-137 2,678 1.3+02 Reference 1,957 0902 Reference 721 24+£06 Reference
138-140 11,101 31+02 229 6,495 3002 276 4,606 33+03 169
(152, 8.46) (1.51,5.01) (0.92,3.09)
141-143 6,439 5.0+03 2478 2,833 71£05 3.45 3,606 3403 1.52
(1.64,3.75) (1.85, 6.44) (0.80,2.89)
144-145 443 77£15 3.44 200 11.0x22 533 284 47£17 1.75
(1.99, 5.95) @.41,11.79) (070, 4.39)
P-value <0.001 <0.001 0.363

“Adjusted by age, waist-hip circumierence ratio, blood urea nitrogen, urine acid, estimated glomerler filration rate, glucose, lpoprotein a, totel cholesterol and high-density lpoprotein
as continuous variables, the presence of diabetes melltus and sex (except in sex-specific analysis) as binary variables.

OR, odds ratio; Cl, confidence interval.

The prevalence rate of primary ERMs displayed as mean + standard error.

Two-tailed values of P < 0.05 were considered statistically significant.

Asigniicantly near association between higher SCC and the ERMs prevalence was detected in women (inear-by-linear association chi-square test, X2 = 160.04, P < 0.001), but not
inmen (@ = 2.238, P = 0.137).
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Patient Gender Age(years) Diabetes course(years) Surgical eye Vision 10P(mmHg)

5 M 33 2 os HM 17.4
6 M 31 13 0s 0.4 16.2
7 M 46 13 oD HM 12.3
8 F 60 5 oD 0.25 125
9 M 53 20 oD 0.01 165
10 F 27 8 oD 0.04 12.1

IOR, intraocular pressure.
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Patient no.

1(0D)
1(08)
2(0D)
2(08)
3(0D)
3(08)
4(0D)
4(08)
5(0D)
5(08)
6(0D)
6(0S)
7(0D)
7(08)
8(0D)
8(0S)
9(0D)
9(0D)
10 (OD)
10(0S)
11 (OD)
11(08)

Baseline ocular manifestations

Cataract, macular CNV scar

10L, CME, KN

Pigmentation, subretinal fibrosis, secondary CSC

Pigmentation, subretinal fibrosis, secondary CSC

KN, BN, I0L

KN, BN, IOL

KN, BN

KN, BN

KN, BN

KN, BN

Iris synechiae, cataract

Iris synechiae, cataract

Mutton-fat KPs, BN, Iris synechiae, Sugiura’s sign, IV, cataract
Mutton-fat KPs, BN, Iris synechiae, Sugiurals sign, IV, cataract
Iris synechiae, cataract

Iris synechiae, cataract

Cataract, KN, retinal pigmentation
Cataract, KN, retinal pigmentation
KN, BN,
KN, BN

New ocular during the treatment

KN, BN
KN, BN

KN, BN

KN, BN

IOP elevation

IOP elevation

KN, BN

KN, BN, IOP elevation
IOP elevation

IOP elevation

KN, IOP elevation
KN, IOP elevation
IOP elevation

IOP elevation

New ocular at final visit

oL

IOP elevation
IOP elevation
KN, cataract
KN, cataract

oL
oL

IOP elevation

0D, oculus dexter (right eye); OS, oculus sinister (left eye); CNV, choroidal neovascularization; 0L, intraocular lens; KN, Koeppe nodules; BN, Busacca nodules; CSC, central serous
chorioretinopathy; CME, cystoid macular edema; KPs, keratic precipitates; INV, iris neovascularization; IOF, intraocular pressure.
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Patient no.

1@29)

2 (cam)

3(Cz)

4(HI2)

5(HW2)

6 (HZM)

7 (v

8 (XHY)

9 (WXP)

10 (YLP)

11@Qy)

Eye

oD
os
oD
os
oD
os
oD
os
oD
os
oD
os
oD
os
oD
os
oD
os
oD
os
oD
os

BCVA at
baseline

0.025
0.25
0.1
0.1
0.32
0.25
0.4
05
0.63
08
0.1
0.075
0.025
0.025
05
0.4
08
0.63
0.63
0.63
0.4
0.4

BCVA at
final visit

0.025
0.4
02

025
032
025
0.2
02
04
025
0.2
0.1
0.16
0.25
0.63
0.63
1.0
08
08
08
08
08

Relapse

LS NN OONMN®W®OONMNAS=OO = o = o

Anterior
inflammation
at baseline

Anterior
inflammation
at final visit

=
o

OO0 000 - =MNMOO G ® - =

Vitritis at
baseline

[ A SR

PO YY)

Vitritis at
final visit

©0+000-+-0000O0+==+4000=0o0

CMT at
baseline
(wm)

500
724
123
127
200
200
185
185
220
220

220
220
240
236
180
180
160
174

CMT at final
visit (jum)

500
170
120
140
200
200
2056
240
220
220

260
260
220
220
235
230
205
210
178
234

D, oculus dexter (right eye); OS, oculus sinister (loft eye); BCVA, best corrected visual acuity; CMT, central macular thickness. *Patient no. 6 and no. 7 had complete iis synechiae and a completely opacue lens at baseline, and fundus

or OCT examination could not be distinguished. After cataract surgery, fundus and OCT examination in patient no. 7 were feasible.
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Patient no.

1@2Q)
2 (cam)
3(cz9)
4(HID)
5 (HW2)
6 (HZM)
7(vY
8 (XHX)
9 WXP)
8(LP)
9@ay)

Age/
gender/
laterality

49/M/OU
41/F/0U
45/M/OU
21/F/0U
43/M/0U
16/F/OU
16/F/OU
6/F/OU
34/F/0U
30/M/OU
21/F/0U

Category History Treatment

(months) period

(months)
c 2 11
Ic 4 10
P 114 7
c 8 10
P 9 12
Ic 50 7
c 5 9
P 5 12
c 3 7
Ic 4 10
P 10 11

ADA
ongoing at
final
Visit/ADA
injections®

-/16
-2

114

116

+/22
+/15
+/16
+/22
+12
+/21
+/25

Systemic
treatment

Pred/MTX/CsA
Pred/MTX/CsA
Pred/MTX/CsA
Pred/MMF
MTX
Pred/MTX/CsA
Pred/MTX/CsA
Pred/MTX/CsA
MMF
Pred/MTX/CsA
Pred/MTX/MMF

Concomitant
IS at final
visit

MTX
Pred/MTX/CsA
Pred/MTX/CsA
MMF
MTX/CsA
CsAMMF
Pred/MTX/CsA
MTX/MMF
MMF
Pred/MTX/CsA
MTX

Local
therapy

DEX v (0S)

DEX sc (OU)

TA(CY)

Category: C, complete VKH; IC, incomplete VKH; R probable VKH; @ Whether ADA treatment was ongoing at the finalvisit (+, yes; -, no). ADA, adalmumab; IS, immunosuppressants;
U oculus uterque (both eyes); O, oculus sinister (eft eye); CsA, cyclosporin A; MTX, methotrexate; MMF, mycophenolate mofetil; TA, trimcinolone acetonide periocular injection;
DEX ivr; Ozurdex intravitreal implant; DEX sc, subconjunctival injection of dexamethasone.
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Gender  Age (years) Ocular Medical Diagnosis Vaccinetype  Daysafter ~ Doses Treatment

history history vaccination
Female 50 NA NA Choroiditis (OU) Inactivated 5 1 One-time periocular
triamcinolone acetonide
injection; Oral predisone
Female 34 Optic disc NA Uveitis (OU) Inactivated 5 2 Topical application of
vasculitis (OU) prednisolone acetate; Oral
predhisone
Female 43 NA N/A Keratoconjunctivitis  Inactivated 7 2 Topical application of
(oD) ganciclovir ophthalmic gel,
tobramycin and
dexamethasone
Female 55 NA N/A Keratitis (OS) Inactivated 7 2 Topical application of

ganciclovir ophthalmic gel
and ciclosporin

Female 45 NA NA Keratitis (OD) Inactivated 1 1 Topical application of
ganciclovir ophthalmic gel
and ciclosporin; Intravenous
injection of ganciclovir

Male 78 Cataract 10 years Sclerits (OD) Inactivated 3 1 Topical application of
surgery (fight ~ history of ganciclovir ophthalmic gel,
eye) for 2 hypertension ciclosporin, tobramycin and
months dexamethasone; Oral

aciclovir tablets

Male 19 NA N/A Keratitis (OU) Inactivated 14 2 Topical application of

ganciclovir ophthalmic gel
and ciclosporin; Intravenous
injection of ganciclovir

Female 46 NA NA Acute Retinal Inactivated 8 NA  Intravenous and
Necrosis (OD) intravitreous injection of
ganciclovir; Oral predhisone
Female 32 Recurrent NA Iridocyclitis ©S)  Inactivated 14 3 Topical application of
iritis (both prednisolone acetate,
eyes) for 6 tobramycin and

years dexamethasone
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RNFL (um)

CMT (um)

Retinal thickness (1-3) pm
Retinal thickness (3-6) pm
Retinal thickness (0-6) pm
FAZ (mm?)

FD-300 area density
FD-300 Length Density
Optic disk VD

Whole VD SCP (%)
Parafovea VD SCP (%)
Whole VD DCP (%)
Parafovea VD DCP (%)

VD outer retina (%)

VD Choriocapillais (%)

Acute uveitis

123.70 +£ 21.86
281.90 + 64.94
338.40 + 34.04
310.80 + 32.62
322.60 £ 20.61
0.27 £0.07
47.25 +5.80
958 +2.44
53.00 + 5.82
4415+ 545
46.51 + 6.06
45.21 + 4.69
52,05+ 4.15
16.10 + 3.62
23.31+1.39

Chronic uveitis

117.10 £ 25.69
25410 £ 37.08
338.20 + 37.14
306.50 + 22.03
304.50 £ 23.94
0.33 £0.09
47.14 £ 8.62
10.24 £2.956
53.16 £5.24
47.43 + 3.82
47183+ 4.49
46.04 +£5.77
51.42 +£6.91
1339 £ 3.41
2410+ 1.72

Normal

102.02 + 10.01
240.90 + 20.58
323.00 + 10.31
281.70 £ 11.52
290.10 £ 10.38
0.33+£0.13
54.02 +5.61
1156 £2.26
56.28 +2.52
49.01 +£3.83
50.79 +£5.29
48.36 +6.53
54.19 £ 4.65
14.50 £3.15
2422 +1.16

p-value

<0.001
<0.001
0.004
<0.001
<0.001
0.060
<0.001
<0.001
0.001
<0.001
<0.001
0.031
0.026
0.005
0.009

pt Acute-Chronic

0.273
0.039
0.062
0.537
0.009
0.823
0.953
0.332
0.908
0.006
0.006
0.529
0.655
0.002
0.046

pt Acute-Normal

<0.001
0.026
0.002
<0.001
<0.001
0.070
<0.001
<0.001
0.001
<0.001
<0.001
0.017
0.030
0.037
<0.001

p: Chronic-Normal

<0.001
<0.001
0.001
<0.001
<0.001
0.150
<0.001
0.017
0.001
0.047
0.001
0.042
0.020
0.086
0.675

The data were presented as mean  SD. SD, standard deviation; CMT, central macular thickness; FAZ, foveal avascular zone; VD, vascular density; FD300, Foveal density 300 um;
SCR superficial capillary plexus; DCR, deep capillary plexus.
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r p-value

Ureitis eye RNFL (um) 0009 0944
CMT (um) -0015 0.903
Retinal thickness (0-6) pm 0.186 0.139
FAZ (mm?) 0.033 0.797
FD-300 area density (%) -0.099 0.431
FD-300 length density (%) -0012 0921
Optic disk VD (%) -0068 0585
Whole VD SCP (%) -0375 <0.001
Parafovea VD SCP (%) -0.306 <0.001
Whole VD DGP (%) -0.437 <0.001
Parafovea VD DCP (%) 034 0.005
VD outer retina (%) 0472 <0.001
VD choriocapillais (%) -0079 0527

Normal eye RNFL (um) -0.119 0341
OMT (um) -0088 0.482
Retinal thickness (0-6) pm -0.079 0531
FAZ (mim?) 0025 0.844
FD-300 area density (%) —0.001 0.996
FD-300 length density (%) ~0041 0.748
Optic disk VD (%) -0.045 0718
Whole VD SCP (%) -0.123 0.331
Parafovea VD SCP (%) -0.099 0.432
Whole VD DCP (%) —0.201 0.109
Parafovea VD DCP (%) ~0.201 0.095
VD outer retina (%) 0014 0913
VD Ghoriocapillaris (%) 0071 0572

BCVA, best-corrected visuel acuty; OCTA, optical coherence tomography angiography;
CMT, central macular thickness; FAZ, foveal avascular zone; FD300, Foveal density 300
um; VD, vascular density; SCR, superficial capilary plexus; DCP. deep capillary plexus.
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RNFL (um)

CMT (um)

Retinal thickness (1-8) pm
Retinal thickness (3-6) pm
Retinal thickness (0-6) pm
FAZ (mm?)

FD-300 area density
FD-300 length density
Optic disk VD

Whole VD SCP (%)
Parafovea VD SCP (%)
Whole VD DCP (%)
Parafovea VD DCP (%)

VD outer retina (%)

VD Choriocapillaris (%)

Uveitis eye

120.80 & 24.07
264.60 + 56.16
338.30 + 25.32
308.00 +27.28
313.70 £ 28.27
0.31 £0.09
47.62 £7.50
9924271
53.08 £ 5.49
46.11 £4.98
46.82 £5.29
45.63 £5.25
51.76 +5.71
14.72 £ 3.75
23.69 £ 1.59

Normal eye

101.20 £ 10.01
240.90 +20.58
323.0+10.31
281.70 £ 11.52
290.10 + 10.38
0.33£0.13
54.02 + 5.61
11.56 £2.25
56.28 +£2.51
49.01 +3.83
50.79 £5.29
48.36 + 6.53
5419 + 4.65
14.59 £3.15
2422 4+ 1.16

p-value

<0.001
<0.001
0.001
<0.001
<0.001
0.248
<0.001
<0.001
<0.001
<0.001
<0.001
0.009
0.009
0.826
0.031

The data were presented as mean % SD. SD, standard deviation; CMT, central macular
thickness; FAZ, foveal avascular zone; VD, vascular density; FD300, Foveal density 300
um; SCP, superficial capillary plexus; DCP, deep capilary plexus.
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Normal control (NC)

Number of eye/individuals 65/65
Age (years) 40.86  15.96
Sex, female/male 31/34

BCVA(ogMAR) 024%0.15

Autoimmune posterior uveitis

66/65
4532+ 12.11
31/34
0.01£0.17

Acute uveitis

32/32
42.75 £19.22
15117
/

Chronic uveitis

33/33
39.03 + 12.02
16/17
/

p-value

0.118
0.992
< 0.001
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OCT Changes during the Follow-up Period

Spontaneous disruption of ILM
ILM detachment

Spontaneous disruption of ERM
Posterior vitreous detachment
Vitreomacular traction

OCT, optical coherence tomography; LMH, lamellar macular hole; ILM, internal limiting membrane; ERM, epiretinal membrane.

*Fisher’s exact tests.
Statistically significant p-values were reported in bold.

Progressed (32 eyes)

0(0%)
2(6.25%)
1(3.13%)
1(3.13%)
1(3.13%)

Prognosis

Stable (83 eyes)

0(0%)
0(0%)
4.(4.82%)
1(1.20%)
0(0%)

Improved (5 eyes)

2 (40.00%)
0(0%)

2 (40.00%)

1(20.00%)
0(0%)

P-value

0.001*
>0.05
0.03*
>0.05
>0.06
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Characteristics Retinoschisis (83 eyes) LMH (27 eyes) Foveal RD (12 eyes)

Age (y)
Mean & SD 5243954 53.07 % 11.48 5492822
Range 26-76 21-72 39-70
BCVA (logMAR)
Mean & SD 030 +029 0644039 091053
Range 0.00-185 0.10-1.30 0.22-1.85
Axial length (mm)
Mean & SD 29884252 30834225 31114161
Range 24.85-35.93 26.69-34.32 28.85-33.48
Progressed (eyes) 19 (22.89%) 9(33.33%) 5(41.67%)
Pathology enlargement* 9 7 5
Enlargement of retinoschisis 9 3 0
Enlargement of LMH 0 3 0
Enlargement of foveal RD 0 1 5
Newly onset pathology 12 2 0
Development of retinoschisis 2 0 0
Development of LMH 5 0 0
Development of foveal RD 4 2 0
Development of FTMH 1 0 0
Duration of progression 16.1+£3.9 123:+4.1 29423
Improved (eyes) 3(3.61%) 0(0%) 2(16.67%)
Stable (eyes) 61(73.49%) 18 (66.67%) 5(41.67%)

BCVA, best corrected visual acuity; logMAR, logarithm of the minimum angle of resolution; RD, retinal detachment; LMH, lamellar macular hole; FTMH, full-thickness MH.
*Increased height or extent of the pathology.
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