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Editorial on the Research Topic
 Reviews in: ophthalmology 2024





1 Introduction

Ophthalmology continues to evolve at pace, driven by advances that span molecular mechanisms, devices, digital methods, and service delivery. Reviews in: Ophthalmology 2024 brings together 11 articles that exemplify this breadth—ranging from ocular surface disease and pediatric ophthalmology to glaucoma, optics, neuro-ophthalmology, and the growing role of computational tools. Together, these contributions survey where the field stands and, crucially, where it is heading.



2 Digital methods moving from promise to practice

Two pieces consider how data-driven tools may reshape translational and clinical pathways. Chatzimichail et al. chart current applications of artificial intelligence (AI) and robotics in medical and surgical retina, candidly balancing gains in diagnostic support and surgical precision against constraints such as training needs, cost, and real-world integration. Their synthesis underscores the importance of robust datasets, external validation, and careful evaluation of workflow fit before widespread adoption.

Looking beyond retina, Fallah Tafti et al. outline how AI can assist corneal cell therapies—from biomarker discovery and manufacturing optimisation to peri-operative decision support. The article highlights opportunities for predictive modeling to de-risk novel therapies while calling for interdisciplinary teams that link data scientists with cell biologists and corneal specialists.



3 Ocular surface: mechanisms and peri-operative care

Two reviews focus on dry eye—one from the vantage point of autoimmunity, the other from the clinic. Fu et al. examine aquaporin-5 (AQP5) in primary Sjögren's syndrome dry eye, assembling evidence that dysregulated AQP5 expression and localization contribute to epithelial inflammation and tear film instability. By mapping upstream signaling and downstream epithelial effects, the authors argue that AQP5-centered pathways merit exploration as therapeutic targets.

From mechanism to management, Nuzzi et al. synthesize the literature on how cataract surgery affects the tear film. They note consistent early post-operative perturbations in tear stability and symptoms, with pre-existing meibomian gland dysfunction, surgical technique, and peri-operative pharmacology shaping risk and recovery. The review calls for multicenter trials to harmonize protocols and align patient-reported outcomes with objective measures.



4 Optics and implants: what (still) matters for patients

As lens technologies diversify, two contributions revisit fundamentals and outcomes. Brighesh et al. provide a concise primer on the optical properties of intraocular lenses (IOLs) and discuss considerations for additive manufacturing—reminding us that material science, surface topology, and optical design collectively determine contrast, dysphotopsia profiles, and tolerance to misalignment.

Complementing principles with evidence synthesis, Ristvedt et al. review clinical outcomes of a hydrophobic trifocal diffractive IOL. They report good uncorrected performance across distances with acceptable dysphotopsia in most series, while emphasizing the importance of patient selection and pre-operative counseling—particularly in eyes with borderline ocular surface or macular status.



5 Pediatrics and visual development

Three reviews examine interventions across common childhood conditions. Huang et al. survey non-surgical treatments for pediatric strabismus—including optical correction, occlusion and vision therapy, and botulinum toxin—highlighting where evidence is promising and where practice remains heterogeneous. The review supports early, tailored approaches while calling for comparative effectiveness studies to define durable indications for non-surgical care.

Tan et al. conduct a meta-analysis on acupuncture-combined regimens for amblyopia. While some pooled effects appear favorable, the authors stress safety monitoring, methodological rigor, and the need to align outcomes with contemporary amblyopia care standards; the analysis should spur better-designed trials rather than immediate practice change.

Maluleke and Mahomed review the knowledge, attitudes, and practices of healthcare professionals regarding diabetic retinopathy (DR) screening. Variability in training, access to basic tools, and competing clinical demands all contribute to missed opportunities in primary care. Regular in-service training and resource provision emerge as clear, actionable levers to improve screening coverage.



6 Glaucoma: widening the therapeutic armory

Sarkis et al. summarize emerging therapies for glaucoma, spanning novel pharmacological agents and interventional approaches. The review takes a pragmatic view—advising careful patient selection, realistic expectations about additive benefit, and the continued centrality of pressure control within a broader neuroprotective and perfusion-aware framework.



7 Mapping a field in motion

Finally, Wang et al. offer a bibliometric analysis of optic atrophy research (2003–2023). By charting outputs, collaborations, and topic clusters—from mitochondrial disease to diagnostics—the study helps situate current efforts and points to where methodological and therapeutic innovations may have most leverage.



8 Threads that tie the topic together

Across these articles, three themes recur. First, mechanism-aware care: whether discussing AQP5 in Sjögren's dry eye or neurodegenerative pathways in optic atrophy, mechanistic clarity remains the compass for targeted therapies. Second, optics and interfaces: from IOL physics to ocular surface health after cataract surgery, patient-perceived quality depends on how devices and tissues interact in daily life, not just on headline acuity. Third, method and implementation: AI-enabled tools and new glaucoma options will only realize value when embedded in workflows with proper validation, training, and equitable access—principles equally relevant to DR screening in primary care and to pediatric strabismus pathways.



9 Looking ahead

The picture that emerges is optimistic but grounded. On the discovery-to-clinic axis, data-centric methods should co-develop with mechanistic studies to avoid black-box promises and to accelerate trustworthy translation (as illustrated in retina AI/robotics and corneal cell therapy). On the clinic-to-patient axis, outcome sets that integrate symptoms, task-based performance, and optical quality will better capture what matters in cataract care and premium IOLs. And on the system-to-population axis, practical investments—training non-ophthalmic colleagues to spot and refer DR, or standardizing non-surgical strabismus protocols—can yield immediate, equitable impact while larger trials mature.

This Research Topic shows the field at its best: curious about mechanisms, exacting about optics and surgery, alert to implementation, and confident enough to test new ideas against real-world standards. We thank all contributors and reviewers for their thoughtful scholarship and invite readers to explore the full Research Topic and to build on the questions it raises for 2025 and beyond.
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Over the past decade, artificial intelligence (AI) and its subfields, deep learning and machine learning, have become integral parts of ophthalmology, particularly in the field of ophthalmic imaging. A diverse array of algorithms has emerged to facilitate the automated diagnosis of numerous medical and surgical retinal conditions. The development of these algorithms necessitates extensive training using large datasets of retinal images. This approach has demonstrated a promising impact, especially in increasing accuracy of diagnosis for unspecialized clinicians for various diseases and in the area of telemedicine, where access to ophthalmological care is restricted. In parallel, robotic technology has made significant inroads into the medical field, including ophthalmology. The vast majority of research in the field of robotic surgery has been focused on anterior segment and vitreoretinal surgery. These systems offer potential improvements in accuracy and address issues such as hand tremors. However, widespread adoption faces hurdles, including the substantial costs associated with these systems and the steep learning curve for surgeons. These challenges currently constrain the broader implementation of robotic surgical systems in ophthalmology. This mini review discusses the current research and challenges, underscoring the limited yet growing implementation of AI and robotic systems in the field of retinal conditions.
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Introduction

Artificial intelligence (AI) is a subfield of computer sciences with the goal of creating intelligent machines (1). Deep learning (DL), as a subfield of machine learning, allows computational models consisting of numerous layers, to learn representations of data characterized by varying degrees of abstraction (2). Ophthalmology is one of the specialties with widespread experimental implementation of AI. Deep learning (DL) can be extremely assistant in automated diagnosing of medical retinal diseases, like neovascular AMD, retinopathy of prematurity, diabetic retinopathy as well as of surgical retinal diseases, such as macular hole, retinal detachment and epiretinal membrane. On the other side, the emerging advancement of robotics has led to the introduction of robotics into a variety of surgical medical specialties like gynecology, urology and general surgery (3). Eye surgery necessitates sufficient lighting, stabilization of the hand movements and unobstructed view (4). Robotic surgical systems offer specialized features that can effectively fulfill these requirements, ensuring optimal conditions for surgical precision and success.

Considering the above, the primary aim of this review is to raise awareness about the novel applications of artificial intelligence and robotic technology on the management of vitreoretinal diseases. Recent publications on the field of AI and deep learning application in the diagnosis of medical and surgical retina disorders along with the challenges and limitations are going to be summarized. Moreover, published data on novel robotical approaches in the surgical management of retinal disorders are going to be analyzed.



Methods

For this mini-review, we conducted a search in PubMed, Embase and Scopus using the keywords “(Automated diagnosis) AND (OCT* OR Optical Coherence Tomography*),” “(‘Artificial Intelligence’ OR ‘Machine Learning’) AND ‘Retina’ ‘and’ (Robotics) AND (Ophthalmology).” These searches were performed between 27 February 2024, and 1 April 2024. To be included in the review, studies needed to focus on either the automated diagnosis of OCT images using deep learning algorithms for surgical or medical retinal diseases, or the application of robotics in ophthalmology. Studies without English manuscript or clinical relevance were excluded.



Automated diagnosis through the utilization of machine learning and deep learning algorithms

Convolutional neural network (CNN) is a deep learning model designed to analyze data exhibiting a grid-like structure, such as images (5). Modern architecture CNNs are employed to perform the segmentation of the retinal OCT. The development of an algorithm necessitates a large dataset of fundus images (OCT, fundus or sonography images) as a reference for the system to differentiate the anatomical structures on the images such as retinal layers or pathological abnormalities. In OCT images, segmentation and masking of retinal layers are conducted to emphasize the region of interest, while excluding extraneous background regions (6). Fundus images are being processed on a gray-scale mode where the pixel values of the background equated to zero, while the pixel value of the active area is above zero (7).

In general, the performance of these algorithms is evaluated in most published studies using metrics such as AUC (area under the ROC curve), specificity, sensitivity, accuracy, intraclass coefficients, or by comparing them to ophthalmic specialists or residents for accuracy in a series of clinical cases.



Artificial intelligence and deep learning in color fundus photography and optical coherence tomography (OCT)

One of the first applications of AI and Dl in retinal diseases, was the automated interpretation of color fundus photos for the screening of age-related macular degeneration (AMD) through the study of Van Grinsven et al. (8), who presented a system for differentiating high-risk from low-risk patients for non advanced AMD. The authors reported that the detection of drusen was highly similar between the human observers and the machine learning system with a mean intraclass correlation coefficient (ICC) over 0.85. In terms of risk prediction for AMD the proposed system reached the receiver operating characteristic (ROC) curve of 0.948 and 0.954, achieving similar performance with the human observers.

In the field of ROP, a prompt and accurate diagnosis is of paramount importance. ROP is also an area of ophthalmology that AI has been widely implemented over the last few years. Brown et al. (9) were the one of the first to create and validate a deep convolutional neural network for the automated diagnosis of plus disease in ROP with the use of 5,511 retinal images from the cohort study imaging and informatics in retinopathy of prematurity (i-ROP). The authors reported a 93% sensitivity and 94% specificity for identification of plus disease, achieving comparable or better accuracy than human retinal experts (9).

A deep convolutional neural network proposed by Li and Liu was trained for the diagnosis of ROP for stages I, II and III, using 18,827 fundus images from premature infants. This proposed network achieved a high specificity and sensitivity for all three stages of ROP (Table 1) with the highest an average AUC score of 0.9663 (10). More recently, another computer algorithm was published from Sharafi et al. (11) for the automated diagnosis of plus disease in ROP through accurate segmentation of retinal vessels.


TABLE 1 Overview of studies with application of novel DL-algorithms in medical retina diseases.
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In the spectrum of nAMD, Jang et al. (12) recently designed a deep learning algorithm for the prediction of the first recurrence following three loading injections of anti-VEGF. This study included 1,444 eyes from 1,302 patients. Their findings illustrate that a model utilizing OCT scans of the fluid region post-loading phase exhibited the top classification performance, achieving an area under the receiver operating characteristic (AUC) of 72.5%. Analysis via heatmap uncovered that three distinct pathological fluids (PED, SRF, IRF), diminished choroidal neovascularization lesions and hyperreflective foci were significant regions associated with the initial recurrence.

Automated algorithms have been also introduced for dry AMD. One of them from Pramil et al. (13) employed for the training of the algorithm using 126 SST-OCT images scans from 90 individuals with geographical atrophy, 32 individuals with early or intermediate AMD and 16 healthy controls. For the development of the algorithm 3 parameters were used for the automated segmentation: hypertransmission within the subretinal pigment epithelium layer, areas exhibiting RPE absence, and reductions in retinal thickness. The algorithm demonstrated strong consistency, achieving ICCs (intraclass correlation coefficients) of 0.99 and 0.94 for the measurements of geographic atrophy (GA) area and the rates of GA area enlargement, respectively.

Regarding myopic maculopathy, several DL-based models have been proposed that aid for an automated diagnosis based on the OCT-images. Ye et al. (14) introduced an algorithm that was developed with the use of more than 2,300 OCT Spectralis HRA (Heidelberg Engineering, Heidelberg, Germany) images and was developed for the detection of five entities of the myopic maculopathy: macular choroidal thinning, macular Bruch membrane (BM) defects, subretinal hyper-reflective material (SHRM), myopic traction maculopathy (MTM), and dome-shaped macula (DSM). This neural network recorded an AUC from 0.927 to 0.974 for the different entities of myopic maculopathy as well as equal to better sensitivities than junior specialists.

Central serous chorioretinopathy (CSC) is distinguished through localized serous detachment of the macula and affects mostly young males (15). The diagnosis of CSC has relied on invasive imaging techniques, such as fluorescein angiography (FA) and indocyanine green angiography (ICGA). Deep learning finds application in the diagnosis of CSC, with a proposed algorithm that included 7425 SD-OCT images from 297 individuals (16). This diagnostic system achieved an average cross-validation accuracy of 94.2% (95% CI 0.897–0.986), with a sensitivity of 94.9% and specificity of 99.1%. Similarly, another DL algorithm have shown sufficient efficacy in the automated diagnosis of CSC (17).



Surgical diseases

With regard to surgical retinal diseases, a plethora of algorithms based on DL have been published for automated diagnosis of clinical entities such as epiretinal membrane, macular hole and retinal detachment. To start with, few studies have been focused on epiretinal membranes; Lo et al. (18), who used 3,141 OCT images, introduced an algorithm with an AUC of 0.99, sensitivity 0.99 and specified 0.98. More recently, Tang et al. (19) introduced a model using 468 OCT images, which helped junior physicians significantly to increase their accuracy at diagnosing epiretinal membrane.

With relation to retinal detachment, Wang et al. (20) introduced and validated an DL-algorithm in China using 6,000 ophthalmic ultrasound images from 1,645 participants. The top-performing DL model in detecting RRD in this study attained an area under the ROC curve (AUC) of 0.998, accompanied by a sensitivity of 99.2% and a specificity of 99.8%. This DL model could be extremely helpful on the countryside, where there is no wide availability of ophthalmologists. In addition, Fung et al. (21) trained a DL model for the prediction of postoperative anatomical outcomes after RRD surgery. The authors used 6661 digitally drawn RRD images from patients that had undergone pars plana vitrectomy with endotamponade in order to train the DL model. This model achieved an AUC of 0.94, with sensitivity of 0.73 and specificity of 0.96.

DL algorithms have also been developed for the diagnosis of RDD based on fundus images (Table 2). Li et al. (22) trained an algorithm with 24.208 ultra-widefield fundus images for the localisation of the anatomical retinal detachment areas. The authors used various localization systems in the development of the algorithm, which recorded an 86.42% precision and an 83.27% recall in the 48-partition lesion detection and a 92.67% precision with a recall of 68.07% in the baseline model. The algorithm for holistic lesion localization achieved 89.16% precision and 83.38% recall.


TABLE 2 Overview of studies with application of novel DL-algorithms in surgical retina diseases.
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Another DL-based model has been introduced from Valentim et al. (23) for the automated detection of idiopathic full thickness macular holes with the use of spectral domain optical coherence tomography. More than 600 cube scans from patients were used to train the algorithm. An accuracy of 88.5% was mentioned by the authors together with the need for further training of the algorithm in order to recognize the different stages of macular holes.



Robotic Surgery

In this section, a comprehensive synopsis of the most important clinical studies on application of robotics in vitreoretinal diseases along with an overview of the most prominent surgical robotic systems in ophthalmic surgery is provided.

Ophthalmic surgery is a surgical field that demands a high level of precision and accuracy in a series of sensitive tissue manipulations that can last up to hours. For example, from anatomical point of view, an epiretinal membrane has a mean thickness of ca. 60 microns, necessitating high precision during removal to avoid injury to nearby tissues. Moreover, some factors like hand tremor, excessive number of tissue manipulations and surgeon’s fatigue can have a negative impact on the surgery. Hence, robotic technology offers a variety of advantages in the operative theater. Firstly, robotic technology can achieve a precision of 1 mm (3). Furthermore, robotic surgical systems can reduce the hand tremor, whilst offering a 360° range of movement intraoperatively. The accuracy of robotic systems can be further warranted through the incorporation of intraoperative OCT, allowing for better intraoperative visualization, like already mentioned above.

The most prominent robotic surgical systems in ophthalmology is the da Vinci system (Intuitive Surgical, USA) with more than 4,000 unit installations worldwide until 2017 (24). It is composed from two primary components, a control console and the robotic apparatus. Da Vinci system offers optical magnification of the surgical field together with the feature of reducing the hand tremor of the surgeon. Another benefit of this surgical system is the 360° range of motion of the joints, enabling optimal positioning and enhancing precision during the ophthalmic surgery (3).

The Intraocular Robotic Interventional Surgical System (IRISS) is a contemporary telemanipulated robotic surgical system that was developed for reducing complication rates in cataract extraction (25, 26). IRISS possesses an integrated OCT and a stereo-camera that allows for preoperative planning and accurate intraoperative intervention. IRISS consists of two surgical manipulating arms that can simultaneously be remotely controlled through a distant operator. T his surgical system is capable of simultaneously attaching up to four tools and seamlessly transitioning between them during surgical procedures.

Preceyes surgical system (PSS, Preceyes bv, Eindhoven, the Netherlands) is another robotic surgical system that has been designed for surgical procedures of the posterior segment, such as vitrectomy or subretinal injections. It carries the advantage of uncomplicated integration into the operating microscope while the surgeon could be positioned at his usual surgical site. PSS offers the ability to incorporate useful surgical instruments, such as forceps, scissors, and cutters that can be easily operated through a foot pedal (2). This robotic surgical system offers a significant intraocular reach spanning of 130 degrees from a temporal opening (27).

In a prospective randomized clinical study from Faridpooya et al. (28), 15 patients with idiopathic ERM after randomization received either a manual surgery or a robotic-assisted one, with the aid of the Preceyes surgical system (PSS, Preceyes bv, Eindhoven, the Netherlands). Results showed no complications in the PSS group, as well as shorter distance traveled by the forceps. With regard to visual outcomes, similar results were reported between the two groups, with longer mean surgical time in the PSS group (PSS: 56 min vs. Manual Surgery: 24 min). Moreover, a comparative study was undertaken to assess the efficacy of robotic versus manual peeling techniques (3). Initially, manual peeling was performed with the aid of Eyesi surgical simulator (VRmagic, Mannheim, Germany) followed by the application of the Preceyes surgical system from the same surgeon. The findings demonstrated that manual peeling took 5 min on average, whereas peeling assisted by the robotic system required an average of 9 min. Additionally, the robotic approach necessitated an average of 344 mm to complete the ILM peeling, whereas the manual method utilized approximately 600 mm. Overall, the robot-assisted procedure was found to be safer due to reduced number of macular hemorrhages during the peeling and because of total eliminated retinal injuries caused from the surgical instruments.



Limitations, challenges and future aspects

Robotic eye surgery, while a frontier of innovation, faces substantial challenges that could impede its broader adoption. The complexity of mastering robotic systems presents a significant learning curve, which may deter many surgeons from transitioning to these technologies. The high costs associated with purchasing, maintaining, and training personnel on robotic systems pose financial burdens that many institutions may find prohibitive. The time-intensive setup and the need for specialized training can limit the practicality of robotic systems in high-throughput surgical environments. Furthermore, issues such as suboptimal endoscopic visualization, which lacks the detail provided by traditional microscopes, and the potential for increased ocular surface stress due to the remote center of motion, further complicate the use of systems like the da Vinci robotic operating system (4).

Looking to the future, developments should focus on integrating robotic systems seamlessly into the existing surgical workflows, enhancing their adaptability to various surgical scenarios. Innovations in visualization technologies could mitigate current limitations, offering clearer, more detailed intraoperative views that could improve surgical precision and outcomes. Making robotic systems more cost-effective and easier to maintain could facilitate their adoption in a wider range of medical settings, potentially making them a standard tool in ophthalmic surgeries. Advanced simulations and training programs could be developed to reduce the learning curve and enhance the surgical skills necessary to operate these sophisticated systems effectively. Leveraging AI to integrate real-time data analytics during surgery could enhance decision-making processes and surgical precision, leading to better patient outcomes.

In the field of AI in ophthalmology, the journey is just beginning. As algorithms evolve, there is a continuous need for refinement and training of algorithms with larger, more diverse data sets, including complex and rare conditions, to enhance accuracy and reliability. Developing standardized protocols for AI applications in medical settings, addressing privacy, and ethical concerns related to patient data use are critical. Strengthening collaborations across disciplines—combining insights from data scientists, clinicians, and engineers—can drive innovations that fully harness AI’s potential in ophthalmology.

The integration of large language models (LLMs) like ChatGPT into ophthalmology offers promising advancements (29). These AI systems could improve diagnostics and patient education through real-time data analysis and access to vast research resources. LLMs have the potential to enhance decision-making and extend specialized care to underserved regions. However, their clinical application will require thorough validation and careful consideration of data security and ethical concerns to fully realize their transformative impact on ophthalmology.

These initiatives will not only overcome existing barriers but also expand the capabilities of AI and robotics in ophthalmology, setting a new standard for precision and efficiency in patient care.



Conclusion

AI holds tremendous promise as an emerging field in ophthalmology. To date, numerous deep learning-based algorithms have been developed for automated diagnosis of a plethora of medical and surgical retinal diseases. Yet, international collaborations remain imperative, alongside enhancing the capabilities of existing algorithms through extensive training with larger datasets encompassing complex cases. This approach aims to refine and optimize these algorithms for enhanced efficacy.

Additionally, robotic surgery presents a promising frontier in ophthalmology. However, it necessitates further research, particularly focused on pioneering robotic systems seamlessly integrated into the routine operations of ophthalmic theaters. Such advancements hold the potential to revolutionize surgical procedures, ultimately benefiting patients and practitioners alike.
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The involvement of aquaporin 5 in the inflammatory response of primary Sjogren’s syndrome dry eye: potential therapeutic targets exploration

Lijuan Fu1,2†, Zihang Zhao2,3†, Shuang Zhao1,2, Meiying Zhang1, Xiaoming Teng1,2, Liyuan Wang1,2* and Tiansong Yang1*


1School of Clinical Medicine, Heilongjiang University of Chinese Medicine, Harbin, China

2Ophthalmology Department, First Affiliated Hospital of Heilongjiang University of Chinese Medicine, Harbin, China

3Graduate School, China Academy of Chinese Medical Sciences, Beijing, China

Edited by
 Rashmi Deshmukh, L V Prasad Eye Institute, India

Reviewed by
 Barbara Russo, University of Geneva, Switzerland
 Dario Rusciano, Consultant, Catania, Italy

*Correspondence
 Liyuan Wang, wangliyuan19891029@163.com; Tiansong Yang, yangtiansong2006@163.com 

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

Received 28 May 2024
 Accepted 03 September 2024
 Published 23 September 2024

Citation
 Fu L, Zhao Z, Zhao S, Zhang M, Teng X, Wang L and Yang T (2024) The involvement of aquaporin 5 in the inflammatory response of primary Sjogren’s syndrome dry eye: potential therapeutic targets exploration. Front. Med. 11:1439888. doi: 10.3389/fmed.2024.1439888
 

Sjogren’s syndrome (SS) is a chronic autoimmune disease. Mainly due to the infiltration of lymphoplasmic cells into the exocrine glands, especially the salivary glands and lacrimal glands, resulting in reduced tear and saliva secretion. Reduced tear flow can trigger Sjogren’s syndrome dry eye (SSDE). Although the pathophysiology of SSDE xerosis remains incompletely understood, recent advances have identified aquaporin-5 (AQP5) as a critical factor in dysregulation of the exocrine gland and epithelium, influencing the clinical presentation of SSDE through modulation of inflammatory microenvironment and tear secretion processes. This review aims to explore AQP5 regulatory mechanisms in SSDE and analyze its potential as a therapeutic target, providing new directions for SSDE treatment.
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1 Introduction

Sjogren’s syndrome (SS) is a systemic autoimmune disease that primarily targers exocrine glands, particularly the lacrimal and salivary glands, leading to symptoms such as dry eyes (xerophthalmia) and dry mouth (xerostomia) due to chronic lymphoplasmacytic infiltration (1, 2). SS is classified into primary SS (pSS) and secondary SS (sSS), with pSS occurring independently and sSS often associated with other autoimmune connective tissue diseases (3, 4). As a systemic condition, SS can also impact various organs, potentially causing severe complications such as keratitis, corneal dystrophy, and scleritis, which may result in significant visual impairment (5–9). Despite advancements in understanding the SS’s pathobiology, many cases of SS-related dry eye disease (SSDE) remain undiagnosed, posing challenges for effective diagnosis and treatment (10).

Recent research highlights immune system dysregulation, particularly the interferon (IFN) pathway and persistent B-cell activation, plays a central role in SS pathogenesis (11–13). Additionally, epithelial cell dysfunction has garnered attention, with inflammation in these cells being critical in reducing tear production in SSDE (14). Aquaporin 5 (AQP5), a key protein in exocrine glands, has emerged as an important factor in this process. Alterations in AQP5 distribution and expression may worsen SSDE by impairing the function of affected glands (15). This review explores the role of AQP5 in epithelial cell inflammation in SSDE and its potential as a therapeutic target.



2 Overview of SSDE

SSDE is mainly marked by dry eye or keratoconjunctivitis sicca (KCS), resulting from lacrimal gland dysfunction that disrupts the tear film and exacerbates chronic ocular surface inflammation (8). The symptoms of SSDE are diverse, including photosensitivity, erythema, itching, or foreign body sensation, are often worsen with prolonged activities that reduce blinking, such as reading, driving, and watching TV (16).

While the clinical manifestations of SSDE, such as blurred vision, are more severe than those of non-Sjögren’s syndrome dry eye (NSSDE), no clear clinical features currently differentiate SSDE from NSSDE (17). SSDE is marked by significant lymphocytic infiltration in the lacrimal and salivary glands, initiating an autoimmune response that results in the gradual destruction of these glands (18). This infiltration frequently results in the formation of ectopic germinal centers (GC) -like structures in the affected tissues, found in 18–59% of SS patients, which disrupts glandular structure, intensify local inflammation, and promote autoantibody formation, culminating in reduced tear secretion and severe ocular surface damage (19–23). Corsiero confirmed that these GC-like structures mainly drive the risk of lymphoproliferative disease by promoting prolonged B-cell activation and clonal expansion (24).

The destruction of glandular tissue leads to tear film instability and triggers an inflammatory cascade within epithelial cells through pathways such as MAPK and NFκB. This cascade leads to the release of pro-inflammatory cytokines, which sustain not only the inflammatory state but also induce apoptosis of secretory acinar cells, leading to reduced production of the aqueous component of the tear film (25–27). Additionally, meibomian gland dysfunction and the apoptosis of goblet cells and epithelial cells compromise the lipid and mucin layers of the tear film, leading to increased tear evaporation and decreased ocular surface wettability (9, 28). Neurogenic inflammation and corneal nerve disorders further contribute to the vicious cycle of tear deficiency and chronic ocular surface inflammation by diminishing corneal sensation and impairing the blinking reflex (25).

The pathogenesis of SSDE is intricate, and some researchers have summarized it into four stages (Figure 1) (29):

	1. Interaction between genetic susceptibility and environmental exposure.
	2. Development of autoimmunity.
	3. Destruction of lacrimal glands leading to aqueous tear deficiency.
	4. Affection of the functional lacrimal unit, initiating the vicious cycle of dry eye disease (DED).
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FIGURE 1
 Four steps in the pathological process of SSDE. This figure outlines the four key steps involved in the pathological process of primary Sjögren’s Syndrome Dry Eye, highlighting the progression from initial susceptibility to the establishment of a chronic dry eye state (SSDE, Sjögren’s Syndrome Dry Eye; ATD, Aqueous Tear Deficiency; DED, Dry Eye Disease).




3 Aquaporin 5

Aquaporins (AQPs) are membrane proteins that efficiently facilitate the rapid transport of water and small molecules across cellular membranes (30). To date, 13 AQP subtypes have been identified in humans and categorized into three subfamilies based on functional and structural similarities. The first group consists of classical water-selective AQPs (AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, and AQP8), which primarily function as water transport channels. The second group includes glycerol channel proteins (AQP3, AQP7, AQP9, and AQP10), which transport not only water but also other small uncharged molecules such as ammonia, urea, and particularly glycerol. In some literature, these glycerol channels are also referred to as the “heretical” AQPs (31). The final subfamily, known as superaquaporins (AQP11 and AQP12), facilitates the transport of glycerol, water, and hydrogen peroxide (H2O2) (32). These channels exhibit minimal homology with the other subfamilies and are found exclusively in multicellular organisms, excluding fungi and plants (33).

Aquaporin-5 (AQP5) is a crucial member of the aquaporin family, playing a pivotal role in facilitating cellular water transport and participating in various cellular processes (34). AQP5 is widely expressed in diverse human tissues, particularly in the salivary and lacrimal glands, making it highly significant in the context of SSDE (35–39). Composed of 256 amino acids, AQP5 functions as a tetramer consisting of four identical monomers. Each monomer forms a water pore with six transmembrane alpha helices connected by five loops, with both the amino and carboxyl ends located in the cytoplasm. The folding of the B and E loops creates a half-helix that surrounds two highly conserved NPA motifs (asparagine-proline-alanine) (40, 41), which are situated in the narrow central constriction region of the channel and are crucial for ensuring the high selectivity of water and solutes through the pores (41). The transport function of AQP5 is regulated by various independent mechanisms, including phosphorylation at the Ser156 site, protein kinase A activity, and extracellular osmotic pressure (42).

The principal role of AQPs is closely linked to their molecular configuration. These monomers assemble into functional units, each with an independent water transport pathway, functioning autonomously within the AQP tetramer (43). By facilitating water permeability across the plasma membrane, AQPs enable the flow of intracellular fluid (44). Furthermore, post-translational modifications such as phosphorylation, ubiquitination, glycosylation, subcellular localization, degradation, and protein interactions play a critical role in regulating the physiological functions of AQPs.

The translocation of AQP from intracellular vesicles to the apical membrane of the cell is a complex process triggered by a combination of various stimuli, including post-translational modifications, neurotransmitter binding to G protein-coupled receptors (GPCRs), and interactions with multiple partner proteins along microtubules or within the membrane scaffold (45–47). This process regulates the transmembrane transport of water and small molecules. AQP2, a renal aquaporin, has been identified as a key player in renal water reabsorption following vasopressin stimulation. Due to the significant sequence similarity between AQP5 and AQP2, numerous studies have focused on elucidating the transport mechanism of AQP2 to lay the groundwork for understanding AQP5 translocation (48–50). Current knowledge of AQP5 transport in the salivary glands suggests that para-acetylcholine and norepinephrine must bind to M3 muscarinic and β-adrenergic receptors, respectively, to trigger an AQP5 response and facilitate its transfer to the apical membrane (51, 52).

Similarly, AQP5 exhibits a regulatory mechanism in the transport processes within the salivary and lacrimal glands. Upon stimulation by neuropeptides, AQP5 translocates from intracellular vesicles to the apical membrane, thereby enhancing water transport for secretions and facilitating saliva or tear secretion (52). Although two consensus PKA sites are present in loop D (Ser156) and the carboxyl-terminal (Thr259) of AQP5’s cytoplasmic structure, their phosphorylation does not directly influence protein transport (53). Instead, it has been suggested that regulation involves three independent mechanisms: phosphorylation at Ser156, protein kinase activity, and extracellular tonicity (42). However, further research is necessary to fully elucidate the molecular pathways governing AQP5’s translocation and function in tear secretion, especially in the context of SSDE. A deeper understanding of these mechanisms could provide valuable insights into therapeutic strategies aimed at restoring proper AQP5 function and alleviating symptoms in SSDE patients.



4 The expression of aquaporin 5 in the lacrimal glands

The lacrimal gland (LG) is a crucial component of the lacrimal duct system, primarily responsible for tear production and secretion, maintenance of ocular moisture, provision of essential nutrients, and cleansing and protection of the eye. The human LG consists of two distinct parts: the principal LG, located in the anterolateral lacrimal fossa at the orbit apex, and the accessory LG, found in the superior fornix of the eyelid. The primary LG is composed of three key elements: acinar cells, ductal units, and myoepithelial cells. The Lacrimal Gland Functional Unit (LFU) predominantly regulates tear generation, transportation, and elimination to maintain ocular homeostasis (54–56). The LFU includes primary and accessory lacrimal glands, meibomian glands, conjunctival goblet cells, surface epithelium, eyelids, the lacrimal drainage system, the glandular and mucosal immune systems, and interconnected innervation (57). The tear film consists of an aqueous mucin layer, overlaid by a lipid layer containing liquid and soluble components produced by the lacrimal gland and mucins secreted by goblet cells. The combination of water and mucin forms a single layer known as the mucinous hydrogel or mucinous water layer (58). Tears contain a diverse array of lipids, proteins, and glycoproteins that synergistically maintain ocular surface cleanliness, lubrication, and stability and are produced at an average daily rate of approximately 5 mL (58).

AQPs are widely distributed across the plasma membranes of various cell types, including the lacrimal glands, and play a pivotal role in water and tear secretion. AQP5, in particular, is predominantly found in the ductal epithelial cells and apical membranes of acinar cells within the human lacrimal gland, where it regulates primary saliva and tear production (59–61). The proper localization and function of AQP5 are crucial for the normal physiological activity of these glands. Studies have demonstrated that AQP5’s distribution varies depending on individual’s health. In healthy individuals or those with NSSDE, AQP5 is primarily localized to the apical surface of acinar cells. However, in patients with SSDE, AQP5’s distribution is more diffuse, suggesting that abnormal localization may contribute to reduced tear secretion (62, 63). This altered distribution of AQP5 has been further supported by knockout mouse models, where the absence of AQP5 leads to impaired salivary gland function, underscoring its critical role in exocrine gland physiology (62).

In the human lacrimal gland, AQP5 is predominantly expressed in ductal epithelial cells and is primarily localized to the apical membrane of acinar cells. AQP5 exhibits similar apical membrane localization in the lacrimal glands of rats (64, 65), mice, humans (66), and rabbits (67). However, there are variations in its expression levels across different species. For instance, in rat lacrimal glands, AQP5 proteins are mainly localized to the ducts and endothelial cells of acini, where they are more frequently expressed than other AQPs (68). Immunolabeling studies have revealed the presence of AQP5 on the basolateral membranes of both ductal and acinar cells in mouse lacrimal glands (69). Additionally, in rabbit lacrimal glands, AQP5 levels are significantly higher than AQP4 levels by orders of magnitude in acinar cells, as well as in interlobular and intralobular ducts (70). Another study found that AQP5 is present in both acinar and ductal epithelial cells at the tip of the lacrimal gland in healthy dogs (71).

LG functions similarly to other exocrine glands. Active ion pumping into the acinar cells initiates passive osmosis, which drives water flow to generate tight isotonic ultrafiltration (72). The epithelial cells further stimulate the secretion of fluid within the acinar cavity, facilitating the release of electrolytes and other substances, resulting in the production of an isotonic fluid rich in potassium and chloride (73). Tear secretion begins with the production of primary secretion at the secretory tip or acinus, which is then modified into the final secretion as it passes through the ductal system (73).

Tear production is tightly regulated by the nervous system and both basolateral and apical aquaporins may play a role in s water movement and tear formation within the LG. In rat salivary glands, AQP8 is present in basolateral acinar cells, while AQP5 is found in apical acinar cells both are involved in the passage of water during primary saliva production (74). Reduced expression of AQP5 has been correlated with impaired salivary gland function in samples from patients with Sjögren’s syndrome (75). The neural response package stimulates the efferent sympathetic and parasympathetic neural networks innervating the LG, as well as the sensory nerves of the cornea and conjunctiva. Activation of the parasympathetic and sympathetic nerves leads to the release of neurotransmitters, which in turn triggers the secretion of water, electrolytes, and proteins from the surface of the LG and the eye (76). In BALB/c mice, unilateral sympathetic nerve transection resulted in bilateral LG iron death, down-regulation of AQP5, and decreased tear secretion through the VIP/Hif1a/TfR1 pathway (77).



5 Inflammation plays a crucial role in the involvement of AQP5 in SSDE

AQP5 plays a crucial role in fluid secretion within exocrine glands, and its dysregulation is closely associated with the pathogenesis of SSDE. Numerous studies have emphasized the impact of inflammation on AQP5 expression and localization, which significantly contributes to the hallmark symptoms of dry eye observed in SSDE (78, 79). Inflammation has been shown to alter AQP5 expression in the lacrimal glands, leading to impaired secretion. This abnormal expression of AQP5 in SSDE is believed to be a direct result of inflammation (Figure 2). For instance, studies have demonstrated that blocking pro-inflammatory cytokines like IL-7 or administering anti-TNF antibodies can restore AQP5 levels and improve symptoms in SS models, suggesting a strong connection between inflammation and AQP5 dysregulation (80, 81).
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FIGURE 2
 Inflammation affects AQP5 in SSDE. In Sjögren’s Syndrome Dry Eye, chronic inflammation disrupts AQP5 expression and localization. Inflammatory cytokines, such as TNF-α, IFN-γ, and IL-17, are released in response to an autoimmune attack on the lacrimal glands. These cytokines interfere with AQP5 function by down-regulating its expression and causing its mislocalization from the apical to the basolateral or cytoplasmic regions of the cell. This disruption impairs water transport across the acinar cells, reducing tear secretion and contributing to ocular dryness (AQP5, Aquaporin 5; SSDE, Sjögren’s Syndrome Dry Eye; TNF-α, Tumor Necrosis Factor-alpha; IFN-γ, Interferon-gamma; IL-17, Interleukin-17).


The nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) plays a dual role in regulating AQP5 during inflammation (82). NFkB can either enhance AQP5 mRNA levels in response to hyperosmolar stress or inhibit AQP5 transcription through interactions with other inflammatory mediators (83). Additionally, the proper trafficking and localization of AQP5 are dependent on interactions between prolactin-induced protein (PIP) and the ezrin domain with AQP5’s C-terminus (84). Disruption of these interactions due to inflammation leads to abnormal AQP5 distribution, which is associated with glandular dysfunction and reduced tear secretion.

In patients with pSS, autoantibodies targeting AQP5 have been detected, which are closely linked to decreased salivary secretion, suggesting a direct impact on glandular function (85, 86). Malfunction in AQP5 transport is hypothesized to contribute to SSDE, where the binding of anti-M3R autoantibodies hinders the transport of AQP5 to membrane units, thereby disrupting normal secretory processes (62). In SS mouse models, AQP5 shows an affinity for a 21 kDa protein absent in normal controls, whereas normal mice express a 17 kDa AQP5-binding protein not present in SS models, highlighting differences in AQP5 interaction and localization under pathological conditions (87).

Furthermore, AQP5 leakage into tears is observed in SS patients due to the destruction of lacrimal acinar cells by lymphocyte infiltration. This leakage also noted in animal models with dacryoadenitis but not in normal mice, suggests a strong correlation between the presence of AQP5 in tears and lacrimal gland injury (87, 88). Additionally, studies in rabbits with autoimmune dacryoadenitis have shown a decrease in AQP5 expression in acinar cells and an increase in ductal cells, indicating that specific duct segments may play a significant role in tear secretion (70).

Inflammation has been shown to induce significant changes in AQP5 localization. In NOD mice, for example, AQP5 is predominantly expressed on the apical membrane of acinar cells in younger, inflammation-free animals. However, in older mice with pronounced inflammation, there is a marked reduction in apical AQP5 expression and a corresponding increase in basolateral expression, suggesting that inflammation directly alters AQP5 distribution (89, 90). Similar findings have been corroborated in other mouse models, including E2f1−/− mice and specific IA phosphoinositol three kinase knockout mice, further supporting the role of inflammation in disrupting AQP5 localization (90–92).

The relationship between inflammation and aberrant AQP5 localization is further supported by studies showing a decrease in apical AQP5 and an increase in basolateral and cytoplasmic localization in various mouse models. These changes are believed to result from inflammatory infiltration and damage to glandular epithelium, underscoring the role of the inflammatory environment in disrupting AQP5 transport (90). Treatment with TNF-α has been observed to downregulate AQP5 in human salivary gland acinar cells, while the injection of TNF-α antibodies in NOD mice reduced glandular lesions and increased the expression of tight junction proteins and AQP5 (93). Additionally, the neutralization of IFN-γ in NOD mice treated with anti-PDL1 improved AQP5 expression and salivary secretion, supporting the hypothesis that inflammation plays a significant role in AQP5 dysregulation (94).

Therapeutic interventions targeting inflammation have shown promise in restoring AQP5 function. In SS mouse models, the delivery of an adeno-associated virus (AAV2)-AQP1 vector or the correction factor C18 for the cystic fibrosis transmembrane conductance regulator was found to resolve inflammation and restore saliva flow (95, 96). Similarly, blocking IL-17 attenuated inflammation and enhanced salivary secretion, while the administration of vasoactive intestinal peptide reduced IL-17 expression, increased AQP5 expression, and restored salivary secretion (97, 98).

The integrity of acini and the proper expression of tight junctions between epithelial cells are essential for establishing apicobasal polarity and regulating the paracellular flow of ions and water (99). In SS, pro-inflammatory cytokines have been demonstrated to disrupt the polarity of acinar cells in exocrine glands by inducing the apical reorientation of proteins responsible for maintaining cell polarity (100–102). Consequently, the aberrant localization of AQP5 in acinar cells of the salivary or lacrimal glands may result from decreased or absent expression of cell polarity proteins linked to local pro-inflammatory cytokine production (63, 103). Other mechanisms, such as abnormal B lymphocyte hyperreactivity and the production of autoantibodies against M3 muscarinic receptors and anti-AQP5 antibodies, may also contribute to the altered distribution of AQP5 and the hypofunction of the salivary or lacrimal glands. The presence of anti-AQP5 antibodies in patients with pSS is correlated with reduced AQP5 function, decreased secretion flow, and histopathological changes in the secretory glands (104–106). Mice immunized with peptides derived from melanin Prevotella AQP5 homologous AQP, produce anti-AQP5 antibodies, which subsequently lead to reduced salivary flow (107). Overall, inflammation and autoimmunity play critical roles in the dysregulation of AQP5 in secretory glands, contributing to the diminished secretory efficiency observed in SSDE. AQP5’s involvement in these processes, influenced by various inflammatory molecular pathways is illustrated in Figure 3.
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FIGURE 3
 Major inflammatory molecular pathways involving AQP5 in SSDE. In Sjögren’s Syndrome Dry Eye, inflammation leads to the dysregulation of AQP5. TNF-α interfere with tight junction integrity (e.g., ZO-1, Claudin-1) and down-regulate AQP5 translation via NFkB/CREB pathway. Autoantibodies against AQP5 and PDL1 further exacerbate AQP5 dysfunction. Regulatory molecules like VIP can partially affect AQP5 expression and localization. The disruption of AQP5 affects tear production, aggravating dry eye symptoms in SSDE (AQP5, Aquaporin 5; TNF-α, Tumor Necrosis Factor-alpha; IFN-γ, Interferon-gamma; IL-17, Interleukin-17; NFkB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; CREB, cAMP Response Element-Binding Protein; VIP, Vasoactive Intestinal Peptide; ZO-1, Zonula Occludens-1; PDL1, Programmed Death-Ligand 1; PIP, prolactin-induced protein; EZR, ezrin).




6 Potential therapeutic value of AQP5

The current approach to treating SSDE primarily focuses on alleviating the “fatigue-pain-dryness” triad of symptoms, however, the outcomes remain unsatisfactory. Initial pharmacological treatments for SSDE is centered around artificial tears and lubricating ointments, which mainly address symptoms rather than the underlying causes (108). Due to potential complications, such as cataracts and glaucoma, the use of steroids should be limited to short-term treatment in patients who have not responded adequately to other therapies (8). Pilocarpine, an oral medication that stimulates lacrimal and salivary gland secretion, has shown efficacy in alleviating dry eye symptoms and may also improve objective measures of dry eye (109). For patients who are resistant to medication and maximal lubrication may benefit from lacrimal occlusion. Local autologous serum can also be employed to treat ocular surface injuries, particularly in case of severe dry eye and corneal ulcers (8).

Recent studies have demonstrated the potential of targeting AQP5 as a therapeutic strategy for SSDE. For instance, ambroxol, a mucolytic agent, has been shown to upregulate AQP5 and MUC5AC mRNA and protein expression levels in goblet cells, suggesting its potential in enhancing tear secretion and treating SSDE by modulating AQP5 (110). Neuropathic ophthalmia is a prevalent symptom of moderate to severe dry eye, and gabapentin (GBT) has been particularly effective in managing ocular surface nerve pain in dry eye conditions due to its analgesic, anti-inflammatory, and secretory properties. It can enhance the expression of acetylcholine and norepinephrine and induce AQP5 expression in lacrimal glands, thereby alleviating tear irritation (111). Increased tear secretion effectively reduces friction on the ocular surface, making this a valuable mechanism for SSDE therapy. Additionally, PACAP eye drops have been shown to elevate AQP5 levels in the LG acinar membrane, while treatment with AQP5 siRNA significantly decreases tear production induced by PACAP.

Natural compounds targeting AQP5 have also been explored for their potential to modulate glandular secretion abnormalities in SS patients. For example, ginsenoside Rb1 activates AQP5 transcription by binding to estrogen receptor α, significantly enhancing saliva secretion, while Dendrobium extract improves glandular secretion and alleviates dryness symptoms by modulating AQP5 expression (112). The regulatory effects of these natural compounds on AQP5 suggest their potential utility in treating SSDE. Interestingly, certain non-pharmacological complementary and alternative therapies have also demonstrated a regulatory effect on AQP5 in SSDE patients. Some researchers have proposed the use of prebiotics, such as highly bioavailable polyphenols, to modulate the gut microbiota in SS patients as an adjunctive treatment for dry eyes and dry mouth (113). These findings suggest that natural compounds and alternative therapies may provide complementary strategies for managing SSDE by targeting AQP5.

Gene therapy presents a promising avenue to overcome the limitations of traditional therapies, particularly for SSDE. With advancements in gene transfection technology, gene therapy for lacrimal glands has become increasing feasible. For instance, delivering the AQP1 gene to the salivary glands of radiation-affected rats and miniature pigs has been demonstrated to enhance saliva flow (114, 115). Moreover, clinical trials have demonstrated that introducing the AQP1 gene into the submandibular glands of patients improves salivary gland secretion. Although no clinical trials have yet been conducted on AQP5 virus vector transfection for SSDE, this approach holds potential as a future treatment for enhancing tear secretion in SSDE (116).



7 Conclusion

AQP5 plays a pivotal role in regulating of lacrimal gland membrane permeability and is essential for tear production. The dysregulation of AQP5 in SSDE is strongly influenced by the inflammatory microenvironment, systemic exogenous factors, and interactions between lymphocytes and epithelial cells, as evidence in both patients and animal models. Furthermore, significant alterations in AQP5-related protein interactions may underlie some of the pathological features observed in SS patients. Despite the crucial role of AQP5 in SSDE, therapeutic strategies specifically targeting AQP5 are still limited. Although there have been efforts to restore salivary secretion by promoting AQP5 transport to the acinar apical membrane, achieving complete restoration of AQP5 localization and function remains a significant challenge.

Future research should focus on deepening our understanding of the mechanisms through which inflammatory cytokines and immune cells contribute to AQP5 dysregulation, as these pathways could serve as potential therapeutic targets. Nonetheless, it is essential to critically evaluate the existing literature to balance the strengths and limitations of current studies. While the therapeutic potential of targeting AQP5 in SSDE is substantial, there are inherent challenges in translating these findings into effective treatments. Continued research aimed at refining AQP5-targeted therapies, along with a personalized treatment approach, will be crucial in developing more effective options for patients with SSDE.
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Background: Optic atrophy (OA) is primarily caused by damage to the retinal pathway system, including widespread degeneration of retinal ganglion cells and axons, leading to visual impairment and blindness. Despite its clinical significance and diverse etiological factors, there is currently a lack of comprehensive bibliometric analyses exploring research trends and hotspots within this field.
Method: This study retrieved relevant literature on OA published between 2003 and 2023 from the Web of Science Core Collection database. We conducted a bibliometric analysis using tools such as CiteSpace, VOSviewer, and SCImago Graphica to examine annual publication trends, co-occurrence patterns, collaborative networks among countries and institutions, and the evolution of research hotspots of OA.
Results: A total of 5,274 publications were included in the bibliometric analysis, comprising 4,561 research articles and 713 review articles. The United States emerged as the leading country in OA research, followed by Germany and China. Over the past two decades, the primary research hotspots focused on “mitochondrial dysfunction,” “hereditary optic neuropathy,” “ocular hypertension” and “diagnostic techniques.” Future research trends are likely to revolve around “molecular mechanisms” and “therapeutic targets.”
Conclusion: This bibliometric analysis provides an overview of research developments in OA over the past 20 years, highlighting the emphasis on the pathological basis of OA and advancements in diagnostic and therapeutic approaches. Future studies should continue to explore the molecular basis of mitochondrial dysfunction to identify potential gene therapy targets for treating OA.
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1 Introduction

Optic atrophy (OA) is primarily caused by damage to the retinal pathway system, including the widespread degeneration of retinal neurons, ganglion cells, and axons (1), and is characterized by the nonspecific manifestation of optic disc pallor (2). OA represents the terminal stage of disease processes that result in visual impairment and blindness (3, 4). It is a pathological term rather than a specific diagnosis (4, 5), with common causes including trauma, vascular conditions, inflammation, tumors, and hereditary factors (4). Identifying the original cause of OA remains a priority, as it not only helps control the severity of the condition but also prevents the onset of potentially life-threatening diseases. Furthermore, understanding the molecular mechanisms is crucial for managing hereditary optic neuropathy.

Recent research has increasingly emphasized the role of systemic and genetic diseases in the progression of OA. For instance, diabetes has been shown to accelerate retinal ganglion cell degeneration, especially in glaucoma models independent of intraocular pressure (6). Conditions such as elevated intraocular pressure (IOP) and autoimmune diseases also contribute to optic nerve damage through altered blood flow or inflammation (7). Genetic factors are particularly significant, with hereditary optic neuropathies like Leber hereditary optic neuropathy (LHON) and dominant optic atrophy (DOA) linked to mutations in mitochondrial and nuclear genes, such as OPA1 (8–10). These genetic conditions lead to the progressive degeneration of retinal ganglion cells and axons, contributing significantly to OA. Over the years, various studies have provided valuable insights into OA treatment. Neuroprotective agents, such as caffeine, have emerged as promising options by reducing retinal inflammation (11). Additionally, NOX4 inhibitors are being explored for their potential to target oxidative stress, a critical factor in the pathophysiology of OA (12). Advances in drug delivery systems, such as lipid nanoparticles, offer new treatment avenues for OA (13).

Bibliometric analysis is a modern research methodology used to measure correlations within existing evidence, encompassing information about researchers, research institutions, publishers, and research content, thereby revealing the framework and evolution of a field (14). It highlights how research hotspots and trends shift over time and offers insights into the abundance, gaps, and trends of research within various subfields. This approach also helps identify biases and limitations in research across different periods (15). Despite the wealth of studies on OA, there remains a lack of comprehensive bibliometric analyses that track evolving research trends in this field. Moreover, there is limited understanding of scientific productivity in OA research, including the roles and interconnections among research institutes, researchers, and publishers. To address this gap, we conducted a bibliometric analysis of OA-related literature from the past 20 years using the Web of Science Core Collection (WoSCC) database and created a visual knowledge map to capture recent research trends, shape the modern understanding of OA, and provide a comprehensive overview of the field while identifying emerging research directions to guide future investigations.



2 Materials and methods


2.1 Data acquisition and search strategy

The publications for this study were sourced from the WoSCC, a highly respected global database well-suited for bibliometric and visualized analysis (16, 17). To minimize potential bias from database updates, all searches and data extractions were conducted on August 1, 2024. The study utilized the topic term “optic atrophy,” and the retrieval results were filtered using the following criteria:

Type of publication: only literature types categorized as “articles” and “review articles” were included.

Time frame: the publication date range for the retrieved literature was set from January 1, 2003, to December 31, 2023.

Language: only English-language publications were considered.



2.2 Data extraction and analysis

First, this study extracted general information from the search results using the analysis and citation reporting functions in the Web of Science (WoS). This included data on the number of publications and citations by year and country/region, as well as basic information about prolific authors, institutions, and journals. Microsoft Excel 2019 and Origin 2021 software were employed for basic visualization and summarization of this information. Secondly, we exported the literature as full records and references, saving them as plain text and tab-delimited files from WoS. These files were then used with CiteSpace (version 6.1.R3), VOSviewer (version 1.6.18), and SCImago Graphica (version 1.0.28) to perform a bibliometric analysis.

The flowchart of the literature selection and bibliometric analysis was presented in Figure 1.

[image: Flowchart illustrating the process of identifying, selecting, and analyzing documents related to "Optic Atrophy" from the Web of Science Core Collection. The initial search, conducted on August 1, 2024, yielded 5,780 results, filtered to include 4,561 articles and 713 reviews, excluding 506 others, totaling 5,274 documents. The selected documents undergo bibliometric analysis focusing on publication performance, geographical distribution, institutions, authorship, citations, and key topics.]

FIGURE 1
 Flow chart of literature selection for bibliometric analysis.





3 Result


3.1 Overall publication performance

We retrieved a total of 6,010 records from all related articles published between January 1, 2003, and December 31, 2023. After filtering for English-language publications and selecting only articles or review articles, we used both histograms and line graphs to display the number of articles published and the citations per year from 2003 to 2023, revealing research trends in OA. As shown in Figure 2, a total of 5,274 publications were included in the study over the past 20 years, comprising 4,561 articles and 713 review articles. The results indicated that there were 7 years (2004, 2007, 2009, 2011, 2015, 2021, 2023) in which the number of publications declined. Among the years with an increase, 2012 and 2020 exhibited significant growth, with increases of 30.6 and 18.4%, respectively. Meanwhile, the number of citations showed a clear upward trend until 2023, when a temporary decline was observed, likely due to citation lag for recently published articles.

[image: Bar and line graph showing the number of publications (orange bars) and total citations (blue line) from 2003 to 2023. Publications steadily increase, peaking around 2021, while citations also rise, peaking in 2021 and declining slightly thereafter.]

FIGURE 2
 Yearly publication distribution and growth trend from 2003 to 2023.


Based on these data, research papers on OA have generally experienced a prosperous period of steady growth over the past 20 years. However, the declining trend in the number of publications and citations in the past 3 years may suggest that the field is entering a phase of stabilization or transition.



3.2 Countries and regions

The geographical distribution of global literature on OA (Figure 3A) reveals that a total of 48 countries have contributed to OA publications, with most of these countries located in North America, Europe, and Asia. In North America, the USA leads with 1,545 publications. In Europe, Germany, the UK, and Italy rank second, fourth, and fifth with 553, 504, and 486 publications, respectively. In Asia, China ranks third with 505 publications. These countries have collectively contributed over 70% of all literature in the field of OA over the past two decades. However, as shown in Figure 3A, there are still notable research gaps in many countries, suggesting potential opportunities for further development in these regions.

[image: Map (A) shows global academic collaborations, with lines indicating research partnerships and regions shaded by publication count, peaking in the USA. Chart (B) is a stacked bar graph displaying publication totals from countries like Canada, Spain, and USA over time. Network diagram (C) illustrates publication clusters with varying line thickness for collaboration intensity and nodes sized by publication volume.]

FIGURE 3
 Countries and regions. (A) Geographical distribution and cooperation among countries related to OA publications. (B) Annual publication volume by each country. (C) Collaborative relationships between countries and regions.


The stacked histogram of annual publication volumes by each country (Figure 3B) indicates that there has been no significant change in the volume of published literature over the past 20 years for the USA, UK, and Germany. In contrast, China shows a clear upward trend, suggesting that researchers in this region may be making new discoveries in OA research. Figure 3C illustrates international collaboration, highlighting that the USA is at the center of OA research, with the closest collaborations being with Italy, the UK, China, and Germany. Additionally, there is a high level of academic exchange between the UK and Italy in the field of OA. Overall, cooperation among countries in Europe and North America is strong, while collaboration with countries in other regions needs further strengthening.



3.3 Institutions

The top 15 institutions by the number of publications are listed in Table 1. The data extracted shows that over the past 20 years, 1,792 different organizations have been identified, with the top five institutions in terms of publications being the University of California System (252 publications), the University of London (250), Institut National De La Santé Et De La Recherche Médicale (204), Udice French Research Universities (202), and Centre National De La Recherche Scientifique (139). Total citations and the H-index reflect the level of interest and recognition of the literature by researchers in the field. The top five institutions based on total citations and H-index are the University of California System (15,381 citations/H-index of 65), the University of London (12,151/59), Institut National De La Santé Et De La Recherche Médicale (9,326/58), and Johns Hopkins University (11,019/52).



TABLE 1 Top 15 most productive institutions between 2003 to 2023 on OA.
[image: A table listing research institutions ranked by the number of documents, total citations, average citation, and H-index. The top three are University of California System (USA) with 252 documents and 15,381 citations, University of London (UK) with 250 documents and 12,151 citations, and Institut national de la santé et de la recherche médicale (France) with 204 documents and 9,326 citations. Other institutions include those from France, Germany, USA, Italy, and the UK.]

To explore inter-institutional collaboration, we used VOSviewer to map the network of institutional collaboration and adjusted the scale’s weights to links to visually highlight the central institutions. As shown in Figure 4, the University of California System is the most central institution. Additionally, the figure indicates that institutions from the same country tend to cluster together, showing tight collaboration networks, while collaborations with institutions from other countries are less frequent. This pattern may suggest potential collaboration directions for future research development.

[image: Network diagram illustrating connections between various universities and medical institutions. Nodes are labeled with institution names and color-coded to indicate different clusters or groups. The largest node, "Univ Calif Los Angeles," is yellow, with numerous links to other nodes. Other notable nodes include "Harvard Univ," "Univ Miami," "Univ Melbourne," and "Moorfields Eye Hosp," each connected by lines representing collaborations or associations. The diagram was created using VOSviewer.]

FIGURE 4
 Co-occurrence analysis of major institutions involved in OA research. The thickness of the lines between institutions indicates the frequency of collaboration, with thicker lines representing more frequent cooperation.




3.4 Author and co-cited author

We retrieved the authors with the most publications related to OA from the WoS database and listed the top 15 most productive and most cited authors in Table 2. VOSviewer was used to map the network of co-authors and co-cited authors to reveal the collaboration patterns among researchers in OA, as well as to explore the frequency of citations and the relationships of “who cited whom.” Figures 5A,B display distinct clustering patterns. Among the most prolific authors, Carelli V. (91 publications) ranks first, Lenaers G. (59 publications) ranks third, Reynier P. (55 publications) ranks fourth, and Yu-Wai-Man P. (50 publications) ranks fifth. These authors are key connectors between research clusters related to mitochondrial dynamics (#2) as indicated on the timeline map of OA-related keyword in Figure 6A, demonstrating frequent collaboration. Jonas J. B. (76 publications), the second most prolific author, is more closely associated with cluster open-angle glaucoma (#1). The top five most cited authors over the last 20 years are Jonas J. B., Chen H. C., Delettre C., Yu-Wai-Man P., and Quigley H. A. This information suggests that prolific authors not only engage in closer collaborations but also significantly influence each other’s work.



TABLE 2 The top 15 authors in terms of number of publications and the top 15 co-cited authors in terms of number of citations on OA.
[image: A table shows rankings of authors based on articles, country, total citations, average citation, H-index, and co-cited authors with their citations. Top-ranked is Carelli V. from Italy with 91 articles and 5,960 total citations. The highest average citation is by Scorrano L. at 171.28. Co-cited author Jonas J. B. appears multiple times with varying citations.]

[image: Two network graphs labeled A and B, created using VOSviewer. Graph A shows clusters of names in different colors: red, green, blue, purple, and yellow, centered around key nodes like Carelli and Jonas. Graph B displays similar clusters, with notable connections, and different prominent names such as Delettre, Chen, and Jonas. Each graph highlights relationships and collaborations among the nodes.]

FIGURE 5
 Author and co-cited author analysis. (A) Network analysis of authors involved in OA research. (B) Network analysis of co-cited authors in OA research. The thickness of the lines between authors indicates the frequency of collaboration, with thicker lines representing more frequent cooperation.


[image: Panel A shows a timeline of research topics visualized as clusters with connections over time, highlighting key topics like Wolfram syndrome and open-angle glaucoma. Panel B presents a network map of keywords, with dominant optic atrophy and glaucoma prominently connected. Panel C lists the top twenty keywords with the strongest citation bursts from 2003 to 2023, highlighting periods of intense research interest.]

FIGURE 6
 Keywords and hotspots. (A) A timeline view of the co-citation keywords appearance. (B) Visual analysis of keywords co-occurrence. (C) The 20 most cited keywords.




3.5 Journals

Table 3 lists the top 15 journals with the highest number of OA-related publications. The most frequently referenced journals are Ophthalmology (n = 8,275), Brain (n = 7,743), Investigative Ophthalmology & Visual Science (n = 7,709), American Journal of Ophthalmology (n = 3,247), and PLoS One (n = 3,213). According to the Journal Citation Reports 2021, 80% of the journals listed in Table 3 are ranked above Q2, indicating that OA-related articles have strong scientific impact and prestige. The journal with the highest impact factor is Brain (15.255), followed by Ophthalmology (14.277). These two journals are the third and eighth most prolific in terms of OA publications over the past 20 years, highlighting their active role in the field. Additionally, the H-index of these two journals ranks among the top three, underscoring that articles published in these journals are widely recognized and influential.



TABLE 3 The top 15 journals regarding the number of publications on OA.
[image: Table ranking journals based on various metrics: articles published, citations, average citation, H-index, impact factor (IF) for 2021, quartile in category rank (QCR), and five-year impact factor. Top-ranked is "Investigative Ophthalmology Visual Science" with 188 articles, 7,709 citations, an average citation of 41.93, H-index of 53, IF 4.925 in Q1, and five-year IF of 5.292.]

Figure 7 illustrates the research focus and collaboration network among different journals in the field of OA research. The figure reveals several distinct collaborative clusters, such as a neuroscience cluster centered around the Journal of Neurology and Neurology, and a genetics cluster focused on the American Journal of Medical Genetics Part A. This highlights the multidisciplinary nature of OA research and the close collaborative relationships between different fields.

[image: Network visualization showing the connections between various scientific journals. Nodes are color-coded: red for ophthalmology, blue for neurology, green for genetics, and yellow for biology. Larger nodes indicate more connections, with key journals labeled prominently, such as "Investigative Ophthalmology & Visual Science" and "American Journal of Medical Genetics Part A." Lines represent citation links between journals.]

FIGURE 7
 Co-occurrence analysis of the main journals involved in OA.




3.6 Co-cited references

The top 10 most frequently cited references are listed in Table 4. The most co-cited paper is Chan’s (18) review, “Mitochondrial dynamic organelles in disease, aging, and development” published in Cell (n = 1,455). This is followed by Westermann’s (19) “Mitochondrial fusion and fission in cell life and death” in Nature Reviews Molecular Cell Biology (n = 1,302) and McBride’s et al. (20) “Mitochondria: more than just a powerhouse” in Current Biology (n = 1,295), which are the second and third most co-cited papers, respectively. The themes of these papers are predominantly related to neurological disorders caused by mitochondrial dysfunction, which has been a major focus and research hotspot in OA over the past 20 years.



TABLE 4 The top 10 most frequently cited references.
[image: Chart listing top ten ranked papers on mitochondrial dynamics. Columns include rank, title, total citations, publication year, journal, first author, and type of paper. Titles cover topics like mitochondrial dynamism, fusion and fission, and disease mechanisms. Citations range from 874 to 1,455, with publication years spanning 2003 to 2012. Journals include Cell, Nature, and others. Most papers are reviews, with some articles.]

We identified references with more than 20 citations and used VOSviewer to plot the co-citation network. As shown in Figure 8A, references within the clusters related to mitochondrial dynamics, multiple sclerosis, and hereditary optic neuropathy are closely interconnected, demonstrating strong relationships and frequent co-citation among these topics.

[image: A network visualization shows clusters of scientific references based on citation relationships, with different colors representing distinct groups. Notable references in the central cluster include Delettre C. and Alexander C., both from 2000.  A bar chart lists the top twenty references with the strongest citation bursts from 2003 to 2023. It includes reference details, DOI links, burst strength, and time intervals, highlighting influential scientific works.]

FIGURE 8
 Co-cited references. (A) Network analysis of co-cited references in OA research. (B) Top references with the highest burst values in OA research from 2003 to 2023.


Additionally, burst analysis results (Figure 8B) reveal that the three papers with the highest burst values are: “The nuclear gene OPA1, encoding a mitochondrial dynamin-related protein, is mutated in dominant optic atrophy” by Delettre et al. (21) (burst value = 31.12), “OPA1, encoding a dynamin-related GTPase, is mutated in autosomal dominant optic atrophy linked to chromosome 3q28” by Alexander et al. (22) (burst value = 31.12), and “Loss of OPA1 perturbs the mitochondrial inner membrane structure and integrity, leading to cytochrome c release and apoptosis” by Olichon et al. (23) (burst value = 30.28). All these articles were published between 2000 and 2003, collectively reveal how mutations in the OPA1 gene lead to mitochondrial dysfunction, which in turn causes optic nerve degeneration, thereby establishing a foundational framework for understanding one of the pathophysiology of OA. The burst values for the top 20 papers shown in Figure 8B are all above 18.32, highlighting the intense research interest in the OA field.



3.7 Keywords and hotspots

Research hotspots and trends can be identified by analyzing keywords in the literature. We plotted a timeline of the keyword network using CiteSpace (Figure 6A), which identified five clusters: “Wolfram syndrome,” “open-eye glaucoma,” “mitochondrial dynamics,” “multiple sclerosis,” and “hypsarrhythmia.”

We also used VOSviewer to map the correlation network of the keywords. To provide a clearer outline of the different clusters, we selected keywords with a frequency of occurrence greater than 50. As shown in Figure 6B, four clusters were identified between 2003 and 2023. Cluster 1 (green) is primarily related to the clinical manifestations and pathological mechanisms of Wolfram syndrome, such as deafness, diabetes, and the WFS1 gene. Cluster 2 (yellow) is associated with diagnostic tools like magnetic resonance imaging (MRI) and optical coherence tomography (OCT) in diseases where OA is a complication, such as multiple sclerosis, optic neuritis. Cluster 3 (red) focuses on the pathomechanisms of hereditary optic neuropathy, including keywords like dynamin-related protein, fusion, and fission. Cluster 4 (blue) pertains to OA resulting from glaucoma, with terms such as open-eye glaucoma, optic disc, and intraocular pressure.

Furthermore, the burst analysis results (Figure 6C) indicate that the five keywords with the highest burst values are “transmembrane protein” (n = 22.65), “dynamin-related protein” (n = 17.5), “GTPase” (n = 15.99), “ocular membrane” (n = 15.27), and “ocular hypertension” (n = 14.8). To highlight the most recent trends, we extracted keywords with the latest citation bursts starting within the last 5 years, including “activation,” “dynamics,” “mechanisms,” “case reports,” and “variants.” Notably, a total of 18 keywords have shown bursts for more than 5 years, demonstrating a continuous emergence of new research findings in the OA field over the past two decades.




4 Discussion

In this study, we employed various software and web platforms to analyze key trends in OA research, including the distribution of countries and regions, collaboration networks, and the evolution of research hotspots over the past 20 years. These tools are widely recognized in bibliometric studies for their ability to analyze and visualize large datasets. SCImago Graphica (24), a software designed for visualizing bibliometric data, which was used to explore citation patterns and relationships between countries. It provided insights into the global landscape of OA research and helped identify patterns of research collaboration and influence. VOSviewer specializes in constructing and visualizing networks based on relationships among authors, institutions, and research topics (25). This tool was applied to visualize networks involving institutions, authors, co-cited authors, journals, co-cited references, and keywords, which enabled us to identify key contributors and collaboration patterns within OA research. CiteSpace, a software tool designed to visualize trends and analyze scientific literature, was employed to track the evolution of OA research (26). It allowed us to perform a time-zone view analysis of OA-related keywords and conduct an exploded analysis of cited references and keywords separately, helping to identify emerging research concepts and cutting-edge developments. Additionally, CiteSpace generated clustered network diagrams, highlighting the key research topics and providing a clear view of how OA research has evolved over the past two decades.

Our analysis revealed that the publication of articles on OA has steadily increased since 2003, averaging more than 250 articles per year since 2012. However, it is noteworthy that, despite this steady growth, there does not appear to have been a significant breakthrough in the field of OA during the past two decades. The United States leads in OA research publications, with nearly three times the number of articles as Germany, which ranks second. Although China ranks third overall, it has shown a significant upward trend in publication growth over the 20-year period, surpassing both the UK and Italy. Before 2004, OA research in China was still in its early stages, characterized by substantial gaps. However, as awareness of OA increased and research funding expanded, China experienced a period of significant growth in OA research. Despite these developments, many countries still lack substantial research data on OA. This may be due to limited attention to this field in developing countries, insufficient research funding, a relative shortage of human resources, and lagging technological capabilities. Additionally, language barriers may contribute to incomplete data entries. Nonetheless, significant gaps in OA research are evident in certain regions and countries, underscoring the need for a more globally inclusive approach to OA research.

The University of California System is the most cited and most efficiently publishing institution in the field of OA research. Among the top 15 most prolific institutions, six are located in France, three in the USA, three in the UK, one in Italy, and one in Germany. As shown in Table 1, although China has seen an increase in publications and has strong international collaborations, it lacks a standout institution that consistently produces a large volume of OA research. This may be due to the presence of numerous research institutions in China with relatively balanced capabilities. The institutional collaboration network (Figure 4) highlights a close partnership between the University of California, San Francisco, and Moorfields Eye Hospital. Analyzing their co-authored articles reveals that their research primarily focuses on the diagnosis and clinical evaluation of conditions like glaucoma, multiple sclerosis, and other diseases that present with optic atrophy. One of the most cited papers from this collaboration is “Consensus definition for atrophy associated with age-related macular degeneration on OCT: classification of atrophy report 3” (27). This paper proposes an optical coherence tomography (OCT)-based definition for atrophy associated with age-related macular degeneration, classifying atrophy at different stages to promote consistent terminology in future studies. The second and third most cited papers are a meta-analysis of OCT in multiple sclerosis (MS) (28) and a cohort study examining the correlation between retinal thickness and the risk of MS progression using OCT technology (29). OCT is an imaging technique that rapidly generates cross-sectional images of the macula and parafoveal retina, allowing for quantitative analysis of retinal volume, thickness, and microvasculature in various regions (30). The use of OCT technology has significantly transformed the clinical evaluation and study of OA (31). The collaboration between the University of California, San Francisco, and Moorfields Eye Hospital has been instrumental in advancing the clinical application of OCT technology.

The authors’ analysis identifies Professor Valerio Carelli of the University of Bologna as the most productive author in the field of OA research. Carelli et al. (32) has proposed that increased production of reactive oxygen species (ROS) and chronic stress due to dysfunction in mitochondrial respiratory chain complex I are common characteristics of mitochondrial diseases. He also noted that retinal ganglion cells (RGCs) have high energy demands and are, therefore, more vulnerable to these related diseases. As a result, optic nerve atrophy is observed in many mitochondrial disorders, such as LHON, mitochondrial encephalomyopathy lactic acidosis stroke-like episodes (MELAS), and Leigh syndrome (33, 34). Mutations in mitochondrial DNA (mtDNA) are considered a causal factor in LHON. Carelli’s et al. (35) assessment of mtDNA in patients with LHON found that only a few patients shared the same haplotype, suggesting that most LHON mutations arise from independent factors. Furthermore, Carelli conducted a clinical study to evaluate the efficacy of gene therapy for LHON. He pooled data from a previously reported cohort of 208 external controls and compared the natural history of these patients with the best corrected visual acuity (BCVA) of 174 previously treated LHON patients. The study found that patients receiving rAAV2/2-ND4 injections were more likely to carry the same haploid mutation and had significantly higher BCVA in treated eyes compared to those with a natural disease course. The improvement in visual acuity was also more pronounced with bilateral gene therapy injections than with unilateral injections (36). Professor Carelli’s contributions have included significant insights into the role of mitochondrial dysfunction in the pathogenesis of LHON and the identification of corresponding gene therapy targets.

Investigative Ophthalmology & Visual Science has published the largest number of articles in the field of OA over the past 20 years and ranks first in H-index, indicating that its publications have received widespread recognition. Over 85% of the journals listed in Table 3 are ranked Q2 or higher, suggesting that OA articles are of high quality. This may be attributed to the diversity of diseases and the complex pathophysiological mechanisms that contribute to OA. The co-citation network diagram of journals reveals that, in addition to ophthalmology-related journals, OA research has also been published in neurology and genetics journals. This indicates that OA, as a clinical condition, is also relevant in the contexts of neurodegenerative and genetic disorders.

Among the top 10 most cited articles in OA research, eight are related to mitochondrial dysfunction. The co-citation network of references reveals a strong interconnection among studies focused on mitochondrial dynamics, neurodegenerative diseases, and genetic disorders, with these clusters significantly outnumbering others. This suggests that research on mitochondrial dysfunction in the context of neurodegenerative diseases and genetic disorders presenting with symptoms of OA is a major focus area in the field. The top three most cited articles in OA research have been highly influential in the broader field of mitochondrial research (18–20). Although these studies are not directly focused on OA, they are crucial for understanding mitochondrial dynamics, a key factor in OA pathogenesis. Specifically, mitochondrial dysfunction, including imbalances in mitochondrial fusion and fission, has been identified as a central mechanism driving the degeneration of retinal ganglion cells in conditions such as LHON and DOA (37). While these articles are more general in scope, they provide essential insights into the mitochondrial dysfunction that contributes to OA, particularly in terms of how mitochondrial damage leads to retinal ganglion cell degeneration. Their findings have significantly influenced OA research by laying the foundation for understanding mitochondrial dysfunction in optic nerve diseases.

Burst analysis identified the top three references with the strongest citation burst values, all of which were original articles. As shown in Figure 8B, these articles were published between 2000 and 2003 and have continued to receive sustained attention, underscoring their impact. Both Delettre et al. (21) and Alexander et al. (22) proposed that dominant inheritance of DOA could be caused by haploinsufficiency of the OPA1 gene, identifying four mutations—including missense, nonsense, deletions, and insertions—through genetic screening of families with dominant optic atrophy. Subsequently, Olichon et al. (23) further investigated the underlying pathological mechanisms and discovered that OPA1 deficiency disrupts the structure and integrity of the inner mitochondrial membrane, leading to cytochrome c release and apoptosis. Focusing on the past 5 years, the top four articles in terms of burst value are: Cruz-Herranz’s et al. (38) proposal for standardizing quantitative optical coherence tomography (OCT) studies, Petzold’s et al. (28) meta-analysis of retinal layer segmentation in multiple sclerosis, Varanita’s et al. (39) work on the role of OPA1 in controlling apoptosis and ischemic tissue damage through mitochondrial cristae remodeling, and Thompson’s et al. (40) revision of multiple sclerosis diagnostic criteria. These recent findings indicate that diagnostic techniques such as OCT have garnered substantial attention in OA research, demonstrating significant potential for further development. Additionally, mitochondrial dysfunction, particularly involving the OPA1 gene and mitochondrial cristae remodeling, has been explored in more depth in recent years. MS as one of the causes of OA, has also attracted increased focus, with a strong emphasis on its diagnosis, prognosis, and treatment (41).

The co-occurrence of keywords can reveal the distribution of research hotspots within a field, while burst analysis and keyword timelines offer insights into the evolution of research trends, helping to identify potential future directions. In the case of OA, as a pathological term, keyword clustering tends to center around the etiological factors leading to OA. As shown in Figure 6B, clusters 1 and 3 feature keywords indicating a focus on the genomics and molecular biology underlying the pathology, whereas clusters 2 and 4 highlight research on the clinical symptoms, diagnosis, and prognosis of the disease. This pattern may be due to clusters 1 and 3 being associated with genetic disorders such as Wolfram syndrome and DOA, respectively, while clusters 2 and 4 are centered around MS and glaucoma.

To further analyze the shifts in research hotspots in the field of OA, we plotted a keyword timeline and conducted a burst analysis. The timeline (Figure 6A) displays five clusters, with “mitochondrial dynamics” listed separately from the others, unlike in Figure 6B. The Wolfram syndrome cluster is highly relevant to OA research, as Wolfram syndrome, characterized by optic atrophy along with diabetes and deafness, shares a mitochondrial dysfunction pathogenesis that contributes to retinal ganglion cell degeneration, enhancing our understanding of OA in genetic disorders (42). Similarly, the open-angle glaucoma cluster highlights the significant overlap between glaucoma and OA, with elevated intraocular pressure causing optic nerve damage and retinal ganglion cell degeneration. This connection underscores the role of intraocular pressure and optic disc changes in OA pathogenesis (43). The mitochondrial dynamics cluster is central to OA, as mitochondrial dysfunction is a key feature in both hereditary and acquired forms of optic atrophy. Research in this area focuses on the role of mitochondrial fusion and fission in maintaining retinal ganglion cells, with mitochondrial dysfunction increasingly recognized as a critical factor in OA (32–34). The MS cluster highlights the link between neuroinflammation and OA, as optic neuritis in MS leads to significant optic nerve damage and atrophy. This research underscores the importance of neuroinflammation in retinal ganglion cell degeneration, a primary cause of OA in MS patients (40, 41). Lastly, the hypsarrhythmia cluster, although less directly related to OA, reflects the broader intersection of neurological disorders and ocular health, with rare cases of optic atrophy associated with seizure disorders (44). Although Wolfram syndrome, LHON, and DOA can all present with hereditary optic nerve atrophy, they do not share the same pathogenesis. Wolfram syndrome is an autosomal recessive disorder caused by endoplasmic reticulum dysfunction due to mutations in the WFS1 or WFS2 genes (42), whereas both DOA and LHON are associated with mitochondrial dysfunction (45). Since OA caused by mitochondrial diseases shares a common pathological basis, understanding the molecular mechanisms of mitochondrial dysfunction has become a crucial challenge in developing treatments for these conditions. We observe that the #2 keyword in Figure 6A spans a long duration, indicating that research on this topic has been a central focus in the OA field for an extended period.

Keyword burst analysis provides further insights. The top burst values keywords include “transmembrane protein,” “dynamin-related protein,” “GTPase,” “ocular membrane,” and “ocular hypertension.” These terms are closely linked to the molecular mechanisms of OA. Transmembrane proteins are essential for cellular integrity, and their dysfunction can lead to RGC degeneration (46). Dynamin-related proteins and GTPases play a critical role in mitochondrial dynamics, where their dysfunction contributes to mitochondrial fragmentation and OA (22, 47). Ocular membrane relates to the blood-ocular barrier, and its disruption, particularly in glaucoma, has been linked to optic nerve damage (48). Ocular hypertension, a key risk factor for glaucoma, has become more recognized for its contribution to mechanical damage of the optic nerve (43). These findings highlight the increasing focus on understanding the molecular and clinical aspects of OA, particularly through the lens of mitochondrial dysfunction. In the past 5 years, new keywords have emerged with high burst values, reflecting the evolving focus of OA research. Keywords like “activation,” “dynamics,” “mechanisms,” “case report,” and “variants” highlight key areas of current interest. Activation and dynamics reflect the exploration of molecular pathways and cellular mechanisms involved in OA, particularly in mitochondrial dysfunction. Mechanisms indicates an interest in the detailed biological processes driving disease progression. The term “case report” emphasizes the growing importance of clinical documentation and its role in advancing OA diagnosis and treatment (49). Lastly, the keyword variants reflect increased research on genetic mutations, particularly in OPA1, which is pivotal in hereditary optic neuropathies (21, 50). These recent keyword bursts suggest a shift towards a more integrated approach to OA research, combining genetic, molecular, and clinical perspectives.



5 Conclusion

Overall, after analyzing 5,274 articles, we found that the United States leads in terms of institutions, authors, and the overall number of publications and citations, underscoring its significant influence in the field of OA. The co-citation analysis over the past 20 years revealed that research on OA has primarily focused on the pathological basis of hereditary optic neuropathies and the diagnosis and treatment of MS-related OA. However, keyword burst analysis suggests that there is still a need for ongoing investigation into the molecular basis of mitochondrial dysfunction in the context of OA, with a focus on identifying suitable gene targets for the treatment of hereditary optic neuropathies such as LHON and DOA.
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The aim of this review is to summarize the clinical outcomes reported in patients following the implantation of the hydrophobic diffractive trifocal FineVision HP intraocular lens (IOL). A literature search in PubMed (U.S. National Library of Medicine) was performed to identify publications, both prospective and retrospective, which have reported the clinical outcomes of patients who were implanted with this IOL model after cataract or refractive lens exchange surgeries. A total of 18 clinical studies published between 2019 and 2024 were included in this review. The available data reported in the different clinical publications was analyzed in detail, focusing mainly on refraction, visual acuity, the defocus curve, optical quality, contrast sensitivity, and patient-reported outcome questionnaires. In addition, the adverse events and other measurements reported in some studies were also analyzed. Our review encompassed a total of 1,028 eyes analyzed at different follow-up periods up to a maximum of 24 months. The analysis carried out in this review leads us to conclude that the FineVision HP IOL provides good refractive outcomes and excellent visual performance when implanted.
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1 Introduction

Pseudophakic intraocular lenses (IOLs) for correcting presbyopia after cataract or refractive lens exchange (RLE) surgery have been developed in recent decades to provide patients with good visual acuity at different distances with less dependence on glasses. Various designs and models that provide more than one focal point have been proposed including bifocal, trifocal, and extended depth-of-focus (EDOF) IOLs. In general, these solutions have shown to be safe and predictable and afford good visual acuity, the results being compiled in various review publications (1–5). A Bayesian network meta-analysis compared the outcomes of the different presbyopia-correcting IOLs frequently used in clinical practice (1). That review included 27 studies comprising 2,605 patients and concluded that for patients considering a multifocal IOL due to presbyopia, the bilateral implantation of a trifocal IOL might be the optimal option, with limited compromise to distance visual acuity. A specific comparison between EDOF versus trifocal IOLs based on 22 studies recruiting 2,200 eyes showed that trifocal IOLs improve uncorrected near visual acuity compared to EDOF IOLs (2). A recent Cochrane meta-analysis comparing the two solutions also concluded that people receiving trifocal IOLs may achieve better near vision and may be less dependent on spectacles at this distance than those implanted with EDOF IOLs (5). The efficacy and safety of various presbyopia-correcting IOLs post-cataract surgery, including bifocal, trifocal, EDOF, and enhanced monofocal IOLs, have been evaluated in 28 randomized controlled trials comprising 2,465 subjects, and it has been concluded that for cataract patients who want to treat presbyopia, trifocal IOLs demonstrate better visual acuity and spectacle independence at near distances. Correcting astigmatism by adding a toric design to these lenses has been proved to be effective, allowing complete visual restoration over a wide range of distances (3). Trifocal IOLs may therefore be considered the best presbyopia-correcting IOL solution after cataract surgery.

One of the most widely used trifocal lenses around the world is the FineVision IOL (BVI Inc., Waltham, United States). The most recent model of this lens appeared on the market in 2019: the FineVision HP (POD F GF, Figure 1); it was created using glistening-free hydrophobic acrylic material GF (6) and it uses the same optical diffractive trifocal design as in the hydrophilic FineVision model (POD F IOL). This lens has a double C-loop haptic design and is diffractive to create 2 additions: +3.50 D and + 1.75 D. The FineVision HP IOL has been used worldwide and several clinical studies carried out by surgeons in a number of countries have published their outcomes. These publications have analyzed several samples, follow-up periods and clinical metrics in order to demonstrate the safety and efficacy of this lens after cataract or RLE surgeries. To the best of our knowledge, no review of these studies has been carried out to date. Consequently, the main purpose of this report is to review the clinical outcomes that the trifocal FineVision HP IOL has yielded in the context of published studies in international peer-review journals.

[image: Two illustrations of intraocular lenses labeled A and B. Each lens has a circular central part with concentric rings and curved haptic arms for stabilization, featuring a subtle yellow tint.]

FIGURE 1
 Images of the FineVision HP (POD F GF) intraocular lens [(A) non-toric model, and (B) toric model; courtesy of BVI Inc., Waltham, United States].




2 Methods

We searched the PubMed database (U.S. National Library of Medicine) for publications of clinical studies that included the FineVision HP IOL whether implanted monocularly or binocularly. Only retrospective or prospective clinical studies published in peer-reviewed journals written in English were considered for this analysis. The date of the last electronic search was November 20, 2024. The search included a combination of any of the following keywords: ‘IOL’, ‘FineVision’, ‘POD F GF’, ‘trifocal’, ‘diffractive’ and ‘hydrophobic’. Moreover, for each selected article obtained from this search, all of its references were also checked to ensure that any clinical publication including this IOL would not be missed.

After this search, 18 articles were identified and subsequently analyzed in detail. The first paper reporting clinical outcomes of this IOL was published in 2019 and the last one in 2024. Specifically, 2 were published in 2019, 2 in 2020, 5 in 2022, 3 in 2023 and 6 in 2024. The main characteristics of each publication were extracted. The following information was considered: the name of the authors, publication year, country, article title, journal, number of eyes and patients recruited, type of study (prospective or retrospective), type of surgery (cataract or RLE), follow-up time (maximum), patient ages, IOL power (sphere and cylinder), axial length, corrected and uncorrected visual acuity at different distances (UDVA: uncorrected distance visual acuity; UIVA: uncorrected distance intermediate visual acuity; UNVA: uncorrected distance near visual acuity; CDVA: corrected distance visual acuity; DCIVA: distance-corrected intermediate visual acuity; and DCNVA: distance-corrected near visual acuity), refraction (sphere, cylinder, and spherical equivalent [SE]), the monocular and binocular defocus curve, optical quality (wavefront aberrations), photopic and mesopic contrast sensitivity, and patient-reported outcome questionnaires (PROQ). In addition, any adverse events dysphotopsia, glare, and halos, were also considered and analyzed. Whenever available, the mean, standard deviation, and ranges were included for all the parameters analyzed. In the case of reporting data at different follow-ups the outcomes assessed in this article were those for the longest postoperative visit.



3 Results

As previously indicated, the search, following the criteria indicated, resulted in a total of 18 articles published between 2019 and 2024 (7–24). These articles were thoroughly analyzed and Table 1 was created to show the main descriptive characteristics (mean, standard deviation, and range, when available): authors, year of publication, country, number of eyes and patients assessed, type of study (prospective or retrospective), and surgery (cataract or RLE), follow-up, patient ages, IOL power (spherical, and cylindrical for toric lenses), axial length, and the formula used to calculate the IOL power. Khoramnia et al. (16) had the largest sample of eyes out of all the 18 studies, with 106, while Ang (15) and Khoramnia et al. (16) reported the longest follow-up period (24 months). Most of the studies were prospective and involved cataract patients. It should be noted that three studies combined lenses in the same patient: Nagy et al. (7) implanted the FineVision POD F IOL in one eye and the FineVision HP IOL in the contralateral eye (randomized); Kim et al. (14) used the FineVision Triumf IOL (BVI Inc., Waltham, United States) in one eye and the FineVision HP IOL in the contralateral eye; and, finally, Danzinger et al. (18) put the Isopure IOL (BVI Inc., Waltham, United States) in the dominant eye and the FineVision HP IOL in the contralateral eye. In the discussion, for these studies, only monocular outcomes, related to the FineVision HP IOL, were taken into account. Considering all the studies, a total of 1,028 eyes from 632 patients were implanted with the FineVision HP IOL (192 eyes specifically implanted with the toric FineVision HP IOL). The average spherical IOL power across all the studies was 21.85 D, but the individual IOL values ranged from 16.37 D (21) to 23.50 D (23); for toric lenses this figure was 1.74 D, ranging from 1.43 D (24) to 1.94 D (19). Different IOL power calculation formulas were used but the Barrett Universal II was the most common. For toric lenses, the cylinder power and target axis were mainly calculated using the online FineVision Toric Calculator available at https://www.physioltoric.eu.



TABLE 1 Peer-reviewed clinical publications using the FineVision HP intraocular lens.
[image: A table comparing studies on intraocular lens (IOL) power calculation. Columns include authors, number of eyes, surgery type, follow-up duration, patient age, spherical and cylindrical IOL power, axial length, and the formula used for IOL power calculation. Various countries and time frames are represented, with different methodologies and outcomes noted.]

Table 2 describes in detail the refractive outcomes found in the different studies where data is available. Specifically, it shows the mean SE ± standard deviation value, the percentage of eyes with a SE of ±0.50 D and ± 1.00 D, the mean ± standard deviation value for the refractive cylinder, and the percentage of eyes with a refractive cylinder of ≤0.50 D and ≤ 1.00 D.



TABLE 2 Refractive outcomes obtained in peer-reviewed publications using the FineVision HP intraocular lens.
[image: Table featuring results from various studies on spherical equivalent (SE) and cylinder values in diopters (D). Columns display mean SE with standard deviation, along with percentages of SE within ±0.50 D and ±1.00 D. It also includes mean cylinder values and percentages of cylinder within ≤0.50 D and ≤1.00 D. Some entries have missing data, denoted by dashes.]

Table 3 provides data on, where available, the monocular UCVA and CDVA, DCIVA at 80, 70, 66 and 60 cm, and DCNVA at 40 and 35 cm. For some studies binocular visual acuity is indicated. Table 4 shows the percentage of eyes achieving a monocular visual acuity of ≥20/16, ≥20/20, ≥20/25, and ≥ 20/32 at distance, intermediate (80, 70, 66, and 60 cm) and near (40 and 35 cm). As in Table 3, some studies reported cumulative binocular visual acuity outcomes.



TABLE 3 Monocular visual acuity logarithm of the minimum angle of resolution (logMAR) outcomes at different distances obtained in peer-reviewed publications using the FineVision HP intraocular lens.
[image: A table presenting visual acuity measurements from various studies. Columns show different visual acuity metrics: UDVA, CDVA, UIVA, DCIVA, UNVA, and DCNVA at various distances. Authors and studies are listed in rows with corresponding mean values and standard deviations. The table includes annotations for case reports and binocular visual acuity. Blank cells are marked as not reported.]



TABLE 4 Percentage of cumulative monocular visual acuity [≥20/16 (−0.1 logMAR), ≥20/20 (0 logMAR), ≥20/25 (0.1 logMAR), and ≥ 20/32 (0.2 logMAR)] outcomes at different distances obtained in peer-reviewed publications using the FineVision HP intraocular lens.
[image: A table comparing visual acuity measures studied by different authors. Columns list parameters such as UDVA, CDVA, UIVA, DCIVA, UNVA, and DCNVA at various distances. Each cell contains numerical values or dashes where data is not reported. Authors on the left include Nagy et al., Vinas et al., Kim et al., and others. Table footnotes clarify visual acuity terms and specify if data is not reported or refers to binocular visual acuities.]

Monocular or binocular defocus curves were measured in some studies (7, 8, 11, 13–18, 23) and the outcomes obtained were represented graphically in curves where visual acuity changed with vergence (defocus). In order to make a general comparison between the studies we created Table 5. This shows the diopter range in which patients, under monocular or binocular conditions, showed a visual acuity of ≥20/32 (0.2 logMAR). It should be noted that these values were estimated from the curves published by the different authors. The ranges varied from 3.00 to 4.00 D under monocular conditions (7, 8, 14, 18) to 4.25 to 5.00 D under binocular conditions (13, 15–17, 23, 24).



TABLE 5 Defocus curve outcomes obtained in peer-reviewed publications using the FineVision HP intraocular lens.
[image: A table comparing diopter ranges with a visual acuity of 20/32 or better for different authors. Columns specify measurements under monocular and binocular conditions. Several entries are not reported, indicated by a dash. Binocular measures range from 4.25 to 5.00 diopters, while monocular ranges are 3.00 and 4.00. Additional notes clarify that binocular conditions involved a specific technique, with some values estimated.]

The optical quality of eyes implanted with this IOL model was measured by different authors. Vinas et al. (9) measured the longitudinal chromatic aberration (LCA) using psychophysical methods, Poyales et al. (10) employed the modulation transfer function (MTF) and the Strehl ratio using the OQAS instrument (Visiometrics SL, Terrassa, Spain), Danzinger et al. (18) applied internal higher order aberrations (HOAs) using the Sirirus topographer and the Peramis aberrometer (SCHWIND eye-tech-solutions, Kleinostheim, Germany). Contrast sensitivity was measured in several studies, both under photopic (85 cd/m2) and mesopic (3 or 3.5 cd/m2) conditions at different times post-surgery (from 1 to 24 months) (7, 8, 10, 13, 15–17, 23). Figure 2 shows the estimated values reported by these studies obtained from the graphs published under photopic (Figure 2A) and mesopic (Figure 2B) conditions.

[image: Graphs A and B depict photopic and mesopic contrast sensitivity as a function of spatial frequency in cycles per degree (cpd). Each line represents different studies or conditions, showing variations in log contrast sensitivity. Graph A includes nine lines with Nagy et al. having the highest sensitivity. Graph B shows five lines, with the same study leading. The trends generally decline as spatial frequency increases.]

FIGURE 2
 Photopic [85 cd/m2, (A)] and mesopic [3.5 (7, 10, 16, 17, 23) or 3 (8) cd/m2, (B)] contrast sensitivity outcomes obtained after FineVision HP intraocular lens implantation for spatial frequencies of 3, 6, 12 and 18 cycles per degree at different times post-surgery (from 1 to 24 months) from Nagy et al. (7), Martínez de Carneros-Llorente et al. (8), Poyales et al. (10), Benyoussef et al. (13), Mori et al. (15), Ang (16), Khoramnia et al. (17), and Nagy et al. (23). Note that these values were estimated from the graphs published in the different studies. Mean binocular values from a monofocal intraocular lens group (33) and monocular values for normal patients in the 50–75 years range (34) were also included for comparison.


PROQ were analyzed in several studies using different questionnaires. Figure 3 shows the mean scores obtained by Martínez de Carneros-Llorente et al. (8) at 6 months, Poyales et al. (10) at 3 months, Benyoussef et al. (13) at 1 month, and Akahoshi (22) and Nagy et al. (23) both at 3 months, using the National Eye Institute Visual Function Questionnaire-25 (NEI VFQ-25). Akahoshi (22) also administered the Catquest-9SF questionnaire and the Patient Reported Spectacle Independence Questionnaire (PRSIQ) to their cohort. Figure 4 shows the percentages reported in a self-assessment questionnaire used by Ang (16), Khoramnia et al. (17) and Nagy et al. (23) at 3 months post-surgery, asking about the patients’ need to wear glasses for various distances, their general level of satisfaction, whether they would choose the same IOL model again, and if they would recommend this IOL to a friend or family member. Kim et al. (14) and Danzinger et al. (18) also reported outcomes using a self-assessment questionnaire and the VF-7 questionnaire but these two studies were not considered since the patients were implanted following a mix-and-match procedure (FineVision Triumf/FineVision HP IOLs (14), and Isopure/FineVision HP IOLs (18)). In relation to photic phenomena, Poyales et al. (10) studied halometry with the Halo v1.0 (University of Granada, Granada, Spain) at 3 months, and evaluated negative dysphotopsia by asking patients whether they perceived a dark shadow in their peripheral visual field at 1 month. At the same follow-up period, Benyoussef et al. (13) analyzed halometry using the halometry test (Aston University, Birmingham, United Kingdom) and asked patients about the frequency of halos and glare. Khoramnia et al. (17), at a longer follow-up period (6 months), used a Halo and Glare Simulator (Eyeland Design Network GmbH, Vreden, Germany) to assess this subjective perception. The same test was used by Danzinger et al. (18) but the results were not considered in this review due to the mix-and-match procedure employed.

[image: Bar chart titled "NEI VFQ-25 Questionnaire Outcomes" displaying scores across various categories: General Health, Vision, Ocular Pain, Activities, Social Functioning, Mental Health, Role Difficulties, Dependency, Driving, Color Vision, Peripheral Vision. Each category is represented by bars of different colors corresponding to five studies, with scores ranging from 53.0 to 100. Bars show variation in outcomes across categories and studies, with Dependency and Driving having the lowest scores in some studies, while Color and Peripheral Vision scores are consistently high.]

FIGURE 3
 Patient-reported outcomes after FineVision HP intraocular lens implantation: National Eye Institute Visual Function Questionnaire-25 (NEI VFQ-25) scores obtained by Martínez de Carneros-Llorente et al. (8) at 6 months, Poyales et al. (10) at 3 months, Benyoussef et al. (13) at 1 month, and Akahoshi (22) and Nagy et al. (23) at 3 months.


[image: Six bar charts comparing different measures for Ang, Khoramnia et al., and Nagy et al. studies: Top left shows distance vision glasses usage; none of the time highest, Ang at 98%. Top right, general satisfaction; very satisfied highest, Ang at 50%. Middle left, intermediate vision glasses usage; none of the time highest, Ang at 86.4%. Middle right, choosing the same IOL model again; definitely yes highest, Ang at 68.2%. Bottom left, near vision glasses usage; none of the time highest, Khoramnia at 96%. Bottom right, recommending to others; definitely yes highest, Ang at 77.3%.]

FIGURE 4
 Patient-reported outcomes after FineVision HP intraocular lens implantation: self-assessment questionnaire percentages obtained by Ang (16), Khoramnia et al. (17) and Nagy et al. (23) at 3-months post-surgery.


Finally, we found that only 2 of the different studies evaluated reported adverse effects. Poyales et al. (10) indicated that dry eye was diagnosed in 2 eyes, and 1 eye developed posterior vitreous detachment 3 months after surgery. Those authors also indicated that no glistening was observed and that 1 patient showed posterior capsule opacification classified as “mild” but no Nd:YAG treatment was needed. Additionally, Daya and Espinosa Lagana (19) found that 1 eye of 1 patient developed capsular phimosis with a mild hyperopic shift from posterior lens displacement, resolved by a Nd:YAG anterior capsulotomy, which resulted in reduced hyperopia. Nagy et al. (23) reported 3 adverse events and 4 serious adverse events. All of them were classified as not related to the medical device, and 2 were classified as related to the procedure. These 2 were 1 macular edema and 1 corneal edema, both resolved without sequelae.



4 Discussion

Correction of presbyopia during cataract surgery with various intraocular lens options is becoming more popular and prevalent among patients attending our centers. The increasing demand for this type of surgery pushes us to look for presbyopia-correcting lenses that can provide our patients a wide range of excellent visual acuity and reduce their spectacle dependence. As we have highlighted, diffractive trifocal IOLs are one of the best solutions for this. Specifically, in those who do not have underlying pathology that would prevent excellent results. Our review analyzes the outcomes of one of these lenses, the hydrophobic trifocal diffractive FineVision HP IOL. Specifically, this section now looks at the impact of the outcomes obtained after implantation of this IOL.


4.1 Refractive error

Residual refractive error can lead to dissatisfaction following implantation of presbyopia correcting IOLs. Published studies analyzed the FineVision HP IOL, and the accuracy of hitting refractive targets. Table 2 shows the detailed values obtained. We can see that the mean postoperative SE values reported were close to emmetropia and never greater than a quarter of a diopter. Almost all the eyes from the different studies were within 1.00 D of SE. These studies involved follow-up periods from 1 month to 2 years, demonstrating the stability of the procedure. For the longer follow-ups the percentages for ±0.50 D were 75% (16) and 81.8% (17), being 100% for ±1.00 D (16, 17). The mean postoperative refractive cylinder values were also excellent with the main values being less than a quarter of a diopter and only two studies reporting about half a diopter (16, 23). Only Daya and Espinosa Lagana (19) (64 eyes at 6 weeks), Akahoshi (21, 22) (66 and 64 eyes at 3 months) and Bosc et al. (24) (36 eyes at 1–3 months) included the toric model in their cohorts, from 1.00 up to 5.25 D of cylinder. Specifically, in these studies, the accuracy for astigmatism correction was excellent: a cylinder value of ≤0.50 D for 93.40 to 95.45% of eyes, and ≤ 1.00 D in 100%. A high percentage of authors used the Barrett Universal II formula for the IOL power calculation (see Table 1 for a detailed description). A recent systematic review for IOL power calculation formulas concluded that, of all vergence formulas, this is currently the most often reported and most precise (25). A comparison of 12 formulas for the hydrophilic FineVision Micro F IOL in 172 eyes revealed that the Barrett Universal II formula provides excellent overall accuracy for eyes (86.55% ±0.50 D and a mean absolute error of 0.285 D), it being the most accurate for medium axial length eyes (26). The cohorts analyzed in our review mainly involved mean axial lengths about 23 mm, except for Japanese eyes which had longer values, around 25 mm (see Table 1). A questionnaire-based study conducted among members of the Japanese Society of Cataract and Refractive Surgery over the past 20 years revealed that the use of trifocal IOLs has particularly increased, and, in terms of IOL power calculations, the Barrett Universal II formula has been gaining popularity when there is no post-laser vision correction (27). We should therefore consider that the use of this formula with the FineVision HP IOL provides excellent refractive outcomes. However, it should be noted that some authors have used other formulas, such as the SRK/T, Haigis, Hoffer Q, or Holladay 2, for example, also reporting good refractive accuracy. For this reason, we believe that surgeons should consider applying these popular formulas to calculate the IOL power. To make a comparison with other trifocal IOLs, it is interesting to discuss the outcomes published recently in a systematic review and meta-analysis of 22 studies reporting data for trifocal and EDOF IOLs (2). This study considered publications reporting on the FineVision, the AcrySof IQ PanOptix (Alcon Labs, Fort Worth, USA), and the AT LISA tri (Carl Zeiss Meditec, Jena, Germany) IOLs; here the mean SE postoperative outcomes reported varied from −0.39 to 0.25 D, values which are in agreement with the mean SE values found in the FineVision HP IOL studies (Table 2).

Rotational stability was only reported by Daya and Espinosa Lagana (19), who showed a mean IOL rotation of 5.84 ± 6.41° from the intented axis of implantation, noted on the operative form, to the orientation of the lens on internal aberrometry (implied rotation) at the last postoperative visit (6 weeks). 38 eyes (61.3%) were within 5° of the intended orientation, 18 (29%) were between 6 and 10°, and 6 (9.7%) were more than 10° away from the intended axis. As these authors discussed, this method is not as accurate as directly observing the IOL’s position with a dilated pupil, as it is highly dependent on the quality of the test performed and prone to error from IOL tilt. Based on the good refractive cylindrical outcomes in that cohort, the authors suggested that in reality there was minimal, if any, cylindrical correction efficacy reduction in spite of the slightly higher rotation value found. The method used may be the source of this rotation value. Other studies, using the same platform with the hydrophilic version of the lens (FineVision POD FT IOL) reported better rotational stability outcomes. For example, Vandekerckhove (28), using images captured from a camera for 37 eyes, indicated mean values of 2.56 ± 2.22° and 2.55 ± 2.62° at 6 and 12 months postoperatively, respectively; and Ang (29), using a slit lamp on 187 eyes, found mean values of 1.77 ± 1.82°, 1.83 ± 1.85°, and 2.00 ± 2.42°, at 4 to 6 months, 11 to 13 months, and 21 to 26 months postoperatively, respectively. Furthermore, Ruiz-Mesa et al. (30), using this model in eyes with high levels of corneal astigmatism (cylindrical IOL power of 3.75 D or greater), with the longest follow-up period (5 years), found no significant rotation in their cohort. It is therefore expected that the toric version of the FineVision HP IOL will demonstrate good rotational stability.



4.2 Visual acuity

As mentioned in the results section, visual acuity was evaluated in all the studies analyzed. It should be considered that for trifocal lenses, in addition to distance visual acuity, intermediate and near visual acuities should be measured in order to determine how these lenses provide good visual acuity at different distances. All the studies detailed in Table 3 reported CDVA values, in almost all cases these being better than 20/20. Also, almost all the studies provided UDVA outcomes, which were also good. It should be noted that the Bayesian network meta-analysis comparing the outcomes of different presbyopia-correcting IOLs frequently used in clinical practice found that, for UDVA, all multifocal IOLs were comparable with monofocal IOLs (1). The systematic review and meta-analysis by Karam et al. (2) of several trifocal IOLs showed mean UDVA values ranging from −0.12 to 0.11 logMAR, and mean CDVA values ranging from −0.2 to 0.06 logMAR, these being similar to those reported in this review (see Table 3). The outcomes for the FineVision HP IOL at far distance were stable both in the short-term (1 month) (9, 12, 13, 24) and long-term (24 months) (16, 17). For other distances, the visual acuity can be measured at different optotype locations. Table 3 shows that monocular UIVA and DCIVA was measured at 80, 70, 66 and 60 cm in different clinical studies; it was usually measured at 80 and 70 cm, with DCIVA values ranging from 0.02 (15) to 0.19 (21) logMAR at 80 cm (about 20/20 to 20/32), and from −0.03 (13) to 0.12 (23) logMAR at 70 cm (about 20/20 to 20/25). None of the studies analyzed the intermediate visual acuity at different distances; however, if we make a comparison, it seems that better outcomes were found for 70 cm compared to 80 cm. Monocular UIVA measured at 60 cm was also close to 20/20 (0.03 logMAR) (19). This tendency is related to the intermediate focus created by the IOL (+1.75 D). For near vision, a monocular DCNVA at both 40 cm and 35 cm was good, ranging from 0.02 (21) to 0.20 (18) logMAR (about 20/20 to 20/32), and from 0.12 (23) to −0.04 logMAR (13), respectively (about 20/20 to 20/25). Again, the better outcomes for closer distances are related to the near focus of the IOL (+3.50 D). It should be noted that, in general, distance visual acuity was good, better than or equal to 20/20, and both intermediate and near vision were quite similar, maintaining a high level, ranging from 20/20 to 20/32. Karam et al. (2) reported similar outcomes, with mean UIVA values ranging from −0.01 to 0.29 logMAR, and a mean DCIVA ranging from 0.006 to 0.24 logMAR. For near vision, those authors found a mean UNVA ranging from −0.03 to 0.18 logMAR, and a mean DCNVA ranging from 0.06 to 0.19 logMAR.

Mean visual acuity values correlate with cumulative visual acuity outcomes. Table 4 shows the percentages for monocular and, in some studies, binocular visual acuity at different distances. Note that the percentages for ≥20/20 (0 logMAR) are, in most cases, between about 90 and 100% for CDVA. As expected, slightly lower values than for CDVA are found for DCIVA at 80, 70 and 66 cm, and for DCNVA at both 40 and 35 cm. However, these values show that this lens offers good outcomes for intermediate and near vision. For example, Ang (16) and Khoramnia et al. (17), with the longest follow-up periods (2 years) showed similar binocular cumulative visual acuity values: about 60, 90, and 100% for ≥20/20 (0 logMAR), ≥20/25 (0.1 logMAR), and ≥ 20/32 (0.2 logMAR), respectively, at 70 cm, this being similar at 35 cm. Therefore, in terms of visual acuity performance this lens provides excellent vision at far distances, and good vision for intermediate and near distances.



4.3 Defocus curve

In relation to the defocus curve, which is an excellent metric for determining the visual performance of our patients at different vergences (distances), we have created Table 5 to show the diopter range in which patients show a visual acuity of ≥20/32 (0.2 logMAR). Note that these values were estimated from the defocus curves depicted by authors in their respective publications. This range give us a detailed value of the useful range of vision provided by this lens. In general, the defocus curves for this lens show a peak of visual acuity for distance vision (0 D of defocus, vergence), followed by a smooth reduction as negative vergence increases in value (negative defocus values) up to another peak located in near vision (about −2.5 D of defocus). The ranges obtained in Table 5, which can be defined as the depth-of-focus of the lens, reveal that this is between 3.00 to 4.00 D under monocular conditions (7, 8, 14, 18) to 4.25 to 5.00 D under binocular conditions (13, 15–17, 23, 24). This depth-of-focus increases about 1 D more for binocular conditions, which is the reality in day-to-day activities for our patients. Kim et al. (14) used a mix-and-match technique combining the FineVision HP IOL with the FineVision Triumf IOL obtaining a depth-of-focus under binocular conditions of 4.25 D, which is slightly lower than the value obtained under binocular conditions when implanted with bilateral FineVision HP IOLs (4.50/4.75 D). We therefore consider that bilateral implantation of the FineVision HP IOL is the best approach, providing a continuum of visual acuity at far, intermediate and near distances.



4.4 Optical quality

Vinas et al. (9) measured the LCA of the FineVision HP IOL using psychophysical methods. These authors aimed to provide insights into how the material of the lens and its multifocal design influenced the LCA of 20 implanted eyes. They found that the LCA was significantly higher for far vision than for intermediate and near vision (p < 0.05), and slightly higher for the hydrophobic lens than for the hydrophilic counterpart at far distances. Poyales et al. (10) recorded some optical metrics, such as the MTF, Strehl Ratio and HOAs, at 3 months post-surgery; when comparing the hydrophilic and hydrophobic FineVision IOLs they found that the MTF (25.14 versus 26.48) and Strehl Ratio (0.15 versus 0.16) were close to that of a normal population, and the tilt (0.24 versus 0.33 μm), HOAs (0.27 versus 0.40 μm) and spherical aberration (0.28 versus 0.26 μm) were similar for the two IOLs. In another study, Danzinger et al. (18) measured internal HOAs and compared the FineVision HP IOL with the Isopure IOL. These authors found that at a 5 mm pupil eyes implanted with the FineVision HP had significantly lower HOAs values (FineVision HP: 0.33 ± 0.10 μm; Isopure: 0.57 ± 0.11 μm; p < 0.01) with significantly increased negative spherical aberration in the Isopure eyes (Isopure: −0.40 ± 0.09 μm; FineVision HP: −0.05 ± 0.08 μm; p < 0.01). With a smaller pupil, 3 mm, the outcomes showed comparable HOAs in the two groups (Isopure: 0.18 ± 0.10 μm; FineVision HP: 0.14 ± 0.07 μm; p = 0.107) with a small but significantly greater negative spherical aberration in the Isopure eyes (Isopure: −0.04 ± 0.04 μm; FineVision HP: −0.02 ± 0.02 μm; p < 0.01). The increased spherical aberration value in the Isopure eyes correlates with the design of this surface which has been shown to differ from an aspheric monofocal lens (31). Note that Shack-Hartmann technology presents some problems testing diffractive IOLs (32) and the results might not be compared with that of non-diffractive IOLs.



4.5 Contrast sensitivity

It is considered that contrast sensitivity function assessment is the best parameter for measuring spatial vision limits, providing information about visual performance for a range of object scales. Its measurement under different lighting conditions, mainly photopic and mesopic, can inform us about the vision of our patients in these circumstances. Superimposed images due to multifocality (in-focus and out-of-focus images) may result in a reduced-contrast retinal image and, therefore, lower contrast sensitivity (33). Several studies have recorded the contrast sensitivity at different spatial frequencies after implantation of FineVision HP IOLs. Figure 2 shows the estimated curves obtained from the graphs published under photopic (top: 2A, 85 cd/m2) and mesopic (bottom: 2B, 3.5 or 3 cd/m2) conditions in these studies (7, 8, 10, 13, 15–17, 23). This figure also illustrates mean binocular contrast sensitivity in patients implanted with monofocal IOLs (33) and monocular mean values for normal patients in the 50–75 year age range (mean 63.9 years) (34) for comparison. As can be seen, the reported outcomes were good, especially in those studies where binocular measurements were taken and there were longer-follow-up periods compared to the monofocal IOLs and the normally sighted groups. Cao et al. (35), in their meta-analysis of 21 randomized controlled trials involving 2,951 subjects, observed lower contrast sensitivity in multifocal IOL patients; however, they indicated that the gap between these patients and those implanted with monofocal lenses was only 0.06 units, meaning the disadvantage of multifocal IOLs in terms of contrast sensitivity is not very great. The outcomes found here agree with that statement. It is interesting to note that in studies with longer follow-up periods better outcomes were found for all spatial frequencies and both illumination conditions (from 6 to 24 months). Indeed, it has been reported that the typical neuroadaptation process after multifocal IOL implantation is at least 3 months in terms of significantly reducing photic phenomena (36), and the maximum improvement is likely to be reached 12 months after surgery (37). We may observe a reduction in contrast sensitivity under mesopic conditions, particularly at higher spatial frequencies. This behavior agrees with classic data on the effect of luminance level on contrast sensitivity (38). In addition, it has been published that contrast sensitivity function might be significantly affected due to the light division that occurs in multifocal IOLs, especially in low-mesopic environments (36).



4.6 Patient-reported outcome questionnaires

Martínez de Carneros-Llorente et al. (8), Poyales et al. (10), Benyoussef et al. (13), Akahoshi (22) and Nagy et al. (23) used the NEI VFQ-25 questionnaire with their cohorts, reporting high scores for the different questions analyzed, mainly distance and near activities (Figure 3). The maximum score value was 100 and all the questions related to vision were around 80 or above in all the studies. Other studies involving the hydrophilic version of this lens reported similar outcomes: the median sub-score values were ≥ 80 for general, near and far vision, and driving 3 months post-surgery (39); mean values of 93.64 ± 4.16, 91.00 ± 13.78, 89.44 ± 13.54, 83.88 ± 14.95, and 89.76 ± 20.14 were reported for overall satisfaction, general vision, far activities, near activities, and driving, respectively, 6 months post-surgery (40). Poyales et al. (10) also evaluated the hydrophilic lens and found comparable outcomes (p > 0.05): 84.2, 89.9, and 93.8 mean values for general vision, near and distance activities, respectively. Martínez de Carneros-Llorente et al. (8) in their study also compared the outcomes of the FineVision HP IOL with two other trifocal IOLs, the AT LISA tri 839MP and the AcrySof IQ PanOptix. They found no statistically significant differences for any of the items on the questionnaire (p > 0.07), and considered that, independent of the IOL implanted, patient satisfaction was high. As indicated in the results section, Akahoshi (22) administered two other questionnaires to their sample. Using the Catquest-9SF, he found that 90.57% of patients reported no sight difficulties in their everyday-life, and all of them were “very or quite satisfied” with their sight. According to the PRSIQ outcomes, 98.11 and 98.11% of patients did not need glasses or contacts for far, intermediate and near vision, respectively. He concluded that patients bilaterally implanted with this IOL had high vision and health-related quality-of-life scores, with a high spectacle-independence rate and high patient satisfaction. The self-assessment questionnaire used by Ang (16), Khoramnia et al. (17) and Nagy et al. (23) 3 months post-surgery revealed that the use of glasses for distance, intermediate and near vision was very low (Figure 4). Indeed, for near vision a high percentage of the patients in the three studies reported using glasses “none of the time.” The general satisfaction level indicated that all the patients in the Ang (16) cohort, 82.3% in the Khoramnia et al. (17) sample and 88% in the Nagy et al. (23) were “very satisfied” and/or “satisfied.” Similarly, 100, 78.5 and 96% of patients answered “definitely yes” and/or “probably yes,” respectively, when asked whether they would choose the same IOL model again. Also, 100, 80.4 and 96%, respectively, would recommend this IOL to a friend or family member. In general, in line with the different PROQ outcomes published, we consider that this lens offers generally satisfying results in terms of performing everyday tasks.



4.7 Photic phenomena

The possible increase in photic phenomena after multifocal IOL implantation is a factor that should be kept in mind. Poyales et al. (10) studied halometry 3 months post-surgery and their results showed that the lens appeared not to introduce any additional problems to those reported for multifocal diffractive designs. They stated that 3 patients reported negative dysphotopsia on day 1 post-surgery but did not report this after 1 month. Khoramnia et al. (16), at a longer follow-up period (6 months), measured the size and intensity of the photic phenomena on a scale from 0 to 100, with halo size, halo intensity, glare size, and glare intensity being 46, 50.3, 13.1 and 22.8, respectively. They compared the IOL with its hydrophilic counterpart and found no statistically significant differences (p > 0.2). Low glare and halo values did not hinder the majority of the activities that patients carry out daily (18). However, we consider that further studies should be carried out to fully analyze photic phenomena.



4.8 Adverse events

Only 3 studies reported adverse events in their sample, these being dry eye in two eyes, a posterior vitreous detachment in one eye, a capsular phimosis in another eye, one macular edema and one corneal edema. The presence of glistening was not indicated by any of the different authors in the publications analyzed.




5 Conclusion

This assessment evaluated the outcomes of the FineVision HP IOL after its implantation. The results suggest that this IOL model provides accurate refractive outcomes and good visual acuity at distance, intermediate and near. Other performance metrics evaluated, such as optical quality measurement, contrast sensitivity analysis, and PROQ, also support the use of this lens. Additionally, of the clinical studies examined, only two reported adverse events, these being resolved during the follow-up. Future research with this lens should be carried out with larger samples and it should be compared with other hydrophobic trifocal diffractive lenses available on the market.
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Glaucoma, a leading cause of irreversible blindness, represents a significant challenge in ophthalmology. This review examines recent advancements in glaucoma treatment, focusing on innovative medications and creative strategies. While new agents offer promising methods for lowering intraocular pressure (IOP), they also pose challenges related to efficacy and side effects. Alongside IOP reduction, emerging neuroprotective approaches are being explored to safeguard retinal ganglion cells (RGCs) from glaucoma-induced damage. The review also evaluates the potential of novel drug delivery systems, such as biodegradable implants and nanoparticles, to enhance treatment effectiveness and patient adherence. Additionally, it highlights the role of personalized medicine in identifying new biomarkers and customizing therapies based on individual genetic and environmental factors.
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1 The pathophysiology of glaucoma

Glaucoma is a group of chronic, progressive ocular neuropathies characterized by structural changes to the optic nerve rim and retinal nerve fiber layer (RNFL) loss, leading to related visual field defects, and eventual blindness (1, 2). Crucial neurons integral to the central nervous system possess axons extending into the optic nerve, with their cell bodies residing in the inner retina. The degeneration of these neurons leads to the characteristic cupping of the optic disc and, ultimately, vision loss (1) (Figure 1).


[image: Illustration of the progression of glaucoma. The top row shows diagrams of the eye with increasing optic nerve damage from left to right. Below are corresponding images of lilac flowers under normal vision and varying degrees of impaired vision, depicting how glaucoma affects perception, gradually decreasing clarity and visibility.]
FIGURE 1
 The path of vision loss [adapted and modified from Nagstrup et al. (321)]. Row 1: the retina. Row 2: the optic nerve and the retinal ganglion cells. Row 3: the perceived image. Columns 1 to 5 illustrate the progression of glaucoma: column 1 shows a normal eye and column 5 the final stage of glaucoma. Figure designed partly with Biorender, https://app.biorender.com/illustrations.


Glaucoma primarily presents in two forms: open-angle glaucoma (OAG) and angle-closure glaucoma (ACG). Among the open-angle glaucomas, primary open-angle glaucoma (POAG) is the most common form, while primary angle-closure glaucoma (PACG) is the most common type of angle-closure glaucoma (2) (Figure 2). POAG arises from dysfunction of the trabecular meshwork (TM), which is responsible for draining aqueous humor (AH). This dysfunction leads to increased intraocular pressure (IOP), causing mechanical stress and eventual death of RGCs (3). POAG can be further divided into low-tension glaucoma, characterized by IOP levels below 21 mmHg, which is often associated with a higher incidence of retinal nerve fiber layer hemorrhages (4, 5). In contrast, ACG arises from contact between the iris and the TM, obstructing AH outflow. This obstruction leads to increased IOP and subsequent damage to the optic nerve (3, 6). Other forms of glaucoma include secondary open-angle glaucoma (SOAG), which can arise from eye injuries, diseases, or surgical procedures like laser treatments. SOAG may result from TM blockage due to the accumulation of inflammatory cell debris or mechanical deformation (7). Steroid-induced glaucoma is another form of secondary glaucoma, occurring due to prolonged corticosteroid use, which can lead to increased IOP and optic nerve damage (8, 9). Pseudoexfoliation syndrome (PES) is characterized by the abnormal accumulation of a gray-white, fibrillar extracellular matrix material, known as pseudoexfoliative material (PXM), in various ocular and extraocular tissues. This material is primarily deposited on the lens capsule, zonular fibers, iris, TM, and conjunctiva, leading to significant ocular manifestations, including glaucoma (10–12). Additionally, pigmentary glaucoma occurs when pigment granules from the posterior iris break away and obstruct the TM (7, 11). Low-tension glaucoma, on the other hand, is not clearly associated with IOP but rather with vascular dysfuntion, leading to optic nerve damage despite normal pressure levels (13, 14).
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FIGURE 2
 Comparing Healthy and Glaucomatous Eyes [adapted and modified from Weinreb et al. (1)]. Figure designed partly with Biorender, https://app.biorender.com/illustrations and Smart servier, https://smart.servier.com/.


The global prevalence of glaucoma among individuals aged 40 to 80 years is estimated at 3.54% (15). Within this demographic, primary open-angle glaucoma (POAG) is most prevalent in Africa at 4.20%, while primary angle-closure glaucoma (PACG) is most common in Asia, with a prevalence of 1.09%. In 2013, an estimated 64.3 million people aged 40 to 80 were living with glaucoma worldwide, with projections increasing to 76.0 million by 2020 and 111.8 million by 2040 (15). According to a Bayesian meta-regression model, men are more likely to develop POAG than women. After controlling for factors such as age, gender, type of habitation, response rate, and study year, individuals of African descent showed a higher likelihood of having POAG compared to those of European descent. Additionally, urban residents were more prone to POAG than their rural counterparts (15).

Each type of glaucoma necessitates tailored treatment strategies focused on reducing IOP. Current treatments for glaucoma primarily aim to reduce IOP, which remains the only modifiable risk factor known to slow disease progression (16–18). Medications, such as prostaglandin analogs, beta-blockers, alpha agonists, and carbonic anhydrase inhibitors, are commonly prescribed to either decrease AH production or increase its outflow (19). As an alternative to eyedrops, laser therapy, like selective laser trabeculoplasty (SLT), can be utilized to enhance fluid drainage (20, 21). For more advanced or refractory cases, surgical interventions such as trabeculectomy, glaucoma drainage devices, and minimally invasive glaucoma surgeries (MIGS) provide additional options to lower IOP (22–24). While these strategies have proven effective in preserving vision, there remains an ongoing need for novel approaches that address the underlying neurodegeneration associated with glaucoma and improve patient outcomes.

As advancements in understanding the pathophysiology of glaucoma continue, innovative therapeutic approaches are emerging to challenge the limitations of conventional treatments. Novel pharmacological agents targeting neuroprotection, minimally invasive surgical techniques, and cutting-edge technologies like gene therapy and regenerative medicine hold the promise of reshaping the management of glaucoma. This review aims to explore these pioneering strategies, highlighting their potential to not only lower IOP but also preserve and restore vision, ultimately offering new hope for patients facing this progressive optic neuropathy.



2 Advances in glaucoma therapy


2.1 IOP-focused medications
 
2.1.1 Rho-kinase inhibitors

Rho-kinase is a protein kinase that functions as serine/threonine kinase, regulating calcium-dependent smooth muscle contraction and cytoskeletal dynamics. It plays a critical role in modulating AH outflow, cell adhesion, actomyosin contraction, and cellular rigidity (19). Recently, Rho-kinase (ROCK) inhibitors, such as Ripasudil (K-115) and Netarsudil (AR-13324), have been approved for glaucoma treatment, offering the dual benefits of lowering IOP and providing neuroprotection. These agents modify the cytoskeletons of the TM and Schlemm's canal (SC), which reduces outflow capacity through the conventional route and consequently lowers IOP. By inhibiting RhoA GTPase signaling, these agents induce relaxation of TM cells, resulting in increased AH outflow (25). This mechanism is particularly crucial in the context of ocular hypertension (OHT), where high resistance to AH outflow plays a key role in disease progression. Research has demonstrated that ROCK inhibitors can profoundly modulate the contractile properties of TM tissue, enhancing its ability to facilitate efficient AH drainage and potentially mitigating the pathophysiological burden associated with increased IOP (26). However, because the IOP-lowering effect of ROCK inhibitors is less potent compared to prostaglandin analogs (PGAs), they are primarily used as adjunctive therapies (19, 27).

Ripasudil was first approved in Japan in 2014 and has undergone several clinical trials led by Tanihara et al. that confirmed its efficacy in reducing IOP, particularly with a 0.4% concentration administered twice daily (28, 29). Long-term surveillance has shown no significant safety concerns, although common side effects include conjunctival hyperemia, minor microhemorrhages near the limbus, and blepharitis (27, 30, 31). Ripasudil has also been studied in combination with other treatments, demonstrating effective IOP reduction across various glaucoma types, including secondary glaucomas (32–35). In contrast, netarsudil received FDA approval in 2017 and is characterized as both a ROCK and norepinephrine transporter inhibitor, with substantial IOP-lowering effects observed in clinical trials (36). However, it is considered slightly less effective than latanoprost and timolol when used alone (37). The combination of netarsudil with latanoprost showed superior efficacy in reducing IOP compared to monotherapy (38). Other ROCK inhibitors, such as SNJ-1656, AR-12286, PHP-201, and ITRI-E-212, have shown considerable promise in glaucoma treatment and have been evaluated in early clinical trials (39–42).

Additionally, several clinical trials for other ROCK inhibitors have been registered. These include INS115644, which was a Phase 1 trial for POAG and OHT in 2007, and INS117548, another Phase 1 trial for bilateral OHT or early POAG in 2008 (36). LX7101 has undergone both Phase 1 and 2 trials for POAG and OHT starting in 2012, while ATS907 was assessed in Phase 1 and 2a trials in the same year (36). A Phase 2 trial for ATS907 also took place in 2012 (36). More recently, H-1337 was evaluated in a Phase 2 trial for POAG and OHT in 2023 (36). Overall, while several ROCK inhibitors are undergoing clinical trials or are in preclinical stages, their safety, efficacy, and potential combinations in treating glaucoma continue to be areas of active research, showing promise for improving treatment outcomes in patients with this condition.



2.1.2 Nitric oxide-donating prostaglandin analog

In 2017, the FDA approved latanoprostene bunod, a nitric oxide-donating prostaglandin F2α receptor agonist, for the treatment of OAG and OHT by reducing IOP. Its mechanism involves enhancing the outflow of AH through SC, the TM, and the uveoscleral pathway. The release of nitric oxide activates the guanylate cyclase-1-cGMP pathway, which promotes relaxation of the TM and facilitates increased AH outflow (43). Clinical studies comparing latanoprostene bunod administered once daily with timolol administered twice daily demonstrated that latanoprostene bunod significantly lowered IOP at all assessed time points. Patients using latanoprostene bunod had a higher percentage of individuals with a mean IOP ≤ 18 mmHg and a reduction in IOP ≥25% compared to those using timolol. Additionally, patients transitioning from timolol to latanoprostene bunod experienced a sustained decrease in their mean diurnal IOP, although the incidence of side effects was higher with latanoprostene bunod compared to timolol (44, 45). Building on these findings, a double-masked, placebo-controlled Phase 3b clinical trial (NCT05938699) aims to investigate the effects of NCX 470 ophthalmic solution (0.1%) on AH dynamics in healthy volunteers and subjects with OAG. This study will provide further insights into the action of NCX 470 on key AH parameters and its potential as a treatment for IOP management in glaucoma patients.



2.1.3 FC Rho-kinase inhibitor/latanoprost

The FDA has granted approval for the first combination treatment of a prostaglandin analog and a rho-kinase inhibitor for managing OAG and OHT. This combination consists of netarsudil 0.02% and latanoprost 0.005% in an ophthalmic solution (46). By decreasing AH production, enhancing AH through the TM, and reducing episcleral venous pressure, netarsudil effectively lowers IOP. It works synergistically with latanoprost, which enhances uveoscleral outflow, further reducing IOP. Comparative clinical studies have demonstrated that the fixed combination of netarsudil/latanoprost significantly and consistently outperforms either drug used alone in lowering IOP (38, 47). A Phase 3 study (NCT03284853) and phase 2 study (NCT02057575) comparing PG324 (Netarsudil/Latanoprost) to Bimatoprost/Timolol and AR-13324, respectively, in glaucoma patients found both treatments equally effective in reducing IOP. However, PG324 had a better safety profile with fewer adverse effects, making it a promising alternative for managing glaucoma and ocular hypertension. Similarly, 12-month study with a 2-month extension (NCT02558400) and a separate 3-month study (NCT02674854) compared PG324 to AR-13324 and Latanoprost in patients with elevated IOP. Both confirmed the superior efficacy PG324 in sustained IOP reduction over individual treatments, with the longer study providing additional long-term safety data. Switching to Netarsudil/Latanoprost from various latanoprost-based regimens effectively lowered IOP in glaucoma and ocular hypertension patients over 12 weeks, demonstrating its efficacy as a replacement therapy (NCT05283395).

Common ocular side effects include mild conjunctival hyperemia, conjunctival hemorrhage, and corneal verticillata (38, 47). New therapeutic options, such as netarsudil, a rho-kinase inhibitor, latanoprostene bunod, and the netarsudil/latanoprost fixed combination, offer diverse mechanisms of action for treating these conditions. However, these medications, containing benzalkonium chloride (BAK), may exacerbate dry eye symptoms and contribute to ocular surface diseases. Additionally, the cost of these medications can pose a significant barrier to long-term treatment adherence (19).



2.1.4 Cannabinoids

Since the early 1970s, research has explored the effects of cannabinoids (CB) on glaucoma (48, 49). Receptors CB1 and CB2, which are natural targets for endocannabinoids like Anandamide (AEA), Palmitoylethanolamide (PEA), and 2-Arachidonoylglycerol (2-AG), are present in the human retina, ciliary body, and retinal pigment epithelium. These receptors interact with cannabinoids, which can affect IOP and other retinal functions. The administration of exogenous CB may influence IOP regulation, potentially through various mechanisms (19, 48). Control of IOP is influenced by CB1 receptors found in the SC, TM, iris, ciliary body muscle, and ciliary pigmented epithelium. Additionally, CB1 receptors may modulate prostanoid synthesis via cyclooxygenase-2 (COX-2) regulation (19, 48). CB can lower IOP by modulating the production and outflow of AH, both trabecular and uveoscleral (48). This effect is partly achieved through the inhibition of calcium influx in presynaptic channels, which reduces noradrenaline release in the ciliary body and subsequently decreases AH production (19). The CB1 receptor interacts with AEA and synthetic cannabinoids like CP55,940 to control ciliary muscle contraction, affecting IOP. Activation of CB1 receptors in the ciliary body muscle may also induce vasodilation, further reducing AH production (48).

The tetrahydrocannabinol (THC) isomer trans-delta-9-tetrahydrocanabinol (delta-9-THC) and cannabigerol affect the dilation of SC and facilitate AH outflow, while AEA and CP55,940 act on the ciliary muscle. Moreover, AEA and delta-9-THC stimulate COX-2 expression, which increases the synthesis of metalloproteinases 1, 3, and 9, as well as prostaglandin E2 (PGE2). This leads to a decrease in IOP due to remodeling of the extracellular matrix. Despite promising results from several studies, further clinical trials are necessary to fully understand the precise role of these CB in the physiological regulation of IOP (48). While cannabinoids show potential benefits for glaucoma patients, including reduced IOP, several issues remain unresolved. Research highlights challenges such as irregular absorption and variable efficacy of oral cannabinoid use. Topical administration shows some promise but requires further investigation to confirm its safety and effectiveness (50). One strategy to enhance THC ocular bioavailability involves developing a hydrophilic prodrug, Δ9-tetrahydrocannabinol-valine-hemisuccinate. When delivered via a lipid-based nanoparticulate vector, this prodrug has demonstrated significant IOP reduction (by 30% from baseline) in animal studies, with effects lasting up to 6 h (51). However, more research is needed to validate these findings in human clinical trials before considering this as a viable glaucoma treatment option. Additionally, cannabinoids may possess antioxidant, anti-inflammatory, and neuroprotective properties that could protect RGCs from glaucoma-induced damage (52). A clinical study on glaucoma patients demonstrated that PEA supplementation improved RGCs function, as assessed by pattern electroretinogram (PERG), over 3 month period. However, no significant effects were observed on IOP, visual acuity, central corneal thickness (CCT), ganglion cell complex (GCC) on optical coherence tomography (OCT), or quality of life measures (NCT04088084). Another study aims evaluate the effects of single-dose dronabinol, a synthetic THC, on ocular blood flow in patients with POAG. It will measure changes in optic nerve head (ONH) blood flow, retinal blood flow, retinal oxygen saturation, and neurovascular coupling. Results have not been reported yet (NCT04596826).

While CB is effective in its intended purpose, it is essential to be aware of the potential side effects associated with its use. Several studies showed deleterious effects in the retina and ganglion cells (53). Lucas et al. studied the link between cannabis consumption and the phenomenon of retinal neuronal activity during a stimulus-free resting state. According to their research, there appears to be a correlation between THC use and an increase in neuronal background noise in the brain and retina. This could be an indication of the neurotoxicity of cannabis on retinal neuron dynamics, which is probably caused by changes in neurotransmitter release (53, 54). According to research by Schwitzer et al., regular cannabis users have delayed responses from their ganglion and bipolar cells, resulting in a delay in the brain processing of visual information. They were able to show that this delay in transmission could lead to changes in color vision and clarity using a multifocal electroretinogram (53, 55, 56).

Recent studies have reaffirmed that cannabinoids can reduce IOP, though with limitations such as a short duration of effect and potential side effects like euphoria and hypotension (57, 58). For example, while THC has shown the ability to lower IOP, evidence supporting its long-term efficacy and safety for glaucoma treatment remains insufficient (59).

Moreover, cannabinoid use carries risks, including toxicity, social, and cognitive disorders. It is contraindicated in individuals with serious health issues and may interact adversely with other illicit drugs (53). Despite these concerns, the regulatory environment around cannabinoids is shifting, with increasing acceptance in various regions, which has led to growing public interest in their potential for managing glaucoma (60, 61). Surveys reveal that many patients are aware of the possible benefits of medical marijuana for glaucoma, yet healthcare professionals still fail to provide consistent and clear information (60, 61). This gap underscores the need for more education and research to clarify the role of cannabinoids in glaucoma treatment and to address patient concerns (62).

While cannabinoids have shown potential, they are not currently recommended as a first-line treatment for glaucoma by major ophthalmological societies. This is mainly due to the lack of substantial clinical evidence (61, 62). To better understand the therapeutic potential of cannabinoids, further research is needed, particularly regarding their neuroprotective properties and the mechanisms through which they may relieve glaucoma symptoms (52, 63). Exploring cannabinoids as adjunct therapies alongside traditional glaucoma treatments may also offer promising opportunities for future investigations (58, 64).



2.1.5 Melatonin

Melatonin, primarily known for its role in regulating sleep-wake cycles, has several other physiological functions. Notably, evidence supports its involvement in regulating IOP and AH dynamics, as melatonin receptors are found in various ocular tissues (19, 65, 66). The primary melatonin receptors, MT1, MT2, and MT3, are notably expressed in key ocular structures, including the ciliary epithelium (66, 67), the iris and retina (68). These receptors, which belong to the G-protein-coupled receptor (GPCR) family, mediate effects of melatonin through distinct signaling pathways, often involving the inhibition of cyclic AMP (69). The MT3 receptor, expressed by the sympathetic nervous system, plays a role in controlling the production and outflow of AH in the eye, with melatonin influencing these processes via cholinergic and noradrenergic pathways. This influence includes the regulation of adrenergic receptor expression, particularly the up- and down-regulation of alpha-2 and beta-2 receptors, which may contribute to the hypotensive effects of melatonin on the eyes (65).

Recent studies indicate that the absence of MT1 receptors in mice leads to increased nocturnal IOP and a decrease in RGCs, highlighting a possible connection between impaired melatonin signaling and the development of glaucoma (68). In the porcine ciliary epithelium, melatonin has been shown to stimulate AH secretion via MT3 receptors, facilitating chloride and fluid transport (67). Additionally, the presence of melatonin receptor mRNA and protein expression in the nonpigmented ciliary epithelial cells of Xenopus laevis provides further evidence of melatonin the direct influence of melatonin on AH secretion (70).

Melatonin treatment has been shown to significantly reduce IOP in glaucomatous animals, suggesting its potential as both a stand-alone and adjunct therapy (71, 72). Beyond its effects on IOP, melatonin also possesses neuroprotective properties that are particularly relevant for glaucoma management. It helps mitigate two key contributors to RGC degeneration: inflammation and oxidative stress (73, 74). Additionally, its strong antioxidant capacity supports retinal cellular integrity and prevents apoptotic cell death (73, 75). Preclinical studies further indicate that melatonin enhances neuroprotection by increasing GABA levels, promoting retinal glutamate clearance, and boosting antioxidant activity in animal models of glaucoma (73).

Agomelatine, a non-selective agonist of the MT1 and MT2 melatonin receptors, exerts a hypotensive effect on IOP primarily through the activation of MT2 and MT3 receptors (65). Research indicates that oral administration of the melatonin agonist agomelatine can consistently reduce IOP in POAG patients, even when used alongside various topical treatments. These findings suggest that agomelatine may be a valuable therapeutic option for POAG and support further development of agomelatine for topical use, which could potentially offer more potent and prolonged effects (65). Additionally, the presence of melatonin receptors in ocular tissues highlights the potential for targeted therapeutic interventions through topical administration, leveraging these receptors to elicit beneficial effects (76). Recent advancements in drug delivery systems, particularly nanotechnology, have further enhanced the feasibility of melatonin-based ocular treatments by improving its solubility, stability, and permeability across ocular barriers (77, 78). These innovations enable sustained release formulations, optimizing therapeutic efficacy while ensuring better patient compliance (78). Furthermore, studies indicate that melatonin levels in the AH naturally rise in response to increased IOP, suggesting an intrinsic protective mechanism. Harnessing this response through topical melatonin administration could provide a novel, physiologically relevant approach to managing ocular conditions associated with IOP elevation (79).

Moreover, melatonin also interacts with dopamine, a neurotransmitter involved in regulating circadian rhythms, mood, and behavior. By modulating dopaminergic pathways, melatonin may affect AH production (through dopamine DA1 receptors) and outflow (through dopamine DA2-3 receptors) (65). Additionally, melatonin and its agonists can reduce AH production by down-regulating carbonic anhydrase, an enzyme involved in the AH production process (80). Furthermore, melatonin-induced changes in glycosaminoglycan production may impact the TM, which regulates IOP, potentially influencing the pathophysiology of POAG (81).

Preclinical studies have demonstrated that melatonin has the potential to lower IOP and protect RGCs, making it a promising candidate for glaucoma treatment. However, its efficacy in glaucoma patients remains untested due to the absence of large-scale clinical trials, highlighting the need for further research. Further studies are necessary to better understand intra-subject variability and consider the natural fluctuations in IOP related to daily activities and circadian rhythms.



2.1.6 Connective tissue growth factor

Connective tissue growth factor (CTGF) is an immediate early protein regulated by transforming growth factor-beta (TGF-β) and it plays a crucial role in the proliferation of fibroblasts and the production of the extracellular matrix (ECM) (82–84). CTGF is present in various structures of the human eye. Van Setten et al. demonstrated that in the cornea, CTGF is detected in the epithelium, particularly in the basal layers, as well as in stromal keratinocytes and endothelial cells (83). Adjacent conjunctival epithelial cells also display CTGF (83). In the iris, CTGF is observed in both the sphincter and dilator muscles, and in the vessels of the iris and ciliary body, where it is derived from vascular endothelium but not from vascular smooth muscle cells (83). Within the ciliary body, CTGF is present in the smooth muscle cells of the ciliary muscle and the non-pigmented epithelium (83). In the retina, CTGF is localized to the nerve fiber layer (NFL) and weakly in the inner and outer plexiform layers (IPL/OPL) (83). The choroid exhibits CTGF in the choriocapillaris and blood vessels, while a few cells in the optic nerve head and lamina cribrosa also display CTGF positivity (83). The wide distribution of CTGF across various ocular structures, combined with its presence in the AH means that CTGF is transported to the TM, where it may alter outflow resistance, ultimately impacting IOP homeostasis.

This broad distribution of CTGF highlights its potential role in the pathogenesis of glaucomatous optic neuropathy. Both CTGF and its upstream regulator, TGF-β, are implicated in the pathogenesis of glaucomatous optic neuropathy due to their roles in ECM remodeling. Overexpression of these growth factors is associated with glaucoma, as it disrupts ECM turnover, leading to excessive ECM accumulation in the AH outflow pathway, increasing outflow resistence and ultimately resulting in elevated IOP, which contributes to glaucoma development (83, 84).

Recent advances have introduced the use of hyaluronan-coated nanoparticles for delivering anti-CTGF small interfering RNA (siRNA) directly into the eye's anterior chamber. This method enhances penetration into the outflow regions, such as the TM and SC. Hyaluronan binding to CD44 receptors, which are highly expressed in glaucoma-affected eyes, facilitates this process. Combining RNA interference with hyaluronan-coated nanoparticles offers a promising strategy for treating glaucoma (85). Another approach involves the use of microRNA mimetics, specifically miR-18a-5p, to downregulate connective CTGF expression and inhibit TGFβ2-induced TM cell contractility, a strategy that has been proposed as a viable therapeutic option (86). Beyond its role in disease pathogenesis, CTGF has also been implicated in the fibrotic response following glaucoma filtration surgery. Research indicates that CTGF overexpression contributes to excessive collagen deposition and fibroblast proliferation, leading to postoperative scarring and surgical failure (87, 88). A deeper understanding of the molecular pathways involving CTGF could facilitate the development of antifibrotic strategies, such as microRNA-26a and the use of CRISPR-Cas9 aimed at enhancing surgical success rates and minimizing complications (87, 89). In summary, therapeutic strategies targeting CTGF, such as siRNA and microRNA-based approaches, show promise in improving glaucoma management. However, further clinical trials are needed to evaluate the efficacy and safety of these innovative treatments before they can become mainstream options for patients.



2.1.7 Adenosine

Adenosine is a ubiquitous local modulator that interacts with four membrane receptors: A1, A2A, A2B, and A3 to regulate various physiological and pathological processes (90). These receptors influence AH dynamics, IOP, retinal function, blood flow, and neuroprotection (90). The ciliary processes in rat eyes express A1, A2A, and A2B receptor mRNAs, while the retina expresses A1 and A2A (91).

Activation of A1 receptors in the ciliary body and TM reduces AH production and outflow resistance, lowering IOP (90). A3 receptor antagonists lower IOP by preventing adenosine-induced activation of Cl- channels in ciliary epithelial cells, while A2A receptor activation in Schlemm's canal cells can have bidirectional effects on IOP (90, 92). In pseudoexfoliation syndrome, A3 receptor expression is upregulated in the ciliary epithelium, potentially offering cytoprotective effects (93).

Adenosine receptor signaling pathways involve molecular mechanisms such as adenylyl cyclase, phospholipase-inositol triphosphate-diacylglycerol, and phosphatidylinositol-3-kinase, which activate MAPK pathways that influence gene transcription (94). In addition to adenosine receptor agonists and antagonists, drugs that target intracellular signaling molecules—such as Ras proteins, G proteins, and the small GTPase Rho—are also being explored (94). Emerging therapies, including Rho-kinase inhibitors and adenosine receptor ligands, show promise for improving AH outflow and offering neuroprotection for RGCs (95).

Several clinical studies, including Phase 2 and 3 trials, have focused on evaluating the efficacy of various topical formulations in lowering IOP in adults with OHT or POAG, comparing them to existing therapies like latanoprost and timolol (NCT01917383, NCT02565173). These studies demonstrated that trabodenoson, anA1 adenosine receptor agonist, has shown significant potential in reducing IOP, with Phase 2 trials revealing a 6–7 mmHg reduction. However, Phase 3 trials encountered setbacks due to incorrect dosages and regimens. Trabodenoson, optimally dosed at 0.6%, helps control IOP through two mechanisms: slow-mode turnover of the TM and fast-mode vascular effects. Trabodenoson impact on TM rejuvenation is strategically important for addressing the progression of glaucoma, enhancing treatment responsiveness, and preventing the disease from reaching a terminal stage, such as blindness (96). When combined with latanoprost, the two therapies work synergistically, with trabodenoson rejuvenating the TM and latanoprost enhancing AH outflow. This fixed-dose combination results in significant IOP reduction and offers a favorable safety profile for patients with OHT or POAG (NCT02829996).

Safety and tolerability were key focus areas across these studies, with comprehensive physical health checks, ECGs, blood tests, and monitoring for adverse events ensuring the drug safety profiles. Additionally, some studies, such as those involving oral doses of PBF-677 in healthy volunteers, employed dose-escalation methodologies to determine the maximum tolerated dose while closely monitoring for potential side effects (NCT02639975).

Similarly, the study evaluating INO-8875 eye drops aims to assess their tolerability, safety, and effectiveness in adults with glaucoma or OHT. By focusing on the ability of INO-8875 to reduce IOP while ensuring minimal side effects, this trial seeks to establish the drug as a promising treatment option for managing these eye conditions (NCT01123785). These trials, along with ongoing studies on trabodenoson, underline the evolving landscape of glaucoma treatment and the importance of finding safe, effective therapies for IOP management.




2.2 Neuroprotection-focused medications

While IOP reduction remains the primary clinically validated method for controlling glaucoma and slowing disease progression, it is increasingly recognized that developing neuroprotective strategies is essential. Neuroprotection extends beyond merely lowering IOP; it also involves enhancing cell survival and bolstering resistance to optic nerve damage.

Several potential neuroprotective targets have shown promise in preclinical studies, but failed to demonstrate efficacy in clinical trials, despite their effects on IOP and/or neuroprotection (97). A particularly promising strategy would be to develop treatments that simultaneously lower IOP and provide neuroprotection. However, achieving this is challenging due to the complexity of glaucoma and the nature of optic nerve damage.

The term “neuroprotection” in the context of glaucoma refers to methods aimed at preventing damage and degeneration of RGCs and their axons, which are key features of the disease. Treatment strategies can be categorized based on their targets, including the disruption of excitotoxicity, management of oxidative stress and mitochondrial dysfunction, treatment of inflammation and abnormal immune responses, modulation of glial cells, and the use of gene and stem cell therapies. Additionally, molecules such as nicotinamide, statins, and neurotrophic factors are being explored for their potential benefits (Figure 3). It is important to note that this classification is somewhat arbitrary, as many of these targets are interconnected and involved in multiple pathways The development of this neuroprotective drugs for glaucoma faces significant challenges, with high costs and risks. These challenges stem from an incomplete understanding of glaucomatous optic neuropathy and retinopathy, which can be divided into several areas: the mechanisms of pathogenesis remain uncertain, therapeutic targets are not clearly defined, and there is a lack of validated preclinical models (98, 99). Over the past several decades, numerous models have been developed for glaucoma research (100). In vitro models include twelve immortalized RGC lines, primary RGC cultures, and, more recently, RGCs derived from induced pluripotent stem cells. Inherited and induced rodent models have largely replaced the primate models used in the 1970s and 1980s (100). Most glaucoma models focus on increasing IOP, employing various methods to either elevate episcleral venous pressure or enhance aqueous outflow resistance. Additionally, glaucoma research has employed models that induce an acute rise in IOP, as well as other optic nerve injury models (101). Every glaucoma model has its strengths and limitations. Cell culture systems offer a rapid approach to evaluate potential neuroprotective agents. However, they fall short in accurately representing the complexities of the human condition. Among animal models, laser-induced IOP elevation in primates is arguably the most physiologically relevant. Yet, ethical concerns and high costs have significantly restricted its use (101). The most widely used genetic rodent model, the DBA/2J mouse, allows for large-scale studies but is also associated with various non-glaucomatous pathologies (102). Induced rodent models, while useful, exhibit varying degrees of reproducibility and inconsistencies in the extent of RGC damage they produce (101). Given these limitations, it seems clear that the best strategy for glaucoma neuroprotection research may be to focus on relatively safe neuroprotective agents that can be rapidly tested in humans, minimizing the time spent on animal studies that may not yield reliable or relevant results.
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FIGURE 3
 Overview of key molecules involved in neuroprotection in glaucoma.


The slow progression of glaucoma, the variability in its pathogenesis, and the need for clear evidence beyond normal IOP reduction make clinical investigations into neuroprotection particularly challenging. These studies are often complex, costly, and time-consuming due to the chronic nature of glaucoma and its gradual development (103, 104). However, strategic approaches can significantly reduce the workload and sample size required to achieve conclusive results. While OCT has become a widely used clinical tool, automated perimetry has traditionally been considered the gold standard for primary outcomes in clinical glaucoma research (105). In neuroprotection studies, guided progression analysis using Cirrus HD-OCT offers a trend-based statistical approach that may replace perimetry as the primary outcome (101). A promising strategy could involve focusing on “low-hanging fruit,” where results can be evaluated more quickly. In cases of acute glaucoma or instances where IOP management may temporarily be suboptimal, randomized controlled trials comparing neuroprotectant treatment to a placebo could be particularly useful (101). Additionally, leveraging national or international databases would allow for the selection of individuals with chronic glaucoma and rapid progression, enhancing the efficiency of the research (101). Additionally, the effectiveness of neuroprotective medications relies on patients adhering to their treatment plans. The complexity of certain treatments, such as those requiring intravitreal injections or continuous monitoring, may discourage patients from consistently following their prescribed regimens (106). Moreover, the overall therapeutic burden on patients must be carefully considered when integrating neuroprotective strategies into current glaucoma management protocols. For example, while adjunctive therapies have shown promise in enhancing neuroprotection, the risks associated with non-adherence and the potential increase in medication burden should be evaluated before their inclusion in standard care (107, 108). To optimize patient adherence and achieve the most favorable outcomes, it will be essential to develop convenient delivery methods and ensure that patients are thoroughly educated about the benefits and importance of neuroprotective medications (109). Ultimately, the holy grail of laboratory glaucoma research is to develop animal models that more closely resemble human disease in order to validate new therapeutic agents before progressing to human trials. While there is an ever-increasing abundance of preclinical research, clinical translation remains in its early stages and is not without its inherent challenges. Refining clinical trial designs and utilizing validated monitoring techniques will be essential in improving the cost-efficiency and success of clinical neuroprotective trials in glaucoma research.


2.2.1 Management of the excitotoxicity (NMDA receptor antagonists)

Excitotoxicity refers to the process where excessive stimulation by neurotransmitters, such as glutamate, leads to nerve cell damage and death. This occurs when there is over-activation of receptors, particularly the ionotropic N-methyl-D-aspartate (NMDA) receptors. Such over-activation results in an influx of calcium ions into cells, causing oxidative stress and ultimately leading to cell death (110–112). Glutamate excitotoxicity via NMDA receptors plays a vital role in RGC death in glaucoma, often accompanied by oxidative stress and NLRP3 inflammasome activation. Moreover, inhibitors targeting the RIP1/RIP3/MLKL pathway, such as GSK872 and necrostatin-1, have shown significant neuroprotective effects by mitigating RGC necroptosis. These inhibitors not only prevent necroptotic cell death but also play a crucial role in suppressing NLRP3 inflammasome activation, thereby reducing neuroinflammation and neuronal damage in models of glutamate-induced excitotoxicity (113).

A promising area of research focuses on mitigating excitotoxic damage through NMDA receptor antagonists. Studies have demonstrated that compounds such as Philanthotoxin-343 can safeguard RGCs from NMDA-induced excitotoxicity, thereby preserving visual function in animal models (114). Beyond pharmacological interventions, growing evidence suggests that microRNAs play a crucial role in regulating excitotoxicity. For instance, miR-145-5p has been implicated in RGC apoptosis via the PI3K/AKT signaling pathway, highlighting the potential of modulating microRNA expression as a neuroprotective strategy (115). Furthermore, the use of microRNA mimics has shown promise in reducing RGC death following NMDA exposure, suggesting that genetic approaches may serve as a complementary avenue alongside pharmacological treatments (116).

Research indicates that glutamate levels in the vitreous humor of the eyes of humans, dogs, and rabbits with glaucoma are elevated, reaching concentrations that could be harmful to RGCs (110). Additionally, memantine, a substance known as a non-competitive NMDA receptor antagonist, may provide protective effects against glaucomatous visual neuropathy (117, 118).

Despite the promise of targeting excitotoxic pathways, clinical outcomes have been inconsistent, indicating that the success of these treatments may vary depending on the context of RGC degeneration (119). This suggests a need for further investigation into the specific mechanisms and factors that contribute to excitotoxic damage in glaucoma. One such factor is reduced retinal blood flow, which exacerbates ischemia, causing the accumulation of glutamate and other neurotoxic substances and creating a hypoxic environment in the retina (112). This hypoxia not only promotes oxidative stress but also impairs the availability of essential neurotrophic factors like brain-derived neurotrophic factor (BDNF), which are critical for RGC survival (112). In the absence of sufficient neurotrophic support, RGCs become more vulnerable to apoptotic signals triggered by excitotoxicity, amplifying neuronal damage and contributing to the progressive vision loss characteristic of glaucoma (111).

Moreover, neuroinflammation further complicates this process. Activated microglia and astrocytes release pro-inflammatory cytokines that not only exacerbate oxidative stress but also disrupt neurotrophic factor signaling, creating a detrimental feedback loop. This cycle reduces the availability of neurotrophic factors, making RGCs even more susceptible to excitotoxic damage (120, 121). Müller cells, in particular, play a pivotal role in this process by initiating microglial activation through the ATP/P2X7 receptor pathway, leading to increased production of pro-inflammatory mediator (122). This triggers a harmful feedback loop where activated microglia, in turn, stimulate Müller cells, further intensifying the inflammatory response (122, 123). As neuroinflammation progresses, glial cells release cytotoxic factors, disrupt the extracellular matrix, and contribute to glutamate receptor-mediated excitotoxicity, all of which accelerate RGC loss (123).



2.2.2 Reduction of the mitochondrial dysfunction and oxidative stress impact

Mitochondrial dysfunction plays a crucial role in the pathophysiology of glaucoma by disrupting oxidative phosphorylation and increasing the production of reactive oxygen species (ROS). When the cellular antioxidant system fails to neutralize excess ROS, oxidative stress ensues, leading to RGCs degeneration and optic nerve damage (124). Elevated IOP has been shown to exacerbate oxidative stress by reducing the activity of key antioxidant enzymes, such as glutathione peroxidases, which are essential for combating oxidative damage (125, 126). Additionally, mitochondrial defects contribute to increased ROS levels and decreased ATP production, which is vital for maintaining cellular homeostasis, particularly in energy demanding cells like RGCs (1, 127). The relationship between oxidative stress and mitochondrial dynamics is also significant. Oxidative stress-induced mitochondrial fission has been implicated in RGC degeneration, with the loss of proteins such as AKAP1 leading to Drp1-mediated mitochondrial fission, increased ROS production, and diminished ATP synthesis, further contributing to RGC death (127, 128). Additionally, oxidative stress can trigger mitochondrial membrane potential collapse, leading to apoptosis and progressive neuronal loss in glaucoma (129). Given that oxidative stress is a significant factor in glaucoma, antioxidants may serve as a beneficial therapeutic approach, especially in the early stages of the disease, before irreversible damage occurs. Numerous studies have explored the effectiveness of antioxidants in treating glaucoma, using various compounds such as vitamins, coenzyme Q10, astaxanthin, Ginkgo biloba, omega-3/6 fatty acids, and resveratrol in animal models (124).

Research has shown a strong association between oxidative stress and the activation of apoptotic pathways in RGCs, suggesting that antioxidants may offer neuroprotective benefits. One example is thioredoxin 2 (Trx2), a crucial mitochondrial antioxidant, which has been shown to promote RGC survival by reducing oxidative stress and apoptosis in experimental glaucoma models (130). Alternatively, the application of AAV-NDI1 gene therapy has demonstrated remarkable efficacy in murine glaucoma models by directly enhancing mitochondrial function, significantly reducing ROS levels, and ultimately preserving RGCs from degeneration (131).

Vitamin E deficiency, for instance, has been shown to exacerbate lipid peroxidation and RGC loss in rat models of glaucoma, suggesting that sufficient vitamin E intake could benefit individuals at risk for or diagnosed with glaucoma. However, more research is necessary to confirm the efficacy of vitamin E supplementation as an adjunct treatment for glaucoma, particularly through human clinical trials (132). Similarly, resveratrol (RES), a polyphenol found in peanuts and red grapes, has demonstrated potential antioxidant and neuroprotective properties. Studies suggest that intraperitoneal injection of RES may inhibit the apoptotic Bax-caspase-3 pathway, thereby preventing RGC death. Additionally, RES appears to reduce reactive gliosis and may have neuroprotective effects by decreasing the production of pro-inflammatory chemicals in the retina following retinal ischemia/reperfusion (133).

Naringenin, a flavonoid found in citrus fruits like grapefruits, has also been studied for its potential to mitigate age-related retinal degeneration by influencing mitochondrial dynamics and autophagy (134). Beyond animal studies, several antioxidants are currently undergoing clinical trials to evaluate their effectiveness in human patients. For instance, Ginkgo biloba, a traditional Chinese medicinal plant, has been studied for its antioxidant and neuroprotective properties (135). A 2018 study reported that glaucoma patients who took dietary supplements containing vitamins, minerals, omega-3 fatty acids, and plant extracts including Ginkgo biloba experienced improved blood flow and reduced retinal artery pressure after 1 month of treatment (136).

Moreover, recent research highlights the intricate interplay between oxidative stress and other pathological mechanisms in glaucoma. Specifically, the combined effects of oxidative stress and endoplasmic reticulum stress have been linked to the worsening of glaucomatous damage to both RGCs and the optic nerve (137). This multifactorial nature of glaucoma suggests that a comprehensive approach targeting both mitochondrial dysfunction and oxidative stress, alongside traditional IOP-lowering therapies, may be necessary for effective treatment (138, 139).

Mitochondrial dysfunction is a major contributing factor in the pathophysiology of glaucoma. Coenzyme Q10 (CoQ10), an antioxidant found in mitochondria, plays a crucial role in the electron transport chain. Its neuroprotective effects have been demonstrated in conditions such as cerebral ischemia and neurodegenerative disorders (140). CoQ10 has been shown to reduce pathogenic glutamate levels following reperfusion in animal models of acute IOP increases, potentially contributing to neuroprotection (141). Two ongoing randomized clinical trials are comparing CoQ10 supplementation with placebo in individuals with primary open-angle glaucoma who are being treated with IOP-lowering drugs. One trial (Phase IV, NCT04038034) is testing oral CoQ10 supplementation to assess its effects on structural and functional changes. The second trial (NCT03611530) is comparing the time to disease progression between patients receiving placebo and those using eye drops containing both CoQ10 and vitamin E (19). Additionally, glutamate, another antioxidant, has been studied in patients with POAG and normal-tension glaucoma (NTG). Findings suggest that a decrease in glutamate levels in the AH is associated with visual field loss and may be involved in glaucoma pathophysiology. In NTG patients, a reduction in this antioxidant can lead to optic nerve damage and RGC loss even in the absence of elevated IOP (142).



2.2.3 Modulation of the immune response

Proper management of neuroinflammation is crucial to safeguarding neurons from inflammatory damage and promoting natural healing processes. Given the prevalence of neuroinflammation in RGCs during glaucomatous neurodegeneration, immunomodulation presents a potentially effective treatment strategy. Glial cells, being key players in neuroinflammation, serve as promising targets for improving outcomes in glaucoma and restoring immunological homeostasis. In glaucomatous neurodegeneration, astroglial reactivity persists longer than the transient action of microglia, highlighting their importance as therapeutic targets (143). The success of interventions targeting microglia in the retina or optic nerve head to reduce neurodegeneration underscores the need for early intervention (144–146).

Microglial activation in glaucoma is closely linked to the release of pro-inflammatory cytokines and chemokines, which exacerbate RGC damage. Elevated IOP has been shown to upregulate interleukin-1 (IL-1), suggeting that astrocytes and Müller cells may initiate this inflammatory cascade, leading to microglial activation and subsequent neuronal injury (147, 148). The Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway further mediates this inflammatory response in chronic glaucoma (149, 150). Astrocytes also play a crucial role in the neuroinflammatory environment by undergoing reactive gliosis, marked by increased glial fibrillary acidic protein (GFAP) expression, which can compromise the blood-retinal barrier and promote inflammation (149, 151). Their reactive state can be influenced by activated microglia, potentially shifting astrocytes from a neuroprotective to a neurotoxic phenotype (152). The crosstalk between microglia and astrocytes is therefore a key determinant of whether immune responses in glaucoma contribute to neuroprotection or neurodegeneration. Molecular mechanisms driving this immune activation include toll-like receptors (TLRs) and the complement system, both of which mediate microglial responses to stressors such as elevated IOP and systemic inflammation (153). Specifically, TLR4 signaling has been implicated in microglial activation and neuroinflammation in glaucomatous retinas, while the NLRP3 inflammasome plays a role in caspase-1-mediated pathways that can further exacerbate neuronal injury (154–156).

In addition to the exploration of these mechanisms, recent studies have highlighted the potential of specific microRNAs and the gut microbiota in modulating immune responses in glaucoma. miR-146a, for instance, has been shown to reduce neuroinflammation by promoting an anti-inflammatory phenotype in activated microglia, offering a novel therapeutic target to mitigate RGC damage (157). Furthermore, alterations in gut microbiota composition have been linked to immune dysregulation in glaucoma. The gut-ocular axis hypothesis suggests that dysbiosis may trigger systemic immune responses, exacerbating ocular inflammation and contributing to glaucoma progression (158). These emerging areas of research emphasize the need to consider systemic factors, such as microRNAs and gut health, in the development of comprehensive therapeutic strategies for glaucoma.

Research has identified several potential therapeutic targets for mitigating neurodegeneration by modulating inflammatory responses. For example, ibudilast, a cAMP phosphodiesterase inhibitor, has been shown to reduce pro-inflammatory mediators and enhance neuronal survival in hypertensive rat eyes, emphasizing the importance of targeting neuroinflammation (159). Additionally, the prevention of monocyte entry into the optic nerve head through irradiation has been demonstrated to protect against neuronal damage in DBA/2J mice, further illustrating the role of immune cells in neurodegenerative processes (160). Moreover, studies suggest a connection between neuroinflammation and pathological changes at the node of Ranvier in DBA/2J glaucoma. The protective effects of immunosuppressive treatment with fingolimod offer new therapeutic avenues (161). Impairments in central and effector CD4 memory cells in primary POAG patients, along with reduced T cell activation thresholds, indicate that T cells actively contribute to pro-inflammatory signaling (162). Developing immunological tolerance to glaucoma-associated antigens could be a viable strategy for controlling inflammatory responses and potentially slowing disease progression. Increasing the number of regulatory T cells (Tregs), which inhibit immune responses, has been shown to reduce vision loss in mice with glaucoma, suggesting that immunomodulatory drugs targeting T-cell activity could benefit some patients (163).

Tumor necrosis factor-alpha (TNF-α)-induced neurotoxicity plays a significant role in the neurodegenerative damage observed in glaucoma (164). Elevated levels of TNF-α in the AH of individuals with glaucoma, compared to controls, facilitate the apoptosis of RGCs via interaction with TNF-receptor-1 (TNF-R1). In rats, intravitreal injection of TNF-α correlates with optic nerve degeneration and delayed death of retinal neuronal cells, associated with increased expression of NF-κB p65 in the optic nerve, suggesting a link to TNF-α-induced axonal degeneration (165). Therefore, inflammatory suppressants or TNF-α antagonists like Etanercept should be considered as adjunct therapy for glaucoma (147). Protecting RGCs effectively requires targeted inhibition of cell death signaling and/or enhancement of survival signaling without compromising TNF-α-triggered survival pathways (164). TNF-α antagonists, such as infliximab, have emerged as promising options due to their ability to mitigate the neuroinflammatory processes that contribute to RGC apoptosis and optic nerve degeneration. To further explore the potential of this therapeutic approach, a clinical trial (NCT05180994) is currently being conducted involving patients undergoing their first penetrating keratoplasty (PKP) surgery. This trial aims to assess the safety, efficacy, and therapeutic potential of topical infliximab eye drops in preventing post-surgical glaucoma. The study will closely monitor and compare key outcomes, such as retinal nerve fiber thickness, glaucoma incidence, visual acuity, ocular surface inflammation, epithelial healing time, and overall ocular health between the infliximab-treated and control groups. Furthermore, a study by Yang et al. explored the role of oxidative stress in the neuroinflammation and neurodegeneration associated with glaucoma. The results indicated that antioxidant treatment reduced neuroinflammation in mice with OHT, while mice deficient in the antioxidant enzyme superoxide dismutase 1 (SOD1) showed increased inflammation compared to controls. These findings highlight the importance of oxidative stress in neuroinflammation and suggest that antioxidant therapy could be a potential strategy for neuroprotection in glaucoma (166). Additionally, there appears to be a potential link between glaucoma-related neurodegeneration and autoimmune disease. A promising therapeutic approach could involve focusing on immunological alterations, such as antibodies against γ-synuclein. Targeting these immune responses specifically in the retina of glaucoma patients might help protect RGCs and potentially slow disease progression (167).



2.2.4 Altering the glial cell activity

Glial cells are categorized into two types: macroglial cells and microglial cells. Microglial cells function as immunocompetent cells and are involved in cell death and apoptosis. Macroglial cells produce cytokines, including TGF-α, ciliary neurotrophic factor (CNTF), and platelet-derived growth factor (PDGF) (168, 169). CNTF has been demonstrated to prevent cell degeneration following axotomy and promote neurite growth and neuronal survival (170). Given their involvement in these processes, glial cells are emerging as promising therapeutic targets due to their potential for neuroprotection and optic nerve regeneration (171).

Studies have shown that patients with primary open-angle glaucoma have lower CNTF concentrations in their tear fluid and AH, especially those experiencing significant vision loss (172). Moreover, the relationship between glial cell modulation and the molecular mechanisms underlying RGC death is multifaceted. Increased oxidative stress, deprivation of neurotrophic factors and reduced blood flow are all implicated in RGC degeneration in glaucoma. For example, neurotrophic factors such as nerve growth factor (NGF) are essential for RGC survival, and their deprivation can lead to increased apoptosis (173, 174). In addition, studies have shown that glial cells can influence vascular dynamics in the retina, which is essential for maintaining adequate blood flow and nutrient delivery to RGCs (171, 175). Impaired ocular blood flow, often linked to glial activation, can exacerbate the vulnerability of RGCs, indicating that restoring normal glial function may help mitigate these effects (176, 177). Furthermore, intravitreal PDGF infusion has been found to prevent retinal ganglion cell loss. This neuroprotective effect is mediated by astrocytes and amacrine cells, which release protective substances in response to PDGF exposure (178, 179). NT-501, a therapy involving encapsulated cell technology (ECT) intravitreal implants, delivers therapeutic agents directly into the vitreous humor for a duration of one to one-and-a-half years. These implants contain immortalized pigment epithelial cells transfected with the human CNTF gene. The efficacy and safety of NT-501 have been assessed in two 1-year Phase II randomized clinical trials in patients with early and advanced retinitis pigmentosa (RP), as well as a 6-month Phase I non-randomized clinical trial in RP patients. The trials reported positive outcomes in terms of tolerability and visual function (180–183). Additionally, a 1-year randomized Phase II clinical trial in patients with atrophic macular degeneration showed a favorable safety profile and benefits for vision maintenance (184). Current Phase I and II randomized clinical trials are ongoing to evaluate the safety and efficacy of NT-501 in patients with POAG (185).



2.2.5 Nicotinamide

Nicotinamide, also known as vitamin B3, has been extensively studied for its potential to serve as a neuroprotective agent in the treatment ofglaucoma. Extensive research across various animal models has demonstrated its ability to mitigate optic nerve damage, axon loss, and retinal vascular damage, suggesting its potential to RGCs and their axons (186, 187). One of the key mechanisms through which nicotinamide may exert these protective effects is by restoring the levels of nicotinamide adenine dinucleotide (NAD+), which is critical for mitochondrial metabolism and energy production. NAD+ depletion is associated with RGC apoptosis and neurodegeneration, both of which are central to the progression of glaucoma. Supplementing with nicotinamide has been shown to significantly increase NAD+ levels, thereby protecting RGCs from metabolic dysfunction and preventing cell death (188–190). This restoration of NAD+ helps preserve RGC function and structure in animal models of glaucoma, especially in the face of elevated IOP and metabolic stress (187, 191, 192). Another important aspect of the neuroprotective properties of nicotinamide is its antioxidant effect. Glaucoma is associated with increased oxidative stress, where ROS accumulate and cause cellular damage and apoptosis. Nicotinamide acts as an antioxidant by neutralizing these ROS, thereby shielding RGCs from oxidative damage (138). Additionally, it has been found that nicotinamide can influence the expression of antioxidant enzymes, further boosting retinal resistance to oxidative stress (190). Furthermore, nicotinamide may have indirect anti-inflammatory effects, which are particularly relevant in glaucoma. Nicotinamide appears to modulate the activity of glial cells like microglia and astrocytes, reducing the release of pro-inflammatory cytokines and mitigating their damaging effects on RGCs (193, 194). Studies have also shown that nicotinamide supplementation can enhance RGC function, as evidenced by improved PERG responses, which can detect early functional impairments before structural changes occur (195, 196). Recent findings have further supported these benefits, showing that oral nicotinamide administration provides robust, dose-dependent neuroprotection of RGCs in rat glaucoma models. Higher doses were particularly effective in preserving RGC structure and metabolism, reinforcing the potential of nicotinamide as a therapeutic agent for glaucoma-induced neurodegeneration (197). This indicates that nicotinamide not only helps preserve RGC viability but also supports overall retinal function in glaucoma.

Eight clinical studies of nicotinamide supplementation in glaucoma are exploring its potential neuroprotective and therapeutic effects, although results vary due to different stages of advancement. Several studies, including (NCT06731582), (NCT05275738), and (NCT06078605), are still under recruitment or in progress, so their main results are not yet available. However, (NCT05916066), a completed study, has shown that glaucoma patients have lower plasma nicotinamide levels than healthy controls, and that short-term nicotinamide treatment appears to affect retinal vascularization, suggesting possible retinal health benefits. The current study (NCT05695027) is investigating the combination of nicotinamide and pyruvate for open-angle glaucoma, while the Phase 3 study (NCT05405868) aims to assess the efficacy of nicotinamide in slowing visual field loss in glaucoma patients. In addition, a study (NCT06333236) is exploring the effects of nicotinamide-based treatments in combination with other compounds but results are not yet available. Overall, while initial results are promising, particularly with regard to retinal health and visual function, further research is needed to fully establish the benefits and safety of nicotinamide supplementation for glaucoma management.



2.2.6 Statins

Statins have been demonstrated to enhance blood circulation and modulate immune responses within the nervous system (198, 199). Research involving animal models has shown that statins can extend the lifespan of RGCs in response to OHT by reducing apoptosis (200, 201). The exact mechanisms behind the potential protection of statins against glaucoma are still being studied. Statins may influence the Rho kinase pathway (202) and affect the TM, which regulates AH outflow (203), but further research is needed to fully understand these effects. In vitro studies have investigated the neuroprotective effects of statins, particularly focusing on RGCs and their progressive loss due to apoptosis in glaucoma. These studies revealed that statins inhibit gliosis and RGC apoptosis in Müller cells, with TNF-α identified as a critical mediator. These findings suggest that statins could represent a promising therapeutic option for glaucoma treatment (204). Studies like those by Song et al. support this, demonstrating atorvastatin's effectiveness in reducing IOP in ocular hypertension models (205). Additionally, elevated lipid levels in patients with normal tension glaucoma suggest that statins may offer protective effects by improving lipid profiles and modulating oxidative stress, potentially influencing the pathogenesis of these glaucoma subtype by restoring the balance of high-density lipoprotein (HDL)-linked paraoxonase 1 (PON1) enzymatic activity and mitigating dyslipidemia (206).

Recent studies have investigated the relationship between statin use and glaucoma, producing varying outcomes. A recent study analyzed data from the All of Us Research Program, encompassing 79,742 adults with hyperlipidemia (207). The findings revealed that statin use was linked to a higher likelihood of developing glaucoma. This association was particularly pronounced among individuals aged 60 to 69 years, as well as those with optimal or elevated LDL-C levels (207). These results suggest a potential risk factor, highlighting the need for further investigation into the effects of statins on glaucoma.

Additionally, statins may provide protective benefits against open-angle glaucoma. A 2012 study analyzed the relationship between statin use and OAG among nearly 500,000 patients with hyperlipidemia enrolled in managed care programs. The study found that patients who adhered to a statin regimen for 2 years were 8% less likely to develop open-angle glaucoma compared to those who did not use statins (208). Another clinical study (NCT00913562) aimed to assess whether rosuvastatin could improve endothelial function in these patients, using flow-mediated vasodilatation of the brachial artery and flicker-induced vasodilatation of retinal vessels. However the study has been withdrawn.



2.2.7 Epigallocatechin-3-gallate

Epigallocatechin-3-gallate (EGCG), a potent flavonoid found in green tea, has received significant attention for its neuroprotective properties in glaucoma. Its mechanisms of action include anti-inflammatory, antioxidant, and anti-apoptotic effects, which collectively contribute to RGC preservation and disease mitigation (209). One of EGCG primary neuroprotective mechanisms is its ability to suppress neuroinflammation, a key contributor to glaucoma progression. It inhibits the expression of pro-inflammatory cytokines such as IL-4, IL-6, TNF-α, and IL-1β, while also downregulating the nuclear factor-κB (NF-κB) signaling pathway, a central regulator of inflammatory responses (210–212). In a rat model of optic nerve injury, EGCG administration reduced inflammation and optic nerve damage, further reinforcing its therapeutic potential (210). In addition to its anti-inflammatory effects, EGCG is a powerful antioxidant that eliminates free radicals and protects RGCs from oxidative stress, a major contributor to neurodegeneration in glaucoma. Studies have demonstrated that EGCG reduces oxidative damage in neuronal cells and improves RGC survival in animal models with elevated IOP (209, 213, 214). Furthermore, its ability to cross the blood-brain barrier enhances its efficacy as a neuroprotective agent (215). Beyond its anti-inflammatory and antioxidant properties, EGCG modulates key signaling pathways that regulate neuronal survival. It activates the hedgehog signaling pathway, which has been associated with neuroprotection against corticosterone-induced neurotoxicity (216). Additionally, it influences the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) and mitogen-activated protein kinase (MAPK) pathways, both of which play critical roles in cell survival and apoptosis regulation (217). In an optic nerve crush model, EGCG treatment significantly increased RGC survival and maintained higher neurofilament triplet L protein expression (218).

Building on preclinical evidence, a clinical study (NCT00476138) was conducted to evaluate EGCG impact on retinal function in patients with ocular hypertension or early glaucoma. This randomized, placebo-controlled trial included 40 participants divided into two groups: a treatment group receiving 200 mg/day of oral EGCG alongside standard beta-blocker therapy, and a placebo group receiving only beta-blockers. Patients underwent comprehensive ophthalmic evaluations at baseline, 3 months, and 6 months, including Humphrey perimetry, PERG recordings, and RNFL thickness measurement using OCT. The main outcome measure was PERG amplitude, a key indicator of RGC function. Secondary measures included perimetric indices and RNFL thickness. In a cross-over design, patients switched between placebo and EGCG treatment after 6 months, allowing further assessment of EGCG's effects. PERG recordings were obtained using high-resolution electroretinography, capturing retinal responses to counterphased horizontal gratings. OCT imaging provided detailed RNFL thickness measurements, with multiple scans ensuring accuracy and reproducibility. While the results of this clinical study have been submitted for publication, they are not yet publicly available. However, preliminary findings suggest that EGCG supplementation may enhance RGC function and help preserve RNFL thickness, further supporting its potential role in glaucoma management.



2.2.8 Forskolin

Forskolin, a labdane diterpenoid derived from Plectranthus barbatus (formerly Coleus forskohlii), is a direct activator of adenylyl cyclase, increasing intracellular cyclic AMP (cAMP) which play a crucial role in IOP regulation, neuroprotection, and cellular signaling (219–221). Forskolin effectively lowers IOP by decreasing AH production, a key therapeutic target in glaucoma (222). Clinical trials have demonstrated that 1% forskolin eye drops significantly reduce IOP in patients with open-angle glaucoma, offering a potential alternative or adjunct to traditional treatments (223). A 2012 randomized controlled trial also examined the effects of an oral supplement containing forskolin and rutin in patients with POAG, who were already receiving maximum tolerated medical therapy. The study found that the supplement helped improve IOP control and led to a modest reduction in IOP (224). Beyond its IOP-lowering effects, forskolin exhibits direct neuroprotective properties. It enhances RGC survival by mimicking neurotrophin activity and modulating critical pathways such as PI3K/Akt and GSK-3β inhibition, reducing calpain activity, and mitigating glutamate-induced neurotoxicity (225–227). Studies indicate that combining forskolin with other neuroprotective agents enhances its efficacy. In rodent models of hypertensive glaucoma, dietary supplementation with forskolin, homotaurine, and B vitamins significantly protected against RGC degeneration (228). Similarly, forskolin combined with L-carnosine exhibited synergistic neuroprotection in a rat model of retinal ischemia (227).

A clinical study (NCT01254006) investigating RNFL modifications in glaucoma patients is currently in the recruiting phase. Meanwhile, two other clinical trials, one examining the effects of forskolin on IOP in glaucomatous patients (NCT00864578) and another evaluating its effects in patients undergoing treatment with beta-blockers or prostaglandin eye drops (NCT00863811), have been withdrawn.




2.3 Long-acting and personalized therapies
 
2.3.1 Prolonged medication delivery mechanisms, or extended-release formulations

The management of ocular surface disease and patient adherence in glaucoma treatment have significantly improved with the introduction of innovative drug delivery technologies. Traditional therapies, primarily topical eye drops, are often associated with low adherence due to complex dosing regimens, side effects, and challenges with self-administration (229, 230). To address these limitations, advanced drug delivery systems have been developed to enhance therapeutic efficacy while reducing patient burden.

A significant limitation of conventional eye drops is their low ocular bioavailability, meaning that only a small fraction of the administered drug reaches the target site within the eye, thereby diminishing therapeutic efficacy. Advances in drug delivery systems, such as gel formulations, in situ-forming gels, and nanoparticles, present promising solutions to this issue. In situ gels transition from a liquid to a gel state upon contact with the ocular surface, enhancing drug bioavailability by prolonging the drug's residence time. These gels can be triggered by changes in temperature, pH, or ion exchange, and offer benefits like improved drug retention, extended release, and better patient compliance (231, 232).

Nanoparticles, which include lipid-based nanoparticles, polymeric nanoparticles, and dendrimers, encapsulate drugs to protect them from degradation and enable controlled release. Examples of these include chitosan nanoparticles, PLGA [poly(lactic-co-glycolic acid)] nanoparticles, and lipid-based carriers such as liposomes and solid lipid nanoparticles (231, 233). Additionally, some advanced drug delivery systems combine the features of in situ-forming gels and nanoparticles to maximize the advantages of both, resulting in enhanced drug delivery performance and bioavailability, as seen in nanoparticle-loaded gels (231).

The use of biodegradable implants, such as Bimatoprost SR and titanium intraocular implants loaded with travoprost, represents one of the most promising strategies for managing persistent glaucoma. These devices provide sustained reductions in IOP, potentially delaying the need for more invasive surgical interventions (234, 235). Clinical trials have shown that these implants allow for continuous drug delivery, reducing the reliance on daily eye drops and improving patient adherence to treatment (235, 236). For example, the travoprost intracameral implant has significantly decreased the need for topical medications, thereby enhancing patient compliance (230, 236).

Currently, bimatoprost SR is undergoing Phase III trials across six studies. Of these, one study has been completed (NCT02247804), which compared the safety and efficacy of bimatoprost SR with timolol administered topically twice daily. Two other studies are comparing bimatoprost SR with selective laser trabeculoplasty (NCT02636946 and NCT02507687), while the remaining three are focused on assessing the long-term efficacy and safety of bimatoprost SR (NCT03850782, NCT03891446, and NCT02250651).

Similarly, three ongoing trials are evaluating a travoprost-filled titanium intraocular implant in comparison with topical timolol therapy (NCT02754596, NCT03868124, and NCT03519386). A biodegradable intracameral implant for extended-release travoprost has been tested for up to 24 months, but it has been associated with side effects such as ocular hyperemia, photophobia, anterior chamber inflammation, cataract formation, and corneal endothelial cell loss (NCT02371746).

A promising alternative is the development of contact lenses as medication delivery devices. These lenses offer the potential to enhance bioavailability and reduce the frequency of administration, enabling prolonged release of pharmaceuticals (237, 238). Research indicates that, compared to conventional eye drops, contact lenses significantly improve medication retention on the ocular surface, leading to enhanced therapeutic effects (239, 240). Furthermore, advances in materials science have made it feasible to incorporate micelles and nanoparticles into contact lenses, which not only boosts patient adherence but also allows for controlled and sustained medication release (241, 242).

Intracanalicular devices, such as OTX-TP and Evolute hydrogel punctum plugs, represent another innovative approach to drug delivery. These devices allow for localized drug release, minimizing systemic exposure and side effects while maximizing therapeutic efficacy (243). Studies have shown that these systems effectively maintain therapeutic drug levels in the eye, enhancing treatment adherence and reducing the incidence of ocular surface disease associated with conventional therapies (243, 244). The gel-forming drops include SoliDrop and DuraSite ISV-215, which contain Brimonidine and Bimatoprost, utilizing excipients like poly(lactic-co-glycolic acid) and Pentablock copolymer; both are in preclinical stages (245, 246). An ocular insert specifically for Bimatoprost is being tested in a Phase II clinical trial, utilizing a silicone matrix and polypropylene in the conjunctival cul-de-sac (247). These formulations help extend the contact time with the ocular surface, thereby boosting the therapeutic efficacy of glaucoma treatments (229, 242). For instance, products like SoliDrop and DuraSite ISV-215 have demonstrated improved patient compliance by decreasing the frequency of administration needed for effective IOP management (229, 242).

Intracameral implants, including DURYSTA, iDose Travoprost, ENV515 or Travoprost XR OTX-TIC, PA5108, and DE-117, involve multiple formulations with various polymers, progressing through Phase I to Phase III clinical trials (248–254). Lastly, subconjunctival injections, such as Durasert™ and POLAT-001, are also in the clinical trial stages for sustained release of latanoprost (255–257).



2.3.2 Stem cell-based therapies

Stem cell therapy is emerging as a groundbreaking approach for treating glaucoma, focusing on directly repairing the TM, which is responsible for regulating IOP. Unlike traditional treatments that manage symptoms, stem cell therapy aims to restore TM function, offering long-term benefits.

There are two key types of stem cells driving this advancement: human pluripotent stem cells (hPSCs) and mesenchymal stem cells (MSCs). hPSCs have the remarkable ability to differentiate into any cell type, enabling the repair or regeneration of damaged tissues. According to the International Society for Cell and Gene Therapy (ISCGT), MSCs are multipotent stem cells capable of generating new cells and differentiating into other cell types (258, 259). Research has also advanced the reprogramming of adult cells to return to a pluripotent state through molecular manipulation, producing induced pluripotent stem cells (iPSCs). The production of iPSCs typically involves using viruses to deliver genes encoding specific transcription factors into adult cells (260).

Research has demonstrated the ability of TM stem cells (TMSCs) to migrate toward the TM and develop into TM cells when injected into the anterior chamber of a healthy mouse eye. This process helps restore TM function, crucial for regulating IOP (261).

An in vivo study in mice and rats has shown that MSCs and their secreted factors play a crucial role in tissue repair in OAG by reactivating local neuronal progenitors. Additionally, laser treatment has emerged as a promising method to facilitate progenitor cell recruitment by MSCs, thereby enhancing tissue repair in chronic diseases (262). Adult stem cells found in a specific region of the eye known as the Schwalbe's line exhibit unique properties, making them promising candidates for developing glaucoma treatments. Research by Braunger et al. involved treating four cynomolgus monkeys with the nucleotide analog bromodeoxyuridine (BrdU) for 4 weeks, identifying cells with long-term retention of BrdU and OCT4 immunoreactivity. These cells, part of a niche in the Schwalbe's line region, represent endogenous adult stem cells that can differentiate into functional TM cells, potentially regenerating or repairing damaged TM, improving AH outflow, and reducing IOP (263).

Further studies have highlighted the neuroprotective effects of MSCs in glaucoma. MSCs, when injected into the anterior chamber of the eye, protect the optic nerve similarly to TMSCS (264, 265). To enhance the targeting of stem cells to the TM, scientists have employed magnetic nanoparticles to label MSCs, allowing them to magnetically guide to the TM after injection into mouse models. This method has been shown to be highly effective, preserving stem cell viability and their ability to differentiate into functional TM cells (266). An example of this technique is the use of adipose-derived mesenchymal stem cells (adMSCs) for restoring the TM (266, 267). Studies have shown that human adMSCs can differentiate into TM-like cells that not only resemble the morphology but also retain functional capabilities to regulate AH dynamics in mouse model in vivo (265). Since adMSCs are derived from the patient's own tissue and can be harvested in significant quantities through minimally invasive procedures, they are promising candidates for future clinical trials aimed at restoring TM function in glaucoma patients (268). Using reprogrammed stem cells derived from glaucoma patients (iPSCs), scientists can create cells resembling the natural ocular fluid drainage system, known as TM cells. When transplanted into the eye, these drainage-like cells could restore normal regulation of eye pressure. This personalized approach, using the patient's own cells, reduces the risk of rejection and provides a tailored treatment, potentially revolutionizing glaucoma therapy (269).

Studies have explored using MSC-derived exosomes to treat RGCs. These exosomes have been shown to deliver trophic and immunomodulatory substances, inhibit inflammatory cell migration, reduce the release of pro-inflammatory cytokines, and increase RGC survival (270, 271). Although bone marrow-derived MSC therapy shows promise as a treatment for retinopathies and glaucoma, safety studies involving human subjects are limited. A study investigating the safety and efficacy of using bone marrow stem cells to treat severe blindness caused by glaucoma involved two legally blind patients who received MSCs derived from their own bone marrow. The study aimed to assess potential side effects and measure improvements in vision, including visual field changes, sharpness, thickness of specific eye layers, and nerve cell function in the more severely affected eye. While the baseline electroretinography (ERG) findings showed typical characteristics of advanced glaucoma, there were no notable changes in ERG responses for either patient up to 1 week post-treatment. However, on day 15, one patient experienced a serious complication—retinal detachment with proliferative vitreoretinopathy—necessitating their removal from the trial. This complication is a known risk associated with certain ocular surgeries or procedures. The second patient maintained stable ERG responses throughout the study, indicating that the treatment did not worsen their condition, though it did not lead to significant improvement either (272).

Several clinical trials, including the Bone Marrow Derived Stem Cell Ophthalmology Treatment Study (SCOTS II), have explored the use of autologous bone marrow-derived stem cells (BMSC) for treating retinal and optic nerve conditions that cause irreversible vision loss. SCOTS II specifically focuses on conditions like macular degeneration, retinitis pigmentosa, and optic nerve damage from glaucoma or ischemic optic neuropathy. The trial administers stem cells through various injection routes, including retrobulbar, subtenon, intravitreal, intraocular, subretinal, and intravenous (NCT01920867 and NCT03011541). Another study, currently in the recruiting phase, will focus on evaluating the safety and potential therapeutic efficacy of intravenous and sub-tenon delivery of cultured allogeneic adult umbilical cord-derived mesenchymal stem cells (UC-MSCs) for treating eye diseases, with the goal of assessing improvements in patient outcomes and identifying any adverse effects over a 48-month period (NCT05147701). In addition, a study that is still in the planning phase will focus on evaluating the effectiveness of Platelet-rich Fibrin (PRF) membrane treatment in promoting wound healing in patients undergoing trabeculectomy for glaucoma (NCT06200727). Stem cells therapies for glaucoma are currently being tested, with the focus on the efficacy and safety of this strategy. There are also challenges to overcome, such as ensuring that transplanted stem cells survive, integrate properly and function. In addition, preventing immunological rejection and reducing the risk of tumor development are crucial issues. Despite these difficulties, stem cell therapy holds great promise for the treatment of glaucoma in the future, as it can halt the progression of the disease and improve the eyesight of sufferers.



2.3.3 Gene therapy

Gene therapy presents significant potential for treating various eye diseases, including glaucoma, by targeting specific genetic factors involved in disease progression. In glaucoma, which is characterized by complex genetic backgrounds, gene therapy focuses on two primary aspects: neuroprotection of RGCs and reduction of IOP (273, 274). Viral vectors, particularly adenoviruses (AVs), adeno-associated viruses (AAVs), and lentiviruses (LVs), are commonly used in gene therapy studies for glaucoma due to their efficiency in delivering therapeutic genes to ocular cells (275). Although LVs are highly immunogenic, they offer a high capacity for transgenic expression and transfection efficiency. AAVs, notably AAV2, are less immunogenic, non-pathogenic, and particularly effective in transfecting RGCs (276–278).

Gene therapy strategies for glaucoma include both augmentation and silencing approaches. Augmentation involves introducing functional or modified genes to enhance cellular function, while inhibition aims to down-regulate genes associated with disease symptoms. Silencing strategies, such as siRNA and short hairpin RNA (shRNA), allow for precise gene regulation (279, 280). In the pursuit of IOP-targeted gene therapy, various approaches have been investigated, such as targeting the aquaporin 1 gene (281), the prostaglandin F2α receptor (282), RhoA kinase (283), exoenzyme C3 transferase (284, 285), metalloproteinase 1 (286), and myocilin (287). These approaches aim at modulating AH dynamics, TM function and ECM deposition to achieve sustained IOP reduction. In the most recent study, IOP was lowered in normotensive Brown Norway rats by delivering a transgene using a recombinant adeno-associated virus (rAAV) vector. The vector transgene appears to contain several elements, such as TC40, COX2, PTGFR, and TC45 that are linked to IOP modulation. Over the period of 1 year, the observed reduction in IOP ranged from 12.6% to 43.2%. The degree of reduction was dose-dependent, indicating that higher vector doses led to greater IOP reductions (282).

Gene therapy also offers a promising approach to targeting the TM, with the aim of improving AH outflow and reducing IOP (288). One potential approach involves the manipulation of long non-coding RNAs (lncRNAs) to modulate gene expression in TM cells under oxidative stress, potentially leading to improved IOP management (289). Elevated IOP in POAG is often linked to increased resistance to AH outflow due to excessive ECM accumulation and altered TM cell contractility (290, 291). Gene therapies targeting ECM components or the signaling pathways involved in TM cell contractility could restore normal outflow dynamics. For example, Rho-kinase inhibitors, which reduce TM cell contractility, have been shown to enhance AH outflow, suggesting that similar gene-based approaches could be effective in improving TM function and managing IOP (292).

Many neuroprotective gene therapy strategies for glaucoma focus on pathophysiological causes other than elevated IOP. Mitochondrial dysfunction plays a key role in glaucoma, leading to RGC death by disrupting energy metabolism and increasing the production of ROS. Recent studies have demonstrated the potential of gene therapy to improve mitochondrial function and mitigate oxidative stress. For example, eNdi1 gene therapy has been shown to significantly improve mitochondrial function in mouse models of glaucoma, effectively preserving RGCs by reducing levels of ROS (131). Similarly, neuroserpin gene therapy has demonstrated a protective role against oxidative stress by inhibiting RGC apoptosis and promoting functional preservation in glaucoma models (293).

In addition to mitochondrial pathways, gene therapy is also focusing on neuroprotection and the preservation of RGCs by preventing their degeneration. Neurotrophic factor deprivation, caused by a lack of neurotrophic factors, leads to reduced expression of genes linked to cell metabolism and axonal transport in animal models of glaucoma (294). A promising therapeutic target is BDNF, which is essential for neuronal survival, plasticity, and development, particularly in RGCs. In glaucoma, RGCs exhibit lower levels of BDNF and higher expression of its receptor, TrkB, which provides neuroprotection for RGCs. Direct administration of BDNF protein has been shown to reduce RGC apoptosis in animal models of glaucoma, paving the way for gene therapy studies using BDNF transgenes. Wójcik-Gryciuk et al. used AAV2-BDNF intravitreal augmentation gene therapy in a rat model of glaucoma and found that BDNF overexpression restored retinal TrkB levels, which were elevated due to RGC hypersensitivity to low BDNF levels (295). When different AAV2-BDNF constructs were used in gene therapy, Osborne et al. observed a decrease in cell apoptosis in vitro, comparable to that achieved with AAV2-BDNF alone or AAV2-TrkB. High-pressure glaucoma models in rats and optic nerve crush in mice employed similar approaches (296). Nishijima et al. focused on the intracellular domain of TrkB (iTrkB) for intravitreal gene therapy. Because iTrkB is smaller than other TrkB variants, it can be more effectively packaged into AAV vectors. This AAV design showed excellent results in various animal models of optic nerve injury, including glutamate/aspartate transporter knockout mice, silicone oil-induced glaucoma, and acute optic nerve compression (297). In an NMDA-induced excitotoxic mouse model, Shiozawa et al. used a tyrosine triple mutant AAV2 vector for BDNF gene delivery (tm-scAAV2-BDNF). This gene therapy improved ERG b-wave amplitude, decreased reactive gliosis in the retina, attenuated inner retinal thinning, and reduced RGC loss (298). In addition to BDNF, other neurotrophins and growth factors that have shown promise in experimental glaucoma treatments include vascular endothelial growth factor (299) and CNTF (300). Additionally, modulation of apoptosis and neurodegeneration pathways has been explored as a therapeutic strategy. Gene therapies targeting anti-apoptotic factors like Bcl-xL (301) and X-linked inhibitor of apoptosis protein (Xiap) (302) have shown neuroprotective effects in animal models of glaucoma. Similarly, interventions targeting Fas ligand (303) and nicotinamide mononucleotide adenylyltransferase 2 (Nmnat2) (304) have demonstrated RGC neuroprotection and preservation of visual function. Furthermore, Erythropoietin (EPO) gene therapy has shown promise in reducing inflammation and preserving RGC function (305). Additionally, targeting N-methyl-D-aspartate (NMDA) excitotoxicity (306) and regulating transcription factors like Max (307) and nuclear factor-E2-related factor 2 (Nrf2) (308) have demonstrated neuroprotective effects in preclinical studies. Finally, silencing gene therapies aiming at reducing IOP or promoting RGC neuroprotection have also been explored. These include targeting proteins involved in inflammatory pathways, such as IκB kinase (309) and Shp2 (310), as well as long non-coding RNAs like growth arrest-specific transcript 5 (GAS5) (311) and membrane proteins like Nogo-A and its associated receptor NogoR-1 (312).

A clinical study (NCT06465537) is ongoing to assess the safety, tolerability and preliminary efficacy of BD113vLVP in reducing IOP in patients with POAG and MYOC gene mutations. The study will also explore the characteristics of BD113vLVP metabolism and its potential impact on visual acuity. Despite the promising potential of gene therapy for the treatment of glaucoma, research bridging the gap between basic studies and clinical trials are still scarce, making further research in this field of ophthalmology crucial.



2.3.4 Personalized medicine

Personalized medicine aims to tailor the prevention and treatment of glaucoma based on a patient unique genetic profile and other individualized characteristics. Research has shown that most cases of open-angle glaucoma are complex and polygenic, arising from the combined effects of multiple common genetic variations, with each contributing minimally to the overall disease (19). For instance, genome-wide association studies (GWAS) have identified numerous genetic loci that are associated with glaucoma risk factors, such as IOP, vertical cup-to-disc ratio, and central corneal thicknessrove the identification of individuals at high risk for vision impairment, it is critical to integrate these genetic findings with other known risk factors.

Machine learning algorithms have the potential to analyze large datasets, identifying the critical pathways that are disrupted in glaucoma and categorizing patients according to genetic similarities. This approach may reveal new biomarkers that can be used to diagnose, prognosticate, or develop targeted treatments for glaucoma. However, these biomarkers will need to undergo rigorous validation before they can be reliably used in clinical practice. Once validated, they could allow ophthalmologists to identify high-risk patients, enabling them to administer more aggressive treatments when necessary while avoiding unnecessary interventions for others (19).

Quantdicators like IOP and OCT measurements of retinal nerve fiber layer thickness are examples of biomarkers that are already being explored for their potential to track glaucoma progression. Moreover, advancements in imaging technologies, as well as genomic, metabolomic, and proteomic studies, are uncovering additional potential biomarkers. These will need to be validated across diverse patient populations, different stages of the disease, and ethnicities. Such biomarkers could eventually predict a patient's response to treatment, guide prognoses, or even serve as diagnostic tools. Recent studies have suggested, for example, that aqueous veins related to Schlemm's canal may serve as a structural biomarker to predict the outcomes of glaucoma surgery (19).

The personalized approach to glaucoma treatment emphasizes the integration of genetic profiles, environmental factors, and individual responses to therapy. By considering these elements, clinicians can tailor interventions to improve both treatment outcomes and patient adherence (313, 314). Recent studies have identified genetic factors that contribute to the development of glaucoma, such as variants in Caveolin 1 and 2, TMCO1, and CDKN2B-AS1 (315, 316). Additionally, polygenic risk scores (PRS) are emerging as an important tool to assess genetic predisposition, allowing for the stratification of individuals based on their risk level. This approach supports early intervention, particularly for those with ocular hypertension (317).

MicroRNAs (miRNAs), small non-coding RNA molecules, are also being explored as potential biomarkers for glaucoma. They have been found to be differentially expressed in the AH of glaucoma patients, which could offer insights for early diagnosis and disease monitoring (318). Furthermore, elevated levels of inflammatory and oxidative stress markers, such as TGF-β and VEGF, suggesting that inflammation plays a critical role in disease progression (319, 320). As research progresses and our knowledge of these factors increases, the possibility of developing more effective and personalized treatment options for glaucoma patients becomes increasingly feasible.





3 Conclusion and perspectives

Emerging glaucoma therapies are shifting toward a combination of IOP lowering treatments and neuroprotective strategies, signaling that effective management goes beyond reducing IOP alone. While traditional therapies have focused on lowering IOP to protect the optic nerve, this dual approach also aims to slow or prevent neurodegenerative processes, offering a more holistic solution to preserve vision. We have summarized the various strategies exposed in this review in the Table 1. By addressing both IOP reduction and neuroprotection, these therapies have the potential to improve long-term outcomes, offering not only symptomatic relief but also enhanced protection of the underlying neural structures. This evolution in glaucoma treatment could lead to a paradigm shift, increasing therapeutic efficacy, slowing disease progression, and more effectively preserving vision (Figures 3, 4).


TABLE 1 Overview of the therapeutical strategies presented in the present review.
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[image: Flowchart depicting the mechanisms leading to loss of retinal ganglion cells (RGCs) and potential interventions. Pathways include immune response, oxidative stress, and increased intraocular pressure (IOP). Key elements are excitotoxicity and mitochondrial dysfunction. Interventions listed: Infliximab, Memantine, Co-Q10, Rho-Kinase inhibitors, NO-donating prostaglandin analogs, Latanoprost, Cannabinoids, Melatonin, CTGF, Adenosine, Stem cell therapy, Gene therapy, Nicotinamide, Statins, Forskolin, Epigallocatechin-3-gallate.]
FIGURE 4
 Developing therapeutic options addressing the underlying mechanisms of glaucoma [adapted and modified from Lambuk et al. (322) and Almasieh et al. (323)]. Figure designed partly with Biorender, https://app.biorender.com/illustrations.


The field of glaucoma management is undergoing a profound transformation, driven by a series of innovative treatments that offer new hope in the fight against this insidious thief of sight. While the main focus of current therapies is on reducing IOP to protect the optic nerve and preserve vision, the evolution of treatment strategies goes far beyond traditional pharmacotherapy. Traditional medications, such as β-blockers, carbonic anhydrase inhibitors, prostaglandin analogs, alpha-agonists, and cholinergic agonists, continue to play an essential role in managing IOP. However, the advent of new IOP-lowering drugs, including rho-kinase inhibitors and nitric oxide-donating prostaglandin analogs, offers promising avenues for more effective pressure control. Additionally, the development of fixed combinations and dual-mechanism therapies provides innovative strategies for addressing IOP variability in diverse patient populations. Beyond the emphasis on IOP reduction, there is a paradigm shift toward neuroprotective strategies in glaucoma treatment. Recognizing that glaucoma damage extends beyond IOP elevation, researchers are exploring ways to promote cell survival and counteract optic nerve degeneration. Approaches targeting excitotoxicity and oxidative stress, as well as modulating immune responses, are emerging to mitigate neurodegenerative processes and preserve visual function.

However, the limitations of existing treatments should not be overlooked. Long-term use of topical medications, particularly those containing preservatives, can lead to ocular surface damages, corneal toxicity, and chronic irritation, resulting in reduced patient compliance and treatment efficacy. Surgical interventions, while often necessary, are accompanied by potential complications such as scarring and unpredictable post-operative outcomes. Additionally, the complexity of multi-medication regimens remains a significant barrier to patient compliance, with many patients struggling to maintain consistent treatment, which can ultimately exacerbate disease progression. Given these challenges, the future of glaucoma management must involve a more comprehensive approach that integrates neuroprotection and IOP control, while minimizing adverse effects and improving patient compliance. Emerging therapeutic strategies represent a promising evolution toward more effective treatments that enhance patient compliance. Further research is essential to refine these approaches and ensure their long-term clinical benefits. Ultimately, the evolution of glaucoma treatments must reflect the complexity of the disease itself. A truly effective strategy will not only preserve vision by reducing IOP but also actively protect the optic nerve from irreversible damage. The next generation of therapies must strike a balance between efficacy and tolerability, enabling patients to maintain both their sight and their quality of life. As our understanding of glaucoma increases, so must our efforts to develop treatments that address its full pathophysiological spectrum.

Personalized medicine is becoming increasingly important, with genetic knowledge and biomarkers allowing clinicians to tailor interventions to each individual patient, optimizing treatment efficacy and minimizing unnecessary interventions. Machine learning algorithms have the potential to decode complex genetic pathways and identify high-risk individuals, facilitating proactive, and targeted care. As treatment guidelines evolve, extended drug delivery mechanisms and sustained-release formulations promise increased therapeutic efficacy and improved patient compliance. Moreover, advancements in imaging and biomarker discovery are driving research into precision medicine for glaucoma, enabling early detection and intervention. The convergence of innovative therapies, personalized approaches, and advanced diagnostics signals a new era in glaucoma management. By addressing the multifactorial nature of the disease and utilizing advanced interventions, clinicians are poised to transform the trajectory of glaucoma, potentially saving countless individuals from the misery of vision loss. This approach not only preserves vision but also enhances the quality of life for those affected by glaucoma.

Looking ahead, non-IOP lowering treatments will likely play a pivotal role in managing glaucoma. Factors beyond IOP, such as systemic vascular health, genetics, and lifestyle, significantly influence glaucoma progression. Impaired ocular blood flow, often linked to systemic conditions like hypertension and diabetes, can worsen optic nerve damage independently of IOP levels. Genetic variants related to neurodegeneration and apoptosis further increase susceptibility to the disease, while lifestyle factors such as obesity, smoking, and physical inactivity contribute through inflammation and oxidative stress. Additionally, cerebrospinal fluid pressure (CSFP) has been identified as an important factor, with lower CSFP associated with optic nerve damage. These findings underscore the need for a comprehensive approach that incorporates both IOP and CSFP management.

Non-IOP lowering strategies to improve ocular blood flow regulation, such as through the use of carbonic anhydrase inhibitors, calcium channel blockers, and the inhibition of astrocyte activation, offer promising therapeutic avenues. Experimental approaches such as nitric oxide-2 synthase inhibition, matrix metalloproteinase-9 suppression, and upregulation of heat shock proteins could prevent glaucomatous optic neuropathy. Additionally, reducing oxidative stress, particularly at the mitochondrial level, using antioxidants like ginkgo, polyphenolic flavonoids, and anthocyanosides, holds potential in mitigating further damage. Pre-clinical and clinical studies are necessary to confirm the efficacy of these treatments and establish their role in glaucoma management. By integrating these emerging therapies with traditional approaches, clinicians may transform the trajectory of glaucoma, preserving vision and improving the quality of life for those affected by the disease. Despite significant advancements, research on glaucoma treatment remains incomplete. Numerous innovative therapies are under investigation, with ongoing clinical trials assessing their potential efficacy. Glaucoma is extensively studied, encompassing diverse aspects ranging from its pathophysiology to novel therapeutic strategies. Currently, 163 interventional clinical trials are in progress, reflecting substantial efforts to better understand this disease and develop more effective treatments (clinicaltrials.gov). Interestingly, among the ongoing clinical trails, lowering the IOP remains the primary focus. This extensive research underscores the importance of glaucoma as a major public health concern and highlights the need to explore new therapeutic approaches, particularly in neuroprotection and IOP reduction, to enhance patient quality of life. Despite the large number of ongoing clinical trials, several promising therapies have yet to be tested in humans, emphasizing the critical need for continued research to bridge this gap and translate emerging treatments into clinical practice (Table 2).


TABLE 2 The first molecule in the therapeutic strategy is the NO-donating prostaglandin analog.
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Future glaucoma research should make significant progress by focusing on several critical areas, particularly in the fields of early diagnosis, personalized treatment and innovative therapeutic delivery systems. One of the most promising avenues is the development of AI-powered diagnostic tools and continuous IOP monitoring systems, such as smart contact lenses. These lenses can facilitate real-time IOP monitoring, which is crucial for the early detection of glaucoma. In addition, the integration of nanotechnology into contact lenses has opened up new options for drug delivery systems, enabling sustained release of glaucoma drugs. These advances not only improve drug bioavailability, but also reduce the frequency of administration, thereby improving patient compliance. The use of smart contact lenses capable of releasing drugs in response to specific stimuli, such as light, represents a new approach to personalized treatment. This technology could enable glaucoma to be managed more effectively by tailoring treatment to the individual needs.

In addition to improving diagnostic and therapeutic approaches, future research should also explore the genetic and epigenetic factors that influence glaucoma. Understanding the molecular pathways involved in optic nerve degeneration may reveal new therapeutic targets. In addition, studying the role of the microbiome in glaucoma could lead to a better understanding of the disease pathophysiology and potential treatment strategies. The treatment of side effects associated with glaucoma drugs is another critical area for future research. The development of alternatives to the toxic preservatives commonly found in eye drops is essential to improve patient comfort and adherence to treatment regimens. In addition, the combination of therapies to mitigate long-term complications, such as drug resistance, is essential to improve treatment efficacy.

Telemedicine solutions also represent a significant opportunity to improve accessibility to glaucoma care worldwide. By leveraging technology to facilitate remote monitoring and consultations, healthcare providers can reach underserved populations, reducing the burden of this disease. Finally, ensuring the affordability and long-term safety of emerging therapies is essential if they are to be successfully implemented in clinical practice. As new technologies and treatments are developed, thorough assessments of their cost-effectiveness and safety profile are essential to ensure that they can be widely adopted without compromising patient care.

In conclusion, the future of glaucoma research should focus on integrating advanced diagnostic tools, personalized treatment strategies and innovative drug delivery systems, while addressing the challenges of accessibility, affordability and safety. These efforts will help improve outcomes for patients suffering from this debilitating disease.
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Cataracts, a leading cause of blindness in the world, are commonly treated by replacing the ocular lens with an artificial intraocular lens (IOL). The material and structure of the IOL are major factors in their efficacy, affecting, among other characteristics, the optics of the eye. In the recent research record, two optical properties have emerged as standardized characterization methods for IOL optics: (1) optical transmittance and (2) optical scattering. This mini review describes these two methods and collates data in such a way that comparisons may be drawn across four different IOL material types (PMMA, hydrophobic acrylic, hydrophilic acrylic, and silicone) and three IOL conditions (in-vivo, cadaver explant, and inventory control). Finally, the emerging field of additive manufacturing for IOL production is considered. Such technologies hold promise for optimizing IOLs for cataract patients. Researchers in additive manufacturing for IOL production may incorporate optical transmittance and optical scattering as standard characterization methods for 3D-printed IOLs developed by the broader IOL researcher community.
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1 Introduction

As people age, the proteins of the ocular lens can undergo abnormal structural and chemical changes, pigmentation, and stiffening (1). These changes lead to areas of cloudiness in the ocular lens known as cataracts, which contribute to visual symptoms such as blurred vision and decreased contrast sensitivity. Left untreated, cataracts often lead to blindness. Almost 95 million people suffer from cataracts, the leading cause of preventable vision impairment worldwide (2).

Surgery is the primary treatment for cataracts (1), and the most common method of cataract surgery is an outpatient procedure in which a foldable artificial intraocular lens (IOL) is placed within the capsular bag to provide anatomic stability and mimic the refractive power of the ocular len (3–5).

The material and structure help determine the efficacy of IOLs. Important considerations for material selection include optical properties, bio-compatibility, transparency, and biomechanics. The IOL's structural design determines mechanical fit and can inform the surgical procedure itself, and the surface geometry—along with the refractive index—of the IOL help defines its refractive power (6).

Although cataract surgery is known to be one of the most successful surgeries in the world (7), emerging manufacturing processes such as additive manufacturing are creating an opportunity for improved outcomes and patient-centered care. Patient-specific ocular characteristics may inform preoperative considerations and optimize surgical outcomes (8). Beyond mechanical fit and bio-compatibility (9), IOL optical properties are key to optimizing IOL performance for improved vision.

This mini review paper examines two key optical properties of IOLs: (1) optical transmittance and (2) optical scattering. We compare these well-studied properties across various IOL types and studies. While the optical properties of IOLs explanted due to failure were reported in many studies, the mechanisms of failure were often unreported and, in many cases, may have been due to factors exogenous to the IOL itself. Instead of including explanted failed IOLs to described longitudinal performance of IOLs, we have opted to limit inclusion to pre-implanted controls or healthy functioning IOLs explanted from cadavers when the data is available.

Finally, we review emerging additive manufacturing technologies for IOL production. This mini review aims to provide a summary of key optical characteristics of IOLs for consideration in emerging IOL manufacturing approaches.



2 Optical transmittance

Optical transmittance of the ocular lens refers to the amount of light that passes through the lens to be focused onto the retina. As with other optical materials, the ocular len's transmittance is a function of many parameters, including the wavelength of light. In the healthy human eye, optical transmittance is optimized for visible wavelengths, to which the rods and cones of the retina are sensitive. The lens is an optical filter that controls the amount and type of radiation that passes through it (10). In their canonical study, Boettner and Wolter (11) reported the transmission of light at 80% from 360 nm, increasing rapidly to 90% between 450 nm and 540 nm, depending on age (older patients have a slower increase). The lens' high transmittance continues out to 1,400 nm, with typical water bands at 980, 1,200, and 1,430 nm. The lens' transmittance reduces with age due to changes in the lens' protein structures, commonly associated with cataracts (10, 12).

To replace the cataract lens with an artificial IOL, the transmission of the material should be carefully considered. Many such studies have been performed for different kinds of IOLs. In this review, 10 studies were selected for the discussion of optical transmittance. The reports of IOL optical transmission included in these publications were reported for a diverse set of research objectives and often included measurements of both explanted IOLs (i.e., removed from patient due to failure) and control IOLs from inventory. Because IOL failure is multifactorial and the reasons for failure were not consistent across studies reporting optical transmission, only control/inventory IOLs (i.e., pre-implantation) transmission values are reported in this section.

Importantly, each of the studies was performed using spectrophotometry. The selected studies include optical transmittance evaluations of the most common commercially available IOL materials (7, 13): (1) poly(methyl methacrylate) (PMMA), (2) hydrophobic acrylic, (3) hydrophilic acrylic, and (4) silicone. Three studies examined the differences between hydrophobic acrylic IOLs with (yellow) and without (clear) blue-light filtering chromophore (14–16), and one study evaluated the transmittance of PMMA vs PMMA copolymers (13, 17). Where data were available or data extraction from plots was possible, the transmittance values from each study are listed over a selection of visible wavelengths (450, 600, and 750 nm). Additionally, overall transmittance values are listed when reported. The exact method for calculating overall transmittance is unreported in most reviewed publications, but in most cases seems to be an average transmittance level (%) from around 300 nm extending to 800 nm. See Table 1.


TABLE 1 A review of optical transmittance values for different IOL materials.

[image: Table showing the transmittance percentages of various materials at wavelengths 450 nm, 600 nm, and 750 nm, with overall percentages provided for some. Materials include PMMA, hydrophilic and hydrophobic acrylics, silicone, and different combinations with POSS. Transmittance values vary, with PMMA generally having high transmittance, while hydrophobic yellow acrylic shows lower values.]

No standard has emerged from the literature for reporting overall transmittance. Some publications report transmittance at key wavelengths, and others only overall transmittance. Further compounding the problem is that the method for calculating overall transmittance varies. Some publications do not report their method (e.g., if it is a median or average value, or the wavelength range over which the statistic is calculated). Still others do clarify the method, but problems remain. For example, Werner et al. (18) measure, with 1-nm sampling frequency, the transmittance of IOLs across a 550 nm bandwidth (300–850 nm), but the authors report only a single overall transmittance calculated as an average across in the visible range (400–700 nm): 98.9% for PMMA IOLs. This “overall transmittance" method of reporting one value over a wavelength range is less valuable than reporting the transmittance curve, because there are many possible absorption spectra that could yield an 98.9% average transmittance. The overall transmittance of a material can only be meaningfully relied upon if the shape of the transmittance spectrum is also given. Moreover, almost all reports of transmittance are limited to the visible range, even though many clinical retinal imaging systems function in the near infrared range. IOL fabrication should take into consideration these other imaging techniques that may be necessary at some point for the patient due to other clinical indications. A proposed best practice for those reporting optical transmittance for IOLs is to provide the transmittance values at 5-nm sampling frequency extending from the visible into the near infrared range.

With regard to absolute transmittance levels across the visible range, the PMMA measured by Michelson et al. (19) demonstrated the highest transparency. These tests were consistent with the relative improvement of PMMA over hydrophilic acrylic and silicone in other studies (18, 19). Wang et al. (13) demonstrated an increase in transmittance over PMMA with a POSS-PMMA copolymer. The incorporation of polyhedral oligomeric silsesquioxane (POSS) improved surface hydrophobicity and roughness, leading to enhancement of cell viability and spreading of human lens epithelial cells (HLECs) and improving bio-compatibility. While POSS-PMMA copolymers seem promising, there are limited published studies and no long-term testing results available. Moreover, there is a more recent report of many technical challenges hindering the clinical translation of POSS-PMMA copolymer IOLs and a corresponding proposal for improving anti-biofouling (20). There remains a research gap in the long-term efficacy of POSS-PMMA copolymers for use in implanted IOLs and as a material for 3D printing. Readers may see more on the IOL biomaterial discussion, including POSS-PMMA, in the short review by Khader and Fahoum (21).



3 Optical scattering

While most of the visible wavelengths of light passing through the ocular media are transmitted, the scattering properties of the eye play also an important role in vision. Light scattering—the redirection of light due to its dielectric interactions with the media it traverses—greatly affects visual acuity (22). Light may scatter in different specular directions as a function of the light's wavelength and the size of the scatterer (23, 24).

In the cataract lens, scattering accounts for much of the optical disturbance. Sources of scattering include modifications to cytoplasmic crystallin proteins and resulting aggregation (25–29), nuclear fiber cell membrane damage (30, 31), and the presence of multilammelar bodies (MLBs) (32–35).

For artificial IOLs, scattering due to native material imperfections should be minimized. Additionally, IOLs should be designed such that post-implantation scattering (e.g., due to biofouling) is inhibited. In this mini review, we limit the presentation of optical scattering to pre-implantation (“inventory") IOLs and functioning IOLs explanted from cadavers for time-dependent performance. The inventory or cadaver origin is indicated under the heading “Condition" in Table 2. Though many of the cited studies examine failed and subsequently explanted IOLs, the scientific discussion of optical scattering changes in IOLs that have failed is more complex (e.g., snowflake degeneration, calcification within the IOL, calcification on the IOL anterior surface, calcification on the IOL posterior surface, etc.) and beyond the scope of this review.


TABLE 2 A review of optical scattering values for different IOL materials and methods.

[image: A detailed table presents data on scattering (CCT) across different studies. It includes references, materials like PMMA, hydrophilic and hydrophobic acrylic, and silicone, along with conditions such as inventory, cadaver, and in-vivo. Various hydration states (dry, wetted, hydrated) and surfaces (anterior, internal, posterior) are shown. The scattering values are given with corresponding surfaces, providing a comparative overview of scattering across different materials and conditions. Annotations define surface types as anterior, internal, and posterior.]

In the analysis of IOL optical scattering, Scheimpflug imaging is used to quantify relative amounts of light scattered from the ocular lens back to a detector aligned anterior to the object along the optical axis. For artificial IOL imaging, results are often expressed in units of computer-compatible tape (CCT, i.e., an 8-bit integer ranging from 0 to 255 where 255 represents high scattering). In papers measuring the scattering properties of IOLs, the presentation of results varies, including scattering from the anterior (A) surface, posterior (P) surface, or internal (I) matrix. The values are reported as a maximum of one surface or an average of multiple surfaces.

In addition to the measurement method, another important consideration is the condition of the tested IOL. Ong et al. (36) demonstrated that the scattering properties of IOLs are highly dependent on if the IOL is dry, wetted (≥ 2 min of hydration), or hydrated (≥ 2 h of hydration). IOLs labeled as “unprocessed" are those that are immediately imaged upon extraction, and IOLs imaged in-vivo are labeled accordingly. These notes are included in Table 2. under the heading “Hydration."

From the studies reviewed, a few key observations may be drawn. First, several studies (36, 37) demonstrate that the scattering behavior highly depends on the lenses' hydration condition (dry, wetted, or hydrated) because of so-called glistening or nanoglistening (36). Kato et al. (38) demonstrated that small temperature fluctuations led to micro-vacuole formation, and Saylor et al. (39) proposed a osmotic cavitation mechanism for glistening formation in which pressure differences form small pockets of water. The distribution of glistening ranges in size from 1 to 20 μm (slightly larger than the wavelength of visible light), and their scattering properties may be well described by Mie scattering. As the hydration environment of the IOL varies, it would be expected that the micro-vacuoles eventually fill with the surrounding media, changing the refractive index of the scatterer. According to Mie scattering theory, the measure scattering profile will vary with the refractive index of the scatter changes. Interestingly, glistening is known to occur more often in hydrophopic materials (40, 41).

Nanoglistening is distinguished from glistening by the size of the vacuoles. Nanoglistening vacuoles are smaller than the wavelength of visible light—on the range of 140 to 185 nm (42)—and may best be approximated with Rayleigh scattering theory. Nanoglistening appears as IOL whitening (43, 44) and forms by water aggregating in subsurface volumes (43). This is the main source of surface scattering in IOLs (36).

According to the hydrostatic and osmotic pressure mechanisms of micro- and nano-vacuole formation, it can be reasonably extrapolated that studies conducted in-vivo [e.g., Hayashi et al. (45) and Bissen-Miyajima et al. (46)] also have scattering values affected by the IOL's environment and should not be directly compared to the IOLs tested in other environments.

Moreover, the scattering properties of IOLs extracted from cadavers were not similar to those taken from inventory (i.e., control IOLs) (14, 36, 37, 47). These scattering differences were further exaggerated in IOLs extracted from patients due to IOL failure (not included in Table 2) (19). This indicates that calcification or other pathologic processes are negatively impacting scattering properties of IOLs in-vivo, even when the impact is either unnoticed or deemed unnecessary to treat by clinicians.

Finally, comparing IOL materials across the reviewed studies, PMMA exhibits the best scattering performance, scattering the least light on average in studies that directly compared PMMA to alternatives. (19, 45, 47). Still, hydrophobic acrylic lenses did not significantly impair optical performance, despite higher scattering levels, as evidenced by similar MTF (modulation transfer function) and Badal image resolution values between hydrated explanted IOLs and controls (47).



4 Additive manufacturing and IOLs

Additive manufacturing holds much potential in the area of ophthalmology, with unique possibilities of creating custom optics for patient personalization (48, 49). While there are many possible ophthalmic applications of additive manufacturing, IOLs hold unique promise. Printed materials may be combined with so-called 4D methods, which consider the object's response to its changing environment in time. For example, drug-eluting implants could serve to administer various medications in-vivo (50, 51) and in response to physiological conditions (e.g., change in pH or pressure).

Additionally, 3D-printed IOLs may also be able to mimic the refractive index of the ocular lens. The lens' refractive index is not constant through its volume but is a gradient, and the gradient changes with age (52, 53). It has been demonstrated that the lens' gradient refractive index compensates for optical aberrations introduced by the cornea (54). The highest refractive index values are in the nucleus of the lens, and the lowest values in the cortex (55–57). Additive manufacturing techniques have recently been used to create lenses(58, 59), including lenses with a gradient refractive index (60). By combining such efforts with ongoing work in bio-compatible additive manufacturing (61), bio-compatible gradient index lenses could work to optimize visual acuity for cataract patients.

An emerging research area is in IOL production with additive manufacturing techniques. The field is young and in the stage of material selection and method fine-tuning. Hydrogels hold several material properties that make them candidates for 3D-printed IOLs: bio-compatibility, hydrophilicity, optical transparency, and mechanical strength (62–64). Li et al. (65) reported a 3D-printed IOL made of a poly(acrylamide-co-sodium acrylate) hydrogel with promising bio-compatibility. Debellemanière et al. (66) reported a 3D-printed Ridley-style (67) IOL using UV-cured PMMA. The lens achieved an average of 75% transmittance in the visible range, well below the transmittance of IOLs reported in Table 1. Hidalgo-Alvarez et al. (68) reported stereolithographic prototyping of a IOL from a photopolymerizable resin (2-phenoxyethyl acrylate, polly (ethylene glycol) dimethacylate) and included transmittance data, but no scattering data. Furthermore, the scalability and reproducibility of the technique must be demonstrated before adoption. None of the recent studies has sufficiently examined the standard optical properties of the 3D-printed IOLs, focusing instead on bio-compatibility and more isolated measurement techniques for optical characterization. Moreover, issues of long-term viability are underexplored. After developing methods to simulate long-term use, standard optical measurements (scattering and transmittance) may be used to assess optical performance after long-term use.

This mini review has demonstrated, over the past 10 years, optical transmittance and optical scattering have become the standard for IOL characterization, and both techniques should be performed as a standard assessment method for IOL prototyping. Scattering data should include an assessment spectrum extending from the visible through near infrared wavelengths.

We have thus situated emerging additive manufacturing technologies in the recent historical context of IOL efficacy. Researchers working in additive manufacturing for IOL production may demonstrate the efficacy of a 3D-printed IOL in comparison to other viable solutions with standard optical transmittance and optical scattering techniques. Such reporting will enable fair comparison across IOL technologies.



5 Discussion

In summary, this mini review has examined two optical properties of IOLs used in cataract surgeries that have become standard measurements for IOL comparison: (1) optical transmittance and (2) optical scattering. We have combined the results of various IOL materials (PMMA, hydrophobic acrylic, hydrophilic acrylic, and silicone) and IOL conditions (inventory, explanted from cadavers, and in-vivo) across many studies, drawing out the superior performance of PMMA and PMMA copolymers. Finally, the emerging field of 3D-printed IOLs was reviewed. Additive manufacturing approaches in IOL production are immature but promising. Researchers in this area should understand the recent historical context of optical transmittance and optical scattering as tools for standardized comparisons across types of IOLs.
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Background: Acupuncture, a traditional Chinese medicine therapy, is widely used for the management of amblyopia. This study aimed to perform a meta-analysis of the efficacy and safety of acupuncture combined with conventional treatments for amblyopia.




Methods: We searched eight databases for relevant studies published before December 31, 2024. Subsequently, the retrieved literature underwent a rigorous screening process based on pre-established inclusion and exclusion criteria. Thereafter, the basic information, outcome data, and risk of bias of the included studies were statistically analyzed. RevMan5.3 was employed to perform meta-analysis, sensitivity analysis, and assessment of publication bias. Additionally, GRADEpro3.6 was utilized to assess the quality of evidence for the outcomes.
Results: Ten trials involving 918 eyes were included. The meta-analysis demonstrated that, compared with to the conventional treatment, the acupuncture combined with conventional treatment significantly improved the clinical efficacy rate (relative risk [RR] 1.31, 95% confidence interval [CI] 1.21–1.43, P < 0.00001, GRADE: low), the best-corrected visual acuity (BCVA) [mean difference (MD) 0.08, 95% CI 0.01–0.15, P = 0.03, GRADE: very low], and the amplitude of pattern visual evoked potential (P-VEP) P100 wave (MD 3.24, 95% CI 1.42–5.05, P = 0.0005, GRADE: low), while reduced the stereoacuity (MD −3.59, 95% CI −5.97 to 1.20, P = 0.003, GRADE: very low) and the latency of P-VEP P100 wave (MD −7.44, 95% CI −11.71 to −3.18, P = 0.0006, GRADE: very low). However, acupuncture may increase the adverse reaction rate (RR 5.57, 95% CI 1.01–30.84, P = 0.05, GRADE: low). Funnel plots indicated no publication bias in the clinical efficacy rate, latency of P-VEP P100 wave, amplitude of P-VEP P100 wave, or adverse events. Nevertheless, potential publication bias was detected for BCVA and stereoacuity.
Conclusion: Compared to conventional treatment, acupuncture combined with conventional treatment effectively improved visual acuity in amblyopia patients, although it may increase the risk of adverse events. Considering that these adverse events are mild, acupuncture still has the potential to serve as a complementary treatment for amblyopia. However, these findings need to be further validated through large-scale and high-quality studies.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/view/CRD420251063432, identifier CRD420251063432.
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1 Introduction

Amblyopia, also known as “lazy eye,” is a neurodevelopmental disorder that frequently affects children. It is characterized by reduced best-corrected visual acuity (BCVA) in one or both eyes compared to normal visual acuity for the corresponding age, despite the absence of any discernible organic ocular pathology (1). Global epidemiological data reveal a 1%–5% prevalence among children, with male predominance (male: female ratio ≈ 1.5:1) (2). Amblyopia materializes during a pivotal developmental epoch, presenting with visual impairments in the affected eye, sensory deficits in both the amblyopic and fellow eyes, and compromised binocular functionality (3). These deficits precipitate a decline in reading proficiency, visual-motor coordination, self-perception, and quality of life, ultimately exerting enduring detrimental effects on academic performance, social adaptation, and psychological health (4). Currently, the therapeutic methods for amblyopia include refractive correction, patching therapy, penalization therapy, visual training, and pharmacological and surgical interventions (5). However, the protracted treatment associated with refractive correction and patching therapy often causes discomfort and resistance in patients, and their efficacy is lacking in certain cases of severe and older amblyopia (6, 7). Penalization therapy exhibits considerable inter-individual variability in effectiveness, and prolonged penalization may precipitate a decline in visual acuity in the fellow eye (8). The outcomes of visual training are contingent on the intensity and duration of the regimen, making its efficacy inconsistent (9). The efficacies of pharmacological and surgical treatments are subject to individual variability, and their long-term effectiveness and safety require further investigation (10, 11). Consequently, although these modalities lead to a certain degree of improvement in patients’ vision, they are encumbered by numerous limitations.

Acupuncture, a traditional Chinese medicine therapy, has been employed as an adjunctive treatment for a spectrum of ophthalmological conditions, including myopia, dry eye, and glaucoma (12–14). The mechanism of action involves stimulating specific acupoints to enhance ocular microcirculation, thereby achieving therapeutic efficacy against eye diseases (15, 16). In recent years, there has been burgeoning interest in the role of acupuncture as a complementary treatment for amblyopia (17–19). Wang et al. (19) reported that acupuncture combined with conventional treatment significantly improved the corrected visual acuity and optic nerve conduction in children with anisometropic amblyopia. Cui et al. (18) found that acupuncture combined with conventional treatment improved BCVA in children with anisometropic amblyopia. They also pointed out that acupuncture may enhance activity in the occipital (inferior occipital gyrus) and temporal (fusiform and inferior temporal gyrus) lobes within the “WHAT” pathway, thereby alleviating visual impairment. Furthermore, emerging evidence suggests that acupuncture may benefit amblyopia management through multiple pathways, including repair of retinal ultrastructural damage, modulation of cortical neuronal excitability, and regulation of neurotrophic factor expression (20). Nevertheless, clinical studies on acupuncture for amblyopia are sparse and are predominantly small-sample, single-center trials, which curtail the precision and credibility of the clinical findings. Therefore, a more comprehensive and accurate evaluation of the clinical efficacy of acupuncture in amblyopia is imperative. In this study, we conducted a systematic meta-analysis of randomized controlled trials (RCTs) on acupuncture for amblyopia to assess the efficacy and safety of adding acupuncture to conventional therapies.



2 Methods


2.1 Literature search

We searched the PubMed, Embase, Cochrane Library, and Web of Science databases as well as the Chinese databases CNKI, Wanfang, VIP, and SinoMed for relevant literature published before December 31, 2024. The search fields were set to “Title/Abstract,” and the search strategy was defined as follows: [(Acupuncture OR Pharmacopuncture) AND (Amblyopia OR Amblyopias OR Lazy Eye OR Lazy Eyes)], with no other restrictions. The search strategies and results for each database are presented in Supplementary Table S1.



2.2 Inclusion and exclusion criteria

The inclusion criteria were as follows: (i) Study type: RCT. (ii) Study subjects: Conforming to the diagnostic criteria of the “Expert Consensus on Amblyopia Diagnosis (2011)” (21), “Definition, Classification, and Efficacy Evaluation Standards of Amblyopia” (22), or “Guidelines for the Diagnosis and Treatment of Amblyopia” (23). (iii) Intervention and comparison: The control group received conventional treatments such as refractive correction, patching therapy, penalization therapy, visual training, and medication, while the experimental group received acupuncture treatment based on the control group. (iv) Outcome indicators: The primary efficacy indicator was the clinical efficacy rate, defined as the proportion of patients who demonstrated significant improvement in vision following treatment (22). Specifically, efficacy cases were identified by comparing the uncorrected visual acuity before and after the intervention using a standardized vision chart. An improvement of at least two lines in visual acuity (measured as the number of optotype lines read correctly) in the treated eye compared to the baseline was considered indicative of effective treatment. Secondary efficacy indicators were BCVA, stereoacuity, and pattern visual evoked potential (P-VEP) P100 wave (latency and amplitude). The safety indicator was the total adverse reaction rate.

The exclusion criteria were as follows: (i) Animal experiments, retrospective studies, or case reports; (ii) repeatedly published studies; (iii) studies with missing baseline data; and (iv) studies with unavailable data.



2.3 Literature screening process

All retrieved articles were imported into EndNote X9. We initially excluded duplicate studies by reviewing the title, author, journal name, volume, issue number, and digital object identifier (DOI) of each article. Subsequently, the titles and abstracts of the articles were screened based on the inclusion criteria to exclude those irrelevant to the research topic. Finally, the full texts of the remaining studies were reviewed to determine the final list of included studies. Literature screening was independently conducted and cross-checked by KT and YY, and disagreements were resolved by PL.



2.4 Data extraction

The baseline characteristics and research data extracted from the included studies were systematically recorded in a Microsoft Excel 2024 spreadsheet. The recorded variables included the first author’s name, publication year, sample size, male ratio, average age, intervention, comparison, and treatment duration. Study data were defined as any measurement related to the outcome indicators. Baseline data and statistics were independently completed by KT and YY and cross-checked. In cases of disagreement, PL made the final decision.



2.5 Literature quality appraisal

The Risk of Bias 2 (RoB 2) tool was used to assess the risk of bias for the included studies. There were five bias domains in the RoB 2 tool: randomization process, deviations from intended interventions, missing outcome data, outcome measurement, selection of reported results. Based on the evaluation criteria defined in the Cochrane Handbook for Systematic Reviews of Interventions, the risk of bias for each domain was classified as low, high, or of some concern. This task was independently performed by KT and YY, who cross-checked each other’s work. In the event of any discrepancies, PL made the final judgment.



2.6 Statistical analysis

We utilized RevMan 5.3 (Cochrane Collaboration) to conduct meta-analyses, sensitivity analyses, and publication bias assessments following standardized systematic review procedures. For continuous variables, we calculated the mean difference (MD) with 95% confidence intervals (CIs), while for dichotomous variables, relative risk (RR) with 95% CIs was used as an effect size measure. The choice between the fixed-and random-effects models was based on the degree of heterogeneity assessed using the I2 statistic. Specifically, a fixed-effects model was applied when I2 ≤ 50%, indicating low heterogeneity. Conversely, when I2 was > 50%, indicating substantial heterogeneity, a random-effects model was selected to account for variability among the studies. All analyses were conducted using a significance threshold of P < 0.05.

Leave-one-out sensitivity analysis was performed to evaluate the robustness of the results. This involved sequentially excluding each individual study, re-running the meta-analysis each time, and examining the changes in the pooled effect size. If the overall results remained consistent without significant fluctuations, the findings were considered robust and unlikely to be driven by a single study.

Funnel plots were generated to visually inspect for publication bias. The symmetrical distribution of points on both sides of the funnel indicated the absence of publication bias, whereas asymmetry suggested potential bias. Egger’s test was also considered when enough studies (typically ≥ 10) were available to provide a more quantitative assessment, with P < 0.05 indicating possible bias.



2.7 Quality of evidence

The Grading of Recommendations Assessment, Development, and Evaluation (GRADE) approach was used to assess the quality of evidence of the outcomes. This involved evaluating the certainty of evidence based on domains such as the risk of bias, inconsistency, indirectness, imprecision, and publication bias. The overall quality of the evidence was rated as high, moderate, low, or very low, facilitating a transparent interpretation of the findings. This detailed methodological framework ensures a rigorous and transparent synthesis of the evidence, aligned with best practices in systematic reviews and meta-analyses.




3 Results


3.1 Literature screening

A total of 692 articles were obtained from the eight databases. Among them, 464 articles were excluded because of duplication, and 205 articles were excluded because of irrelevant themes. During the full-text review, 13 articles were excluded for failing to meet the inclusion criteria, including 7 non-controlled trials, 5 studies with intervention deviations, and 1 study with unavailable metrics. Ultimately, 10 articles (24–33) were included in this meta-analysis, as shown in Figure 1.


[image: Flowchart illustrating the identification and screening process for studies via databases and registers. Initial identification included 692 records from eight sources. After removing 464 duplicates, 228 records were screened, with 205 excluded. Twenty-three reports were sought for retrieval, all assessed for eligibility, resulting in 10 included studies. Thirteen reports were excluded due to being non-controlled, having inconsistent interventions, or unavailable indicators.]

FIGURE 1
Literature screening flowchart.




3.2 Basic characteristics of the included studies

These studies included 918 amblyopic eyes, and their publication period ranged from 2010 to 2024. The average male ratio was 50.3%, the average age was 7.3 years, and the average treatment duration was 16 weeks. Specifically, nine studies (24–32) adopted refractive correction; eight (24–27, 29–32) used patching therapy; three (25, 29, 31) employed comprehensive treatment composed of red flash, grating, and visual stimulation; one used an amblyopia therapy device (24); one used pleoptic therapy (27); one adopted medium frequency electrotherapy (32); and one used visual training (33). See Table 1.


TABLE 1 Basic characteristics of the included studies.

[image: Table comparing several studies on visual interventions. It includes columns for study, sample size, percentage of males, age, intervention and comparison methods, and treatment duration in weeks. The interventions listed include acupuncture, refractive correction, patching, pleoptic therapy, and others. Treatment duration varies from four to forty-eight weeks.]



3.3 Literature quality appraisal

Regarding the randomization process, three studies (25, 29, 31) were assessed as having a low risk of bias owing to their clear reporting of randomization methods (random number tables) and allocation concealment. In contrast, the other seven studies (24, 26–28, 30, 32, 33) had some concerns because they did not report details on random group assignment or allocation concealment. Concerning deviations from intended interventions, all 10 studies (24–33) were rated as having some concerns because of the lack of reported details on participant blinding. However, all participants strictly adhered to their assigned interventions throughout the trials, with no request for group switching or crossover interventions. With respect to missing outcome data, all studies adequately addressed this issue, ensuring that all registered participants had complete datasets and reported no dropouts. In terms of outcome measurements, all studies (24–33) provided data on outcomes along with appropriate statistical analyses, leading to the assessment of a low risk of bias. Furthermore, all studies (24–33) were evaluated as having a low risk of bias in the selection of reported results, as they listed pre-specified outcome measures in the section “2. Methods” and fully reported the changes observed in all participants’ laboratory indicators in the results section. Ultimately, the overall risk of bias for the 10 studies (24–33) was determined to be of some concern, as shown in Figure 2.


[image: Table and bar chart showing bias risk assessment for various studies and outcomes, including clinical effective rate, BCVA, stereocuity, wave latency and amplitude, and adverse reaction rates. Risk levels are marked as low (green), some concerns (yellow), or high (red) across categories such as randomization, deviations, and outcome measurement.]

FIGURE 2
Risk of bias assessment.




3.4 Meta-analysis


3.4.1 Clinical efficacy rate

Seven studies (24, 26–29, 32, 33) involving 704 eyes reported the clinical efficacy rate. The meta-analysis indicated that the clinical efficacy rate of the acupuncture combined treatment group was significantly higher than that of the conventional treatment group (RR = 1.31, 95% CI 1.21 to 1.43, P < 0.00001, I2 = 5%), as shown in Figure 3.


[image: Forest plot showing results from various studies comparing experimental and control groups. Studies list events and total participants, with corresponding weights and risk ratios. The plot illustrates each study's risk ratio with 95% confidence intervals, summarized by a diamond representing the overall effect. Total events recorded are 316 experimental and 229 control, with a total risk ratio of 1.31, confidence interval 1.21 to 1.43. Heterogeneity is low, with Chi-square at 6.35 and I-squared at 5 percent. The test for overall effect shows a Z-score of 6.48, p-value less than 0.00001.]

FIGURE 3
Forest plots of meta-analyses of the clinical efficacy rate.




3.4.2 BCVA

Seven studies (25, 27–31, 33) reported BCVA in 552 eyes. The meta-analysis revealed that BCVA was significantly higher in the acupuncture combined treatment group than in the conventional treatment group (MD = 0.08, 95% CI 0.01 to 0.15, P = 0.03, I2 = 88%), as shown in Figure 4a.


[image: Forest plot with four panels (a, b, c, d) displaying meta-analysis results. Each panel shows the mean differences between experimental and control groups from various studies, with confidence intervals. (a) Slight favor towards experimental; (b) favors control; (c) favors control; (d) favors experimental. Heterogeneity and overall effect tests are included at the bottom of each panel.]

FIGURE 4
Forest plots of meta-analyses of secondary efficacy endpoints. (a) Best-corrected visual acuity (BCVA), (b) stereoacuity, (c) P-VEP P100 wave latency, and (d) Pattern visual evoked potential (P-VEP) P100 wave amplitude.




3.4.3 Stereoacuity

Three studies (29, 30, 33) involving 246 eyes reported the stereoacuity. The meta-analysis demonstrated that the stereoacuity was significantly lower in the acupuncture combined treatment group than in the conventional treatment group (SMD = −3.59, 95% CI −5.97 to −1.20, P = 0.003, I2 = 97%), as presented in Figure 4b.



3.4.4 P-VEP P100 wave latency and amplitude

Two studies (25, 29) reported changes in the latency and amplitude of the P-VEP P100 wave in 152 eyes. Meta-analysis showed that the latency of P-VEP P100 wave in the acupuncture combined treatment group was significantly shorter than that in the conventional treatment group (MD = −7.44, 95% CI −11.71 to −3.18, P = 0.0006, I2 = 76%), while the amplitude of P-VEP P100 wave was significantly higher than that in the conventional treatment group (MD = 3.24, 95% CI 1.42 to 5.05, P = 0.0005, I2 = 0%), as shown in Figures 4c, d.



3.4.5 Adverse reaction rate

Four studies (27, 30, 32, 33) reported adverse reaction rate in 227 eyes. The meta-analysis indicated that the adverse reaction rate in the acupuncture combined treatment group was higher than those in the conventional treatment group (RR = 5.57, 95% CI 1.01 to 30.84, P = 0.05, I2 = 0%), as shown in Figure 5.


[image: Forest plot depicting the risk ratios from four studies comparing experimental and control groups. Each study is represented by a blue square with lines indicating the ninety-five percent confidence intervals. The overall effect is shown as a diamond at a risk ratio of 5.57, suggesting a statistically significant effect with a confidence interval of 1.01 to 30.84. There is no heterogeneity among the studies, with an I-squared value of zero percent.]

FIGURE 5
Forest plots of meta-analyses of the adverse reaction rate.





3.5 Sensitivity analysis

Sensitivity analysis revealed that the results for clinical efficacy rate and adverse reaction rate were robust, whereas those for BCVA and stereoacuity were not. Specifically, after excluding the study by Jin (27) (MD 0.07, 95% CI −0.00 to 0.15, P = 0.07) or Liu (28) (MD 0.08, 95% CI −0.01 to 0.16, P = 0.07), BCVA no longer had significance; after excluding the study by Zheng (33), stereoacuity no longer had significance (SMD = −3.98, 95% CI −9.72 to 1.77, P = 0.18). Additionally, because the latency and amplitude of P-VEP P100 wave included only two studies, no sensitivity analysis was conducted.



3.6 Publication bias

The funnel plots of the clinical efficacy rate, the latency of P-VEP P100 wave, the amplitude of P-VEP P100 wave, and the adverse reaction rate showed that the scattered points on both sides were roughly symmetrical, suggesting no publication bias. In contrast, the funnel plots of BCVA and stereoacuity exhibited asymmetrical scatter distributions, indicating the potential presence of publication bias (Figure 6). Additionally, as fewer than 10 studies were included for each outcome, Egger’s regression analysis was not performed.


[image: Six funnel plots illustrate the standard error against effect size. Plot (a) shows SE(logRR) vs. RR, revealing symmetry. Plot (b) plots SE(MD) vs. MD, showing some asymmetry. Plot (c) displays SE(SMD) against SMD with scattered points. Plot (d) features SE(MD) vs. MD with fewer data points. Plot (e) compares SE(MD) with MD, showing a symmetrical distribution. Plot (f) plots SE(logRR) against RR, forming a symmetrical pattern. Each plot includes dashed lines representing confidence intervals.]

FIGURE 6
Funnel plots of publication bias. (a) Clinical efficacy rate, (b) BCVA, (c) stereoacuity, (d) P-VEP P100 wave latency, (e) P-VEP P100 wave amplitude, and (f) adverse reaction rate.




3.7 Evidence quality

The quality of evidence for the clinical efficacy rate, the amplitude of P-VEP P100 wave, and the adverse reaction rate was low, while the quality of evidence for BCVA, stereoacuity, and the latency of P-VEP P100 wave was very low, as shown in Table 2.


TABLE 2 Quality of evidence.

[image: Table displaying outcomes across six criteria: Clinical efficacy rate, BCVA, stereoacuity, P-VEP P100 wave latency, amplitude, and adverse reaction rates show a serious risk of bias, but vary in inconsistency and imprecision. Publication bias ranges from none to serious, affecting the quality of evidence, rated from low to very low.]




4 Discussion


4.1 Research background and findings

Amblyopia, a common disorder in pediatric visual development, is the leading cause of visual impairment in children. When conventional treatment yield poor results (34), acupuncture has emerged as a highly regarded complementary treatment (17, 29). However, there is currently a lack of systematic reviews and meta-analyses evaluating the efficacy and safety of acupuncture for the treatment of amblyopia, and the specific value of acupuncture remains unclear. Therefore, it is necessary to synthesize and supplement evidence in this field using evidence-based approaches (35, 36). To our knowledge, this is the first meta-analysis to assess the efficacy and safety of acupuncture in amblyopia management. Our findings indicate that compared with the conventional treatment group, the acupuncture combined treatment group had a higher clinical efficacy rate, better BCVA, and higher amplitude of the P100 wave of P-VEP, while showing lower stereoacuity and shorter latency of the P-VEP P100 wave. However, the acupuncture combined treatment group may increase potential adverse events.



4.2 Efficacy of acupuncture in amblyopia

The clinical efficacy rate is a key indicator for evaluating the treatment effect of amblyopia and refers to the proportion of patients whose visual acuity has improved by two lines or more (22). Our study demonstrates that acupuncture, when combined with conventional treatments, significantly enhances the clinical efficacy rate in treating amblyopia. Previously, multiple clinical studies have suggested that the combination of acupuncture and conventional treatment methods leads to benefits in the clinical efficacy rate in amblyopia patients, which is consistent with the results of our study (27–29, 33, 37). Animal experiments have revealed the potential mechanisms of acupuncture in the treatment of amblyopia. These mechanisms include repairing neuronal structures, promoting visual electrophysiological functions, counteracting visual environmental disturbances, reversing the spontaneous firing frequency of the optic nerve, and transmission effects between central and target organs (38). Therefore, acupuncture can regulate the visual conduction pathway through multiple routes, thereby promoting the recovery of visual function (39). In conclusion, the relative benefit of the clinically efficacy rate provides strong evidence for acupuncture treatment of amblyopia.

Best-corrected visual acuity refers to the highest visual acuity that a patient can achieve after wearing corrective glasses or contact lenses. It is of vital importance in evaluating the efficacy of amblyopia treatment. Our meta-analysis showed that the improvement in BCVA was more significant in the acupuncture combined treatment group than in the conventional treatment group. In previous clinical studies, Ma et al. (29) and Jia et al. (25) reported that acupuncture significantly improved the BCVA in anisometropic amblyopia patients, supporting our findings. Improvements in the BCVA are of great significance in patients with amblyopia. On one hand, the improvement in BCVA enables patients to perceive the world more clearly, enhancing their quality of life. On the other hand, it can prevent strabismus, promote the development of the visual system, and ensure long-term stability of vision (40). Cui et al. (18) utilized resting-state functional magnetic resonance imaging (rs-fMRI) to demonstrate that acupuncture augments neuronal activity in the inferotemporal cortex within the ventral “what” pathway, optimizing visual information processing and alleviating shape/color perception deficits in amblyopia. This further supports the value of acupuncture in the treatment of amblyopia and provides evidence for its clinical application. However, the sensitivity analysis showed that the results of BCVA were not robust, indicating that the aforementioned benefits need to be further evaluated in future clinical trials.

Stereoscopic vision, the ability of the visual system to perceive the distance, depth, and convexity or concavity of three-dimensional objects, is of great significance for an individual’s spatial cognition and daily activities. As a key indicator for quantifying the accuracy of this perception, the importance of stereoacuity is self-evident (41). This meta-analysis shows that acupuncture combined with conventional treatment effectively reduces stereoacuity. Previous clinical studies conducted by Wang et al. (30), Ma et al. (29), and Zheng (33) also reported that adding acupuncture to conventional treatments can significantly reduce stereoacuity, supporting our findings. This indicates that acupuncture improves performance in tasks requiring fine manipulation and depth perception in patients with amblyopia, thereby enhancing their quality of life and social participation (42). Stereoscopic vision reconstruction is closely related to amblyopia, and the more severe the amblyopia, the more difficult it becomes (43). Patients with mild and moderate amblyopia have a relatively easier establishment of ideal stereoscopic vision, whereas patients with severe amblyopia face greater challenges. When the visual acuity of the affected eye is < 0.6, perfect stereoscopic vision is difficult to achieve (26). Nevertheless, clinical trials by Wang et al. (30) indicated that acupuncture combined with conventional treatment significantly improved the stereoscopic vision of patients with severe or refractory amblyopia, further highlighting the potential of acupuncture in the treatment of amblyopia.

Pattern visual evoked potential is the electrical activity generated by the occipital visual cortex in response to flash or graphic stimuli from the retina. It is an important electrophysiological indicator of visual function in amblyopic patients (44). The P100 wave in P-VEP has special significance. Its latency represents the speed of information transmission from retinal ganglion cells to the visual cortex, and the amplitude of the P100 wave reflects the excitability of visual cortex neurons. The higher the amplitude, the stronger the excitability of the visual cortex neurons. Our meta-analysis shows that acupuncture significantly shortens the latency of P-VEP P100 wave and increases the amplitude of P-VEP P100 wave. Ma et al. (29) also reported that after treatment, in the acupuncture group, the latency of P-VEP P100 wave was shorter and the amplitude of P-VEP P100 wave was higher, which is consistent with our findings. Subsequent mechanism studies have shown that acupuncture enhances visual nerve transmission through brain regions related to the limbic system, frontal lobe, and parietal lobe (25). Additionally, acupuncture enhances the bioelectric activity of the visual nerve cells to improve the efficiency of visual nerve conduction, thereby effectively regulating the inhibition and retardation of visual responses caused by visual deprivation, particularly during the sensitive period of visual development (45). The benefits of acupuncture in the P-VEP P100 wave reflect its positive impact on visual development.



4.3 Safety of acupuncture in amblyopia

In this meta-analysis, the adverse event rate in the acupuncture combined treatment group was 6.1% (7/114), whereas that in the conventional treatment group was 0% (0/113). The adverse reaction rate in the acupuncture combined treatment group was higher than those in the conventional treatment group. Nevertheless, among the included studies, seven adverse events were potentially associated with acupuncture. Specifically, four patients refused further acupuncture because of fear, one patient experienced dizziness due to nervousness during the procedure; another patient felt dizziness when being treated on an empty stomach, and one patient had local bleeding after acupuncture at the periorbital acupoints. Children, who are the major population of patients with amblyopia, are highly likely to develop negative emotions such as fear and anxiety when undergoing acupuncture, especially when periorbital acupoints are targeted (46, 47). Thus, before performing acupuncture operations, practitioners need to communicate fully with the patients and their families and do a good job at providing psychological comfort for the children (48). This will effectively reduce the occurrence of such adverse events. Moreover, local bleeding and bruising at periorbital acupoints are adverse events of acupuncture (49). To effectively reduce such adverse events, practitioners must have a comprehensive understanding of the anatomical structure of the eyes and receive professional training (50). In conclusion, although the meta-analysis indicates that acupuncture may increase the risk of potential adverse events, these events are generally mild and related to the operation. Therefore, caution should be exercised during needle insertion, and the patient’s condition should be closely monitored to minimize the occurrence of acupuncture-related adverse events during the operation.



4.4 Limitations and prospects

Our study had certain limitations. First, the number of included studies and sample size were relatively small, which limited the precision of the results. Second, the included studies had methodological biases, including randomization, blinding, and masking. Third, all participants in the included studies were Chinese, restricting the generalizability of the findings to a limited population. Fourth, the acupoints, depth, and retention time of acupuncture may be potential sources of clinical heterogeneity; however, owing to the limited research basis, further analysis cannot be conducted. In the future, we expect to conduct high-quality, large-sample, multicenter RCTs to comprehensively and accurately evaluate the efficacy and safety of acupuncture treatment for amblyopia. Furthermore, it is necessary to further explore the acupoints, needling depth, and needle retention time in clinical trials to formulate a complete acupuncture treatment protocol for amblyopia.




5 Conclusion

Compared to conventional treatment, acupuncture combined with conventional treatment improved the visual status of patients with amblyopia, although it may increase the risk of adverse events. Considering that these adverse events are mild, acupuncture still has the potential to serve as a complementary treatment for amblyopia. It offers an evidence-based option for clinical practice, potentially improving patient outcomes and contributing to amblyopia management. However, owing to the limited sample size and methodological quality, these findings need to be further evaluated in multicenter, high-quality clinical studies.
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Pediatric strabismus is a progressive condition that, in the early stages, presents as either esotropia or intermittent or constant exotropia when both eyes focus on the same target. If not promptly addressed, the child’s ocular accommodative convergence and fusion abilities will gradually weaken, ultimately affecting visual function and causing various inconveniences in daily life and learning. For children with mild strabismus, those who are young, have poor cooperation, or are awaiting surgery for a long time, non-surgical treatment is a good option. It offers high safety, ease of use, and has certain effects in alleviating strabismus symptoms and improving visual function. However, there are multiple non-surgical treatment options, and currently, clinical practice lacks clear consensus on which approach is best. The choice and implementation of treatment methods still need to be determined based on the specific situation, such as the child’s age and type of strabismus. In recent years, with the deepening of ophthalmological research, non-surgical treatment methods have been enriched, including a combination of visual training, occlusion therapy, and corrective glasses, which have shown certain clinical effects. This article will review the non-surgical treatment options for pediatric strabismus, explore current research progress, and discuss future development directions.
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1 Introduction

Strabismus is a common and prevalent eye disorder in children, with a global prevalence of approximately 3–5%. It not only affects the appearance of the child but may also lead to abnormal binocular visual function, dizziness, nausea, blurred vision, and other symptoms, impacting walking and balance (1). Herlihy et al. (2) reported that in the early stages of the disease, most children with strabismus can maintain proper eye alignment for a significant period. However, if left uncorrected, as the disease progresses, the child’s visual cortex perceptual system will gradually become disordered. Over time, retinal inhibition dark spots and retinal abnormalities will gradually form, eventually leading to a decline in binocular single vision in children. This can cause significant long-term inconvenience in the child’s daily life and learning, and in severe cases, it may even have a negative impact on the child’s psychological health. Therefore, early correction of strabismus is essential to maximize visual development during the critical period of visual maturation. Currently, surgical corrections such as muscle weakening, muscle strengthening, and horizontal muscle vertical displacement surgeries are the most effective methods for treating pediatric strabismus. These surgeries work by adjusting the length and insertion points of the extraocular muscles, altering the pulling forces on the eyeball to correct the strabismus. The goal is to prevent further deepening of retinal suppression scotomas and to improve the child’s binocular single vision function (3–5). However, due to factors such as the child’s young age, poor tolerance, and low cooperation, many parents of children with strabismus are often resistant to surgery and tend to opt for non-surgical treatment methods (6). In recent years, with the continuous advancement of medical technology, an increasing number of non-surgical treatments have been applied in the management of pediatric strabismus, yielding certain positive results. This review aims to summarize the latest research progress on non-surgical treatments for pediatric strabismus.



2 Pathogenesis of pediatric strabismus

At present, the pathogenesis of strabismus in children has not been fully elucidated. It is believed that it is related to various factors such as abnormal development of central nervous system, ametropia and unilateral visual input disorder. It has been reported in the literature that the normal movement of human extraocular muscles requires the accurate control of the central nervous system. Children are young, the development of the central nervous system is not yet mature, and the ability to control and regulate the extraocular muscles is weak, which may affect the normal movement of the eyeball, causing ptosis, intraocular rotation, downward rotation and upward rotation limitation, and eventually forming strabismus (7, 8). Secondly, some studies have also pointed out that when there is a significant difference in the refractive status of human eyes, the brain will inhibit the visual information of the eyes with higher refractive error, so as not to produce blurred visual interference. Long-term inhibition will lead to abnormal extraocular muscle function and eventually lead to strabismus. These children have a good response to refractive correction treatment (9, 10). In addition, it takes a long time for children ‘s binocular single vision function to gradually develop and improve after birth, and this process is relatively fragile. If it is affected by long-term insufficient light and non-standard eye use during this process, it may hinder the normal development of binocular single vision function and lead to the occurrence of strabismus (11). Non-surgical methods such as visual training, refractive correction, and neurotrophic drugs can safely and effectively promote the development of the central nervous system in children, guide the binocular work together, correct refractive errors, help the natural development of binocular monocular function, and promote the improvement of strabismus in children. This also provides a sufficient theoretical basis for the choice of non-surgical treatment options for strabismus in children (12).



3 Non-surgical treatment methods for pediatric strabismus

Although previous studies have confirmed that surgical correction of eye position is currently the most effective treatment for pediatric strabismus (13, 14), surgery carries certain risks, such as long waiting times and the potential for trauma. Moreover, for children, whose physical and mental development is still immature, undergoing surgery involves both psychological and physiological stress responses. These stress reactions can not only affect the success of the surgery itself but may also have negative impacts on the child’s behavior and psychological well-being. For young children with mild strabismus, poor cooperation during examination, or long waiting times for surgery, non-surgical treatments can be a good alternative option (15). Common non-surgical methods for pediatric strabismus include correction of refractive errors, using prisms, wearing bifocal lenses, occlusion therapy, orthoptic exercises, and botulinum toxin injections (Table 1). These treatments are simple to administer, well-tolerated by children, and generally accepted by parents. They have proven effective in improving binocular visual coordination, enhancing appearance and visual function, and reducing the degree of strabismus.



TABLE 1 Summary of key studies related to strabismus.
[image: A table comparing various studies on interventions for vision issues. It includes columns for author, literature type, study type, sample size, intervention measures, and intervention results. Details vary for each study about the type of research, treatments applied, and the outcomes observed, such as improvement in vision metrics or success rates.]


3.1 Correction of refractive errors

Excessive convergence response or imbalance of extraocular muscle strength caused by hyperopia is a major cause of strabismus in children (16). By accurately determining the refractive error of the child, corrective glasses with the appropriate prescription can effectively address refractive issues. This ensures that light focuses correctly on the retina, reduces the accommodative effort required for clear vision, and alleviates excessive convergence. At the same time, it improves the clarity and balance of visual input from both eyes. Clear visual stimuli help promote normal retinal and visual cortex development, restore normal binocular vision, and reduce the degree of strabismus (17, 18). Additionally, after correction of refractive errors for refractive errors, the child’s visual function improves, and the visual feedback mechanism helps make the movements of the extraocular muscles more coordinated and balanced. This allows both eyes to work together more effectively, further improving the child’s strabismus symptoms. Jones-Jordan et al. (19) analyzed the data of ametropic children wearing and not wearing frame glasses in four randomized controlled trials. The results showed that wearing frame glasses was beneficial to improve children’s stereoacuity. It can be seen that wearing frame glasses may improve the stereoacuity and visual function of children by correcting their ametropia. However, there are many types of strabismus, including accommodative strabismus and sensory strabismus. Whether different types of strabismus can benefit from wearing frame glasses is still lack of systematic research and analysis, and more research is needed in the future.



3.2 Prismatic correction

Since the mid-19th century, some Western countries have begun using prisms as an adjunctive treatment for strabismus. With the continuous development of technology, the manufacturing techniques of prisms have also been constantly improved. Currently, both domestically and internationally, adhesive prisms are primarily used as an adjunctive treatment for strabismus. These prisms consist of a set of Fresnel micro-structured prisms arranged in an orderly fashion. By altering the direction of light propagation, they help adjust the abductive fusion ability in strabismus patients, bringing the visual images on the retina closer together. This gradually increases the tension of the lateral rectus muscle, achieving a new balance between the tension of the lateral and medial rectus muscles. As a result, it alleviates visual disturbances and diplopia symptoms caused by strabismus, and improves the patient’s visual function. Prismatic correction can be used as a long-term management option, particularly in patients who are not suitable for surgical intervention or prefer non-invasive treatment. However, for patients with a large deviation angle, prism correction may be limited by the optical and cosmetic effects of high-power prisms. In such cases, prisms are usually used as a temporary or adjunctive measure prior to surgery (20). In addition, compared with the traditional glass prism, the pressed prism has the advantages of light structure and high correction accuracy, and is more suitable for younger children with small angle strabismus. Anilkumar et al. (21)conducted a retrospective case study, collecting data from 31 patients who received prism treatment for strabismus-related diplopia. The results showed that during a 3-year follow-up period, 81% of the patients experienced complete resolution of both strabismus and diplopia, meeting the criteria for cure. Summers et al. (22)randomly assigned 57 children aged 3–13 years with intermittent strabismus to a prism glasses group (n = 28) and a non-prism glasses group (n = 29). The average baseline distance control score for both groups was 3.5 before the intervention. After 8 weeks of intervention, the results showed that the average baseline distance control scores in the prism glasses group and non-prism glasses group were 3.3 and 3.6, respectively. The prism glasses group showed improvement compared to baseline and performed better than the non-prism glasses group. The studies mentioned above all suggest that adhesive prisms have a definite effect in improving the degree of strabismus and visual function in patients. However, these studies had relatively small sample sizes and were all conducted in single centers, which may affect the generalizability of the results. Future research should aim to increase the sample size and include multi-center studies to further confirm the effectiveness of adhesive prisms in the treatment of pediatric strabismus.



3.3 Wearing bifocal lens

The occurrence of strabismus in children (especially accommodative esotropia) is often related to abnormal ocular regulation function. When the ocular regulation function is abnormal, the eye may increase the convexity of the lens when looking at the object, causing the eye to over-collect and form strabismus. The bifocal lens refers to a special lens with different diopters in the upper part and the lower part of the lens. The upper part can maintain the diopter when looking at a distance, avoiding blurred vision caused by insufficient refractive adjustment. The convex lens in the lower part can reduce the adjustment demand when the eye is looking close, so as to meet the adjustment demand of the eye muscle by changing the focus position of the light, reduce the collective impulse of the eyeball, and alleviate esotropia (23). In addition, long-term wearing of bifocal lenses can also help the brain visual center to reintegrate binocular information by stabilizing retinal imaging, improve binocular coordinated motor function, promote the natural development of binocular single vision function, and ultimately improve the strabismus degree and visual function of children. A conceptual validation study divided 4-8-year-old children with strabismic amblyopia into atropine group (n = 19) and atropine combined with bifocal group (n = 16). The results showed that during the 6-month follow-up period, bifocal lenses combined with atropine treatment had better visual acuity improvement in children (atropine combined with bifocal group logMAR visual acuity 0.69 ± 0.15 VS atropine group 0.82 ± 0.20) (24). It can be seen that wearing bifocal lenses can promote the improvement of visual acuity in children with strabismus. However, most of the existing studies on the treatment of children’s strabismus with bifocal lenses are small sample studies or combined with other interventions. There is a lack of large-scale randomized controlled studies directly on the treatment of children’s strabismus with bifocal lenses. The effect of its application alone still needs to be verified by more high-quality randomized controlled studies.



3.4 Occlusive patching

Studies have pointed out that in order to avoid diplopia, the brain will actively inhibit the visual input of strabismus eyes. In the long run, it will lead to poor vision and abnormal fixation function, forming a vicious circle and increasing the degree of strabismus (25). The occlusion therapy can force the strabismus eye to receive visual stimulation by blocking the dominant eye (healthy eye), thereby activating the remodeling of the visual cortex neurons, improving the visual signal processing ability of the strabismus eye, and reducing the competitive inhibition of the healthy eye on the strabismus eye, thereby improving the binocular visual axis offset, promoting the development of binocular fusion function, and ultimately improving the visual function of the body (26). A meta-analysis included 4 randomized controlled studies, a total of 617 cases of intermittent exotropia in children with data, analysis of the application of occlusion therapy in the treatment of children with simple observation and follow-up of children with strabismus control effect, the results showed that compared with the simple observation and follow-up of children with, receiving occlusion therapy in children with distant and near exotropia angle was significantly decreased, the distance deviation was significantly reduced, near stereoacuity was significantly improved (27). It can be seen that occlusion therapy also has a good effect in improving the strabismus angle and near stereoacuity of children with strabismus. However, the duration and frequency of occlusion therapy will also affect the intervention effect of pediatric strabismus. At present, there is still a lack of large-sample randomized controlled studies to conduct in-depth analysis. In the future, more studies are needed to further clarify the optimal occlusion duration and frequency of pediatric strabismus.



3.5 Orthoptic exercises

Under normal conditions, the retinas of both eyes have a precise correspondence, allowing the images seen by both eyes to fuse accurately in the brain, forming a single, clear, and stereoscopic visual perception. However, when strabismus occurs, the directions of the eyes’ gaze are misaligned, leading to a disruption in the retinal correspondence between the two eyes. As a result, the images seen by both eyes cannot be fused into a single, clear image in the brain, ultimately causing symptoms such as diplopia, visual fatigue, dizziness, and nausea (28, 29). orthoptic exercises uses specific techniques such as visual stimulation therapy and binocular coordination training to help strabismus patients focus both eyes on a particular image or target simultaneously. During the training process, parameters such as the image’s position, angle, and size are gradually adjusted. This approach aims to enhance binocular fusion ability and guide the retinas of both eyes to re-establish normal correspondence. Over time, the brain adapts and learns to properly process the visual information from both eyes, ultimately improving the degree of strabismus and enhancing the patient’s visual function (30, 31). Additionally, orthoptic exercises can also include a series of eye movement exercises, such as ocular tracking and saccadic training, to strengthen the power and flexibility of the extraocular muscles. These exercises enhance the coordination between the extraocular muscles of both eyes, improving the accuracy and stability of eye movements, which helps reduce the degree of strabismus (32). Tian et al. (33)divided 108 strabismus patients into a training group (78 patients) and a non-training group (30 patients) based on whether they received visual neuroplasticity training post-surgery. The results showed that the training group had better visual perception and visual quality compared to the non-training group. In a randomized controlled trial conducted by Zhang et al. (34), 200 strabismus patients who had undergone surgery were divided into a training group and a control group, with 100 patients in each group. The training group received orthoptic exercises using virtual reality technology, while the control group did not undergo any training. The results showed that after 6 months of intervention, the training group had a significantly higher rate of orthophoria (with near or distant strabismus < 8Δ) compared to the control group. Additionally, the number of patients in the training group who achieved both simultaneous vision and distance stereopsis was also significantly higher than in the control group. It can be seen that orthoptic exercises can help improve the degree of strabismus and visual function in children with strabismus. However, there are various methods of orthoptic exercises for pediatric strabismus, and there is currently no unified clinical standard to regulate these approaches. Future research should focus on further standardizing the indications and contraindications for different types of orthoptic exercises, ensuring the safety of the children while maximizing the effectiveness of the intervention.



3.6 Botulinum toxin type a treatment

Pharmacological treatment is also an important non-surgical method for treating pediatric strabismus. It primarily works by controlling eye movements, adjusting the strength of the extraocular muscles, or improving ocular nerve function, thereby correcting strabismus or alleviating its symptoms. Among these, Botulinum Toxin Type A is the most commonly used. Research has shown that Botulinum Toxin Type A is a bacterial exotoxin secreted by Clostridium botulinum during its growth process. It acts on the terminal ends of cholinergic motor neurons, interfering with the release of acetylcholine, which weakens the local muscle force and inhibits muscle contraction. When used in the treatment of strabismus, it can adjust the strength balance of the extraocular muscles, restore the normal position of the eyeball, and ultimately relieve the symptoms of strabismus (35). Niyaz et al. (36)included 86 strabismus patients in their study, all of whom received botulinum toxin treatment. The results showed a significant improvement in the degree of esotropia in these patients. Specifically, the cure rate for infantile esotropia was 31%, the cure rate for partially accommodative esotropia was 25%, and the cure rate for residual esotropia was 61.50%. In a study conducted by Tugcu et al. (37), 50 strabismus patients were selected as study subjects, all of whom received Botulinum Toxin Type A treatment. The results showed that the average strabismus deviation angle decreased from (42.5 ± 13.2) PD before treatment to (12.8 ± 11.9) PD after treatment. Additionally, 60% of the patients successfully achieved a strabismus deviation of less than 10 PD. Therefore, it is clear that Botulinum Toxin Type A plays an active role in the treatment of strabismus. In a multi-center, retrospective, non-randomized, comparative study conducted by Nguyen et al. (38), 76 children with acute acquired concomitant esotropia were selected as the research objects. According to different treatment methods, they were divided into botulinum toxin treatment group (BTX group, 44 cases) and strabismus surgery group (surgery group, 32 cases). The clinical efficacy of the two groups at 36 months after treatment was analyzed. The results showed that the success rate of treatment in the BTX group was 72%, which was higher than that in the surgery group (56%). The median deviation of the two groups was similar to the median stereoacuity. In a retrospective comparative clinical study conducted by Wang et al. (39), 98 children with partially accommodative esotropia were divided into BTX-A group (28 cases, bilateral medial rectus injection of botulinum toxin type A), BMR-rc group (25 cases, bilateral medial rectus recession) and R&R group (45 cases, unilateral medial rectus recession combined with lateral rectus resection) according to different treatment methods. The results showed that the success rate of movement in BTX-A group was lower than that in BMR-rc group and R&R group at long-distance and short-distance fixation, but no children in BTX-A group had excessive correction. There were 4 and 20% children with continuous exotropia in the R&R group and the BMR-rc group, respectively, and there was no statistical significant difference in sensory results among the three groups. In addition, there are many ways of administration of botulinum toxin type A. A retrospective single-center study analyzed the relevant data of children with strabismus who received injection of botulinum toxin type A by conjunctival injection and open sky injection, respectively. The results showed that there was no significant difference in the success rate of treatment of strabismus in children by conjunctival injection and open sky injection (40). It can be seen that botulinum toxin type A also plays an active role in the treatment of strabismus. It can obtain similar therapeutic effects as surgery, and no matter what kind of medication, it can obtain better therapeutic effects. However, some studies have found that excessive use of botulinum toxin type A may lead to adverse reactions such as ptosis, diplopia, and limited eye movement in children with strabismus, which will limit the effect of drug treatment to a certain extent and reduce the clinical benefits of children (41). Therefore, in the future, it is necessary to further standardize the optimal dosage of botulinum toxin type A in the treatment of pediatric strabismus through a large sample size prospective randomized controlled study, so as to increase the clinical benefits of children as much as possible while ensuring the safety of medication.




4 Conclusion

Pediatric strabismus is a common eye disorder that can cause abnormalities in both the appearance and visual function of the affected child, which negatively impacts their physical and psychological development as well as their ability to live and learn normally. Non-surgical treatments such as wearing corrective glasses, using adhesive prisms, wearing bifocal lenses, covering therapy, orthoptic exercises, and Botulinum Toxin Type A therapy have advantages over surgical treatment, including safety, minimal trauma, and higher acceptance from both children and parents. These methods can effectively and safely reduce the degree of strabismus and improve visual function through various mechanisms, such as correcting refractive errors, improving the strength and coordination of extraocular muscles, promoting local blood circulation, and stimulating the nerves. However, the effectiveness of the aforementioned non-surgical treatments varies depending on the duration of the disease in the patient, and the safety and treatment outcomes also differ with varying treatment frequencies and durations. In the future, it will be essential to further standardize and optimize non-surgical treatment plans for strabismus in order to maximize clinical efficacy while ensuring safety. This will help increase the clinical benefits for children and promote the relief or even complete resolution of strabismus symptoms.
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Background: Diabetic retinopathy (DR) is a leading cause of preventable vision loss worldwide. Early screening and diagnosis are critical in mitigating vision loss in patients with diabetes. This review aims to analyze existing research on healthcare professionals’ (HCPs) knowledge, attitudes, and practices regarding DR screening.
Methods: A literature search was performed using four electronic databases: Medline, Google Scholar, Science Direct, and EBSCOhost. The search terms included synonyms connected by the Boolean operator “OR.” This search covered quantitative, qualitative, and mixed-methods research studies. The appraisal was done using the Joanna Briggs Institute’s critical tool. A total of 59 published articles were analyzed.
Results: Forty-seven articles (79.7%) assessed knowledge of HCPs, 30 (50.8%) assessed attitudes, and 42 (71.2%) assessed practices related to DR screening and referrals. The studies reveal significant differences in knowledge, attitudes, and practices regarding DR among various HCPs. There was variation in levels of knowledge amongst various categories of HCPs, with nine studies reporting 100% knowledge of DR. Positive attitudes ranged from 13 to 100%. Similar variations were reported regarding practices, with many HCPs not screening patients for DR. Inadequate training, lack of screening resources like an ophthalmoscope, dilating eye drops, and being inundated with other responsibilities were common reasons for the gaps in knowledge and practices.
Conclusion: Non-ophthalmic HCPs’ knowledge, attitudes, and practices (KAP) regarding DR screening were unsatisfactory. The HCPs with an ophthalmic background had varying levels of KAP regarding DR, with some having good knowledge and others having deficiencies in applying screening guidelines and providing patient education. Regular in-service training is needed, particularly for non-ophthalmic HCPs, and resources should be available for screening at the primary care level.
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1 Introduction

Diabetes mellitus (DM) is one of the leading non-communicable diseases that contributes to significant morbidity and mortality worldwide (1). The global prevalence of DM is 10.5% impacting around 536.6 million persons, and is expected to increase by 12.2% (783.2 million people) (1). As with many other diseases, the prevalence of DM differs from region to region. As per the International Diabetes Federation, countries in the Middle East, such as Kuwait, Bahrain, Qatar, and Egypt in the North Africa region, report the highest diabetic prevalence at 16.2% (2). The high prevalence of DM in this region is also influenced by a genetic predisposition to insulin resistance among various ethnic groups (3). In North America and the Caribbean region, the prevalence of DM was 14%, followed by Southeast Asia (10%), Western Pacific (9.9%), Europe (9.2%), and South and Central America (8.2%) (2). The lowest prevalence rate of DM is observed in the African region (4.5%), particularly in other countries of Eastern Sub-Saharan, comprising Uganda, Kenya, Malawi, Tanzania, Ethiopia, and Rwanda, with limited published data for some areas, such as in rural areas of Tanzania and Ethiopia, due to an inadequate surveillance system (4).

Diabetic retinopathy (DR) is a prevalent complication of diabetes (5). This is a complex diabetic microvascular complication initiated by chronic hyperglycemia, causing metabolic abnormalities in the retina, including neurodegeneration and inflammation (5). The progression of DR starts with retinal blood vessel damage, then thickening of the basement membrane, loss of pericytes due to apoptosis induced by hyperglycemia weakening capillary walls leaking to microaneurysm formation, and disruption of endothelial function causing fluid to leak from capillaries or blockage in the capillaries leading to cotton-wool spots due to the hypoxia (6). Diabetic retinopathy risk factors are linked to inadequate glycaemic management, diabetes duration, age, nephropathy, high blood pressure, high levels of lipids, obesity, pregnancy, previous eye surgery, and smoking (7).

There are two categories of diabetic retinopathy: non-proliferative and proliferative (5). Non-proliferative diabetic retinopathy (NPDR) is the initial progression stage of DR, and it is an asymptomatic stage characterized by the absence of neovascularization on the retinal sites (5). Proliferative DR (PDR) is the late stage of DR characterized by retinal neovascularization, usually with visual symptoms such as fluctuation of vision or reduced vision, seeing dark spots when looking in an open space due to hemorrhages in the vitreous space (8). Proliferative DR is considered a sight-threatening DR condition requiring urgent medical attention to prevent further vision loss or blindness (5). The healthcare professionals (HCPs) involved in the management of patients at risk for DR must understand the different stages and characteristics of DR so that appropriate interventions are offered promptly to prevent severe vision impairment or blindness. According to the epidemiological data from the global DR barometer, it has been observed that 28% of diabetic patients develop DR, while 42% develop diabetic macular edema (8). These findings emphasize the significance of early detection and treatment of eye issues related to diabetes (8).

In individuals between the ages of 20 and 70 in low- or middle-income countries, DR is the primary reason for blindness or moderate-to-severe vision impairments (1). Nearly 80% of adults, equating to 4.2 million adults, and 655,000 adults have some form of DR, which is more than twice in Mexican Americans and almost three times as common in African Americans (1). Globally, DR had a prevalence of 22.3% according to a 2021 systematic review (9). The prevalence of sight-threatening DR and clinically significant macular edema is 6.2% and 4.1%, respectively (9). Africa and North America have the largest prevalence of DR at 35.9% because of the growing diabetic population, while South and Central America have the smallest prevalence at 13.4% (9). According to a 2021 systematic review, the prevalence of DR in the Sub-Saharan African (SSA) region varies from 13 to 82%, while the sight-threatening DR ranges from 2.1% to 51.4% based on a systematic review reported in 2021 (10).

It is the responsibility of the HCPs managing a patient with diabetes to screen or refer the patient for screening for DR. Healthcare professionals’ knowledge, attitudes, and practices (KAP) of DR screening and referrals play a vital role in preventing vision impairment in people with diabetes. Late screening of patients with diabetes due to poor referral systems can lead to permanent vision impairment or blindness (7). While problems within the healthcare system may lead to delays in the diagnoses and management of patients, a lack of awareness among HCPs regarding the significance of DR screening can also be an important contributory factor (11). Alarmingly, over 37% of diabetic patients globally suffer from DR because of delays in referring them for an eye screening (8).

After critically analyzing the literature discussed, screening for DR appears to be sub-optimal, and there is therefore a need to document the gaps in the existing practices of HCPs regarding DR screening. Whilst previous reviews have looked at the general complications of DM (12), this is the first narrative review to focus specifically on DR. We aimed to evaluate and summarize the key findings of published studies that have investigated knowledge, attitudes, and practices of HCPs regarding DR. This review will offer important insights and strategies to strengthen DR screening. Additional advantages include supporting ongoing training to improve healthcare providers’ comprehension of DR screening and referral procedures. This is especially important for non-ophthalmic providers.



2 Method and materials


2.1 Literature search strategies and eligibility

Before commencing the literature search, the strategy and eligibility for inclusion and exclusion criteria for a review were developed. A systematic search was done to identify published articles on the KAPs of HCPs about DR. Five electronic databases were searched, including Medline (via the PubMed and Ovid interfaces), Google Scholar, Scopus, Science Direct, and EBSCOhost. We used the “building blocks” approach, often used in reviews, to create thorough search strategies. We organized search terms into categories representing different HCPs involved in treating patients with diabetes (including those impacted by DR). We also broadened the search terms by including synonyms and using the Boolean operators to connect them. The keywords include “knowledge OR attitude OR practice, diabetic retinopathy OR diabetic complications, healthcare professionals OR workers OR providers OR physicians OR nurses OR doctors OR general practitioners OR optometrists OR ophthalmologists.” The search was restricted to articles from earlier research studies from 1996 to 2023. Table 1 presents the components of the criteria for inclusion and exclusion.


TABLE 1 Criteria for inclusion and exclusion.

	Inclusion criteria
	Exclusion criteria

 

 	Articles reporting on original research 	Duplicates


 	Published in peer-reviewed journals 	Gray literature such as technical reports, news reports, blogs, policies, and web-based guidelines


 	Articles published in the English language 	Letters to the editors


 	The study population must be healthcare professionals (HCPs) 	Book reviews and chapters


 	Academic reports such as theses or dissertations from Institutional Repositories 	Opinion pieces and commentaries


 	Studies conducted in public and private settings 	The study population included students, patients, or the general population




 



2.2 Article selection

Following an in-depth search, all retrieved articles were entered into Mendeley 2.110.0 software (2024 Elsevier, Mendeley Ltd., London). The identified duplicates were removed using the duplicates command. Relevant articles were selected in three phases. In phases 1 and 2, the titles and abstracts of articles were screened by the first author (KDM) with the help of two colleagues working in the same organization as KDM, and irrelevant articles were excluded. In phase 3, the full-text manuscripts were carefully assessed. The articles of studies that met pre-defined inclusion criteria in Table 1 were selected. KDM decided to include relevant studies, but the disagreements were discussed to reach a consensus.



2.3 Data extraction and quality assessment

KDM carefully assessed the title and abstract of each study, and data related to the topic were extracted. The quality assessment was done using two Joanna Briggs Institute’s (JBI) critical appraisal tools for methodological appropriateness, including analytic methods, with one revised version containing 8 items for analytical cross-sectional studies, and another containing 10 items for qualitative studies (13). In this review, the level of quality was assessed based on the elements of methodological appropriateness from the JBI critical appraisal tool, with the results included in Supplementary Tables 1 and 2. The quality assessment scores employed for a review include methodologically strong (with <2 missing criteria), moderate (with 2–3 missing criteria), and weak (with >2) (14).




3 Results


3.1 Identification of studies

The initial search identified a total of 237 articles. Following the exclusion of 31 duplicates, the titles, and abstracts of 206 articles of published studies underwent a screening process to identify published articles relevant to this review. Subsequently, 123 articles were excluded based on the pre-defined inclusion criteria (Table 1). In addition, 24 articles were excluded after reviewing the full-text manuscripts as the focus was on the treatment of DR. Finally, 59 published studies were included and analyzed in this review. A summary of the literature search and selection stages has been provided in Figure 1.

[image: Flowchart depicting the process of article selection. Initially, 237 articles were identified. After removing 31 duplicates, 206 titles and abstracts were screened, leading to the disqualification of 143 based on titles and abstracts. Subsequently, 63 full-text manuscripts were further screened, with 4 removed for not meeting inclusion criteria, resulting in 59 published studies being reviewed and analyzed.]

FIGURE 1
 Literature selection.




3.2 Summary of included studies

The studies included originated from all six World Health Organization (WHO) regions, with the majority (n = 23) being from the Eastern Mediterranean region, followed by 11 from the African region and 10 from the Western Pacific region (Figure 2). There were only three studies that were conducted in the Americas and European regions. In terms of individual countries, 16 studies were conducted in Saudi Arabia, followed by seven in India (15–73). The study settings included public and private healthcare sectors, and the study populations included various categories of HCPs who manage diabetes and DR. The sample sizes ranged from eight HCPs to 710 physicians.

[image: Bar chart depicting the number of studies by region and country. Saudi Arabia leads with 16 studies. In the African region, Nigeria has 3 and South Africa 4. India in South East Asia has 7. Australia in the Western Pacific region has 4. Pakistan in the Eastern Mediterranean region has 3. Other countries have 1 study each.]

FIGURE 2
 The number of studies included per region and their respective countries.




3.3 Study quality

The reviewed studies in this analysis were characterized by clearly defined objectives and the use of the appropriately selected methodologies, as determined through evaluation with the Joanna Briggs Institute’s (JBI) critical appraisal tool (13, 74–76). Thirty-six quantitative studies demonstrated a moderate JBI quality level (16–26, 28–32, 34, 35, 37–41, 43–47, 49, 52–54, 58, 60, 62, 63, 65, 66, 68, 70, 71). The other 18 showed a strong level in Supplementary Table 1 (15, 27, 29, 30, 33, 36, 42, 44, 48, 51, 55, 57, 59, 61, 64, 65, 69, 72). Three qualitative studies demonstrated moderate levels of quality assessment (56, 67, 73), and one showed a strong JBI quality assessment (Supplementary Table 2) (50).



3.4 Categories of healthcare professionals

The HCPs included in this review are primary healthcare nurses, primary care physicians (general practitioners or family physicians, and internists), ophthalmic care professionals (ophthalmologists, optometrists, and ophthalmic nurses), medical residents, diabetologists, dietitians, laboratory scientists, physical therapists, general nursing personnel (professional registered nurses, and staff nurses), paramedical personnel, and other clinical officers involved in the management of diabetes (Table 2). Some of the included studies used the terms “medical practitioner,” “medical officer,” and “physicians” interchangeably when referring to the doctors (17, 19, 20, 22, 24, 25, 28, 29, 32, 40, 41, 50, 52, 53, 61, 66, 69, 73). This review presents all HCPs as described in their respective articles.


TABLE 2 Summary characteristics of reviewed studies.

	Studies
	Countries (sites)
	Sample
	Design, methods, and tools
	Assessed knowledge, attitudes, and practice (KAP) elements
	Main findings

 

 	Abdool et al. 2016 (15) 	South Africa (eThekwini) 	104 HCPs (42 primary healthcare (PHC) nurses, 5 ophthalmic nurses, 30 medical officers, 23 optometrists, 17 ophthalmologists, and 9 managers) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/not sure” responses 	Practice 	About 40.6% of medical officers (MOs) performed fundoscopy with 71.9% reported knowing how to perform direct ophthalmoscopy, 43% of PHC nurses only take a case history and refer those with eye problems, 80% of ophthalmic nurses take a case history, dilate patients for fundoscopy including screening of cataracts and glaucoma, 40% of optometrists discussed ocular complication of diabetes, 72% performed direct ophthalmoscopy, and 82.4% of ophthalmologists used fundus cameras to detect DR


 	Abdool et al. 2020 (16) 	South Africa (Waterburg & Capricorn Districts) 	14 PHC nurses, 17 ophthalmologists, 23 optometrists, 10 ophthalmic nurses 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/not sure” responses 	Practice 	All PHC nurses had no knowledge of DR screening procedures except taking a case history and vital sign measurements and then referring those presenting with visual problems to eye clinics, 94.7% of ophthalmologists showed high knowledge in fundoscopy and DR classification, followed by 91.3% of optometrists, and 10% of the ophthalmic nurses knew how to perform fundoscopy.


 	Abdulsalam et al. 2018 (17) 	Nigeria (North-western Nigeria) 	105 Physicians (61 general practitioners (GPs), 37 residents/ senior MOs, and 7 other consultants, principals, and chief MOs) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/not sure” for knowledge and 5-point Likert scale responses for attitudes, and practices. 	KAP 	Approximately 63.8% of physicians were aware of the most effective techniques for delaying the onset and progression of DR, 71.5% agreed that the lack of an ophthalmoscope is the main barrier to eye screening, and 36.2% performed a routine eye examination.


 	Abu-Amara et al. 2019 (18) 	Saudi Arabia (Riyadh) 	355 non-ophthalmic professionals (22 consultant specialists, 20 senior specialists, 119 specialists, 23 residents, and 171 GPs) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with a 5-point Likert scale for attitudes, and “yes/no/not sure” responses for knowledge and practices 	KAP 	More than half (54.3%) of non-ophthalmic professionals knew that diabetes could damage the eye, and 68.7% indicated that lack of resources, training, and being busy with other health issues were barriers. Only 31.3% had positive attitudes, and 40.8% had good practices by referring all diabetic patients for eye screening.


 	Ahmed et al. 2020 (19) 	Saudi Arabia (Dammam, Jeddah, and Riyadh) 	709 Physicians (294 family medicine, 277 GPs, and 138 others) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/not sure” responses 	Knowledge and practice 	About 38.9% of physicians knew that complicated diabetes could damage the eye, and 19.7% showed good practices by referring patients with diabetes to an ophthalmologist for an eye examination immediately after diagnosis.


 	Al-Rasheed and Al-Adel 2017 (20) 	Saudi Arabia (Riyadh) 	216 primary care physicians (PCPs), i.e., 142 family medicine, 10 pediatricians, 8 internal medicine, and 56 general physicians 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/not sure” responses 	Knowledge and practice 	Only 19% of PCPs were aware of anti-vascular endothelial growth factors caused by DR, 65% routinely refer diabetic patients to ophthalmologists, and 24% correctly refer patients with type 1 diabetes.


 	Alanazi et al. 2018 (21) 	Saudi Arabia (Tabuk City) 	87 GPs 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” for both knowledge and practice, and “agree/disagree/I do not know” responses for attitudes 	KAP 	Only 24.1% of GPs could identify pregnancy as the risk factor for having DR, 43.7% knew how to detect retinal detachment, and 28.7% could detect vitreous hemorrhage. But 43.7 and 28.7% knew retinal detachment. Most GPs (90.8%) showed positive attitudes after disagreeing that an eye examination for diabetic patients is only indicated once vision is affected, and 87.4% had good practices by referring patients yearly.


 	Alasqah et al. 2020 (22) 	Saudi Arabia (Qassim) 	106 PCPs (51 family and 5 internal medicine, and 5 pediatricians, 36 GPs, and 3 others) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “agree/disagree” responses 	KAP 	The majority (88%) of physicians knew that DR is a common cause of vision impairment, 95% agreed that patients should be asked about vision during every visit, 87% agreed to have an ophthalmoscope in their clinics, 38% performed ophthalmoscopy, and 90% of PCPs had positive attitudes toward DR screening after agreeing that they should be actively involved in fundoscopy.


 	Al-Ghamdi et al. 2017 (23) 	Saudi Arabia (Taif) 	180 GPs 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/I do not know” and 5-point Likert scale responses 	KAP 	Almost all (97.2%) GPs knew the prevalence of diabetes and DR, 92.8% had positive attitudes toward DR by agreeing that early detection and treatment could prevent vision loss, and 43.9% had good practices of DR in performing funduscopic examination.


 	Alhejji et al. 2020 (24) 	Saudi Arabia (Al-Hasa) 	141 PCPs (56 family medicine, 10 internal medicine, and 75 GPs) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	KAP 	Over half (56%) of PCPs had good knowledge, 36.9% educated patients about the early detection of diabetic complications, and 24.1% correctly referred according to the American Academy of Ophthalmology Guidelines.


 	Almoitairy et al. 2021 (25) 	Saudi Arabia (Riyadh) 	371 Physicians (59 internal and 56 family medicine, 54 gynecologists, 25 emergency medicine, 20 ENTs (ear, nose, and throat specialists), 19 pediatricians, general surgeons, 15 urologists, 15 anesthesia, 14 radiologists, 12 orthopedics, 12 dermatologists, 11 GPs, 10 cardiac surgeons, 9 neurologists, 8 community medicine, 6 physical medicine, and 8 others) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/I do not know” responses for both knowledge and attitude. 	Knowledge and attitude 	Only 19.1% of physicians had high knowledge of DR, and 59.6% had positive attitudes by believing that performing ophthalmoscopy could assist in early detection


 	Al-Rashidi et al. 2020 (26) 	Saudi Arabia (Qassim) 	96 GPs 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/I do not know” responses 	Knowledge and practice 	Just 26.4% of GPs showed good knowledge about DR by referring type 1 diabetic patients according to the American Academy of Ophthalmology Guidelines, whereas 74% referred all type 2 diabetic patients to ophthalmologists.


 	Alsaedi et al. 2022 (27) 	Saudi Arabia (Western Region) 	351 HCPs (135 residents, 112 nurses, 29 consultants, 29 specialists, 26 pharmacists, and 20 optometrists) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/I do not know” responses 	Knowledge 	Only 3.7% of HCPs knew how to diagnose DR


 	Alzaidi et al. 2016 (28) 	Saudi Arabia (Taif) 	101 Physicians (44 internal medicine, 25 general surgeons, 17 family medicine, 12 ophthalmologists, and 3 other specialists) 	Mixed methods study, paper-based survey, and self-administered semi-structured questionnaires with a 5-point Likert scale and open-ended responses 	KAP 	Over 70% of physicians had good knowledge of DR, 94% believed all patients with diabetes should undergo a periodic eye examination, and 90% could detect and prevent DR correctly


 	Anwar et al. 2019 (29) 	Pakistan (Islamabad, and Rawal-Pindi) 	36 PCPs (27 GPs, 2 family physicians, and 7 internists) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with multiple-choice responses 	Knowledge and practice 	Mean scores of good knowledge that diabetes could damage the eye among GPs, family physicians, and Internists were 41.7, 42, and 46.6%, respectively. Only 5% of PCPs performed an ophthalmoscopy regularly


 	Babelgaith et al. 2013 (30) 	Yemen (Mukalla) 	73 HCPs (37 doctors, 19 pharmacists, and 17 nurses) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with 5-point Likert scale responses 	Attitude 	All (100%) HCPs in the study have expressed positive attitudes toward diabetes and its complications, such as DR


 	Babu et al. 2021 (31) 	India (Tertiary Institution) 	108 non-ophthalmic specialists (8 professors/ HODs, 41 associate professors, 36 senior residents, and 33 junior residents) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” for knowledge, practices, and “agree/disagree” responses for attitudes 	KAP 	Over three-quarters (75.6%) of participants had excellent knowledge that DR has a damaging effect on the eye, over 87.6% with positive attitudes believed that DR screening is critical in preventing eye damage due to complicated diabetes, and only 45.5% had good practice of DR by referring to ophthalmologists for an eye examination.


 	Bogunjoko 2015 (32) 	Nigeria (Ogun State) 	16 Medical officers 	Cross-sectional study, telephonic survey, and self-administered structured questionnaires with “yes/no/I do not know” responses 	KAP 	All (100%) medical officers knew that diabetes could affect the eye, 43% believed that patients with diabetes should have monthly eye check-ups, and all (100%) referred diabetic patients to ophthalmologists for an eye examination.


 	Barakat et al. 2023 (33) 	Saudi Arabia 	267 Ophthalmologists and 42 others 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	Practice 	More than half (54%) of all respondents had good practice in managing patients with DR.


 	Carlos et al. 2007 (34) 	Brazil (São Paulo) 	168 endocrinologists 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	Practice 	Only 36.9% of endocrinologists referred patients with type 1 diabetes, and 86.9% referred patients with type 2 diabetes to ophthalmologists for an eye examination.


 	Chelliah et al. 2020 (35) 	India (Tami Nadu) 	103 Non-ophthalmic doctors 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	Knowledge 	Over a third (35%) of non-ophthalmic doctors knew the correct schedule for DR screening. From this 97% knew that diabetes could affect the eye,18.4% referred all patients with diabetes to ophthalmologists for an eye examination,


 	Daly 2014 (36) 	New Zealand (Auckland) 	287 Nurses (210 practice nurses, 49 district nurses, and 28 specialist nurses) 	Cross-sectional study, telephonic survey, and self-administered structured questionnaires with “yes/no” responses 	Knowledge 	Most (86%) nurses knew how to identify diabetes-related complications like DR.


 	Delorme 1998 (37) 	Canada (Quѐbec and Chaudiѐre Appalaches) 	645 GPs and 96 residents 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/I do not know” responses 	Knowledge and attitude 	Just 13% of GPs and 60% of residents knew that the initial eye screening for DR should be done after the onset of diabetes, and 70% had negative attitudes when they felt not competent to screen diabetic patients for DR.


 	Dickson et al. 1996 (38) 	Australia (Victoria) 	500 GPs 	Cross-sectional study, self-administered structured questionnaires with a paper-based survey, “yes/no” responses 	Practice 	The majority (88%) of GPs often refer diabetic patients to ophthalmologists for an eye examination.


 	Edwiza et al. 2021 (39) 	Indonesia (Bandung) 	115 GPs 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses for knowledge and practice, and a 5-point Likert scale for attitudes 	KAP 	Most (85.2%) GPs had good knowledge that diabetes could cause eye damage due to DR, 100% had positive attitudes believed in DR screening, and 32% demonstrated good practices of DR by referring patients with diabetes for an eye examination


 	Elnagieb and Saleem 2017 (40) 	Sudan (Khartoum) 	225 Medical doctors (100 GPs, and 125 medical residents) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/I do not know” responses 	KAP 	The majority (90.8%) of medical doctors knew that the retina could be affected by diabetes, 51% agreed to do eye examinations for all diabetic patients, 42% did visual acuity tests, and 30% did fundoscopy.


 	Erdem 2020 (41) 	Turkey 	92 PCPs 	Cross-sectional study, online-based survey (via WhatsApp messages), and self-administered structured questionnaire with “yes/no” responses 	Knowledge and practice 	Almost all (97.8%) of PCPs had a Snellen chart, 98.9% had a direct ophthalmoscope, only 23.9% referred patients to ophthalmologists at the time of diagnosis, 20.7% referred patients a year after first diagnoses, 10.8% referred patients at the 2-year interval, 4.3% refer at 6-month intervals, and 3.3% refer over 2-year intervals.


 	Fernández-Gutliѐrrez et al. 2023 (42) 	The Canary Islands (Tenerife) 	165 PHC nurses 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “matching/lesion observed/suspected lesion” responses 	Knowledge 	More than two-thirds (68.4%) of PHC nurses knew the difference between normal and diabetes-affected retinal images


 	Fatima and Ahmad 2018 (43) 	Pakistan 	95 GP 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	KAP 	Most (90.5%) GPs agreed that diabetic patients need eye examination once a year, 78% with a positive attitude believed optometric services could assist in DR screening, and 64.2% referred diabetic patients to optometrists.


 	Foster 1996 (44) 	United States (New York State) 	23 Optometrists 	Cross-sectional study, mail-based survey, and self-administered structured questionnaire with “yes/no” responses 	Practice 	Over a third (38.5%) of optometrists who graduated before 1964 performed dilated fundoscopy compared to 47% of those who graduated between 1964 and 1983, and all (100%) optometrists who graduated after 1984 performed dilated fundoscopy.


 	George et al. 2019 (45) 	Singapore 	230 Optometrists 	Cross-sectional study, mail survey, and self-administered structured questionnaire with “yes/no” and open-ended responses 	Attitude 	Nearly three-quarters (71%) of optometrists felt they should undertake regular continuous professional education to improve their primary eye care, including diagnosing eye diseases like DR.


 	Gharsangi et al. 2021 (46) 	India (Himachal Pradesh) 	102 Nurses 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “correct/ incorrect” responses 	Knowledge 	Most (88.2%) nurses knew that patients with diabetes are susceptible to microvascular complications of diabetes, like DR and others.


 	Ghosh 2007 (47) 	India (South 24 Parganas, and West Bengal) 	36 Optometrists, and 242 GPs 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “correct/ incorrect” responses 	Knowledge 	Just 21.9% of GPs knew the magnitude of DR, 26% knew the risk factors of DR, and 32.2% knew the management of DR. For optometrists, 13.9% knew the magnitude of DR, 22.2% knew the risk factors of DR, and 16.7% knew management of DR.


 	Goodman et al. 1997 (48) 	South Africa (Cape Town) 	35 HCPs (12 doctors, 10 PHC nurses, 7 registered nurses and 6 staff nurses) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	Knowledge 	All (100%) HCPs had a good knowledge of chronic complications of diabetes such as DR and others.


 	El-Hajj et al. 2018 (49) 	Qatar 	126 Pharmacists 	Cross-sectional study, online, and paper-based survey with a self-administered structured questionnaire with 5-point Likert scale responses 	Practice 	Half (50%) of pharmacists had good practices of diabetes and its chronic complications, like DR, by giving patients regular health education.


 	Hipwell et al. 2014 (50) 	United Kingdom (in 3 screening programs) 	8 PCPs 	Descriptive qualitative study, paper-based survey, and self-administered semi-structured questionnaire with “yes/no” and open-ended responses 	Knowledge 	The primary care physicians had clear overall knowledge of DR, including the screening program for DR.


 	Jagun et al. 2020 (51) 	Nigeria (Ogun State) 	154 HCPs (78 doctors, 51 nurses, and 25 others) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/not sure” responses 	Knowledge 	Over two-thirds (70%) of HCPs were aware that diabetes could lead to DR and other microvascular complications.


 	Khan et al. 2011 (52) 	Saudi Arabia (Al-Hasa region) 	99 Primary care physicians 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with correct/ incorrect responses 	KAP 	Most (85.9%) PCPs knew the prevention of microvascular complications like DR is important, 13.2% had positive attitudes by believing in the prevention of DR, and 20.6% referred patients with diabetes.


 	Khandekar et al. 2008 (53) 	Oman (North Sharqiya) 	36 Physicians (14 family physicians, 9 hospital physicians, 1 diabetologist, and 12 other types of doctors) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	KAP 	Only 58% of physicians knew eye parts and had knowledge of fundoscopy, 74% with positive attitudes believed in fundoscopy for DR screening, and 50% had an opportunity to perform ophthalmoscopy due to the availability of this medical instrument.


 	Kiely et al. 2017 (54) 	Australia 	587 Optometrists 	Cross-sectional study, mail survey, and self-administered structured questionnaire with “very confident/not confident/ never learn to perform” responses 	Practice 	About 93% of optometrists had high confidence in practicing good optometry, including diagnosing diseases like DR.


 	Kumar et al. 2020 (55) 	India (Tamil Nadu) 	8 HCPs (5 ophthalmologists, 2 diabetologists, and 1 dietician) 	A descriptive qualitative study, a paper-based survey, and a semi-structured questionnaire. 	Knowledge 	Four themes were recognized: living with diabetes, care-seeking practices, and awareness of DR, including barriers to DR screening. The overall results showed that HCPs have good knowledge of DR.


 	Kumar et al. 2023 (56) 	Thailand 	9 nurses, 8 nursing aides or assistants, a nutritionist, 2 ophthalmologists, 2 pharmacists, a physical therapist, a registered nurse, a registrar, a technician, and a laboratory scientist 	A descriptive qualitative, focus group discussion (FGD), and an unstructured questionnaire 	Knowledge 	Different themes showed an overall knowledge of diabetes, self-care behaviors on diabetes, awareness of DR, barriers to DR screening, and suggested solutions to address identified barriers.


 	Kupitz et al. 2014 (57) 	Kenya (Kenyatta National Hospital) 	46 HCPs (25 physicians, 14 nurses, 6 clinical officers, and 1 nutritionist) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with 5-point Likert scale responses 	KAP 	The majority (91%) of participants saw diabetes and DR as urgent health problems, 52% with positive attitudes toward DR believed in efficient detection and referrals, and 30% saw improved outreach services as the most pressing area of need.


 	Lestar et al. 2023 (58) 	Indonesia (Jakarta) 	92 GPs 	Cross-sectional study, online-based survey, and self-administered structured questionnaire with “yes/no” responses 	KAP 	Nearly 90% of GPs had good knowledge of DR detection, all (100%) GPs had positive attitudes toward DR screening to prevent vision loss, and 4.3% showed good practices by performing visual acuity testing and ophthalmoscopy in diabetic patients.


 	Malik et al. 2023 (59) 	Pakistan (Karachi) 	40 non-ophthalmic Surgeons 	Cross-sectional study, online-based survey (via Google Forms), and self-administered structured questionnaire with “yes/no” responses 	Knowledge and practice 	Approximately 77.5% of the surgeons demonstrated excellent knowledge of DR, and 75% had good referral practices to ophthalmologists for DR.


 	McCarty et al. 2000 (60) 	Australia 	577 Ophthalmologists 	Cross-sectional study, mail-based survey, and self-administered structured questionnaire with “Almost never/sometimes/often/ almost always/refer elsewhere” responses 	Knowledge 	Only 19% of ophthalmologists specializing in vitreoretinal surgery showed extensive knowledge in managing DR.


 	Menash 2013 (61) 	Ghana (Regional Hospitals) 	91 Medical Practitioners 	Cross-sectional study, paper-based survey, and self-administered semi-structured questionnaire with “yes/no” responses 	KAP 	About 96% of medical practitioners had good knowledge that complicated diabetes could damage the eye, 92% had positive attitudes toward DR screening, and only 34% had good practices of DR by referring diabetic patients to ophthalmologists for eye examination.


 	Muecke 2008 (62) 	Myanmar (Yangon) 	100 GPs 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	Knowledge and practice 	Almost all (99%) GPs were aware that complicated diabetes could lead to vision loss or blindness, and 49% never performed fundoscopy on diabetic patients.


 	Namperumalsamy et al. 2004 (63) 	India (Southern India) 	200 paramedical personnel 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses 	KAP 	Mere 2.5% of paramedical personnel knew that diabetes could damage the eye, 81% with positive attitudes believed that screening for DR could prevent blindness, and 56.5% had good practice of DR by providing educational materials.


 	Niyonsavye 2015 (64) 	Burundi (at the District and Regional hospitals) 	81 GPs 	Cross-sectional study, paper-based survey, and semi-structured questionnaire with “yes/no” and open-ended responses 	KAP 	Just 24.7% of GPs knew the risk factors of DR, 92.6% with positive attitudes believed in the importance of DR screening program, and 22.2% were testing vision for patients with diabetes.


 	Oenga 2012 (65) 	Kenya (at the Provincial Hospitals) 	91 GPs 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no” responses for knowledge and practices, and a 5-point Likert scale for attitudes 	KAP 	All GPs knew that the eye and visual function could be impaired by complicated diabetes, 87.9% had positive attitudes toward DR, and 38.5% referred patients with diabetes to ophthalmologists for an eye examination.


 	Pradhan et al. 2018 (66) 	Saudi Arabia (Kathmandu) 	45 Physicians (20 government physicians, 21 from private hospitals, 3 from NGO-run hospitals, and 1 from a community-based hospital) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with “yes/no/I do not know” responses 	KAP 	All physicians were aware that diabetes could damage the eye, 98% disagreed that eye screening for patients with diabetes is required once vision gets affected, and 56% agreed that they routinely do direct ophthalmoscopy.


 	Ram et al. 2022 (67) 	Fiji 	14 Community Health Workers (CHWs) 	A descriptive qualitative study, using FGD, and an unstructured questionnaire 	Knowledge and practice 	Before the training on DR, CHWs lacked information on DR, including referral practices. After the training, all CHWs demonstrated improved knowledge of DR.


 	Raman et al. 2006 (68) 	India (South India) 	159 GPs 	Cross-sectional study, telephonic-based survey, and self-administered structured questionnaire with “yes/no” responses 	KAP 	Almost a third (31.3%) of GPs felt that all patients with diabetes should undergo an eye examination every 6 months, 53.3% felt patients should be examined yearly, 15.4% felt that patients should be examined biannually, and 1.3% performed ophthalmoscopy.


 	Shah et al. 2017 (69) 	Pakistan 	56 doctors, 29 optometrists, and 11 orthoptists 	Cross-sectional study, paper-based survey, and self-administered semi-structured questionnaire with “yes/no” responses 	Attitude 	Most participants in each category (75% of ophthalmologists, 86% of optometrists, and 90.9% of orthoptists) believed that sharing tasks would not degrade the level of care. They also suggested implementing standardized training for all eye care workers to share tasks.


 	Thirunavukkarasu et al. 2021 (70) 	Saudi Arabia (Alijouf, Hail, the Northern Border, and Tabuk) 	274 PCPs (164 residents, 77 specialists, and 33 consultants) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with 5-point Likert scale responses 	KAP 	Among all categories of PCPs, 21.5% demonstrated a good knowledge of DR, 15% displayed positive attitudes, and 29.2% exhibited good practices related to the management of DR


 	Wright et al. 2001 (71) 	Australia (Optometric Association) 	368 Optometrists 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with 5-point Likert scale responses 	Attitude and practice 	Over half (57%) of optometrists read the “Clinical Practice Guidelines for Diabetic Retinopathy.” Sixty-five percent reported referring to the Retinopathy Chart. Seventeen percent with negative attitudes agreed that the guidelines were not practical or feasible, showing a negative attitude.


 	Xulu-Kasaba et al. 2021 (72) 	South Africa (Kwa-Zulu-Natal) 	77 HCPs in eye health services (3 ophthalmologists, 2 ophthalmic MOs, 38 optometrists, and 24 ophthalmic nurses and 24 clinical managers in ophthalmic care) 	Cross-sectional study, paper-based survey, and self-administered structured questionnaire with 5-point Likert scale responses 	KAP 	Most (81.6%) participants had good knowledge of screening diabetic patients for DR and assisted ophthalmologists in theater activities. 69% showed a positive attitude toward DR screening, and 73.3% had good practice in DR by following the appropriate protocols.


 	Yan 2012 (73) 	China 	22 Physicians (8 ophthalmologists, 9 ENTs, and 5 internists), and 22 Village Health Workers 	Descriptive qualitative study, FGD, and a researcher-administered unstructured questionnaire 	Knowledge and attitudes 	All physicians, including ophthalmologists, ENTs, internists, and village health workers, demonstrated a good understanding of the prevalence, severity, diagnosis, and treatment of DR. However, the physicians with positive attitudes believed that cost was the primary barrier to patients’ compliance with diabetic care and continuous treatments to avoid microvascular complications of diabetes, like DR.




 



3.5 Methods of assessing healthcare professionals’ knowledge, attitudes, and practices

Fifty-three of the 59 studies used a cross-sectional design (15–49, 51–54, 57–66, 68–72, 77–87), five were descriptive qualitative studies (50, 55, 56, 67, 73), and one study employed a mixed-methods approach (28). Fifty-one studies used self-administered structured interview questionnaires with closed-ended questions (15–27, 29, 30, 32–42, 44–46, 49, 51–60, 62–68, 70–72, 77–79, 81–88). Five studies used semi-structured questionnaires with closed and open-ended questions (28, 50, 55, 61, 69), and three studies used unstructured questionnaires (56, 67, 73). The studies employed various methods to gather data, such as paper-based, telephone, and online surveys, and focus group discussions (FGDs) for qualitative research (15–73, 85). Twenty-three studies assessed knowledge, attitudes, and practices (17, 18, 21–24, 28, 31, 32, 39, 40, 43, 53, 57, 58, 61, 63–66, 69, 70, 72, 85), three assessed knowledge and attitudes (25, 37, 52), five assessed knowledge, and practices (20, 26, 29, 59, 62), and one study assessed attitudes and practices toward DR (71). Fourteen studies assessed knowledge only, 10 of which used structured questionnaires comprising “yes/no/I do not know” responses (27, 35, 36, 41, 42, 46–48, 50, 51), one used a questionnaire with “almost never/sometimes/often/almost always/refer somewhere” responses (60), and four were focus group discussions (55, 56, 67, 73). Two studies assessed attitudes only with one study using a structured questionnaire with a 5-point Likert scale (1 = strongly agree, 2 = agree, 3 = neutral, 4 = disagree, 5 = strongly disagree) (30) and the other used a questionnaire with “yes/no/I do not know/not sure” responses (45). Nine studies assessed practices only with seven using questionnaires with “yes/no/I do not know” responses (15, 16, 33, 34, 38, 44, 68), one using a questionnaire with “very confident/not confident/never learn to perform” responses (54), and another one used a questionnaire with 5-point Likert scale responses (49).



3.6 Healthcare professionals’ knowledge of diabetic retinopathy

Of the 59 studies, 47 (79.7%) assessed the knowledge of DR among different categories of HCPs. Most studies (over 90%) utilized a common set of DR knowledge-related questions (17–29, 31, 32, 35–37, 39–43, 46–48, 50–53, 55–67, 69, 70, 72, 73, 85). These questions encompassed various aspects of diabetes and its impact on the retina. Topics included the knowledge of DR prevalence among individuals affected by diabetes, the effects caused by complicated diabetes on vision, eye complications linked to diabetes, the preferred method for evaluating DR in different resource settings, progressive stages of DR with their respective clinical manifestations, and the risk factors were linked to a rapid progression of DR. These risk factors encompass the age, pregnancy, duration of diabetes, body weight, control of blood glucose levels, retinal conditions, hypertension, hyperlipidemia, and renal diseases (17–29, 31, 32, 35–37, 39–43, 46–48, 50–53, 55–67, 69, 70, 72, 73, 85). The knowledge about DR varied among different categories of the HCPs involved in diabetic care, including those providing DR screening services. Most HCPs (93.8%) were aware that diabetes can cause eye damage, leading to irreversible vision impairment or loss.

Nine of the 48 studies reported that 100% of HCPs had a good knowledge of DR, and these studies were from Nigeria, South Africa, the UK, India, Thailand, Kenya, Saudi Arabia, Fiji, and China (65–67, 69, 73). A study conducted in Southern India among 200 paramedical personnel reported that only 2.5% of the 200 paramedical personnel knew about DR. Low proportion was attributed to insufficient educational materials on DR for this category of HCPs (63). In Northwestern Nigeria, 63.2% of the 105 physicians knew the effective method for prolonging the onset and progression of DR (17). In the Canary Islands, the results showed that 68.4% of the 165 sampled PHC nurses knew how to differentiate normal retinal images or photographs from the affected ones (42).



3.7 Attitudes of healthcare professionals toward diabetic retinopathy

Thirty-two studies that evaluated the attitudes of HCPs toward DR screening and referrals utilized common items in the Likert scale format (17, 18, 21–23, 28, 30, 39, 57, 65, 70–72). Some of these items reflected beliefs such as eye examinations are not within the realm of responsibility for the general healthcare providers or primary care physicians, eye-related problems are time-consuming, addressing diabetic retinopathy in an outpatient clinic setting is impractical, and performing fundoscopy without periodic in-service training is not valuable.

The proportion of HCPs with a positive attitude toward DR ranged from 13.2 to 100%. Notably, four studies conducted in Yemen, two in Indonesia, and Pakistan reported that 100% of all HCPs exhibited positive attitudes toward DR screening, including prevention (30, 39, 58, 69). These studies revealed that HCPs demonstrated commendable attitudes toward DR by prioritizing DR screening in diabetic patients. Additionally, HCPs in these studies received specialized training on DR, comprehended its psychological impact, respected the autonomy of diabetic patients, and emphasized the significance of stringent blood glucose control (30, 39, 58, 69). Conversely, a study in Saudi Arabia among 99 primary care physicians (PCPs), revealed that only 13.2% had positive attitudes toward DR (52). The study reported that PCPs believed that well-trained HCPs (the ophthalmologists, optometrists, and ophthalmic nurses) should conduct DR screening, including diagnosing and managing individuals affected by DR effectively, as opposed to the general PCPs, like GPs, family physicians, internists, and other non-ophthalmic practitioners involved in the management of diabetes.



3.8 Healthcare professionals’ practices of diabetic retinopathy

Forty studies used items such as screening for DR among all diabetes patients irrespective of the type, whether a patient was symptomatic, and adherence to standardized diabetic eye screening schedules and referral guidelines. Only 4.3% of Indonesia’s 92 general practitioners (GPs) had followed the DR referral and screening protocols effectively (58). This low proportion of GPs was mainly due to the lack of comprehensive vision testing, the unavailability of vision acuity testing charts and ophthalmic medical technology such as ophthalmoscopes for a basic fundoscopic examination, and an underdeveloped referral system (58). The practice of performing fundoscopy varied among PHC nurses and ophthalmic care practitioners (such as optometrists, ophthalmologists, and ophthalmic nurses) in eight studies conducted across five different regions, including Saudi Arabia, the USA, India, Australia, and South Africa (15, 16, 33, 44, 47, 54, 69, 71). Two South African studies conducted in the eThekwini municipality and the Waterburg and Capricorn Districts reported that all PHC nurses did not implement DR screening programs due to a lack of appropriate skills to perform screening procedures for DR, being busy with other responsibilities, staff shortage, and proactively referring them to ophthalmologists for eye examinations, regardless of visual symptoms (15, 16). In these two studies, 43% of 42 PHC nurses in eThekwini and all PHC nurses in the Waterburg and Capricorn districts only perform case history taking, including referring patients with diabetes to ophthalmic nurses (15, 16).




4 Discussion

This narrative review found variations in HCPs’ knowledge, attitudes, and practices regarding diabetic retinopathy (DR). While these disparities may have been due to the differences in tools, settings, and research methodologies, some commonalities were noted. Not unexpectedly, the educational background of HCPs plays a crucial role; those who received specialized training in ophthalmic care, such as ophthalmologists, optometrists, and ophthalmic nurses, typically scored higher across all three domains than other categories of HCPs in three WHO regions, namely Africa, the Americas, and South East Asia (15, 16, 44, 47, 55, 56, 69, 72). Primary care physicians (PCPs) and general practitioners (GPs) demonstrated a good knowledge of DR occurring due to prolonged hyperglycemia and when to screen patients diagnosed with diabetes in the Eastern Mediterranean, South East Asia, and European regions (22–24, 29, 50, 52, 62, 66, 70).

Positive attitudes of HCPs are important in the success of screening programs for DR. Healthcare professionals with a positive disposition toward DR screening were more likely to refer diabetic patients for DR screening (8, 28, 39, 45). A combination of adequate knowledge and appropriate training on screening for DR has been shown to positively influence attitudes (45, 69). It is crucial for all HCPs, regardless of their specialty, to be familiar with the global protocols for DR screening and understand that they have a responsibility to either screen or refer diabetic patients for eye-related issues.

As with knowledge, the practice of referring diabetic patients for DR screening varied among different categories of HCPs across all six regions. Poor practice was related to either insufficient resources or a lack of expertise. Non-ophthalmic trained nurses did not have the practical skills needed to perform basic eye examinations. Research has shown that training of non-ophthalmic HCPs in DR screening can be effective in improving early detection and appropriate referral of patients (89, 90). Foundational training for non-ophthalmic HCPs at the first point of care should be a priority area in all healthcare settings serving diabetic patients. This training should include fundamental skills such as visual acuity testing, ophthalmoscopy or fundoscopy, and being aware of DR referral guidelines.

The lack of resources such as ophthalmoscopes and dilating eye drops also contributed to poor practices in some settings, especially amongst general practitioners. Interestingly, this finding was not restricted to studies from low and middle-income regions, such as Africa and the Eastern Mediterranean region, but also reported in studies from Europe and America (17, 18, 22, 44, 53). Furthermore, some HCPs reported having too many other responsibilities that resulted in insufficient screening for DR in patients with diabetes (21, 37). These gaps result in many patients not being screened or referred for screening. Implementing educational measures is crucial for improving DR screening processes and developing an effective referral network to ophthalmologists or optometrists for comprehensive eye examinations for all diabetic patients.

The use of more sophisticated medical technology, such as artificial intelligence fundus imaging and optical coherence tomography, has enhanced screening for DR. While this review did not focus on how screening was done, it must be noted that the use of these technologies may enable earlier and more accurate detection and timely treatment. These technologies are powered by automated retinal image analysis, which is also suitable for non-dilated pupils for fundoscopy to save time during DR screening.

This review has some limitations. It was limited to non-experimental research on HCPs’ knowledge, attitudes, and practices toward DR screening and referrals. The literature search was confined to electronic data sources. The review exhibited susceptibility to publication bias, as studies that yielded statistically significant results were more likely to be published, potentially distorting the overall findings. The study design and sampling methodologies may have influenced the validity of the findings. The results of studies that used non-random sampling or had low response rates may not reflect the KAP of all HCPs in that setting. Furthermore, practice was self-reported, including non-random samples, and this is likely to differ from the actual KAP. The heterogeneity of studies and samples poses a challenge in synthesizing the findings of the review. Whilst these limitations significantly influence the conclusions drawn from the reviewed articles, this review still has value in identifying the gaps in existing KAP amongst HCPs across regions.



5 Conclusion

There are important gaps in the knowledge, attitudes, and practices regarding DR screening among HCPs, particularly non-ophthalmic-trained HCPs. These HCPs have limited knowledge of the risk factors, early signs, and progression stages of DR, and attitudes that reflect that DR screening should be the responsibility of ophthalmic-trained HCPs only. Screening for DR was poorly practiced. The common reasons for these gaps were inadequate training, insufficient screening resources, and a high workload. Regular in-service training is needed to enhance screening and timely referrals, particularly for non-ophthalmic professionals. It is imperative that, even at the level of primary healthcare, appropriate resources are available so that patients at risk of DR can be screened and referred appropriately to reduce the burden of visual impairment and blindness due to DR.
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Purpose: This study aimed to revise data published in the literature on the effects of cataract surgery on tear film characteristics, in relation to personal clinical surgical experience.
Methods: A search was undertaken using PubMed (all years). Search terms included ‘cataract surgery’, ‘phacoemulsification’, ‘cataract extraction’, and ‘manual small-incision cataract surgery’, combined at first with ‘ocular surface’ and ‘lacrimal film’. Second, we combined terms as ‘cataract surgery’, ‘phacoemulsification’, ‘cataract extraction’, ‘manual small-incision cataract surgery’ with ‘dry eye disease (DED)’ and ‘dry eye syndrome’. Third, we combined terms such as ‘cataract surgery’, ‘phacoemulsification’, ‘cataract extraction’, and ‘manual small-incision cataract surgery’ with ‘conjunctival sensitivity’ and ‘sensitivity of the conjunctiva’. Finally, we combined terms as ‘cataract surgery’, ‘phacoemulsification’, ‘cataract extraction’, and ‘manual small-incision cataract surgery’ with ‘epiphora’ and ‘excessive tear’. Relevant in-article references not returned in our searches were also considered.
Results: We analyzed collected data regarding DED characteristics and management of this condition related to cataract surgery. The relationship between ocular surface signs and symptoms and cataract surgery appears to be strong; indeed, TBUT, Schirmer’s test, and OSDI scores are abnormal as early as 2 weeks after cataract surgery; however, there is conflicting evidence concerning the duration of these alterations and the restoration of the preoperative conditions, generally within 6 months after surgery. An increased risk of DED after cataract surgery is associated with pre-existing MGD. The chosen surgical procedure and pre- and postoperative pharmacological management are also key points in determining the extent of postoperative DED. Finally, no remarkable evidence was found regarding the association of “cataract surgery” with “hyperlacrimation” or “conjunctival sensitivity.”
Conclusion: The available evidence is discrepant regarding the onset, progression, and management of this condition. However, the association between cataract surgery and the occurrence of DED thereafter is well documented. Multicenter randomized trials are needed to strengthen the already published data, to investigate these divergencies, and to establish diagnostic-therapeutic protocols to manage this condition.
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 tear film; dry eye; dry eye disease; cataract; cataract surgery


1 Introduction

An estimated 95 million people worldwide are affected by cataract, and it is the leading cause of blindness in middle-income and low-income countries nowadays (1). However, it is also responsible for visual impairment in developed countries: in the United States as a whole, an average of 7.5 million patients with cataract are estimated to require surgery. This procedure is one of the most frequently performed surgical operations, and given the progressive aging of the world’s population, the number of interventions is set to rise (2). Another disorder that is growing in parallel is dry eye disease (DED): according to the Tear Film and Ocular Surface Society (TFOS) Dry Eye Workshop II (DEWS II), the definition of DED is “a multifactorial disease of the ocular surface characterized by a loss of homeostasis of the tear film, and accompanied by ocular symptoms, in which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities play etiologic roles” (3). Therefore, it consists of the multifactorial dysfunction of the functional lacrimation unit. This complex consists of the lacrimal gland, the ocular surface (which in turn consists of the cornea, tear film, and meibomian glands), the eyelids, as well as sensory and motor innervation. Any disruption in the integrity of any of these structures can result in dry eye syndrome (DES), which is characterized by ocular discomfort or burning, foreign body sensation, blurred vision, tearing, and light hypersensitivity. At the eye examination, signs such as conjunctival hyperemia, eyelid margin irregularity, and tear film changes associated with positive Schirmer’s test, reduced Tear Break Up Time (TBUT), and/or meibomian gland dysfunction (MGD) can be identified. Moreover, such dryness can result in superficial punctate keratopathy, which can be detected by the fluorescein staining test. Signs and symptoms are summarized in Table 1. However, the discrepancy between patient-reported symptoms and detectable signs is peculiar to this condition (4, 5). The causes of DED are various, but dealing with the characteristics and mechanisms is beyond the scope of this discussion. They are schematically shown in Figure 1. The pivotal treatment consists of artificial tears instillation and eyelid hygiene. Other options available are topical anti-inflammatory eye drops, mainly corticosteroids, non-steroidal anti-inflammatory drugs (NSAIDs), and cyclosporine, or in more severe cases, there are parasurgical (tear duct occlusion by plugs, therapeutic scleral contact lens placement) and surgical (amniotic membrane application, tarsorrhaphy) solutions (Table 2). What has been observed is the occurrence or worsening of DED in patients in the period following cataract surgery, and this disease profoundly affects the quality of vision as well as the quality of life (QoL) (6, 7). Indeed, studies showed that patient satisfaction with cataract surgery is closely associated with DED symptoms, rather than objective measures of postoperative visual acuity and signs of DED (8). The aim of our study was to collect data from the literature on changes and/or alterations of the tear film in patients undergoing cataract surgery and how to manage this condition in the pre- and post-operative period.


TABLE 1 Signs and symptoms of DED.


	Symptoms
	Signs

 

 	Ocular discomfort 	Conjunctival hyperemia


 	Burning 	Eyelid margin irregularity


 	Foreign body sensation 	Positive Schirmer’s test


 	Blurred vision 	Reduced Tear Break Up Time (TBUT)


 	Tearing 	Meibomian gland dysfunction (MGD)


 	Light hypersensitivity 	Fluorescein corneal staining
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FIGURE 1
 Dry eye disease pathology.



TABLE 2 DED management.


	DED management

 

 	First line therapy 	Tear substitutes and eyelid hygiene


 	Second line therapy 	Topical medications, e.g., corticosteroids, non-steroidal anti-inflammatory drugs (NSAIDs) and cyclosporine A (CsA)


 	Third line therapy 	Tear duct occlusion by plugs, therapeutic scleral contact lens


 	Fourth line therapy 	Amniotic membrane placement, tarsorrhaphy




 



2 Methods

A search was undertaken using PubMed (all years) and Google Scholar (all years). Published articles in English were preferentially selected. Relevant in-article references not returned in our research were also considered. We used the terms [“cataract surgery,” “cataract surgeries,” “cataract extraction,” “cataract extractions,” “phacoemulsification,” “phacoemulsifications,” “MSICS,” “manual small-incision cataract surgery,” and “manual small-incision cataract surgeries”] to identify the cataract extraction procedure in our review. We first investigated the relationship between cataract surgery and normal ocular tear film. We used the following search string: [(“Cataract surgery OR cataract surgeries OR cataract extraction OR cataract extractions OR phacoemulsification OR phacoemulsifications OR MSICS OR manual small-incision cataract surgery OR manual small-incision cataract surgeries) AND (Ocular surface OR Ocular surface OR Ocular surfaces OR lacrimal film OR lacrimal film)]. We found 503 results. We excluded those publications that were not relevant. We selected 30 articles to describe the relationship between cataract surgery and normal tear film. Then we studied the relationship between cataract surgery and DED. We used the following search string: [(Cataract surgery OR Cataract surgeries OR Cataract extraction OR Cataract extractions OR Phacoemulsification OR Phacoemulsifications OR MSICS OR manual small-incision cataract surgery OR manual small-incision cataract surgeries) AND (dry eye disease OR dry eye diseases OR dry eye OR dry eyes OR DED OR Dry eye syndromes OR Dry eye syndrome)]. We found 305 results. We excluded those publications that were not relevant. We selected 55 articles to describe the relationship between cataract surgery and dry eye disease. Third, we investigated the relationship between cataract surgery and hyperlacrimation. We used the following search string: [(Cataract surgery OR Cataract surgeries OR Cataract extraction OR Cataract extractions OR Phacoemulsification OR Phacoemulsifications OR MSICS OR manual small-incision cataract surgery OR manual small-incision cataract surgeries) AND (epiphora OR Excessive Tearing OR Over tearing OR Over tearings)]. We found 165 results, but none revealed remarkable results on the association between cataract surgery and hyperlacrimation. Finally, we investigated the relationship between cataract surgery and conjunctival sensitivity. We used the following search string: [(Cataract surgery OR Cataract surgeries OR Cataract extraction OR cataract extractions OR phacoemulsification OR phacoemulsifications OR MSICS OR manual small-incision cataract surgery OR manual small-incision cataract surgeries) AND (conjunctival sensitivity OR conjunctival sensitivities OR sensitivity of the conjunctiva OR sensitivity of the conjunctivas)]. We found 165 results, but none revealed remarkable results on the association between cataract surgery and conjunctival sensitivity, as in the case of hyperlacrimation.



3 Results

Studies have indeed shown that the lacrimal functional unit is altered secondary to cataract surgery. However, incidence rates are different depending on the studies conducted: they range from 9 (9) to 100% (10). Recent studies found that 33% of patients develop DED after surgery (11), while another study reported a 37.4% incidence of DED after phacoemulsification (12). Sahu et al. denoted an onset of dry eye symptoms following phacoemulsification surgery, and the preoperative levels were not achieved until 2 months after the procedure (13). Another study found symptoms and signs of DED occurred as early as 7 days post-phacoemulsification, and the severity pattern improved over time (14). Considering this, a preoperative ophthalmological evaluation, focusing especially on the ocular surface, is necessary to optimize psychological and clinical outcomes of cataract surgery (15). Therefore, a correct diagnostic–therapeutic approach is the key to improving the quality of life of all patients, no one excluded (16), in particular to prevent and/or improve discomfort and accelerate post-operative healing (17). The most important parameters for assessing the health of the ocular surface are corneal sensitivity evaluation, tear film osmolarity, tear break-up time (TBUT), ocular surface staining, the state of the meibomian glands, the goblet cell density, and the quantity of tears excreted (Schirmer’s test); each of these factors has been considered and studied in recent years. Each of these parameters will be described in the following paragraphs separately.


3.1 Corneal sensitivity

Many studies document loss of corneal sensitivity after cataract surgery related to the incision of corneal nerve fibers. In contrast, data on the time required to restore this sensitivity to preoperative levels and the actual full recovery of this aspect are discordant. Oh et al. showed a corneal sensitivity decrease 1 day postoperatively, which returned to almost preoperative levels within 1 month, although Schirmer’s test results were not very different from preoperative ones (18). Similarly, Kim et al. observed a restoration of corneal nerve fibers to preoperative values 3 months after surgery. On the other hand, Khanal et al. reported corneal sensitivity remains altered at 3 months after surgery, not recovering to pre-operative values (19). In agreement with the above-mentioned results, Lyne demonstrated irreversible loss of corneal sensitivity at the corneal incision 2 years after surgery in 90% (20).



3.2 Goblet cell density (GCD)

The state of the mucin layer influences tear film stability by reducing evaporation (21). Mucins are produced by conjunctival goblet cells, and their reduced density (goblet cell density, GCD) is associated with DED occurrence (22). Oh et al. noted a decrease in GCD, which was correlated with operative time, and it had not recovered 3 months after cataract surgery. Therefore, microscopic ocular surface damage during cataract surgery seemed to be one of the pathogenic factors that cause ocular discomfort and dry eye syndrome after cataract surgery (18). This reduction in GCD was also noted by Kholi et al., whose prospective study aimed to analyze the occurrence of signs and symptoms of DED post-cataract surgery (23). Furthermore, it would be influenced by post-operative topical therapy: as a matter of fact, corticosteroids increase GCD (24), while NSAIDs reduce it (25).



3.3 Schirmer’s test, tear break up time (TBUT) results, and corneal fluorescein staining

The Schirmer test measures the quantity of tears secreted (normal values above 15 mm in 5 min), while the tear break-up time (TBUT, normal values above 10 s) is an index of tear film stability. Both are reduced in cases of DED, and many studies have shown altered values after cataract surgery. Kholi et al. described abnormal Schirmer’s test results and TBUT values in 48% of patients at 2 weeks after cataract surgery (23). On the other hand, in the following 6 weeks, recovering trends of DED symptoms were seen. They also observed that corneal nerve damage due to corneal incision may reduce tear production and affect physiological evaporation, which can lead to inflammation of the ocular surface (23). This inflammation would lead to the secretion of inflammatory cytokines and chemokines, which in turn would cause cell damage and inflammation, generating a vicious circle (23). Zamora et al. showed how the Ocular Surface Disease Index (OSDI) score increased significantly 1 week postoperatively, while TBUT and Schirmer’s test values decreased 1 month after surgery. So they demonstrated short-term changes in ocular surface signs and symptoms after phacoemulsification in patients at 1 day, 1 week, and 1 month postoperatively (26). Xue et al. found similar evidence: in their study, dry eye symptoms persisted more than 3 months after surgery. In fact, OSDI scores increased post-operatively and then decreased, while BUT and Schirmer’s test results were reduced in the first month after surgery and then returned to within normal limits (27). Similarly, Liu et al. demonstrated how phacoemulsification significantly alters these parameters, together with corneal fluorescein staining, tear film pattern, and the height of the tear meniscus (28). They also observed that a pre-operative TBUT value < 10 s is a predisposing risk factor for the development of post-surgical DED (28). As with TBUT and Schirmer’s test results, corneal fluorescein staining also characterizes dry eye: it consists of staining the corneal surface with fluorescein or lissamine green to highlight epithelial defects. Staining appears to worsen in the postoperative period (26, 29). On the duration of this worsening, data is conflicting: some studies have demonstrated staining that continues for months, while others have observed staining increases up to 7 days postoperatively and then decreases over the next 2 months (14, 23).



3.4 Tear film osmolarity

Another parameter analyzed was tear osmolarity, whose normal value is less than or equal to 290–310 mOsm/L. We found only one creditable study on this topic. Igarashi et al. conducted a study that measured pre- and post-operative tear osmolarity values among various parameters: it increased 4-fold over preoperative values, and compared to other dry eye parameters, this variation persisted over time (30).



3.5 Meibomian gland disfunction (MGD)

Another important element in the pathogenesis of DED is meibomian gland dysfunction (MGD): it can be caused by cataract surgery, and morphological changes in the glands are involved in the symptomatic manifestations of DED in these patients (31). About this, Kim et al. confirmed this data: they noticed how MGD (meibomian gland dysfunction) parameters showed deterioration after cataract surgery, and it is correlated to the thinning of the tear film lipid layer (32). Song et al. also revealed that obstructive MGD may be aggravated by cataract surgery in the short term, and it recovered 3 months postoperatively (33). In another study, however, Han et al. found that even 3 months after surgery, alterations to the meibomian glands persisted (34).



3.6 Surgical procedures

Surgical technique also plays an important role in the onset and extent of DED following cataract extraction. Therefore, the type of procedure performed is an aspect to be taken into account: Ishrat et al. reported how the incidence of dry eye is higher in small incision cataract surgeries (SICS) than phacoemulsification due to tear film instability (9), while Yu et al. compared phacoemulsification and femto-assisted surgery in terms of the occurrence and/or evolution of DED in the post-operative period. Their study demonstrated that symptoms and signs of DED occurred more frequently or worsened more severely in patients undergoing surgery with the femto-laser than in those operated with phacoemulsification (35), probably due to the traumatic effect induced by femto laser suction on the ocular surface (36, 37). They generally appeared in the immediate post-operative period, disappearing within 3 months post-surgery (36). In contrast, about osmolarity and MM9 values in the tear film, as well as Schirmer’s test results, no statistically significant differences were found between these two surgical procedures (38). However, it is not only the surgical technique that influences the establishment of post-operative DED: He et al. conducted an interesting study on tear film health, observing a beneficial effect of intraoperative viscoelastic application on the corneal surface (39) rather than continuously irrigating with balanced salt solution (BSS); Yusufu et al. also confirmed this in their prospective study (40). Another study was conducted on Mydrane/Fydrane injection during cataract surgery: it seemed to limit the toxicity of the ocular surface and accelerate its restoration compared with topical eyedrops (41). Other perioperative risk factors for DED onset after cataract surgery are operating microscope light exposure time, CDE (cumulative dissipated energy) (13), perioperative anesthetic eyedrops (42), and the povidone-iodine application on the eye surface (43). These factors are schematically shown in Figure 2.
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FIGURE 2
 Factors implicated to dry eye disease (DED) onset secondary to cataract surgery.




3.7 Post-op ocular surface management

There are conflicting results regarding the use of tear substitutes after cataract surgery: Khanal’s study did not find a significant effect of tear substitutes in limiting post-cataract ocular discomfort (19). In contrast, other studies claimed that the use of trehalose/sodium hyaluronate 0.1% (44) or carboxymethylcellulose 0.5% eye drops (45). If MGD is present pre-operatively, the application of lipid-containing artificial tears could be more appropriate (46) associated with preoperative warm compression, eyelid massage (17) or Lipiflow treatment (47): these actions should reduce the incidence of post-operative MGD. Other research supported post-operative instillation of propylene glycol-hydroxypropyl guar (PG-HPG) nanoemulsion lubricant eye drops (48, 49) and 3% Diquafosol (DQS) (50, 51). The use of cyclosporine type A (CsA) also appeared to be effective (52). Compared to previous studies, Kang’s group found a superiority of CsA over carboxymethylcellulose 0.5% (53). The efficacy of preservative-free dexamethasone compared to preserved dexamethasone was also investigated. The former seemed to be associated with fewer incidences of DED (54).



3.8 Hyperlacrimation

Our research string revealed no remarkable results on the association between cataract surgery and hyperlacrimation. In these cases, it is recommended to perform an irrigation with antibiotics of the tear ducts (using an antibiotic alone or in combination with corticosteroid) if it occurs only postoperatively. If local peribulbar anesthesia was performed, the clinical status of the eyelids and lacrimal gland should also be evaluated.



3.9 Conjunctival sensitivity

Our search string revealed no remarkable results on the association between ‘cataract surgery’ and ‘conjunctival sensitivity’. ‘Conjunctival sensitivity’ must always be correlated to previous toxic ocular therapies (active ingredients, preservatives) and/or to the state of the lacrimal outflow ducts, given that washing of the lacrimal outflow ducts before cataract surgery is no longer routine.




4 Discussion

Cataract surgery is constantly evolving and has become more innovative and accessible over the years. On the other hand, patient expectations have increased, both in terms of visual acuity and quality of vision: it is not enough to see well, but the quality must be the best possible. In fact, often the main post-surgical complaint of patients is not so significant visual recovery as ocular discomfort: burning, tearing, and “pins and needles” sensation are challenges every cataract surgeon encounters in the postoperative period of their patients. Therefore, the ophthalmology community is becoming increasingly interested in understanding the mechanisms behind this ocular discomfort, but more importantly, in seeking effective solutions to manage these issues. What has emerged is that the functional lacrimal unit (that is, the apparatus consisting of the lacrimal gland, eyelids, and ocular surface) is altered somewhat by the surgical procedure. Modifications in this unit may result in the onset of dry eye disease (DED), that consists in “a multifactorial disease of the ocular surface characterized by a loss of homeostasis of the tear film, and accompanied by ocular symptoms, in which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities play etiologic roles” (3) (Figure 1). Ocular discomfort or burning, foreign body sensation, blurred vision, tearing and light hypersensitivity are the most common and impairing symptoms, while the main signs are conjunctival hyperemia, eyelid margin irregularity, and tear film changes associated with positive Schirmer’s test, reduced Tear Break Up Time (TBUT), and/or meibomian gland dysfunction (MGD) and corneal fluorescein staining. Notwithstanding, the possible discrepancy between the reported symptoms and the detectable signs is proven (Table 1). It is also widely known that patients with preoperative DED are at higher risk of having a more severe DED after cataract surgery than those with a normal preoperative tear film (28, 55). Trattler et al. also observed that the incidence of DED in patients who have to undergo cataract extraction is much higher than previously assumed (56). In light of this, a preoperative complete ophthalmological evaluation, focusing especially on the ocular surface and its health, is mandatory to optimize psychological and clinical outcomes of cataract surgery: a correct diagnostic-therapeutic approach is the key to improving the quality of life of patients (16, 17). Data on the incidence of postoperative DED reported in the literature is controversial: it ranges from 9 (9) to 100% (10). Recent studies found that 33% of patients develop DED after surgery (11), while another study reported a 37.4% incidence following phacoemulsification (12). Indeed, signs and symptoms of DED affect a considerable range of patients (13, 18, 23) and generally occurred as early as 7 days post-phacoemulsification and the severity pattern improved over time (14). The first sign seen is loss of corneal sensitivity: data available in literature documents that it is reduced in the postoperative period because of corneal nerve fiber incision, but investigators do not agree on how long this lasts and whether it is transient. Concerning this, Oh et al. showed a corneal sensitivity decrease 1 day postoperatively, which returned to almost preoperative levels within 1 month (18), while Kim et al. observed a restoration of preoperative values 3 months after surgery. On the other hand, Khanal et al. reported an alteration after 3 months, not recovering to pre-operative values (19). Lyne even demonstrated irreversible loss of corneal sensitivity at the corneal incision 2 years after surgery in 90% (20). In light of this, more studies are needed that unravel this knot. In contrast, the decline in goblet cell density is a consensus finding: the count is irreversibly altered and is related to the onset and worsening of DED symptoms (18, 22, 23). Postoperative topical therapy also appears to play a role in modifying GCD: corticosteroids would increase it (24), while NSAIDs would decrease it (25). Similar to GCD, a large proportion of patients undergoing cataract surgery had low values of the Schirmer test and TBUT. Again, there is no agreement on a maximum time for recovery and restoration of normal values: indicatively, within 6 months after surgery (23, 26–28). As these two factors, corneal fluorescein staining appears to worsen in the postoperative period (26, 29). On the duration of this worsening, however, data is conflicting: some studies have demonstrated that it continues for months, while others have observed it increases up to 7 days postoperatively and then decreases over the next 2 months (14, 23). In contrast to the parameters just mentioned, tear osmolarity apparently rises from basal values, compromising ocular surface physiology (30), but few studies have currently been conducted on this. Moreover, it is proven that meibomian gland dysfunction (MGD) plays an important etiopathogenetic role in DED post cataract surgery. Lipid layer thickness appears to be the most crucial factor to manage in the pre- and postoperative phases. Indeed, lipid-based tear substitutes could be the most suitable in these cases: on this topic, Miháltz et al. revealed that lipid-containing artificial tears appear to be superior to those containing sodium hyaluronate in patients with significant MGD (46). In addition to artificial tears, it has been shown that anti-inflammatory management is effective in alleviating postoperative MGD. However, the preoperative management had significantly better meibomian glands outcomes than postoperative enhanced anti-inflammatory treatment: analyzing 20 studies including 2,247 eyes preoperatively and 1 month after surgery, Lu et al. observed that patients with pre-existing MGD had a worsening of subjective symptoms and quantitative indices (e.g., BUT) of dry eye after the operation, whereas in the general population the symptoms remained unchanged and BUT decreased slightly after surgical procedure (57). So, based on these findings, the preoperative evaluation and management could reduce meibomian gland impairment after cataract surgery (33). Confirming this, a randomized clinical trial demonstrated that using a warm compress associated with eyelid massage for 20 minutes preoperatively determined a higher postoperative TBUT than using postoperative drops alone (39). Park et al. also observed how preoperative Lipiflow treatment could prevent and limit MGD and dry eye induced by surgery (31). As far as surgery is concerned properly, some studies also investigated the difference between the two main surgical techniques, femtosecond laser cataract surgery (FLACS) and traditional cataract surgery, with ocular surface symptoms, but there were conflicting results about that. Some studies, as shown by Yu et al. (35) and Ju et al. (36), reported that ocular surface symptoms develop at a higher intensity after FLACS than after cataract surgery, probably due to the traumatic effect induced by femtolaser suction on the ocular surface (36, 37), whereas in the study of Schargus et al., this difference was not statistically significant (38). Moreover, studies have shown that phacoemulsification has a lower incidence of postoperative DED than small incision cataract surgery (SICS). This is due to the larger sclero-corneal incision in SICS, which leads to greater corneal denervation and tear instability. Indeed, corneal nerve damage caused by corneal incision may reduce tear production and affect normal evaporation, which could lead to inflammation of the ocular surface: this results in more severe and longer signs and symptoms of DED (9, 18, 58). Even in our opinion, in relation to our clinical experience, the correct intraoperative approach of cataract surgery is pivotal: in particular, the corneal incision might be posterior limbal and temporal (no longer than 2 millimeters to reduce corneal nerve damage). In high-risk cases, it is important to assess the appropriateness of creating a sclerocorneal or posterior limbal corneal incision, as well as the choice of topical, peribulbar, or intraocular anesthesia. During cataract surgery, useful steps that can be taken perioperatively to limit the occurrence of DED reducing irritation of corneal nerve fibers, such as placing viscoelastic on the cornea rather than continuously irrigating with balanced salt solution (BSS) (39, 40) and/or injecting Mydrane into the anterior chamber (41) Interesting to note how operating microscope light exposure time and cumulative dissipated energy (CDE) may be correlated with ocular surface signs and symptoms after cataract surgery (13), However, these results found by Sahu et al. were not statistically significant, so they could be considered as preliminary data and further studies are certainly needed (13). The instillation of perioperative anesthetic eyedrops (42) and the povidone-iodine application on the eye surface (43) is also toxic for the ocular surface and must be taken into account when choosing the therapeutic strategy to limit DED symptoms in the postoperative period. The mainstay treatment in the management of DED consists of tear substitutes and eyelid hygiene, anti-inflammatory agents, tear stimulants, autologous serum, antibiotics, and other therapies (e.g., physical treatments such as warm compresses, complementary medicines such as herbal products, punctal occlusion, and surgical approaches) (59, 60). The instillation of tear substitutes after cataract surgery is controversial: while no significant effectiveness has been demonstrated for saline and tear lubricants (19), Cagini et al. showed the efficacy of trehalose/sodium hyaluronate eye drops in reducing DED factors and improving tear film stability after cataract surgery (44). In addition, Mencucci et al. also documented a good action of sodium hyaluronate 0.1% and carboxymethyl cellulose 0.5% ophthalmic solution in limiting DED symptoms and improving the clinical outcome after cataract surgery (45). Stefan and Dumitrica observed that postoperative anti-inflammatory treatment could also impact the production and stability of ocular tear film. Additionally, they examined the effects of propylene glycol-hydroxypropyl guar (PG-HPG) nanoemulsion lubricant eye drops and observed increased patient satisfaction when used on a healthy ocular surface (45). Confirming this, Srinivasan and Williams reported how lubricating eye drops, PG-HPG nanoemulsion, increase the stability of the tear film and lipid layer thickness, thus helping to restore ocular surface integrity and alleviating the DED symptoms (49). Park et al.’s research also reported a faster restoration of corneal changes when tear substitutes are instilled post-operatively (31); therefore, the default use of artificial tears as prophylaxis of postoperative DED could be a successful strategy. Moreover, for our ophthalmology surgical clinical experience, eye drops, especially PG-HPG nanoemulsion lubricant one, prevent the signs and symptoms of tear film insufficiency, decrease post-surgery complications, and improve epithelial repair. If tear substitutes and palpebral hygiene represent the first therapeutic line for DED, topical medications are the second therapeutic line, including corticosteroids. They are indicated in the management of moderate to severe DED and are most effective when administered in preservative-free formulation (54) and in combination with tear lubricants (61). Regarding this, data suggests a trigger and/or exacerbating activity of preservatives in postoperative DED. About NSAIDs, evidence in literature is instead controversial: according to some studies, they would reduce GCD (25), retard corneal wound healing (62), and would not be superior to topical corticosteroids (34). Other authors, on the other hand, claim that their administration alone or in combination could be safer and more effective than corticosteroids (63). New studies are needed to settle this controversy. Another effective therapy is cyclosporine A (CsA): Hamada et al. demonstrated its beneficial properties in the management of ocular surface health after cataract surgery (52), as did Chung et al. (64). Moreover, they observed the good function of this component in corneal sensitivity restoration (52, 64). It was confirmed by Kang et al., who described the improvement of TBUT and LLT using 0.05% CsA in the postoperative period compared to 0.5% carboxylmethyl cellulose (CMC) in their study (53). Recently, Diquafosol sodium (DQS) has been available for DED treatment. It is a P2Y2 receptor agonist stimulating aqueous and mucin production as well as epithelium repair. Zhang et al. found that 3% DQS improved ocular surface conditions after cataract surgery in both the short and long term (49). Moreover, Kim et al. found that the postoperative TBUT and lipid layer thickness significantly increased in the DQS group compared with the sodium hyaluronate (HA) group (50, 51). However, most of the drugs described above can establish drug-induced epithelial toxicity, which promotes the onset and/or worsening of postoperative DED. Labetoulle et al. suggest avoiding NSAIDs and using preservative-free eye drops without benzalkonium chloride (BAK) before surgery. They also recommend using antiseptics instead of antibiotics, as antiseptics have less corneal epithelial toxicity and reduce the occurrence of antibiotic resistance (65). These recommendations are known and implemented in daily clinical practice. A table summarizes the pre-, intra-, and postoperative measures considered important for reducing the occurrence of DED after cataract extraction (Table 3). We share these insights and apply them in our daily clinical practice. However, further studies are necessary. Further studies are also needed to examine the correlation between ‘cataract surgery’ and ‘hyper lacrimation,’ as well as the correlation between ‘cataract surgery’ and ‘conjunctival sensitivity’; our research did not yield significant evidence on these topics.


TABLE 3 Pre-, intra-, and post-operative measures and aspects to take into account for limit DED after cataract surgery.


	Measures to limit DED onset or worsening after cataract surgery



	Preoperative
	Intraoperative
	Postoperative

 

 	Preoperative comprehensive anamnesis 	Limit topical anesthesia 	Preservative-free antibiotic-corticosteroid association


 	Schirmer’s test 	Reduce irrigation with BSS 	Schirmer’s test


 	Tear break up time (TBUT) 	Use viscoelastic on the cornea 	Tear break up time (TBUT)


 	Corneal staining evaluation 	Create small corneal incision 	Corneal staining evaluation


 	Corneal alterations (e.g., dystrophies) 	Use of Mydrane 	Corneal sensitivity evaluation


 	Meibomian glands evaluation 	Faster operating times 	Meibomian glands evaluation


 	Tear lubricants and eyelid hygiene 	Limit exposure to microscope light 	Use tear lubricants for 3 months


 	Instillation of topical corticosteroids if moderate DED is present 	Remove iodopovidone as best as possible


 	Avoid NAIDs 	Prefer preservative-free antibiotics 	Add lubricant gel if necessary


 	Prefer antiseptics to antibiotics




 



5 Conclusion

Our research involves gathering data from literature on changes in tear film homeostasis in patients undergoing cataract surgery, as well as strategies for managing this condition before and after the procedure. Rehabilitation of postoperative visual acuity is the main goal, but postoperative DED increasingly affects vision quality and patient satisfaction. Far from being exhaustive of the topic, our review summarizes the most common alterations characterizing DED after cataract surgery and the most supported evidence published in the literature in terms of pre- and postoperative management to reduce the incidence and severity of DED. However, data on these topics is often discrepant. It is essential to minimize post-operative DED risk with accurate preoperative diagnosis and therapy, though patient-reported symptoms should always be considered alongside visible signs. Surgical aspects (topical anesthesia, femto-laser assisted surgery, duration of surgical time, size of corneal incision, exposure to microscope light, use of iodopovidone and postoperative antibiotic eye drops) appear to significantly influence the incidence of postoperative DED. However, specific tear substitutes, administered preoperatively and postoperatively, can resolve many of the ocular modifications related to cataract surgery. Topical medications can be effective for treating ocular surface disturbances. However, some of these medications, particularly those containing preservatives, may worsen ocular surface disorders in individuals with pre-existing dry eye disease (DED). In conclusion, multicenter randomized trials are needed, in our opinion, to strengthen the already published results and to establish diagnostic-therapeutic protocols to cope with this condition.
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Cell-based therapies offer an alternative to corneal transplantation for the management of corneal diseases. However, these approaches require a deeper understanding of the principles of cell therapy, and the ability to predict and diagnose outcomes pre- and post-operatively is highly desirable. Recently, the development of innovative techniques that leverage predefined data from multiple cohorts with corneal diseases has received considerable attention. Approaches using artificial intelligence (AI) can address major concerns in corneal cell therapy, including the identification of novel biomarkers, improvements in cell delivery processes, and the acceleration of personalized treatments. This review summarizes real-world examples of AI applications from preclinical through clinical studies, with a focus on corneal cell-based therapies.
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GRAPHICAL ABSTRACT. A schematic illustrating the evolution of corneal cell therapy from conventional methods to AI-enabled approaches. Conventional cell therapies may have lower accuracy due to missing prerequisites, such as large, high-quality datasets. By contrast, AI is expected to improve corneal cell therapy. AI-based methods, which offer advantages in accuracy, speed, and quality, hold strong promise for corneal cell therapy applications.



1 Introduction

The cornea is a transparent tissue with a protective responsibility for the eye (1, 2). Composed of the epithelium, stroma, and endothelium, it plays a critical role in light refraction and vision (3). According to the World Health Organization (WHO), corneal blindness is the fourth leading cause of blindness globally (4). Corneal transplantation represents a potential therapeutic intervention to manage corneal diseases and restore vision. However, this approach faces significant challenges, including donor shortage and the risk of graft rejection (5, 6). As an alternative, cell-based therapies have emerged as promising strategies for treating these conditions. Stem cells, characterized by their undifferentiated state and capacity for both self-renewal and differentiation, are central to this approach. Consequently, regenerative medicine has garnered significant attention as a potential therapeutic avenue for corneal regeneration (7, 8). This field is advancing rapidly within healthcare, offering promising solutions for repairing and restoring specific tissues, particularly in cases where the body's innate regenerative capacity is insufficient to facilitate complete healing. Cell-based therapy was developed for various corneal layers like endothelium, stroma, and epithelium in pre-clinical and clinical studies (9–13). However, conventional cell therapies face limitations such as difficulties in scaling up, high costs, and batch-to-batch variability.

They are often time-intensive and may lead to unwanted outcomes due to human error. Additional challenges include appropriate case selection, accurate cell dosing and characterization, determination of the target site, management of potential complications such as allograft rejection, edema, in situ infection, and neovascularization, as well as the prediction of post-operative recovery time. Therefore, it is necessary to consider effective strategies to overcome these limitations and advance corneal cell therapy.

Artificial intelligence (AI), a burgeoning discipline within the realms of computer science and engineering, has exhibited promising applications for various medical domains. During a symposium held at Dartmouth College in 1956, John McCarthy, a computer scientist, provided a formal definition for the concept of “Artificial Intelligence” (AI) (14). AI possesses the capacity to extract comprehensive and detailed information from diverse sources, including genomics, transcriptomics, proteomics, digital pathological images, and other datasets (15). This ability empowers clinicians to acquire a holistic and integrated comprehension of the subject under investigation. Additionally, AI has the potential to identify unknown biomarkers through data analysis, thereby facilitating the screening, detection, diagnosis, treatment, and prognosis prediction of various diseases. This potential allows for the provision of personalized treatment to individual patients, ultimately leading to improved clinical outcomes. Predictions in clinical trials can benefit from additional impartial assessments using cutting-edge computational tools, such as machine learning-based patient classification. Researchers constantly test hypotheses about how AI and other cutting-edge technologies can influence the future of corneal regenerative medicine (16, 17).

AI has the potential to significantly improve global healthcare in areas like assessing stem cell viability, biosafety, and selecting suitable patients (18, 19). Although AI's full capability has not yet been realized, the field of ophthalmology is already making significant strides in using the technology to improve therapeutic outcomes.

AI approaches to optimize corneal cell therapies and improve corneal regeneration would be highly beneficial. AI tools are also suggested for use in pre-clinical studies, including media component selection, cell characterization, and detection of cellular infections. Notably, AI approaches for corneal cell therapy in clinical studies include patient selection, determination of cell dosage and target site, as well as the anticipation of post-operative recovery time. In this paper, we explore the transformative potential of AI in advancing corneal cell therapy and address key challenges such as selecting the appropriate cell source, optimizing cell dose, improving case selection, and managing intraoperative and post-operative complications. Given AI's capacity to predict surgical outcomes, our aim is to bridge the gap between AI research and clinical practice by emphasizing applications across both preclinical and clinical stages of corneal cell therapy. We also highlight the role of AI in predicting and diagnosing outcomes using real-world examples. Ultimately, we seek to inform strategies for managing corneal diseases. Through this comprehensive review, we underscore the importance of integrating AI technologies into corneal cell-based treatments and outline future research and implementation pathways (Figure 1).


[image: Diagram illustrating the potential of artificial intelligence (AI) in corneal cell therapy improvement. Central terms include AI, machine learning, and deep learning. Topics cover cell source selection, subject selection, prediction, detection, and disease classification, with specific examples like keratoconus and keratitis classification. Various levels and applications are outlined, such as clinical studies and post-operation evaluations. An eye shape frames the content.]
FIGURE 1
 Applications of artificial intelligence for predicting and diagnosing eye diseases and for improving cell therapy in preclinical and clinical settings.




2 AI applications for detection and prognosis of corneal diseases

The cornea and lens are considered to be the primary refractive components of the ocular system. Potential consequences of structural damage include the possibility of vision problems and blindness (20). The high incidence of myopia in East and Southeast Asian countries is attributed to extensive educational practices and widespread digital learning platforms (21). AI facilitates the acquisition of knowledge, logical thinking, and goal attainment by computer systems and minimizes the reliance on human intervention (22, 23). The purpose of AI in ophthalmology is to improve the field's understanding and investigation. This development is supported by the widespread adoption of machine learning and deep learning (22, 24, 25). AI for ocular applications like detection of keratoconus (26–31), microbial keratitis (32–34), dry eye disease (35), pterygium (36–38), keratoconus management (39), and refractive error prediction (40) has been employed. Other applications of AI approaches include the prediction of keratoplasty outcomes (41, 42), the determination of fungal and bacterial keratitis (43), corneal neovascularization detection (44), and assessment of Fuchs endothelial corneal dystrophy (FECD) (45).

The process of diagnosing and planning treatment in the field of ophthalmology relies significantly on clinical examination and advanced imaging techniques. Slit-lamp photography, optical coherence tomography (OCT), tomography, and in vivo confocal microscopy (IVCM) are all commonly used to diagnose and monitor anterior segment diseases. However, it is important to understand that these procedures can be time-intensive and may also be susceptible to potential human errors (46). The current machine learning approach successfully categorized corneal data captured with a Pentacam to identify keratoconus (47). Patients undergoing refractive surgery can be reliably classified into stable cases and clinical ectasia using a random forest (RF) model trained on Pentacam measurement data (48). A previous study forecasted the occurrence of various ocular disorders for training and validating AI-based machine learning methodologies (49). Various images depicting eye diseases such as diabetic macular edema (DME) and choroidal neovascularization (CNV), glaucoma, normal conditions, and cataracts have been employed. The study employed various deep transfer learning approaches, including basic convolutional neural networks (CNN), deep CNN, AlexNet 2, Xception, Inception V3, ResNet 50, and DenseNet121. The obtained simulation results confirmed that the ResNet50 model achieved a validation accuracy of 98.9%, surpassing the performance of all alternative methodologies. Furthermore, the Xception model exhibited commendable performance, attaining an accurate rate of 98.4%. Despite the implementation of standardized pre-operative screening, the identification of eyes at risk of developing procedure-induced ectasia remains a considerable challenge. Furthermore, there is a development of AI platforms to screen individuals with a heightened risk of post-LASIK ectasia and vision impairment. Yoo et al. developed a machine learning platform to aid the clinical decision-making for refractive surgery (50). Another investigation was conducted to develop deep learning models to predict the post-operative outcomes of SMILE surgery, such as visual acuity and intraoperative complications, based on surgical videos or images (51). In a recent review, the integration of deep learning with advanced imaging and liquid biopsy biomarkers is highlighted as a transformative approach for understanding ocular aging and its implications for systemic health (52).



3 AI Applications for pre-clinical corneal cell therapy

Mathematical modeling can facilitate the identification of cellular characteristics and their microenvironments by examining the cell morphology and healthy cells (53, 54). AI-driven models and constructive algorithms offer robust solutions for gaining a more profound comprehension of these mechanisms. These models can also automate the development of regenerative medicines, thereby reducing the occurrence of human errors (19) (Table 1).

TABLE 1 Some of the AI responsibilities in pre-clinical studies.


	AI task
	AI model
	References





	Cell source selection
	Convolutional neural networks (CNNs)
	(60)

 
	Optimization of media component
	Response surface methodology (RSM), genetic algorithm (GA), and radial basis function (RBF)
	(68)

 
	Number of live cells
	Phase imaging with computational specificity (PICS)
	(71)

 
	Cell morphology
	Convolutional neural networks and transformers
	(73)

 
	Cell confluency and contamination
	Convolutional neural networks and transformers
	(73)







3.1 AI for determination of suitable cell source and tissue

Various cells, as well as synthetic or natural tissues, are used in corneal tissue engineering (55–57). Accuracy in selecting suitable cell sources is vital to achieving desirable outcomes in cell therapy studies. Automated cell culture platforms enhance technical accuracy, replicability, and efficiency. These platforms also integrate modern imaging techniques and analysis tools for pre-clinical applications (58). Furthermore, AI approaches can be employed to identify and predict the process of generating induced pluripotent stem cells (iPSCs) through cellular reprogramming. This enables the precise forecasting of iPSC generation and subsequent differentiation (59). For instance, CNNs can play a significant role in image identification and use deep learning to correct data attributes. By analyzing cellular changes in morphology and texture, it can reliably identify individual cells. Thus, CNNs have the potential to pave the way for a new field of deep learning tasks geared toward addressing diverse issues in stem cell research (60). CNNs may be applicable for the selection of an appropriate cell source for corneal cellular studies. For example, choosing a suitable source of stem cells based on their ability to differentiate into corneal cells will be an excellent AI application. Therefore, ensuring the selection of stem cells under in vitro conditions can be very effective in future investigations. Moreover, AI algorithms for determining specific features like cellular morphology, molecular ligands, and membrane receptors of corneal cells for both in vitro and clinical applications would be beneficial. In addition, the detection of key differentiation pathways in stem cells toward specific corneal cells in a short timeframe by AI approaches will be beneficial for corneal regeneration.

Preparing suitable donor tissue is another requirement for successful keratoplasty. An AI-based program, P06-A143, was developed to assist in diagnosing cornea guttata in donor corneas at the eye bank (61). This tool may help reduce keratoplasty complications related to donor tissue selection.



3.2 AI for determination of cell culture media components

Until now, many studies for culturing corneal cells under a pre-defined condition have been conducted. However, the accurate determination of the media components is important (62–67). Nikkhah et al. reported a reduced-serum culture media formulation, including insulin-like growth factor I (IGF-I), Fibroblast growth factor (FGF), transforming growth factor (TGF), platelet-derived growth factor (PDGF), selenium, ascorbic acid, and serum as independent variables for cultivated meat using response surface methodology (RSM) (68). The culture medium formulation was optimized using a genetic algorithm (GA), and radial basis function (RBF) neural networks were used for the prediction of dependent variables. Finally, a multi-objective optimization algorithm was utilized to calculate the ideal quantities of the independent variables with the three RBF neural network prediction models serving as inputs. This study's proposed RSM+ RBF + GA framework could be used to sustainably improve the production of serum-free media by determining the mix of media elements. It aims to strike a balance between yield, environmental impact, and cost, particularly for different cultured meat cell lines.

Machine learning can optimize culture media formulations and proliferation protocols by analyzing historical data from successful batches. This approach is feasible through a focus on modeling (69). AI-based robotics can ensure stable conditions for cell growth (such as temperature, pH, and nutrient supply) and reduce variability in the production of corneal cells (including limbal epithelial cells and corneal endothelial cells) (70).

Therefore, cell-based investigations aim to determine and predict culture media components to save time and cost, while attaining desired outcomes. In addition to the importance of media components for culturing cells, determining the media ingredients for stem cell differentiation into specific cells would be very effective, and AI algorithms can be used to optimize these conditions.



3.3 AI for determination of live cell numbers

As mentioned earlier, it is important to take the phenotypic properties and an adequate quantity of in vitro cultured cells by considering their functions. Fluorescence microscopy has emerged as an indispensable imaging technique in the field of cell biology, owing to its remarkable specificity. Nevertheless, fluorescence microscopy is still constrained by factors such as photobleaching, phototoxicity, and associated artifacts. In a prior study, the ability of AI to convert one type of contrast into a different form is shown (Figure 2) (71). The authors introduced a novel technique called phase imaging with computational specificity (PICS), which integrates quantitative phase imaging and AI to offer precise details regarding unlabeled viable cells. This imaging system facilitates automated training, with the inference process integrated into the acquisition software and operating in real time. The fluorescence maps were subsequently utilized to analyze the quantitative phase imaging (QPI) data. In this study, the PICS implementation provided a flexible quantitative method for the continuous and simultaneous monitoring of specific cellular components that require prolonged label-free imaging. This AI-based approach would be applicable for counting live corneal cells in an adhesive culture plate or substrate.


[image: Diagram detailing a process involving microscopy and image processing. Part (a) shows conventional and laser-line imaging setups with PC technology for real-time analysis. Part (b) illustrates high-content factors like dry mass, nuclear versus cytoplasmic mass, and confluence, with graphs and segmented images depicting cellular analysis. Graphs depict nuclear and cytoplasmic mass, total mass, and cellular confluence over time, highlighting the differentiation between different cell lines. The setup includes precise imaging equipment, data collection methodologies, and analysis tools to assess cellular properties.]
FIGURE 2
 (I) The PICS method enables label-free measurement of cellular dry mass in specific compartments. (II) PICS allows monitoring of variations in the dry mass of cellular compartments. This figure is modified and reprinted from reference (71).




3.4 AI for determination of infected cells

For clinical studies, considering the safety characteristics of grown cells and the other requirements for the cell culture due to the corneal-privileged system is important. The AI algorithms for prescreening and pre-classifying image data are considered to increase productivity and precise diagnosis. Expert clinical microbiologists provide crucial training in image-based infectious disease diagnoses through human interpretation. Despite the extensive time and effort required for training, validation, and implementation, AI-based diagnosis is practically cost-effective, and the majority of microbiology laboratories already have the hardware necessary to perform image analysis (72).

AI-based imaging can analyze cell morphology, confluence, and contamination in real time, ensuring that only high-quality cells proceed to treatment. This approach can be implemented using concepts such as machine vision (73).




4 Role of AI in clinical corneal cell therapy

Understanding early complications and outcomes within the first few days after corneal surgery is crucial for physicians. AI algorithms have the potential to help healthcare staff at different levels of this process (Table 2).

TABLE 2 AI-based approaches in clinical studies.


	AI task
	AI-based model
	References





	Subject selection
	Support vector machines (SVMs), Random forests (RF), Artificial neural networks (ANNs), AdaBoost, LASSO
	(50)

 
	Predict the nomograms for SMILE
	AdaBoost
	(82)

 
	Cell properties identification
	In-vivo confocal microscopy (IVCM)
	(83)

 
	Graft detachment
	Deep neural network (VGG19)
	(42)

 
	Infections
	Deep learning models (ResNet50, ResNeXt50, DenseNet121, SE-ResNet50, EfficientNets B0, B1, B2, and B3)
	(32)

 
	Corneal edema
	Deep learning-assisted Second Harmonic Generation Microscopy (SHG) imaging
	(87)

 
	Neovascularization
	Optical coherence microscopy (OCT)-based machine learning
	(89)

 
	Detection of changed cell morphology
	Morphogo system
	(92)

 
	Biomarkers detection
	Machine learning algorithms
	(117)

 
	Detection of cell distance
	Hidden Markov Model and Neural Networks
	

 
	Corneal curvature
	AI-based approaches
	(104, 105)







4.1 AI to select suitable subjects

Machine learning handles large amounts of data and accurately identifies cases (74). Recently, screening candidates for corneal refractive surgery has become increasingly crucial to prevent unwanted outcomes and improve decision-making. It seems that a definitive screening approach to address the likelihood of a misdiagnosis has not yet been developed. According to a study by Yoo et al., it is increasingly crucial to examine candidates with corneal refractive surgery to avoid problems (50). Five diverse methods were utilized to forecast potential candidates for surgery. Enhanced performance was achieved with an ensemble classifier. The model successfully reclassified a patient with post-operative ectasia as belonging to the ectasia-risk category. Refractive surgery can be performed with a secure and dependable clinical choice using automated machine learning analysis (Figure 3) (50).


[image: (I) Five heatmaps displaying AUC values for different classifiers: Support Vector Machine, Artificial Neural Networks, Random Forest, LASSO, and AdaBoost. AUC values range from 0.5 to 0.9 across various feature selection methods and feature numbers. (II) a. Two pie charts showing machine learning accuracy: 100.0% for Post-LASIK ectasia, 100.0% for Keratoconus, and 95.5% for Forme fruste keratoconus. b. Line graph displaying classification accuracy between normal controls and ectasia-risk patients using different models, with an AUC of 0.997 for the ensemble.]
FIGURE 3
 (I) To predict potential candidates for corneal refractive surgery, the heatmaps show the predictive performance (AUC) of feature selection and machine learning approaches. In this figure, the results of 10 fold cross-validation are indicated. a: Support vector machine. b: Artificial neural networks. c: Random forest. d: Least absolute shrinkage and selection operator (LASSO). AdaBoost. (II) Machine learning techniques are assessed for identifying ectasia-risk categories, including post-LASIK ectasia, keratoconus, and forme fruste keratoconus patients. a: Each group at risk of ectasia in an accuracy rate. b: ROC curves to classify the normal control (N = 9,556) and total ectasia-risk group (N = 153) (50).




4.2 AI for determination of correct effective drugs

The eye's complex physiological structures, diverse disease targets, limited drug delivery space, distinctive barriers, and intricate biomechanical processes pose significant challenges for treatment. Traditional screening approaches for formulation and manufacturing processes are inefficient for developing ocular formulations (75). Automated workflows and databases, alongside ANN implementation, have great potential to enhance treatment outcomes. These technologies enable rapid analysis of vast quantities of data, aiding in the development of innovative hypotheses and treatment strategies. Additionally, ANNs facilitate the forecasting of disease progression and pharmacological profiles. By leveraging these tools, significant advancements in treatments with better achievements are expected (76). The success of therapeutic interventions highly depends on subject selection, appropriate cell doses or medications (before and after surgery), and the number of administrations. Clinical pharmacology has a unique opportunity, regarding the availability of multidimensional data and the advancement of current methodologies for data analysis. Precision dosing with reinforcement learning is currently used for individualizing dosing regimens in patients with life-threatening diseases and in data science. It is referred to special issue as cutting-edge approaches to the collection, aggregation, and analysis of data, which can significantly contribute to characterizing drug-response variability at the individual level (77).



4.3 AI for detecting the correct area in patients undergoing corneal surgery

In previous studies, patients with advanced keratoconus have received cells for corneal stroma regeneration by creating a pocket in the corneal stromal tissue (57, 78). For this operation, determining an accurate target site with the correct diameter is very important to reduce possible complications. However, AI technology enhances surgical precision, decreases the need for human intervention, facilitates intraoperative decision-making, and boosts surgical safety. Nevertheless, there are still many obstacles to overcome before AI can be widely used in operating rooms (79).

AI can process OCT or confocal microscopy images to map corneal irregularities, such as stromal scars and limbal defects, and to identify optimal injection sites (80). Intraoperative live OCT combined with YOLO-based algorithms can track injected cell clusters to ensure correct placement and detect, for example, mesenchymal stem cells that have been misdirected during treatment (81).

Ophthalmologists make a nomogram diagnosis by applying their specialized training and knowledge to pre-operative refractive data. For example, machine learning algorithms such as AdaBoost with the highest accuracy to predict sphere, cylinder, and astigmatism axis nomograms for accuracy in SMILE refractive surgery have been employed (Figure 4) (82). Notably, AI algorithms to pinpoint the location of damage and target sites accurately would be beneficial for clinical applications.


[image: Top row shows bar charts comparing RMSE for Sphere, Cylinder, and Axis across models like Linear, AdaBoost, and MLP variants. Bottom row displays accuracy with bars for Accuracy_0 and Accuracy_25 for each model.]
FIGURE 4
 Root-mean-square errors (RMSEs) and accuracy results for multiple linear regression, decision tree, AdaBoost, XGBoost, and multi-layer perceptron (MLP) with hidden layers [Reprinted from reference (82)].




4.4 AI for determination of cell properties

The number of living cells after an injection or graft implantation is significant for predicting post-operative improvements in vision. As in an impressive study by Levine et al., an algorithm was developed to quantify activated dendritic cells (aDCs) using IVCM images (83). This study incorporated a total of 173 distinct images, each representing a unique individual. The estimation of the number of aDCs in the central cornea can be effectively determined through the algorithm based on automated machine learning. Forecasting cell counts could lead to greater advancements in corneal cell-based therapy. Finite element analysis combined with machine learning predicts the distribution of injected cells based on corneal stiffness and wound geometry (84). Huang et al. compared the application of five different machine learning algorithms, such as linear regression, support vector regression, decision tree regressor, RF regression, and extra tree regression (85). The RF regressor algorithm indicated the highest accuracy, at 80%, in predicting the presence or absence of cells within single droplets. Meanwhile, the extra tree regressor indicated the lowest mean error, of 12%, in anticipating the number of printed cells within multiple droplets. A combination of these models in a droplet monitoring system can be useful to determine the printed cell number under a live assessment throughout an inkjet-based bioprinting process.

Also, AI algorithms can process data from OCT, confocal microscopy, or slit-lamp imaging to track the integration of corneal cells following transplantation (84).



4.5 AI for detection of graft detachment

Diagnosing graft detachment to reduce complications after the surgery can be highly effective. According to a previous study, the efficacy of deep learning in the prediction of rebubbling after Descemet's membrane endothelial keratoplasty (DMEK) was evaluated (42). This investigation analyzed an equal number of eyes in both the rebubbling (RB) group and the non-RB group after DMEK. To categorize the RB group, a set of images was chosen randomly from the anterior segment OCT on day 5 after the operation. Training on a selection of nine deep neural network architectures, namely VGG16, VGG19, ResNet50, InceptionV3, InceptionResNetV2, Xception, DenseNet121, DenseNet169, and DenseNet201, was conducted. The VGG19 model demonstrated the highest area under the receiver operating characteristic curve among all the models.

Remarkably, these AI algorithms may have the potential for the detection of early graft detachment post-surgery.



4.6 AI for detection of infection

Effective treatment for the detection of infections and neovascularization in operated eyes is essential. Kuo et al. determined various deep learning algorithms that could detect bacterial keratitis from eye photographs (32). Five referral facilities were consecutively sampled to provide external eye pictures of suspected patients with infectious keratitis. The candidate deep learning frameworks—ResNet50, ResNeXt50, DenseNet121, SE-ResNet50, EfficientNets B0, B1, B2, and B3—were utilized to identify bacterial keratitis based on the receiver operating characteristic (ROC) curve. These models exhibited considerable potential as diagnostic tools for detecting bacterial keratitis.



4.7 AI for detection of edema and neovascularization

According to a prior investigation, AI algorithms have garnered significant attention in the field of macular disorders, specifically diabetic macular edema (DME) (86). In this study, the identification and quantification of different main OCT biomarkers in DME eyes in comparison to an algorithm to human expert manual analyses were considered. This may enable clinicians to consistently identify and measure OCT biomarkers related to DME, providing an objective approach to diagnosing and monitoring eyes affected by DME.

The application of three deep learning models, namely InceptionV3, ResNet50, and FLIMBA—for the automatic detection of corneal edema in second harmonic generation (SHG) images of the porcine cornea was assessed (87). SHG is a beneficial non-linear optical imaging tool to non-invasive identify, characterize, and monitor changes in the collagen structure of tissues under a contrast mechanism. Nevertheless, the analysis of SHG data is challenging, even for experienced histopathologists. This obstacle hinders the implementation of SHG-based diagnostic frameworks in clinical environments. The findings of this study were aimed at automating the determination of corneal hydration levels or corneal edema.

AI and learning techniques adjust the needle depth and angle in real time to prevent Descemet membrane rupture during the injection of corneal endothelial cells (CECs). This method may reduce the potential complications of cell injection, including edema (88).

Patients with corneal epithelial abnormalities benefit greatly from the detection of neovascularization and the expectation of reduced symptoms. In a previous study, OCT photographs were obtained at the beginning of the neovascular age-related macular degeneration process, and anti-VEGF injection doses were recorded following pro re nata (PRN) treatment (89). Data from the HARBOR research tracked patients who received PRN ranibizumab following three initial monthly injections for 2 years. The macular microstructure was described using quantitative spatiotemporal features obtained from automated segmentation of retinal layers and fluid-filled areas. Treatment categories were predicted and evaluated using RF classification and cross-validation, respectively. Anti-VEGF therapy requirements were suggested and evaluated with an OCT-based machine learning methodology. The results of this pilot study were a significant step toward the development of image-guided prediction of treatment intervals for the management of neovascular age-related macular degeneration. It is expected that this AI algorithm may be effective for the prediction of corneal neovascularization.



4.8 AI for the detection of changed stem cell morphology into target cell

In general, stem cells can differentiate into specific cells under physicochemical conditions. During differentiation, some phenotypic features of stem cells changed toward those of mature cells. These morphological changes can be recorded by microscopic observations. Moreover, observing functional markers of differentiated cells can be obtained using real-time PCR and immunobiological assay (90, 91). Meanwhile, detecting cells in the target site based on morphology features is valuable, especially for clinical studies. A novel AI system was developed to autonomously classify bone marrow cells and assess the potential clinical applications (92). Initially, a computerized analysis system known as Morphogo was employed to conduct comprehensive imaging of bone marrow smears. The findings of this preliminary investigation provided the Morphogo system as an automated tool for analyzing bone marrow cell differential counts. It appears that this AI algorithm might have the potential to identify and analyze cellular morphologies that hold potential advantages for corneal applications.



4.9 AI for detection of biomarker levels in subjects

One of the most important findings for the classification of diseases is the specific biomarker prediction. Recent technological advancements, particularly in the generation of extensive biological multi-omics datasets, have significantly broadened the scope of biomarker detection.

In a study by Chang et al. multiple machine learning algorithms were used to analyze transcripts from keratoconus patients, identifying characteristic gene combinations and their functional associations to enhance understanding of keratoconus pathogenesis (93). Machine learning models, including XGBoost, random forest, logistic regression, and SVM, identified a set of key genes associated with corneal ectasia. Notably, 15 genes—such as IL1R1, JUN, CYBB, CXCR4, KRT13, KRT14, S100A8, S100A9, and others—appeared across multiple models. Genes downregulated in keratoconus compared to the control group were involved in epidermal mechanical resistance (KRT14, KRT15) and inflammatory pathways (S100A8/A9, IL1R1, CYBB, JUN, and CXCR4). This study employed multiple machine learning algorithms to analyze transcripts from keratoconus patients, identifying characteristic gene combinations and their functional associations with the aim of enhancing the understanding of keratoconus pathogenesis. Machine learning models, including XGBoost, random forest, logistic regression, and SVM, identified a set of key genes related to corneal ectasia, with 15 notable genes consistently appearing in multiple models, such as IL1R1, JUN, CYBB, CXCR4, KRT13, KRT14, S100A8, and S100A9, among others. Genes downregulated in keratoconus compared to the control group played roles in epidermal mechanical resistance (KRT14, KRT15) and inflammatory pathways (S100A8/A9, IL1R1, CYBB, JUN, and CXCR4).

During the physical differentiation process, specific proteins are released from ADSCs when they are differentiated into various cell types, including corneal keratocytes (90). Prediction of the expression of many of them may be very significant for finding the vision recovery level in patients with keratoconus. It seems AI approaches may be effective to detect specific expressed markers in the specific tissues and cells. In a review article, evidence from the scientific literature regarding ocular imaging biomarkers is summarized, with a particular emphasis on the predominant role of biomarkers derived from OCT (94). The authors also note recent advancements in optical coherence tomography angiography (OCT-A) and experimental polarization-sensitive OCT (PS-OCT), which have revealed potentially informative novel biomarkers.



4.10 AI for detection of corneal cell junction

Tight junctions are crucial in the establishment of corneal homeostasis via epithelial and endothelial functions. Tight junctions are observed within the corneal epithelium, where a continuous pattern of zonula occludens (ZO)-1 can be identified at the apical cell borders (95, 96). Previous studies have shown that an increase in reactive oxygen species (ROS) levels leads to a decrease in tight junction proteins and compromises the epithelial barrier integrity (97–99). In freeze-fracture replica electron microscopy, the observed structures manifest as a cohesive network of fibrils, commonly referred to as tight junction strands. Tight junction strands serve as molecular zippers, effectively establishing a physical barrier to impede the paracellular diffusion of molecules. The morphology of the tight junction strand network exhibits significant variation across different tissues (100). To confirm newly discovered molecules and localize them to the tight junction, experiments like immunofluorescence investigations can be performed. Understanding tight junction signals between healthy or diseased corneal cells would help to determine the success rate of the treatment.



4.11 AI for detection of corneal curvature

Intra-corneal ring implantation has recently emerged as a viable alternative to corneal transplantation for keratoconus treatment (101–103). Predicting outcomes after this procedure is important for clinicians to select the most appropriate pre-operative variables. A novel machine learning-based approach can be employed to forecast the visual improvement of patients with keratoconus after ring implantation. The measurement of corneal curvature and astigmatism can be used to determine the vision gain (104). In another study, a developed AI model used multiple tomographic parameters to evaluate local against global keratoconus progression (105). Collectively, the AI models recognized the eyes with changes in parameters like an increase in maximum anterior curvature (Kmax) and others related to disease progress. These models can be optimized to predict the outcome of cell therapy and tissue engineering processes. Machine learning models can detect subtle signs of immune rejection or cell death prior to the onset of clinical symptoms, enabling early diagnosis of transplant rejection in keratoconus (106).




5 Forecasting recovery time based on satisfied signs using AI

The capacity to predict the duration required in a surgical procedure for both patients and medical practitioners is desirable. Reliable clinical judgment can be obtained through automated machine learning applied to pre-operative data. This cutting-edge technology for lowering the risk of problems in patients is significant (107). For example, AI techniques such as machine learning and deep learning have found a suitable application in anesthesiology. This is due to the substantial volume of data produced during perioperative surgery and anesthesia management (108). AI platforms may be useful for predicting patient repair with epithelial abnormalities, keratoconus, edema, or even blindness. For example, AI can be used to predict ocular hypertension following Descemet membrane endothelial keratoplasty (DMEK) (109).



6 Conclusion and future perspectives

Cell therapy is an emerging medical field that utilizes living cells to address a range of diseases and problems. AI has the potential to speed up the development of cell therapy by supplying insights, forecasts, and optimizations at various stages. For example, AI can help identify new targets for cell treatment by examining extensive genomic, transcriptomic, and proteomic data, and patient-specific details. Using biological and clinical factors, AI can assist in determining the most relevant and achievable targets. Computer algorithms can assist in optimizing the design of cell therapy payloads, including genetic modifications, receptors, and signaling pathways that ensure a cell's functionality and selectivity. AI-based approaches can explore and utilize the extensive design possibilities offered by these modalities, saving time and reducing experimentation costs. Despite ongoing challenges—such as limited and variable data quality, model interpretability and validation hurdles, and ethical considerations—effective use of AI for cell therapy requires robust cross-disciplinary and cross-sector collaboration and dialogue (18, 110, 111). One of the most significant challenges in applying AI is algorithmic bias. Intrinsic biases can emerge during development and clinical deployment, leading to inaccuracies and variability in model outputs. Pinpointing the sources of bias—whether from data sampling, labeling, feature selection, model design, or deployment context—is difficult. If unaddressed, biased AI can drive non-standard clinical decisions and exacerbate healthcare disparities (112, 113). Moreover, the absence of comprehensive and sufficient regulations for overseeing AI development and usage, along with concerns about data safety and transparency, are significant challenges that require special attention (114, 115). Optimized treatment scenarios using AI may be more realistic by encompassing a single treatment option or determining the most effective combination of treatments. For instance, it would be attractive for treatments to be accompanied by an accurately prescribed dosage, which plays a crucial role in evaluating individual therapeutic methods. Employing AI algorithms for personalized corneal cell-based therapies can effectively aid in administering sufficient cell numbers to patients. The exact cell injection location in keratoconic corneas may be detected by AI algorithms. Therefore, these patients might receive sufficient cells at optimized location for improving vision.

Moreover, it should be noted that AI might be reliable in the healthcare field for cell therapies using supportive data. AI is needed to combine with clinical and laboratory data for managing some corneal diseases, such as keratoconus. Detection errors would be minimized by connecting AI with current techniques, such as clinical images obtained from OCT and molecular evaluations. Insufficient investigation regarding the real-world performance, generalizability, and interpretability of AI systems needs more attention in future studies (116). Resolving issues by data sharing, data annotation, and other interconnected challenges will effectively expedite the advancement of more resilient AI products. Ultimately, one of the important priorities that can foster special attention to the role of AI in ophthalmology research and eye cell therapy is multi-center validation of this emerging technology. When integrated with clinical workflows, it ensures that this innovative medical approach is reliable and effective.

An AI language model was utilized to enhance the clarity and grammar of this manuscript.
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Lo etal. (18)

Number of images
used for the

development of the
algorithm

3,618 OCT images

Key Findings

© 98.7%, specificity: 98.0%, and F1 score: 0.945.

e AUC of the ROC curve was 0.999.

o Slightly better score than non-retinal specialized ophthalmologists in the
diagnosis of ERM.

Tang et al. (19)

468 OCT images

o Image-level accuracy of 95.65%, and ERM region-level accuracy of 90.14%
o Significant improvement of the accuracy of the clinicians in detecting ERM.

Retinal detachment

Fungetal. (21)

6,661 retinal images

o AUC of 0.94, sensitivity of 73.3% and a specificity of 96%

Wang et al. (20)

5,000 ultrasound images

e The most effective DL model achieved an AUC of 0.998, coupled with a
sensitivity of 99.2% and specificity of 99.8%.

Lietal. (22)

24,208 ultra-wildfield images

® 48-partition lesion detection: 86.42% precision and 83.27% recall with an
average precision of 0.9132.

e Baseline model: 92.67% precision and recall of 68.07%

o Holistic lesion localization: 89.16% precision and 83.38% recall.

Macular hole

Valentim et al. (23)

601 OCT images

o Test set 1: Sensitivity 75.7%, Specificity 94.8%, Accuracy 88.5%, AUC 90.2%
o Test set 2: Sensitivity 89.5%, Specificity 94.2% Accuracy 91.4%, AUC 95.5%

AUC, area under the ROC curve; DL, deep learning; ICC, intraclass correlation coefficient; OCT, optical coherence tomography; ROC, receiver operating characteristic curve.
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Number of images
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development of the

Key findings

algorithm
ROP Brown et al. (9) 5,511 retinal images e For plus disease 93 % sensitivity with 94% specificity
e For pre-plus disease or worse, 100% sensitivity and 94% specificity were
100%
e Quadratic-weighted k coefficient of 0.92
Li and Liu (10) 18,827 retinal images © ROP Stage I: 90.21% sensitivity with 97.67% specificity
o ROP Stage II: 92.75% sensitivity with 98.74% specificity
© ROP Stage III: Sensitivity of 91.84% with 99.29% sensitivity
e For normal images, 95.93% sensitivity and 96.41%, specificity
Sharafi et al. (11) 76 retinal images o Accuracy in differentiating between Plus and non-Plus images, 0.86 & 0.01
AMD Van Grinsven et al. (8) 407 color fundus images o For automatic AMD risk assessment: (ROC) curve of 0.948 and 0.954
nAMD Jang et al. (12) 888 Cirrus and 556 Spectralis o AUC of 0.725 = 0.012 for the model with the fluid region of OCT following
OCT images the loading phase
dAMD Pramil et al. (13) 126 en face swept-source OCT ©0.99 ICC:s o for the GA measurement and 0.94 ICCs for the progression rates
images of GA area, respectively.
Myopic maculopathy Yeetal (14) 2,342 OCT images e For all 5 different entities of myopic maculopathy AUC from 0.927 to 0.974
o Sensitivity of 56.16-99.73% equal to or better than those of junior retinal
practicians.
Central serous Aoyama etal. (17) 100 OCT-A en face images e Mean accuracy rate of 88% for the Keras-Ten- sorflow and 95% for Neural
chorioretinopathy Network Console.
o Not significant difference (P > 0.01) between the two models.
Ko et al. (16) 7425 Spectral Domain-OCT e Average cross-validation accuracy of 94.2% (95% CI 0.897-0.986), with
images sensitivity of 94.9% and specificity of 99.1%.
e Equal to superior performance compared to other CNN-based models as
well as compared to ophthalmic specialists.

AUG, area under the ROC curve; AMD, age-related macular degeneration; dAMD, dry age-related Macular Degeneration; nAMD, neovascular age-related macular degeneration; CNN,
convolutional neural network; GA, geographical atrophy; ICC, intraclass correlation coefficient; OCT, optical coherence tomography; OCT-A, optical coherence tomography angiography;
ROP, retinopathy of prematurity; ROC, receiver operating characteristic curve.
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Liu X 2019 066 018 50 056 011 44 15.7%
Ma C 2024 06 015 36 06 007 38 16.0%
Wang JL 2020 043 032 30 033 038 30 8.3%
Ye YJ 2023 022 007 36 022 006 38 17.1%
Zheng SZ 2024 0.78 018 57 055 016 55 15.5%
Total (95% Cl) 278 274 100.0%

Heterogeneity: Tau? = 0.01; Chi* = 51.16, df = 6 (P < 0.00001); I> = 88%
Test for overall effect: Z=2.23 (P = 0.03)

Experimental Control
r r Mean D Total Mean D Total Weigh
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Total (95% CI) 123 123 100.0%
Heterogeneity: Tau? = 4.24; Chi? = 74.25, df = 2 (P < 0.00001); I?=97%
Test for overall effect: Z = 2.95 (P = 0.003)
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Jia J 2022 19.87 5.77 39 16.47 4.74 39 59.9% 3.40[1.06, 5.74]
Ma C 2024 2148 7.59 36 18.49 4.5 38 40.1% 2.99[0.13, 5.85] L
Total (95% Cl) 75 77 100.0% 3.24 [1.42, 5.05] .
S Chi2 = - - 12 =00 : : : {
Heterogeneity: Chi? = 0.05, df =1 (P = 0.83); I’ =0% 10 5 0 5 10

Test for overall effect: Z = 3.50 (P = 0.0005)

Favours [control] Favours [experimental]
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Experimental Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed. 95% CI M-H, Fixed. 95% CI

Jin YX 2021 1 30 0 S0 33.1% 3.00[0.13, 70.83] ~

Wang JL 2020 2 30 0 30 33.1% 5.00 [0.25, 99.95] -

Zhao YH 2017 4 24 0 23 33.8% 8.64[0.49, 152.01] =

Zheng SZ 2024 0 30 0 30 Not estimable

Total (95% CI) 114 113 100.0%  5.57 [1.01, 30.84] ‘

Total events g 0 .

Heterogeneity: Chi? = 0.24, df =2 (P = 0.89); I?= 0%

Test for overall effect: Z = 1.97 (P = 0.05) 0.005 0.1 1 10 200

Favours [control] Favours [experimental]
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Sample

size

Male/%

Age/
years

Intervention

Comparison

Course of
treatment/
WEELS

Ge and Liu (24) 86/80 47.8 / Acupuncture, refractive correction, Refractive correction, patching, 48
patching, and amblyopia therapy and amblyopia therapy device
device

Jia etal. (25) 39/39 / 9.0 Acupuncture, refractive correction, Refractive correction, patching, 4
patching, red flash, grating, and visual red flash, grating, and visual
stimulation stimulation

Jin and Qiu (26) 66/64 52.3 6.6 Acupuncture, refractive correction, Refractive correction, patching, 24
patching, pleoptic therapy, and pleoptic therapy, and Cambridge
Cambridge stimulator stimulator

Jin (27) 30/30 48.3 8.3 Acupuncture, refractive correction, Refractive correction, patching, 4
patching, and pleoptic therapy and pleoptic therapy

Liu (28) 50/44 511 5.4 Acupuncture and refractive correction | Refractive correction 12

Ma et al. (29) 36/38 52.7 8.6 Acupuncture, refractive correction, Refractive correction, patching, 4
patching, red flash, grating, and visual red flash, grating, and visual
stimulation stimulation

Wang et al. (30) 30/30 / / Acupuncture, refractive correction, Refractive correction and 12
and patching patching

Yeetal. (31) 38/38 52.6 8.6 Acupuncture, refractive correction, Refractive correction, patching, 4
patching, red flash, grating, and visual red flash, grating, and visual
stimulation stimulation

Zhao (32) 36/32 44.1 6.3 Acupuncture, refractive correction, Refractive correction, patching, 24
patching, and medium frequency and medium frequency
electrotherapy electrotherapy

Zheng (33) 57/55 53.3 53 Acupuncture and visual training Visual training 24
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Experimental Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H. Fixed, 95% CI

Ge HL 2010 80 86 55 80 24.3% 139 [1.15, 1.59] -

Jin M 2012 60 66 40 64 17.3% 1.45[1.19, 1.78] -

Jin YX 2021 26 30 19 30 8.1% 1.37 [1.01, 1.86] -

Liu X 2019 93 50 20 44 9.1% 1.45[0.99, 2.12] "

Ma C 2024 31 36 25 38 10.4% 1.31[1.01, 1.70] [ &

Zhao YH 2017 33 36 26 32 11.7% 1.13 [0.98, 1.37] B

Zheng SZ 2024 53 a7 44 20 18.1% 1.16 [1.00, 1.35] Bl

Total (95% CI) 361 343 100.0% 1.31 [1.21, 1.43] ‘

Total events 316 229 . . .

Heterogeneity: Chi? = 6.35, df =6 (P = 0.39); I?=5%

Test for overall effect: Z = 6.48 (P < 0.00001) 0.5 1 2

Favours [control] Favours [experimental]
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Transmittance (%)

References Material 600 nm
Wangetal. (13) PMMA 93.1 93.8 94.5
0.05 MA POSS-PMMA 99.1 99.1 99.3
0.10 MA POSS-PMMA 99.1 99.3 99.4
0.25 MA POSS-PMMA 99.2 99.2 99.2
0.50 MA POSS-PMMA 99.4 99.5 99.6
Wang etal. (17) PMMA 93.1 939 94.5
0.01 allyl POSS+PMMA 91.4 92.3 93.1
0.02 allyl POSS+PMMA 90.5 91.0 91.7
Michelson et al. (19) PMMA 99.7 99.6 99.8 98.8
Hydrophilic Acrylic 988 99.4 99.7 98.0
Silicone 94.6 99.0 99.2 97.7
Werner et al. (18) PMMA - - - 98.8
Hydrophilic Acrylic - - - 97.9
Silicone = B = 97.7
Barra etal. (69) Hydrophilic Acrylic 98.0 98.7 99.1 98.2
Matsushima et al. (70) Hydrophobic Acrylic 97.5 989 996 89.0
Yoshida etal. (71) Hydrophobic Acrylic 94.1 95.6 9.1 857
Werner etal. (14) Hydrophobic Clear Acrylic 98.4 99.2 99.3 96.9
Hydrophobic Yellow Acrylic 542 98.0 98.3 832
Bhattacharjee et al. (15) Hydrophobic Clear Acrylic 59.8 59.0 58.4
Hydrophobic Yellow Acrylic 78.0 94.2 96.1
Oweczarek etal. (16) Hydrophobic Clear Acrylic 90.6 94.2 95.2 937
Hydrophobic Yellow Acrylic 54.8 88.7 86.8 87.8
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Material Condition Surface
Michelson etal. (19) PMMA Inventory Dry I Max 9
Hydrophilic Acrylic Inventory Dry 1 Max 1946
silicone Inventory Dry 1 Max 5
Ongetal. (36) Hydrophobic Acrylic Cadaver Unprocessed A&P Avg 40 £22
Dry A&P Avg 32
Wetted A&P Avg 16+ 10
Hydrated A&P Avg 41£19
Inventory Unprocessed A&P Avg 2%1
Dry A&P Avg 1+2
Hydrated A&P Avg 241
Morris etal. (47) Hydrophobic Acrylic Cadaver Hydrated A Max 43+43
I Max 3119
P Max 43£38
Inventory Hydrated A Max 43
I Max 17£28
P Max 54
Hydrophilic Acrylic Cadaver Hydrated A Max 121
I Max 1944
P Max 10+1
Inventory Hydrated A Max 5
I Max 13
P Max 7
PMMA Cadaver Hydrated A Max 743
I Max 01
P Max 7+£5
Inventory Hydrated A Max 5
I Max L
P Max 10
Silicone Cadaver Hydrated A Max 1816
I Max 12+5
P Max 19+18
Inventory Hydrated A Max 544
I Max 3+6
P Max 542
Ogura etal.(37) Hydrophobic Acrylic Cadaver Dry A&P Avg 544
Wetted A&P Avg 25+15
Hydrated A&P Avg 104426
Inventory Dry A&P Avg 6+4
Wetted A&P Avg 3+2
Hydrated A&P Avg 1+2
Bissen-Miyajima et al. (416) Hydrophobic Acrylic In-Vivo A Max 109+ 16
I Max 46 £10
P Max 90 £20
Werner etal. (14) Hydrophobic Acrylic Cadaver Hydrated A&P Avg 52449
Inventory Hydrated A&P Avg 14+4
Barra et al. (69) Hydrophobic Acrylic Inventory Hydrated A Max 543
Hayashi etal. (45) Hydrophobic Acrylic In-Vivo A Max 103 £27
I Max 13£10
Silicone In-Vivo A Max 7£5
I Max 2%2
PMMA In-Vivo A Max 7%8
I Max 1+1

A, anterior surface; I, internal matrix; P, posterior surface.
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237 articles were initially identified

L ] 31 duplicates were identified and
removed
T

206 titles and abstracts screened

143 titles and abstracts were
removed as disqualified based on
their titles and abstracts

63 full-text manuscripts screened

r ] 4 full-text manuscripts were
removed because of not meeting
v the inclusion criteria
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Outcome Risk of bias | Inconsistency | Indirectness | Imprecision Publication bias Quality of
evidence
Clinical efficacy rate Serious None None Serious None Low
BCVA Serious Very serious None Serious Serious Very Low
Stereoacuity Serious Very serious None Serious Serious Very Low
P-VEP Pjp wave Serious Very serious None Serious None Very Low
latency
P-VEP Pjp wave Serious None None Serious None Low
amplitude
Adverse reaction Serious None None Serious None Low
rates
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Author Literature S on measures  Intervention results

y type Sample size Interve

87% of patients experienced disappearance of
Retrospective
Anilkumar et al. @1 N 31 cases ‘Wearing a prism for intervention strabismus and diplopia, meeting the criteria
descriptive research .
for cure.

Afier 8 weeks of intervention, the average

baseline distance scores betuween the prism

57 cases, divided into Prism group receives treatment
group and the non prism group were 3.3 and
Randomized prism group (n = 28) with prism glasses, while non
Summers et . ©2) 3.6 points, respectively. The prism group
controlled trial and non prism group prism group receives treatment
showed improvement compared to before the
(n=29) without prism glasses
intervention and was superior to the non
prism group.
After 6 months of intervention, the logMAR
35 cases, divided into | The atropine group was treated  visual acuity of the atropine combined with
atropine group (n=19) | only with atropine, while the bifocal group was (0.69 £ 0.15), which was
Concept validation
Tefedor et al. 1) i and atropine combined | atropine combined with bifocal  lower than that of the atropine group
researdl
with bifocal group group was treated with atropine | (0.82  0.20). The improvement in visual
(n=16) and wearing bifocal lenses acuity was more significant in the atropine
combined with bifocal group
Compared with the observation group, the
‘The observation group did not
617 cases, observation PTO group showed a greater decrease in
receive any intervention, while
Songetal, &) Meta-Analysis group 313 cases, PTO control of distant and near exotropia, and a
the PTO group received coverage
group 304 cases more significant improvement in near
therapy intervention (2-4 h/day)
stereoscopic visual acuity.
‘The training group received
‘neuroplasticity training within One month after surgery, the visual
108 cases, divided into a
1 month after binocular perception of the training group was better
Randomized training group (n = 78)
Tian etal, (3) strabismus correction surgery,  than that of the untrained group, and the
controlled research and an untrained group
B while the untrained group only | visual quality was higher than that of the
n=
received binocular strabismus untrained group.
correction surgery
After 6 months of postoperative follow-up,
‘The training group received
the training group had significantly higher
virtual reality technology visual
200 cases, divided into a orthorectified rates (degree of
axis correction training within
Randomized training group (1 = 100) strabismus<8) than the control group, and
Zhang etal. (34) 1 week after surgery for common
controlled research | and a control group the number of individuals with simultaneous
strabismus, while the control
(n=100) vision and remote stereoscopic vision was
group did not attempt any
also significantly higher than the control
training after surgery
group.
‘The success rate of treatment for esotropia
Retrospective was 31%, the success rate of treatment for
“Treatment with injection of
(6) comparative 86 cases partialy regulated esotropia was 25%, and
botulinum toxin type A
research the success rate of treatment for residual
esotropia was 61.5%.
‘The average deviation angle of strabismus
Retrospective after treatment decreased from (42.5 + 13.2)
Treatment with injection of
Tugeu etaal, 37) comparative 50 cases PD before treatment to (12.8 + 11.9) PD, and.
botulinum toxin type A
research 60% of patients successfully achieved
strabismus within 10 PD
Ata follow-up of 36 months, the success rate
‘The BTX group received injection
76 cases, including 44 of treatment in the BTX group was 72%,
Multi center, of botulinum toxin type A for
cases in the BTX group higher than the 56% in the surgical group,
Nguyen MTB (38) retrospective treatment, while the surgical
and 32 cases in the and the median deviation and median
research group underwent strabismus
surgical group stereoscopic acuity were similar between the
surgery for treatment
two groups.
‘The success rate of movement in the BTX-A
‘The BTX-A group received
group during fixed distance and close
bilateral injection of botulinum
distance was lower than that in the BMR re
98 cases, including 28 toxin type A into the rectus
group and R&R group. No children in the
Retrospective cases in the BTX-A ‘muscle, the BMR rc group
BTX-A group experienced overcorrection,
Wang etal. (9 comparative group, 25 cases inthe | received bilateral rectus muscle
while 4 and 20% of children in the R&R
research BMRrcgroup,and 45 | retraction surgery, and the R&R

‘group and BMR rc group, respectively,
cases in the R&R group | group received unilateral rectus.
developed continuous exotropia. There was
‘muscle retraction combined with
no statistical significant difference in sensory
rectus muscle resection surgery
results among the three groups of children

‘The transconjunctival injection
“There were 68 cases,
group was injected with

which were divided into

botulinum toxin type A through There was no significant difference in

Retrospective single | two subgroups:

Marciano etal. (10) the conjunctiva, while the open  osteogenic rate between two injection
center research transconjunctival

sky injection group was injected  methods for treating pediatric strabismus.
injection or open sky

with botulinum toxin type A
injection

through the open sky
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Authors SE+0.50 SE+100D Mean Cylinder <0.50  Cylinder < 1.00

D (%) (%) cylinder XV D (%)
(D)
Nagy etal. (7) 005021 100 100 ~0.18:+0.41 88 9
Martinez de Carneros-Llorente et al. ~002046 - - - - -
(8)
Vinas etal. (9) - 55 100 - 50 100
Poyales etal. (10) 023 %0 92 - - -

Mayer etal. (11)* - - - - - -

Garzon etal. (12) 009042 - - ~0.28£0.34 - -
Benyoussef etal. (13) 0.14£064 73 92 - - -
Kim etal. (14) ~0.01£030 - - ~0.25£0.27 - -
Mori etal. (15) ~022£038 7 98 - 82 100
Ang (16) 014 75 100 ~054 - -
Khoramia etal. (17) -0.02 18 100 -030 - -
Danzinger etal. (15) 0.03£043 - - - - -
Daya and Espinosa Lagana (19) 009039 88.71 100 ~0.15£0.24 9354 100
Akahoshi (20) ~0.014022 97.78 100 ~0.080.24 9L1l 100
Akahoshi (21) 000021 98.48 100 ~008£0.23 95.45 100
Akahoshi (22) 000022 98.11 100 ~007£0.23 93.40 100
Nagy etal. (23) 006042 72 94 ~050+033 - -
Boscetal. (24) 004037 - - ~031£026 - -

Values reported asthe mean * standard deviation (when available); - not reporteds SE, spherical equivalent; D, diopers.
‘Case report.
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Authors

UDVA

CDVA

UIVA
(80 cm)

DCIVA
(70 cm)

UIVA
(66 cm)

DCIVA
(66 cm)

[SI\
(60 cm)

UNVA
(40 cm)

DCNVA
(40 cm)

UNVA
(35 cm)

DCNVA
(35 cm)

Nagy etal. (7)

Martinez de Carneros-Llorente et al.
(8)

Vinas etal. (9)

Poyales etal. (10)

Mayer etal. (11)"

Garzén etal. (12)

Benyoussef etal. (13)

Kim etal. (14)

Mori etal. (15)

Ang (16)°

Khoramnia etal. (17)"
Danzinger etal. (18)

Daya and Espinosa Lagana (19)
Akahoshi (20)

Akahoshi (21)

Akahoshi (22)

Nagy etal. (23)

Boscetal. (24)

Values reported as the mean + standard deviation; -, not reported; UDVA, uncorrected distance visual acu

0.00+0.07

0054047

0.06£0.16

0.01£008

0.08£0.09

0.09+0.14

0.03+0.04

~0.03£0.08

0.01£0.06

~0.05+0.07

~0.06+0.07

~0.05+0.07

0.01£009

0.03£0.09

~0.04008

~002+0.04

~0.03+0.09

~0.03+003

0.01+0.03

~0.05+0.07

0014002

~0.11£002

~0.01005

~0.07008

~0.03£0.09

~0.01+0.04

~0.07£0.06

~0.07£0.06

~0.07£0.06

~0.06+0.08

0.07:+0.11

0,00+ 0,07

018014

019012

UNVA, uncorrected near visual acuity; DCNVA, distance-corrected near visual acuity.

Case report.
“Binocular visual acuity.

DCIVA UIVA
(80cm) (70 cm)

- 0.04£0.09
008 0.10 -

- 0.04£0.10
002+0.08 -
0180.11 -
016+0.14 -
019£0.12 -

- 0120.10

0044009

~0.03£0.07

004008

000+ 0.10

010009

020015

018012

029+0.11

019015

0184012

0.03+0.07

s CDVA, corrected distance visual acuity; UIVA, uncorrected distance intermediate visual acuity

0.04+0.06

0.08+0.09

004007

0.040.10

0030.10

0190.16

0132011

0.06+0.09

020015

0.03+0.10

002008

0.06+0.08

0124010

0154010

0.0440.07

~0.04£009

0.06+0.09

0.04£0.10

0124013

+ DCIVA, distance-corrected intermediate visual acuity;
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NEI VFQ-25 Questionnaire Outcomes

Score

General health
Ocular Pain

General Vision

@ Martinez de Cameros-Liorente et al. (6 months)
@Benyousef et a. (1 month)
mNagy etal. (3 months)

97,9983 995

Social Functioning
Mental Health
Role Difficulties
Dependency

@ Poyales et al. (3 months)
@ Akahoshi (3 months)

Driving.
Color Vision

Peripheral Vision

976
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Axial length (mm)

Formula for
IOL power
calculation

Authors (year) [country] Eyes Type (Surgery) Follow-up  Age (years) Spherical Cylindrical

(patients) (months) IOL power  IOL power (D)
(D)

Nagyetal. (7) 25 (25 Prospective (Cataract) 6 588478 (4310 NR -

(2019) [Hungary] 78

Martinez de Carneros-Llorente etal. (8) | 80 (40) Prospective (NR) 6 68234557(56  24144258(17t0 -

(2019) [Spain] t074) 2350)

Vinas etal. (9) 20(10) Prospective (NR) 1 6456£352(53 2315+ 142110 -

(2020) [Spain] 071 26)

Poyales etal. (10) 50(25) Prospective (Cataract) 1-3 66469(2t0 | 22642001710 -

(2020) [Spain] 8) 26)

Mayer etal. (11) 200 Prospective (Aphakia) 3 56 27 -

(2022) [Germany]

Garzén etal. (12) 48 (48) Prospective (Cataract) 1 67.7£7.1 (NR) NR -

(2022) [Spain]

Benyoussef etal. (13) 4201) Prospective (Cataract+RLE) 1 57814631(44 | 2340+ 356 (NR) -

(2022) [France] t070)

Kim etal. (14) 212106 Retrospective (Cataract) 6-10 weeks 575458(42t0  211+200 (NR)! -

(2022) [South Korea] 70)

Mori etal. (15) 16 (23) Prospective (Cataract) 6 713459(56t0 20544368 (10t0 -

(2022) [Japan] 82) 26)

Ang (16) 44(22) Prospective (Cataract) 2 679£67(58t0  212£19(16t0 -

(2023) [Philippines] 79) 2450)

Khoramnia et al. (17) 112(56) Prospective (Cataract) 2 636493(45t0 | 2240+320(1150 -

(2023) [Germany] 84) 029)

Danzinger etal. (15) 50 (25)° Prospective (Cataract) 6 6644£8.71(53 | 22384420 (1010 -

(2023) [Austria] t081) 28.50)

Daya and Espinosa Lagana (19) 62(34) [64toric  Retrospective 6 weeks 62394696(51 | 20044574(10t0  194087(lto

(2024) [United Kingdom] 10Ls] (Cataract+RLE) t080) 33.50) 450)

Akahoshi (20) 45(29) Retrospective (Cataract) 3 6852£9.98(33  17.37+378 (1050 -

(2024) [Japan] t080) 024)

Akahoshi (21) 66(39) [66 toric  Retrospective (Cataract) 3 677310744 | 1637£377(10t0  180£099(1t0

(2024) [Japan] 10Ls] 10 86) 24) 5.25)

Akahoshi (22) 106 (53) (42 non-  Prospective (Cataract) 3 6666+1076(33  1653£378(10t0 1794097 (1to

(2024) [Japan] toric and 64 toric 10 86) 24) 5.25)
10Ls]

Nagy etal. (23) 51(26 Prospective 6 55470050 | 235:32(16t0 -

(2024) [Hungary] 72) 2950)

Boscetal. (24) 98(49) [62non-  Retrospective (Cataract) 1-3 61384642 21854270(1450 1433044 (110

(2024) [France] toric and 36 toric t028) 225)
10Ls]

Values reported as the mean + standard deviation (range); D, diopters; IOL, intraocular lens; NR, not reported; RLE, refractive lens exchange.
‘Mix-and-match: FineVision POD  / FineVision HP.

1 eye combined with Customflex.

“Mix-and-match: FineVision Triumf / FineVision HP.

‘including eyes implanted with the Triumf IOL.

‘Mix-and-match: Isopure / FineVision HP.

NR

23.87£0.70 (22,60 10 25.19)

NR

23.28:40.77 (21.81 10 25.08)

NR

NR

23.04 £ 1.08 (20,34 10 25.29)

23.64+0.79 (NR)*

23.66+ 1.04 (22.15 10 26.68)

23.62+0.70 (22.04 10 24.75)

2342 111 (212710 27.86)

2330+ 112 (21,63 t0 27.20)

23.86+ 1.75 (19.92 10 27.43)

24714126 (23.01 10 27.39)

25.06+ 1.38 (22,38 10 27.63)

25,01+ 1.35 (22,38 10 27.63)

2323+ 111 (2099 10 25.48)

23494091 (2144 10 26.14)

NR

SRK/T

NR

Barrett

NR

NR

Barrett Universal I1

Barrett Universal 11

SRK/T and Barrett

Universal IT

Barrett Universal I

Barrett True K

SRK/T, Haigis, Hoffer

Qand Barrett

Universal Il
Holladay 2, and the
FineVision Toric
Calculator

Barrett Universal 11

Barrett Universal 11

Barrett Universal IT

Barrett Universal IT

Barrett, and the
FineVision Toric
Calculator
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Journal Articles ~ Citations ~ Average  H-index IF(2021) QCR 5-yearIF

citation
1 Investigative Ophthalmology Visual Science 188 7,709 4193 53 4925 Q 5292
2 PLoS One ns 3213 2747 £ 3752 Q 4069
3 Ophthalmology m 8275 7542 9 14277 Q 13.437
4 American Journal of Ophthalmology 98 3247 H5 B 5488 Q 6048
5 British Journal of Ophthalmology 78 2436 314 28 5907 Q 5482
6 American Journal of Medical Genetics Part A 70 1,227 1776 19 2578 L5 2826

Graefes Archive for Clinical and
7 70 947 136 18 3535 Q 3394
Experimental Ophthalmology

8 Brain 67 7,743 11684 50 15255 Q 16173
9 Journal of Glaucoma 67 1246 1881 21 229 Q@ 2412
10 Scientific Reports 64 711 1133 17 4997 @ 5516
1 Journal of Neuro Ophthalmology 62 873 1424 15 4415 Q 3777
2 Eye 61 1,301 2157 20 4456 Qi 4515
3 Acta Ophthalmologica 57 961 17.12 19 3988 @ 4129
14 Ophthalmic Gene 57 437 781 1 1274 Q4 162

15 Journal of Neurology 49 1444 2976 2 6.682 Q 6174
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Mitochondria: dynamic organelles in disease,
aging, and development

Mitochondrial fusion and fission in cell life
and death

Mitochondria: more than just a powerhouse
Mechanisms of disease: mitochondrial
respiratory-chain diseases

OPAI controls apoptotic cristae remodeling
independently from mitochondrial fusion
‘The dynamin superfamily: universal
‘membrane tubulation and fission molecules?
Mitochondrial dynamics-fusion, fission,
movement, and mitophagy-in
neurodegenerative diseases

Functions and dysfunctions of mitochondrial
dynamics

Disruption of fusion results in mitochondrial
heterogeneity and dysfunction

Glycolytic oligodendrocytes maintain myelin

and long-term axonal integrity
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Expected effect

Lower IOP

Therapeutic strategy

Increasing the AH outflow

Decreasing the AH production

Decreasing the actomyosin
contraction

Smooth Muscle Relaxation

TGF-B regulation then decreasing
fibrosis and TM function

ECM remodeling

Decreasing Cl- Channel activation

Long-term TM regeneration

Therapy used

Rho-kinase inhibitors; NO-donating prostaglandin analog; FC Rho-kinase
inhibitor/latanoprost; Cannabinoids; Melatonin; Connective tissue growth factor;
Adenosine; Gene therapy (aquaporin 1, RhoA kinase, myocilin)

FC Rho-kinase inhibitor/latanoprost; Cannabinoids; Melatonin; Adenosine

Rho-kinase inhibitors

NO-donating prostaglandin analog

Connective tissue growth factor, Gene therapy (aquaporin 1, RhoA kinase, myocilin)

Connective tissue growth factor, Gene therapy (aquaporin 1, RhoA kinase, myocilin)
Adenosine

Stem cell therapy (MSCs); Stem cell therapy (hPSCs, iPSCs)

Neuroprotection/neuroregeneration

Reducing apoptosis and necroptosis

Supporting neurotrophic survival

mechanisms

Reducing inflammation

Blocking excitotoxicity

Reducing ROS

Enhancing retinal blood flow

RGC metabolism

Improvement in RNFL thickness

NMDA receptor antagonists; antioxidant; TNF-a antagonists; JAK-STAT inhibitors;
‘miR-146a; statins; Forskolin, Stem cell therapy (MSCs), Exosome therapy (MSCs), Gene
therapy [TrkB Activation, Silencing Long Non-Coding RNAs (GAS5), Bel-xL and Xiap]

NMDA receptor antagonists, gene therapy (BDNF overexpression, VEGE CNTF)

NMDA receptor antagonists; antioxidant; TNF-a antagonists; JAK-STAT inhibitors;
miR-1462; Gut microbiota modulators; Glial cell inhibitors; Nicotinamide; statins;
EGCG; Exosome Therapy (MSCs); gene therapy [EPO, Silencing Long Non-Coding
RNAs (GAS5)]

NMDA receptor antagonists; Forskolin

Antioxidant; TNF-a antagonists; Nicotinamide supplementation; statins; EGCG; Gene
therapy (eNdi1)

Antioxidant; statins
Nicotinamide Supplementation; Combination therapy (Nicotinamide + Pyruvate)

EGCG; Forskolin
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Expected effect

Lower IOP

Therapeutic strategy

NO-donating prostaglandin analog

Outcome

NCX 470 ophthalmic solution (0.1%) shows promising potential for managing IOP in
glaucoma patients, with ongoing Phase 3b trial evaluating its effects on AH dynamics

FC Rho-kinase inhibitor/latanoprost

PG324 (Netarsudil/Latanoprost) was non-inferior to Ganfort (Bimatoprost/Timolol) in
reducing [OP

PG324 provided superior IOP reduction compared to AR-13324 (Netarsudil) and
Latanoprost

PG324 demonstrated superior efficacy in sustained IOP reduction compared to AR-13324
and Latanoprost, with additional long-term safety data

3-month study: PG324 showed superior efficacy in sustained IOP reduction compared to
AR-13324 and Latanoprost

Switching to Netarsudil/Latanoprost from various latanoprost-based regimens effectively
lowered IOP in glaucoma and ocular hypertension patients, demonstrating its efficacy as a
replacement therapy

Cannabinoids PEA supplementation improved RGC, but had no significant effects on IOP intraocular
pressure, visual acuity, central corneal thickness, ganglion cell complex
Results have not been reported yet

Adenosine Trabodenoson demonstrated significant potential in reducing IOP by 6-7 mmHg in Phase

2 trials, Phase 3 trials encountered setbacks due to incorrect dosages and regimens

FC of trabodenoson and latanoprost resulted in significant IOP reduction through
synergistic mechanisms

PBF-677 in healthy volunteers, with close monitoring of side effects, safety and tolerability

INO-8875 eye drops for IOP reduction in adults: safety, tolerability and efficacy

Neuroprotection / Neuroregeneration

Mitochondria and oxidative stress

Evaluation of the effects of CoQun (Coenzyme Q10 and Vitamin E)

Evaluation of the effects of CoQun

Immune response

Safety and efficacy of topical infliximab eye drops in preventing post-surgical glaucoma in
patients undergoing their first penetrating keratoplasty

Nicotinamide

Efficacy of nicotinamide supplementation in slowing visual field progression

Efficacy of nicotinamide supplementation in slowing visual field progression

Efficacy on RGC functions

Improvement of the retinal vascularization after short-term treatment

Investigating the combination of nicotinamide and pyruvate

Efficacy of nicotinamide in slowing visual field loss

Investigating the combination of citicoline and nicotinamide oral solution on short term
improvement in inner retinal function, bioelectrical activity of the visual cortex and visual
function

Statins Rosuvastatin could improve endothelial function, withdrawn
EGCG Potential benefits for inner retinal function
Forskolin Investigating RNFL modifications

Effects of KRONEK on IOP Patients under maximum tolerated medical therapy,
withdrawn

Effects of association of forskolin with Rutin and vitamins B on IOP in Patients under
treatment with either beta-blockers or prostaglandins eye drop, withdrawn
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Authors

Nagy etal. (7)

Martinez de Carneros-Llorente et al. (5)
Benyoussef etal. (13)

Kimetal. (14)"

Mori etal. (15)

Ang (16)

Khoramnia et al. (17)

Danzinger etal. (15)

Nagy etal. (23)

Boscetal. (24)

-, not reported.
Values estimated from the curves published.

Diopter range with a visual acuity > 20/32 (0.2 logMAR)?

Monocular
3.00 (between +0.50 and —3.00)

4.00 (between +0.75 and —3.25)

3.75 (between +0.75 and ~3.00)

4.00 (between +0.75 and ~3.25)

“For binocular conditions authors performed a mix-and-match technique: FineVision Triumf / FineVision HP.

Binocular

4.50 (between +1.00 and ~3.50)
4.25 (between +1.00 and ~3.25)
4.75 (between +1.00 and ~3.75)
4.50 (between +1.00 and ~3.50)
4.50 (between +1.00 and ~3.50)
4.75 (between +1.00 and ~3.75)

5.00 (between +1.25 and ~3.75)
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DCIVA [SI\Z DCIVA UIVA DCIVA UIVA VA DCNVA  UNVA  DCNVA

(80cm) (70cm) (70cm) (66cm) (66 (60 cm (40cm) (35cm)  (35cm)
Nagy etal. (7) 16,76,100, 32,96, 100, - - - 12,64, 88, - - - - - - 4,60,92,
100 100 100 100

Martinez de Carneros-Llorente - - - - - - - - = - - - -

etal. (5)
Vinas et al. (9) - - - - - - - - - - - - -
Poyales etal. (10) 0,625,958, 0,875,100, - 83,202, - 4,40,88, - - - - 0,167,703, - 4,48,88,96
958 100 792,100 100 875
Mayer etal. (11)" - - - - - - - - - - - - -
Garzénetal. (12) - - - - - - - - - - - - -
Benyoussef etal. (13) 7,29,45,88 38,8698, - - - - - - - - - - -
100
29,52,81,  *62,90,98,
100 100
Kim etal. (14) - - - - - B - - - B - - -
Mori etal. (15) 35,96,100, | 74,100,100, 974,96, | 4,74,100, - - - - - 9,52,96,9  9,74,9, - -
100 100 100 100 100
Ang (16)* 167,667, | 167,917, - - - 83,583, - - - - - - 83,50,833,
100,100 100, 100 917,100 100
Khoramnia et al. (17) 136,364, | 273,727 - - 3,333,621, | 0,167,591, - - - - - 0,212,424, 47,25,578,
69.7,909 97,100 864 879 72 844
364,727, 485,909, 303,697, 273,606, *152,455,  *188,469,
939,100 100, 100 909, 100 939,97 697,939 975,969
Danzinger etal. (15) - - - - - - - - - - - -
Daya and Espinosa Lagana (19) -, 8226, ~,95.16, - 80,65, - - - - - 674, 674, - - -
9839,100 100,100 100, 100 95.16,100  90.32,100
Akahoshi (20) 666,866, | 733,955 0,155,555, 22,20,60, - - 44,155, 44,155,40, - 177,533 20,533, - -
100,100 100, 100 688 711 377,688 711 866,955 866,977
Akahoshi (21) 681,878, | 757,909,  0,9,409, 159,422, - - 15,136, 15,136, - 197,59 197,606, - -
100,100 100, 100 727 742 34,772 8,787 878,984 893,100
Akahoshi (22) - - - - - - N - B B - - -
Nagy etal. (23) - 62,929, - - - 428,809 - - - - - - 2,42,62,84
98

Bosch etal. (24) - - - - - - = = = - - = -

UDVA, uncorrected distance visual acuity; CDVA, corrected distance visual acuity; UIVA, uncorrected distance
visual acuity; -, not reported.

Binocular visual acuites.

“Case report.

intermediate visual acuity; DCIVA, distance-corrected intermediate visual acuity; UNVA, uncorrected near visual acuity; DCNVA, distance-corrected near






