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Editorial on the Research Topic
 Updates in ocular therapeutics and surgery, volume II





Introduction

It is with great pleasure that we introduce Volume II of “Updates in Ocular Therapeutics and Surgery,” building upon the success of its predecessor in the ever-evolving field of ophthalmology. This volume emerges at a pivotal time when the landscape of eye care is being redefined by novel treatments and advanced surgical techniques, particularly for conditions like age-related macular degeneration, glaucoma, and diabetic macular oedema, among others.

Recent technological advancements have revolutionised ocular surgery, making procedures safer, faster, and more precise. This Research Topic aims to highlight these transformative therapeutic and surgical approaches, offering a comprehensive overview of the current state-of-the-art and setting a direction for future research. Each article in this Research Topic not only enriches our understanding but also underscores the rapid progress in ocular medicine.

As we delve into this volume, we invite our readers to explore the significant strides made in treating and understanding ocular diseases, marking another milestone in the journey of ophthalmology.



Anterior segment

In this Research Topic, we explore a range of groundbreaking studies in the field of anterior segment ocular therapeutics and surgery. Swain and Eliassi-Rad present a five-year retrospective study on selective laser trabeculoplasty (SLT) in glaucoma patients, revealing mixed long-term efficacy with half of the eyes achieving controlled intraocular pressure (IOP), but an increase in glaucoma medications and progression in Humphrey visual field (HVF) parameters.

Cai et al. investigate the efficacy and safety of oral voriconazole (VCZ) as primary treatment for fungal keratitis (FK). Their study demonstrates significant healing and visual acuity improvement in most cases, although larger ulcers and hypopyon were linked to reduced treatment response, highlighting the need for individualised therapeutic approaches.

The global impact of the COVID-19 pandemic on corneal donor tissue harvesting and transplantation is reviewed by Mousavi et al.. They report a worldwide decline in donor tissue volume and elective corneal transplant procedures during lockdowns, with regional variations in the extent of impact, underscoring the pandemic's significant influence on ophthalmic services.

Deshmukh et al. provide an updated review on the management of keratoconus, covering the latest advancements in treatments ranging from corneal cross-linking to gene therapy. The review also discusses the emerging role of artificial intelligence in early detection and management of the condition.

Xu C. et al.'s study on the effects of resveratrol in rat models of corneal allograft rejection (CGR) reveals its potential in prolonging graft survival and reducing inflammation, implicating the PI3K/Akt pathway as a key mechanism.

Onoe et al. compare the outcomes of microhook ab interno trabeculotomy (μLOT) combined with phacoemulsification and iStent inject W implantation in primary open-angle glaucoma patients. Their findings suggest comparable efficacy between the two surgical methods, with significant improvements in IOP and reduced medication requirements.

Finally, Huang et al. explore the relationships between lens diameter (LD) and ocular biometric parameters through ultrasound biomicroscopy. They find that larger LD is associated with elder age, male gender, and larger white-to-white distance, particularly in eyes without extreme myopia, providing valuable insights for personalised surgical planning and visual outcome enhancement.



Posterior segment

In the domain of posterior segment ocular therapeutics and surgery, this Research Topic presents a series of insightful studies contributing significantly to our understanding and management of various conditions.

Fan S. et al. conduct a systematic review and meta-analysis on the efficacy and safety of a single-dose intravitreal dexamethasone (DEX) implant in treating non-infectious uveitic macular oedema. Their analysis, encompassing 201 eyes, demonstrates notable improvements in visual acuity and central macular thickness with manageable increased intraocular pressure, highlighting the potential of this treatment in uveitic macular oedema.

Shi et al. delve into the outcomes of revision surgery for persistent idiopathic macular hole (PIMH) post-failed primary vitrectomy. The study evaluates the effectiveness of extended internal limiting membrane (ILM) peeling combined with silicone oil (SiO) or air tamponade. Results show promising closure rates, especially for macular holes ≤650 μm in diameter, suggesting the viability of this approach in PIMH treatment.

In a groundbreaking effort, Wang et al. aim to develop a theoretical formula for intraocular lens power calculation in silicone oil-dependent eyes. Testing their formula on 32 patients, they find a strong correlation with actual clinical outcomes, offering a valuable guide for clinicians in selecting appropriate intraocular lenses in these complex cases.

Klaas et al.'s study compares the risk of transient vision loss (TVL) in intravitreal aflibercept injections using a novel prefilled syringe (PFS) against the traditional vial system (VS). Their findings indicate a higher risk associated with the PFS, underscoring the importance of informed consent and careful consideration when using this formulation.

Lastly, Fan W. et al. present a retrospective study aimed at developing a predictive model for elevated intraocular pressure following vitreoretinal surgery with silicone oil tamponade. Employing machine learning techniques, they analyse various predictive factors in over a thousand eyes, culminating in a model with significant accuracy. This model could potentially aid clinicians in anticipating and mitigating the risk of high intraocular pressure postoperatively.



Adnexa and paediatric ophthalmology

In the Adnexa and Pediatric Ophthalmology field of this Research Topic, we explore diverse and significant advancements in the field. Chaurasia et al. investigate the relationship between eccentric downward eye movement and depth of anaesthesia in paediatric ophthalmic surgeries. Their study, which combines retrospective and prospective data, reveals a notable correlation between the depth of sevoflurane anaesthesia and the occurrence of eccentric downward eye positioning, highlighting the critical need for precise anaesthesia monitoring in paediatric ocular procedures.

Zhou et al. conduct a retrospective analysis to assess the impact of pre-operative axial length on the myopic shift in children undergoing congenital or developmental cataract surgery. The study finds that children with longer pre-operative axial lengths experience slower myopic shifts post-surgery, providing valuable insights for targeted refraction planning in paediatric cataract procedures.

In a pioneering effort, Xu P. et al. develop biomimetic poly(lactic-co-glycolic acid) scaffolds for eyelid reconstruction, aiming to replicate the microstructure of the natural eyelid. Their study introduces three types of scaffolds, including one with azithromycin loading, and demonstrates their efficacy in vitro and in vivo, suggesting their potential as promising alternatives for eyelid tarsal plate substitutes.

Li et al.'s retrospective study compares the long-term efficacy of botulinum toxin type A (BTXA) injections and surgery in treating acute acquired comitant esotropia. They discover that while both treatments are effective, surgery provides more precise and enduring results. Importantly, the study also finds that patients who respond well to BTXA initially have better long-term outcomes.

Lastly, Song et al. evaluate the effectiveness of optimal pulse technology (OPT) in the treatment of chalazions. Their study shows significant improvements in chalazion size and meibomian gland area following two sessions of OPT treatment. This non-invasive approach also leads to decreased conjunctival congestion, positioning OPT as an effective non-surgical option for adult chalazion treatment.

This Research Topic has traversed a wide spectrum of groundbreaking research and innovative practices in the field of ophthalmology. From the nuanced complexities of anterior and posterior segment treatments to the delicate intricacies of adnexa and paediatric ophthalmology, each article contributes profoundly to our expanding knowledge base. The insights offered here not only reflect the current state-of-the-art but also pave the way for future explorations and advancements. As we close this issue, we extend our heartfelt gratitude to the authors, reviewers, and readers who have contributed to and engaged with these pivotal discussions. It is our collective endeavor that continues to drive the frontiers of ophthalmic research and clinical practice, with the ultimate goal of enhancing patient care and vision health globally.
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Purpose: To investigate the impact of the pre-operative axial length (AL) on myopic shift (MS) 3 years after primary intraocular lens (IOL) implantation in congenital/developmental cataract patients.

Methods: A retrospective study of patients who underwent congenital/developmental cataract surgery and primary IOL implantation at age 2–3 years at EENT Hospital was conducted. All patients were followed up regularly for at least 3 years after surgery. Refractive outcomes, including spherical equivalent (SE) and MS, were collected at each follow-up.

Results: Forty eyes from 40 patients were included. The mean age at surgery was 2.56 ± 0.57 years old, and the mean follow-up time was 3.05 ± 0.22 years. Patients were divided into two groups: Group 1 included 20 patients with longer pre-operative ALs (≥22 mm), and Group 2 included 20 patients with average pre-operative ALs (<22 mm). By the last follow-up, the MS was 2.13 (0.38, 2.63) D in Group 1 and 3.88 (2.85, 5.72) D in Group 2. The post-operative MS in Group 2 was statistically greater than that in Group 1 at 3 years after surgery (P < 0.001).

Conclusion: In congenital/developmental cataract patients who underwent cataract extraction and primary IOL implantation at age 2–3 years, eyes with longer pre-operative ALs had a slower MS than those with average pre-operative ALs 3 years after surgery. This finding could have implications for the target refraction decision in congenital/developmental cataract surgery.

KEYWORDS
myopic shift, pre-operative axial length, congenital/developmental cataract, cataract surgery, IOL implantation


Introduction

Myopic shift (MS) occurs after congenital/developmental cataract extraction and intraocular lens (IOL) implantation in most children. MS usually increases with age, and the rate of MS is most rapid during the first 1.5 years of life (1). Considering that MS increases with age, most clinicians choose an under corrected target diopter when performing IOL implantation in children (2–5).

Due to the rapid growth of children’s eyeballs and the great individual differences in children with congenital/developmental cataracts, MS can be quite unpredictable in childhood and varies substantially among patients, which can lead to large refractive errors or even high myopia. Although target diopter selection takes age into consideration, many children still require additional refractive correction within a few years, and even IOL replacement is needed in some situations to correct anisometropia and improve visual acuity (6–8). Therefore, other factors related to MS should be taken into account when selecting the target diopter, and pre-operative axial length (AL) is quite important.

An increasing number of congenital/developmental cataract patients are being diagnosed with myopia before surgery or have a longer pre-operative AL than average. However, there has been little previous research on the impact of the pre-operative AL on post-operative MS.

In this study, we reviewed the visual and refractive outcomes of children with different ALs who underwent congenital/developmental cataract extraction and primary IOL implantation at 2–3 years old. Additionally, the impact of the pre-operative AL on MS was investigated 3 years after primary IOL implantation in congenital/developmental cataract patients.



Materials and methods


Ethic declaration

The Institutional Review Board of the Eye and ENT Hospital of Fudan University, Shanghai, China, approved this retrospective cohort study. All procedures were conducted in agreement with the tenets of the Declaration of Helsinki. Written consent forms were signed by the guardians of the patients for the use of their medical data for research purposes before surgery.



Study population

This retrospective cohort study was performed on the medical records of children who underwent congenital/developmental cataract surgery at Eye and ENT Hospital of Fudan University between 2014 and 2018. The age at diagnosis and surgery had to be 2–3 years old, and the patients were followed up regularly for at least 3 years after surgery. Diseased eyes were included in children with unilateral congenital/developmental cataract, and only right eyes were included in children with bilateral congenital/developmental cataract.

The exclusion criteria were other eye diseases, such as severe posterior and combined persistent fetal vasculature (9), congenital microcornea, congenital iris defects and congenital glaucoma; systemic diseases, such as cerebral palsy and congenital heart disease; serious post-operative complications, such as uveitis; and failure to follow regular follow-up or amblyopia training.



Surgical technique

All surgeries were performed by the same experienced surgeon. Lensectomy, anterior vitrectomy and primary IOL implantation were performed, and the IOLs were implanted in the capsular bag. The IOL power was calculated on the basis of the SRK/T formula and the Hoffer Q formula. For patients who failed to cooperate with the keratometry measurement, we used an average keratometry (45 D for 2 year olds, 44 D for 2.5 year olds, 43.5 D for 3 year olds) when calculating the IOL power (10, 11). The target diopter was (7-age) D, targeting an hyperopia under correction based on the age at surgery.



Post-operative assessment

All patients were referred to the same pediatric amblyopia expert within one week after the operation. They had optometric assessments, lenses with best refractive correction and individualized amblyopia training plans. Follow-up was performed 1 day, 1 week, 1 month and every 4 months after surgery for at least 3 years. During the follow-up, all patients kept the individualized amblyopia training plan and changed the glasses when necessary. Post-operative complications, adherence to amblyopia training, and visual and refractive outcomes were collected at each follow-up. Children with unilateral congenital/developmental cataract had an extra covering on the contralateral eye every day, lasting 3–6 h according to the follow-up age and the amblyopia severity (12–15).



Statistical analysis

Statistical analyses were performed using IBM SPSS statistics (version 25.0; IBM Corp., Somers, NY, USA). Descriptive statistics were used to analyse the demographics and clinical characteristics of the population. Continuous variables are presented as the mean ± standard or median (quartile). Independent-samples t-tests were used to compare the means. Mann–Whitney U test was applied to compare the medians. The linear regression model was used to analysis the impact of pre-operative AL on MS. A P-value < 0.05 was considered statistically significant difference.




Results


Basic characteristics

From 2014 to 2018, a total of 98 congenital/developmental cataract patients treated by Dr. Luo’s team underwent primary IOL implantation at 2–3 years of age at Eye and ENT Hospital of Fudan University. Of the 98 patients, we included 40 patients who met the inclusion criteria. Twenty-one (52.5%) had bilateral cataracts, and nineteen (47.5%) had unilateral cataracts. The percentage of males to females was 22 (55.0%) versus 18 (45.0%). The mean age at surgery was 2.56 ± 0.57 years old. The mean follow-up time was 3.05 ± 0.22 years.

The patients were divided into two groups according to the pre-operative AL. Group 1 included 20 patients with longer pre-operative ALs (≥22 mm), and Group 2 included 20 patients with average pre-operative ALs (<22 mm). The mean pre-operative AL was 23.17 ± 0.81 mm in Group 1 and 20.85 ± 0.69 mm in Group 2. Table 1 shows the characteristics of the two groups. There was no significant difference in the follow-up time (P = 0.095) or basic characteristics except for AL.


TABLE 1    Characteristics of the two groups.

[image: Table 1]



Comparison of MS between the two different AL groups

Table 2 shows the refractive outcomes of the two groups. One year after surgery, the MS of Group 1 and Group 2 was significantly different [0.63 (0.5, 1.13) D vs. 1.44 (1.04, 2.44) D, P < 0.001]. The MS at two years after surgery was 1.50 (0.19, 1.98) D in Group 1 and 3.07 (2.38, 4.53) D in Group 2. By the time of last follow-up (3 years after surgery), the MS of Group 1 and Group 2 were 2.13 (0.38, 2.63) D and 3.88 (2.85, 5.72) D, respectively. The post-operative MS in Group 2 was statistically greater than that in Group 1 at two and three years after surgery (P < 0.001). Figure 1 shows the comparison of MS at 1–3 years after surgery between Group 1 and Group 2.


TABLE 2    Refractive outcomes of the two groups.
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FIGURE 1
Comparison of myopic shift (MS) at 1–3 years after surgery in Group 1 and Group 2.




Comparison of MS between the unilateral and bilateral cases

Table 3 and Figure 2 present the comparison of MS between unilateral and bilateral congenital/developmental cataracts in the same group of pre-operative AL. No statistically significant difference was found in MS between unilateral and bilateral cataracts in the same group of pre-operative AL (P > 0.05).


TABLE 3    Comparison of myopic shift (MS) in patients with unilateral and bilateral cataracts in the same pre-operative axial length (AL) group.
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FIGURE 2
Comparison of myopic shift (MS) in patients with unilateral and bilateral cataracts in the same pre-operative axial length (AL) group.




The impact of pre-operative AL on MS

The linear regression model was used to analysis the impact of pre-operative AL on MS, with MS 3 years after surgery as the outcome variable and pre-operative AL as the main predictor. The confounding factors included laterality, gender and type of cataract.

The linear regression model turned out to be MS = 20.60 –0.76*pre-operational AL (R2 = 0.337, F = 4.445, P = 0.005). As the linear regression model showed, the impact of pre-operational AL on MS was statistically significant (b = −0.76, t = 2.80, P = 0.008). However, the impact of laterality, gender and type of cataract on MS was not statistically significant (P = 0.136, 0.334, and 0.108).




Discussion

There is little previous research on the impact of the pre-operative AL on post-operative MS. An earlier retrospective study conducted in Peru (16) found no statistically significant relationship between the initial AL and MS 3 years after IOL implantation. The MS was 3.2 ± 3.3 D in children with longer ALs and 3.9 ± 3.2 D in those with shorter ALs (P = 0.359). This earlier study included congenital cataracts in children younger than 4 years old and chose an AL of 21.5 mm as the group division. As numerous studies have observed, the growth of AL was the most significant during the first 2 years of life and tended to be stable as age increased (17–21). Therefore, the mixing of children under 12 months with children aged 3–4 years old in the earlier study may have led to deviation of the results. In our study, we only included patients aged 2–3 years old, which not only captured the period of greater ocular growth but also controlled the impact of operative age on post-operative MS.

With reference to a 3-year-old Asian cohort (349 children) and another study in 4,350 Chinese children aged 3 to 4 years, which found average ALs of 21.73 ± 0.66 mm (95% CI: 21.6–21.80 mm) (22) and 22.10 ± 0.79 mm (95% CI: 20.55 –23.65 mm) (23), we chose an AL of 22 mm as the standard for grouping patients aged 2–3 years old in our study.

Myopic shift after congenital/developmental cataract surgery and IOL implantation is quite complicated and difficult to predict. The Eye and ENT Hospital of Fudan University is the largest tertiary referral center for pediatric cataracts in East China and receives almost all pediatric cataracts in this region (24). Based on the 3-year clinical data of congenital/developmental cataract patients with primary IOL implantation between 2 and 3 years old in our center, we observed that eyes with longer pre-operative ALs (≥22 mm) tended to have a slower MS than those with average pre-operative ALs (<22 mm) 3 years after surgery.

Axial length growth is associated with MS and myopia, (25) and a longer AL can be used to identify those at high risk of myopia in both pre-school and school-aged children (26, 27). However, in our study, a longer pre-operative AL led to a slower MS in children with congenital/developmental cataracts with pseudophakic eyes. The opposite result may be related to the impact of congenital/developmental cataracts on eyeball growth. Seven et al. (28) found a lower growth rate of AL in pseudophakic eyes than in phakic eyes, while Wilson et al. (18) found that eyes treated for monocular cataracts in infancy had axial growth similar to that of fellow eyes. This finding and the reasons behind it remain to be solved in further studies.

Compared with that of bilateral congenital/developmental cataract patients, the prognosis of unilateral congenital/developmental cataract patients is usually worse (29–31). Earlier studies have already found that children with unilateral congenital cataracts had greater MS after surgery (20, 32). Additionally, studies have shown that the growth of AL in unilateral patients tends to be greater than that in bilateral patients (33). Children with unilateral congenital cataracts are more likely to have high myopia and great anisometropia in the long term after the operation, (28) the mean of which can be up to −3.50 D (−19.63 D–+2.75 D) at the age of five. In our study, the MS in unilateral congenital cataracts was numerically larger, but no statistically significant difference was found in MS between unilateral and bilateral congenital/developmental cataracts of each group. The results of the linear regression model also showed that there was no statistical relevance between laterality and MS (P = 0.136). In our study, all unilateral congenital/developmental cataract patients had an extra covering on the contralateral eye every day, which may have reduced the differences in MS between children with unilateral and bilateral congenital/developmental cataracts.

Keratometry is another refractive-related biometry characteristic. It has been widely acknowledged that infants have a steeper corneal curvature than older children. A study showed a linear decline in mean keratometry during the first 6 months of life, while no significant change was found in the keratometry value with increasing age beyond 6 months (10). That is, the corneal curvature decreased with age and stabilized after 6 months of age (34). With this growth pattern of keratometry, patients aged 2–3 years old would have a relatively stable keratometry at surgery, and keratometry and its influence on post-operative MS could be insignificant or minimally significant in our study. Thus, for patients who failed to cooperate with the examination, an average keratometry from those of the same age was used to calculate the IOL power.

To the best of our knowledge, our study is the first to demonstrate the impact of the pre-operative AL on MS in children with congenital/developmental cataracts. As the age of the global myopia population decreases, this result can help to guide the prediction and control of MS in congenital/developmental cataract patients with longer ALs. However, our study still has its limitations. Long-term changes of MS cannot be observed during 3-year follow-up, as some patients with high and pathological myopia tend to grow even further. The number of participants was not large enough. We did not include the anterior chamber depth in the analysis, which was also an important variable in biometry measurement. Also, we were unable to measure the post-operative AL of all patients. Future studies for long-term outcomes will enlarge the sample size, incorporate anterior chamber depth and post-operative AL changes.

In conclusion, in congenital/developmental cataract patients who underwent surgery at 2–3 years old, eyes with longer pre-operative ALs had a slower MS than those with average pre-operative ALs. This finding could have implications for the target refraction decision in congenital/developmental cataract surgery. Accurate prediction of post-operative MS in congenital/developmental cataract patients remains challenging. Studies on MS and the pre-operative factors influencing it, such as post-operative AL, will be helpful to better predict and control MS after congenital/developmental cataract surgery and can help clinicians to make optimal treatment decisions.
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Introduction: Studies have shown the efficacy of selective laser trabeculoplasty (SLT) to lower intraocular pressure (IOP) as adjuvant therapy during short-term follow-up. However, few studies have assessed the long-term efficacy of SLT on preventing worsening Humphrey visual field (HVF) parameters and thinning of the retinal nerve fiber layer (RNFL) with continued medical therapy.

Methods: A retrospective chart review was conducted of 51 eyes of 39 patients with glaucoma treated with SLT at Boston Medical Center between 2012 and 2016 with 3- and 5-year follow-up. Outcome measures included IOP, visual acuity, number of glaucoma medications, number of months to subsequent surgical intervention. HVF outcome measures included mean deviation (MD) and pattern standard deviation (PSD). Optical coherence tomography (OCT) outcome measures included RNFL mean thickness, and superior and inferior thicknesses.

Results: Twenty-five eyes received subsequent surgical intervention (mean time to intervention = 33.6 ± 20.0 months). In the eyes that did not receive another intervention, mean IOP was significantly decreased by 3.2 and 3.5 mmHg at 3- and 5-year after SLT, respectively. Mean number of glaucoma medications was significantly increased at 5-year (2.7 ± 1.6; P = 0.04), compared to pre-SLT (2.0 ± 1.1). Mean HVF MD was significantly higher at 5-year (−7.64 ± 6.57 dB) compared to pre-SLT (−5.61 ± 3.90 dB). Mean PSD significantly increased at 3-year (5.30 ± 2.91 dB) and 5-year (6.84 ± 2.62 dB), compared to pre-SLT (4.63 ± 2.70 dB; P = 0.04 and ≤0.01, respectively). On OCT, inferior quadrant RNFL thickness decreased significantly at 5-year (88.5 ± 19.3 μm), compared to pre-SLT (94.0 ± 23.2 μm).

Discussion: Although 51% of eyes had IOP controlled at 5-year post-SLT, mean number of glaucoma medications was significantly higher. Also, there was progression of MD and PSD on HVF and inferior quadrant thinning on OCT at 5-year. We found a significant association between age at SLT and risk of subsequent surgical intervention over 5-year follow-up. Our study adds to our understanding of long-term outcomes of adjuvant SLT for glaucoma patients receiving medical therapy.
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1. Introduction

Glaucoma is one of the leading causes of irreversible blindness worldwide with an estimated prevalence of 79.6 million in 2020 with 74% of cases being primary open-angle glaucoma (POAG) (1, 2). Glaucoma is characterized by degeneration of the retinal ganglion cells and their axons (3). The only modifiable risk factor for glaucoma is intraocular pressure (IOP) (4). Current first-line intervention to lower IOP is medications (i.e., eyedrops); however, laser procedures, including selective laser trabeculoplasty (SLT), have been shown to be effective at lowering IOP in the short-term follow-up period and are most commonly used for adjuvant and first-line therapy (5).

Selective laser trabeculoplasty utilizes a Q-switched, frequency-doubled Nd:YAG laser to target pigmented cells of the trabecular meshwork selectively that leads to acute changes in the anterior angle ultrastructure, including disruption of the uveal trabecular beams (6, 7). SLT has also been shown to lead to increased activity of metalloproteinases that remodel the juxtacanalicular connective tissue matrix (8) and increased permeability of Schlemm’s canal endothelial cells (9). Both of these changes lead to increased aqueous humor outflow and lower IOP to prevent progression of glaucomatous damage.

Many studies have investigated the clinical value of first line or adjuvant SLT in the short-term period following treatment and have found that SLT is effective at lowering IOP in patients with glaucoma (10–17). Many studies of adjuvant SLT therapy have reported decreases in IOP of ∼29% up to 4 years following treatment (13). However, only a few studies have explored the long-term (>4 years) outcomes of SLT on lowering IOP and even fewer have examined functional analyses of vision, including Humphrey visual fields (HVF) and retinal nerve fiber layer (RNFL).

Although SLT has been shown to be an effective method in lowering IOP in patients with glaucoma, there is not a consensus and not enough literature to assess whether SLT works in all clinical settings and whether its effects on IOP are long-lasting and prevent further loss of function on HVF and OCT exams. Therefore, in this study, we investigated the long-term outcomes of SLT after 3- and 5-year on patient parameters including IOP, visual acuity (VA), HVF parameters, and RNFL thickness on OCT using a retrospective chart review of glaucoma patients with continued medical therapy at Boston Medical Center.



2. Materials and methods


2.1. Study design

A single-center retrospective review evaluated patients with glaucoma who underwent SLT from 2012 to 2016 at Boston Medical Center, Boston, MA. This study adhered to tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of Boston University (IRB: H-39121). Four hundred and thirty-nine charts were examined to identify patients with a diagnosis of glaucoma (POAG, borderline, suspect with ocular hypertension, normal tension glaucoma, or uveitic) with follow-up within 6 months of 3- and 5-year following SLT (Figure 1). We excluded patients with other forms of secondary open-angle glaucoma and angle-closure glaucoma, and we excluded patients who had received previous laser procedures, including argon laser trabeculoplasty or SLTs performed before treatment at Boston Medical Center. Fifty-one eyes of 39 patients (20 male, 19 female) followed for a mean of 68.2 ± 12.4 months following SLT at Boston Medical Center were identified and used in this study (Figure 1). Data were recorded from pre-SLT and at 3- and 5-year follow-ups. Data included age at SLT, gender, self-identified ethnicity, IOP, VA (reported as a decimal), number of glaucoma medications, HVF mean deviation (MD) and pattern standard deviation (PSD), OCT RNFL mean thickness, and superior and inferior thicknesses.
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FIGURE 1
CONSORT diagram for retrospective chart review. We retrospectively screened 439 charts of eyes with diagnosis of glaucoma that received SLT at Boston Medical Center from 2012 to 2016. We excluded 388 eyes that had a previous laser procedure, were lost to follow-up within 5-year, or had secondary open-angle glaucoma or angle-closure glaucoma. We included 51 eyes, who had sufficient 5-year follow-up, of which 25 received subsequent surgical intervention and 26 did not. For analysis of the outcome measures of the patients that did not receive subsequent surgical intervention, we excluded fellow eyes to only analyze one eye per patient.




2.2. Selective laser trabeculoplasty and functional assessments

Lower intraocular pressure was measured before SLT, immediately after SLT, 6 weeks after SLT, and then typically every 6–12 months. SLTs were performed at Boston Medical Center from 2012 to 2016 using a Lumenis Selecta® Trio™ (Lumenis Inc., CA, USA), which is a Q-switched Nd:YAG laser. Laser wavelength was 532 nm with a spot size of 400 μm and pulse duration of 3 ns. Energy levels ranged from 0.4 to 1.2 mJ per pulse. All eyes received 50–62 adjacent, non-overlapping pulses to 180° of the trabecular meshwork, except one eye which received 100 pulses to 360° of meshwork. If the eyes received a second SLT, the previously untreated 180° of trabecular meshwork were treated. Factors that were weighed between physician and patient when assessing need for subsequent surgical intervention included IOP not at target, patient adherence to medications, patient on maximally tolerated medical treatment, risk of surgical complications, patient preference for or against surgery.

For functional assessments, HVF was performed with a Humphrey Field Analyzer 750i (Carl Zeiss Meditec, Inc., Dublin, CA, USA), and RNFL measurements were taken using a Cirrus HD-OCT 5000 (Carl Zeiss Meditec, Inc., Dublin, CA, USA).



2.3. Statistical analysis

All statistical analyses were performed using R Statistical Computing Package (v3,5,1l R Foundation for Statistical Computing, Vienna, Austria). All data are summarized as means ± SD. VA is reported as a decimal. For survival analysis, we performed a multilevel Cox proportional hazards regression analysis, with clustering by patient to account for the potential intraclass correlation from including both eyes for some patients, to calculate the survival probability of patients that received a subsequent surgical intervention over time in months during the follow-up period. For each eye, the amount of time (months) was calculated from SLT treatment to date of subsequent intervention, and eyes that did not receive subsequent intervention were censored at timepoint of last follow-up. This multilevel model with clustering also estimated hazard ratios for risk of receiving subsequent surgical procedure during the 5-year follow-up, while adjusting for confounding factors, including fellow eyes, age, sex, and pre-SLT IOP. In this model, we used a central corneal thickness (CCT) value of <555 μm, based on previous studies (18). Lastly, using the eyes that did not receive further surgical intervention following SLT to control IOP, we excluded fellow eyes, only including one eye per patient. We excluded fellow eyes by using a random number generator to randomly select the right or left eye to exclude. For these eyes, we examined differences in mean IOP, number of glaucoma medications, HVF MD and PSD, and OCT RNFL thickness using paired Student’s t-tests to compare the means at 3-year or 5-year to baseline values. A value of P < 0.05 was considered significant.




3. Results

Patient demographics are summarized in Table 1. The mean age at SLT treatment was 69.4 ± 8.0-year, and 69.8 ± 7.8 years for males and 69.0 ± 8.3 years for females. Of these patients, 82.3% self-identified as black or African American. Most eyes were diagnosed with POAG (40/51, 78.4%) or normal tension glaucoma (NTG) (5/51, 9.8%).


TABLE 1    Baseline demographic and clinical characteristics of eyes.
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3.1. Time to subsequent glaucoma surgical intervention

Time to subsequent glaucoma surgical intervention was calculated for each eye from the SLT date. Of the 51 eyes, 25 (49%) received subsequent surgical intervention to lower IOP, and 26 (51%) did not receive further surgical intervention. Survival probability calculated by multilevel Cox proportional hazard model analysis was 79.6% at 36 months (3-year) and 60.7% at 60 months (5-year) (Figure 2). Of the eyes that received subsequent surgical intervention, 52% (13/25) underwent a repeat SLT. The counts of each type of first subsequent surgical intervention over the 5-year follow-up period are summarized in Table 2. Of the 25 eyes that received a subsequent surgical intervention, seven of them (28%) received more than one intervention (six eyes received two interventions; and one eye received three interventions total) within the 5-year follow-up period. None of the eyes received more than one additional SLT.


[image: image]

FIGURE 2
Cox proportional hazard survival curve for time to subsequent surgical intervention. Survival analysis showed a 79.6% survival probability at 36 months and a 60.7% survival probability at 60 months. Dotted lines represent upper and lower 95% confidence intervals.



TABLE 2    Counts of subsequent surgical interventions.
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3.2. Factors influencing time to subsequent surgical procedure

To identify factors that potentially contributed to receiving a subsequent surgical intervention within the 5-year follow-up period, we calculated hazard ratios of certain characteristics (Table 3). We found that central corneal thickness < 555 μm, female gender, and pre-SLT IOP, and left eye (OS) were not significantly associated with increased risk of subsequent surgical procedure over the 5-year follow-up period (all P > 0.05; Table 3). However, we found that higher patient age at SLT was significantly associated with an increased risk of receiving a subsequent surgical procedure (P = 0.04) (Table 3).


TABLE 3    Summary of hazard ratio analysis.
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3.3. IOP, VA, and number of glaucoma medications

We further examined the eyes that did not receive a subsequent surgical intervention within the 5-year follow-up period and only used one eye from each patient (n = 21) in order to examine the effect of SLT alone with continued medical therapy. The outcome measures for these 21 eyes were analyzed to determine the effects of SLT provided over 5-year (Table 4). Mean IOP was significantly reduced at 3-year (14.8 ± 2.8 mmHg) and 5-year (14.5 ± 3.3 mmHg), compared to pre-SLT IOP (18.0 ± 3.7 mmHg; paired Student’s t-test; both P ≤ 0.01). VA (reported as a decimal) was not significantly different at 3-year (0.8 ± 0.2; P = 0.84) or 5-year (0.8 ± 0.2; P = 0.74), compared to pre-SLT VA (0.8 ± 0.2; paired Student’s t-tests). Number of glaucoma medications was significantly higher at 5-year (2.7 ± 1.6) compared to pre-SLT (2.0 ± 1.1; P = 0.04), but it was not different at 3-year (2.5 ± 1.3), compared to pre-SLT (P = 0.07) (Table 4).


TABLE 4    Outcome measures in eyes that did not receive subsequent surgical intervention.
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3.4. Humphrey visual field parameters

For the eyes that did not receive a surgical intervention in the follow-up period that had complete HVF data, we used only one eye from each patient (n = 20) to compare MD and PSD before and after SLT treatment. The outcomes are summarized in Table 5. Mean HVF MD was significantly higher at 5-year (−7.64 ± 6.57 dB) compared to pre-SLT (−5.61 ± 3.90 dB; P = 0.02) with a difference of −2.03 dB over 5-year. PSD was significantly increased at 3-year (5.30 ± 2.91 dB) and 5-year (6.84 ± 2.62 dB), compared to pre-SLT (4.63 ± 2.70 dB; P = 0.04 and ≤0.01, respectively) (Table 5).


TABLE 5    Humphrey visual field parameters in eyes that did not receive subsequent surgical intervention.
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3.5. OCT parameters

The OCT parameters are summarized in Table 6 for the 19 eyes that did not receive a subsequent surgical intervention in the 5-year follow-up period and had complete OCT data. While average RNFL thickness and superior quadrant RNFL thickness were unchanged at 3-year and 5-year (both P > 0.05), the inferior quadrant RNFL thickness decreased significantly at 3-year (89.7 ± 20.5 μm) and 5-year (88.5 ± 19.3 μm), compared to pre-SLT RNFL thickness (94.0 ± 23.2 μm; both P ≤ 0.01, respectively) (Table 6).


TABLE 6    OCT parameters in eyes that did not receive subsequent surgical intervention.
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4. Discussion

In this study, we examined the long-term outcomes of adjuvant SLT treatment on glaucomatous eyes that were receiving medical therapy. One of our main findings was that we found that a large percentage (49%) of eyes received a subsequent surgical intervention within the 5-year follow-up period after SLT treatment. Another main finding was that although IOP was significantly lower than baseline after 5 years in the eyes that did not receive a subsequent surgical intervention, the number of glaucoma medications was significantly increased, the HVF MD and PSD were significantly more deviated, and the inferior quadrant RNFL thickness was significantly decreased at 5 years compared to pre-SLT. Finally, we also found that patient age ≥ 69 years was significantly associated with increased risk of receiving subsequent surgical procedure to control IOP over the 5-year period after SLT treatment.

Although SLT has been shown to provide significant IOP reduction for glaucomatous eyes receiving concurrent medical therapy during the short-term follow-up period (10, 11, 19–21), we found that 49% of eyes received a subsequent surgical intervention in addition to continued medical therapy within 5 years to control IOP in response to progressively decreasing visual function. For the other 51% of eyes, one-time SLT with continued medical therapy significantly lowered IOP without subsequent surgical intervention. However, this group had a significant increase in the number of glaucoma medications (2.7 ± 1.6 at 5-year compared to 2.0 ± 1.1 before SLT) (Table 4). These data suggest that SLT may have some value as an adjuvant therapy for glaucomatous patients in lowering IOP; however, additional medical management (e.g., increased number of glaucoma medications) may be necessary to continue to observe the IOP-lowering effects of SLT at 5 years following treatment.

In comparison to previous studies that looked at the long-term effects of SLT on glaucomatous eyes, our study had a similar or lower rate of subsequent surgical intervention. One retrospective chart review study of 90° SLT had a low success rate of 24% after 4 years, where failure was defined as having repeat SLT, change in medical treatment, or other surgery (22). Our study looked at eyes receiving 180°, so we cannot directly compare with this study. However, previous studies suggest that 180° SLT is more efficacious at lowering IOP than 90° SLT after 1 year (20, 23). Other studies using 180° SLT showed low survival rates of 25% after 5 years, with survival being defined as at least 20% lowering of IOP with no additional surgical or medical intervention (24). In our study, we specifically examined whether eyes received additional surgical or laser intervention and excluded an increase in medical therapy from our survival analysis, which may explain our higher cumulative survival rate of 51% at 5 years. In another long-term study following early glaucoma patients treated with first line SLT, the re-treatment rate for receiving a repeat SLT was 60% over 10 years, which was slightly higher than ours of 49% over 5 years (14). Nonetheless, our data agree with previous studies that the rate of having a subsequent intervention is nearly half of patients receiving SLT over long-term follow-up.

Many previous studies have examined predictors of success of SLT. In this study, we examined factors that may be associated with having a subsequent surgical intervention by calculating hazard ratios over the 5-year follow-up period. We found that older age was significantly associated with greater risk of receiving a subsequent surgical intervention within 5-year (Table 3). A previous study reported that higher baseline IOP was associated with increased risk of re-treatment with 360° SLT within the 10-year follow-up period (14). In our study, baseline IOP was not significantly associated with risk of subsequent surgical intervention (Table 3). This previous study also did not find an association between age at SLT and risk of re-treatment. One difference between this previous study and ours that could account for these different findings is that our study examined adjuvant use of 180° SLT in glaucoma patients with continued medical therapy, while the previous study looked at first-line 360° SLT in treatment-naïve early glaucoma patients. Another factor that may account for our findings is the relatively small sample size of 51 eyes in our study. Further study is needed to elucidate the factors associated with risk of further surgical treatment in eyes receiving adjuvant SLT with continued medical therapy.

One of the strengths of this study is that we examined functional assessments (HVF and OCT) over the follow-up period, whereas previous long-term studies have not thoroughly examined such parameters. We found significant decreases in the functional assessments (HVF and OCT) over the 5-year follow-up period, specifically in patients who did not receive a subsequent surgical intervention. We had 20 eyes from 20 patients who did not receive a subsequent surgical intervention with complete HVF data, and we found mean MD declined from −5.61 to −7.64 dB over 5-year, or −0.41 dB per year if consistent rate of decline. One previous retrospective study examined early POAG patients receiving first-line SLT and found a steep decline in MD on HVF during years 6–10 of follow-up but only a slight decline over the first 6 years of follow-up, with a mean visual field MD change of −0.2 dB per year (14). The authors stated that this could have been due to the significant drop-out rate of patients over the follow-up period; the study started with 105 patients and only had 18 patients by the 10-year follow-up. The difference between our rates of MD decline is likely due to different patient populations; we examined glaucomatous eyes receiving medical therapy and adjuvant SLT in a mostly black/African American population, whereas Ansari’s study examined early glaucomatous eyes receiving first-line SLT in an unspecified patient population in the United Kingdom. We additionally examined the PSD and found a significant increase in PSD at 3- and 5-year compared to pre-SLT. These data suggest that HVF parameters may still decline, despite having significantly lower IOP and not receiving a subsequent surgical intervention.

We also examined the RNFL via OCT and found a significant decrease in inferior quadrant RNFL thickness at 3- and 5-year compared to pre-SLT in our 19 eyes from 19 patients with complete OCT data of the eyes that did not receive a subsequent surgical intervention. Previous studies found no significant change in RNFL in the short-term follow-up period of 6 months to 1 year after SLT (25, 26). To our knowledge, no other long-term studies have examined RNFL thickness in glaucomatous eyes receiving adjuvant SLT with continued medical therapy. Our data suggest that even with significantly lower IOP at 5-year follow-up, patients may have continued decreasing visual function as observed through decreasing RNFL thickness in the inferior quadrant (Table 6). Our findings on HVF and OCT exams suggest that patients who do not receive a subsequent surgical intervention to manage IOP may still be having statistically significant functional decline even with continued medical management.

There were some limitations in our study. First, this study was retrospective, meaning that no specific management protocol was followed among surgeons at Boston Medical Center. Additionally, because this study was retrospective, not all patients had every HVF or OCT parameter, therefore, analysis was conducted with those who had sufficient data. Also, our study contained a limited number of eyes from single healthcare center. In order to capture more patients with SLT, we included five eyes with NTG and two with uveitic glaucoma, so not all of our patients had the same glaucoma diagnosis; however, we included these, because statistical outcomes were not different when these eyes were excluded from analysis. Lastly, while we defined survival as not receiving a subsequent surgical procedure to control IOP, there were factors that this metric did not capture, such as if the patient did not wish to have a subsequent procedure.

In summary, this study found that a large percentage (49%) of eyes received a subsequent surgical intervention within the 5-year follow-up period after SLT treatment, with higher risk associated with higher age at time of SLT. Unlike previous studies on the efficacy of adjuvant SLT, we examined RNFL and HVF parameters and found that for the eyes that did not receive further surgical treatment, there was progression of MD and PSD on HVF and inferior quadrant RNFL thinning on OCT at 5-year follow-up with a significant increase in number of glaucoma medications. Our findings suggest that SLT may have some long-term benefit to lowering IOP with continued medical therapy; however, a significant number of patients received subsequent laser/surgical procedures to lower and prevent worsening visual function. Overall, our study adds to the understanding of the long-term effectiveness of SLT.
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Purpose: We conducted a systematic review and meta-analysis to investigate the efficacy and safety of single-dose intravitreal dexamethasone (DEX) implant for treating non-infectious uveitic macular edema (UME).

Methods: Studies including clinical outcomes of the DEX implant in UME were comprehensively searched in PubMed, Embase, and Cochrane databases for potential studies from inception to July 2022. The primary outcomes were best corrected visual acuity (BCVA) and central macular thickness (CMT) during the follow-up period. Stata 12.0 was used to perform the statistical analyses.

Results: Six retrospective studies and one prospective investigation involving 201 eyes were ultimately included. Significantly improved BCVA was observed from baseline to 1 month (WMD = −0.15, 95%CI = −0.24, −0.06), 3 months (WMD = −0.22, 95%CI = −0.29, −0.15), and 6 months (WMD = −0.24, 95%CI = −0.35, −0.13), after single-dose DEX implant. When considering CMT, macular thickness of 1 month (WMD = −179.77, 95%CI = −223.45, −136.09), 3 months (WMD = −179.13, 95%CI = −232.63, −125.63), and 6 months (WMD = −140.25, 95%CI = −227.61, −52.88) decreased in comparison with baseline, with statistical significance.

Conclusion: Based on the current results, this meta-analysis confirmed favorable visual prognosis and anatomical improvement in patients with UME, after receiving the single-dose DEX implant. The most common adverse event is increased intraocular pressure, which could be controlled with topical medications.

Systematic Review Registration:https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42022325969.
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 macular edema, intravitreal implant, dexamethasone, meta-analysis, non-infectious uveitis


Introduction

Uveitis accounts for 10–15% of blindness in developed countries, with an estimated prevalence of 9–730 cases per 100,000 population (1, 2). Uveitic macular edema (UME) is the most frequent clinical complication of non-infectious uveitis and could persist for a long period despite various treatment modalities and adequate control of ocular inflammation, leading to structural retinal damage and irreversible vision impairment (3).

Large publications have focused on various aspects of UME, yet the detailed and comprehensive pathogenesis remains not fully understood. Prior investigations have found increased pro-inflammatory cytokine levels such as interleukin-6 (IL-6), IL-8, tumor necrosis factor-α, and vascular endothelial growth factor (VEGF), which might play an essential role in UME (4, 5). A recent study demonstrates that the regulatory T cell is positively associated with persistent anatomical improvement and might be a prognostic factor for patients with UME (5). In short, breakdown of the outer and inner blood-retinal barrier results in increased permeability of the microvasculature and pigment epithelium, leading to fluid accumulation and macular edema. Therefore, exploring effective and acceptable therapeutic strategies is a persistent challenge.

Local and systemic uses of corticosteroids are the first-line treatment option for UME, while long-term use may be burdened by multiple side effects, including poor blood glucose control, osteoporosis, cataract progression, and ocular hypertension (6). Therefore, different interventions including immunomodulatory agents, anti-VEGF, and pars plana vitrectomy are also adopted for UME (7). However, the prognosis remains unsatisfactory in patients with chronic and refractory UME. Thus, there has been a growing body of studies that focus on intravitreal implants to improve visual outcomes and minimize ocular side effects in recent years.

The intravitreal dexamethasone (DEX) implant (Ozurdex; Allergan, Inc., Irvine, CA) is a sustained-release implant designed to deliver 0.7 mg of dexamethasone in vitreous (8). A recently published network meta-analysis manifested that the DEX implant could improve the anatomical structure and vitreous haze of non-infectious uveitis (9). In addition, the HURON study had demonstrated significantly reduced central macular thickness (CMT) and improved visual acuity with duration for 6 months in non-infectious uveitis after a single DEX implantation (10). Although multiple publications have manifested the efficacy of the DEX implant in UME, the precise conclusion remains unclear. To elucidate the potential benefits and drawbacks of this treatment option, this meta-analysis was performed to systematically determine the effectiveness and safety of a single-dose DEX implant for macular edema secondary to non-infectious uveitis.



Methods

The present meta-analysis was conducted based on the principles proposed by the Cochrane Handbook (11) and the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement (12). No ethical approval and informed consent were required. This analysis has already been registered in Prospero.


Search strategy

In total, three electronic databases, including PubMed, Embase, and Cochrane library, were searched comprehensively in July 2022 by two independent investigators (FSP and SXY). The search strategy was performed in accordance with the following terms: ((“uveitic” [tiab]) OR (“uveitis” [tiab]) OR (“UME” [tiab]) OR (“Uveitides” [tiab]) OR (“panuveitis” [tiab]) OR (“iridocyclitis” [tiab]) OR (“vasculitis” [tiab]) OR (“(retinal vasculitis” [tiab]) OR (“ocular inflammation” [tiab])) AND ((“macular edema” [tiab]) OR (“(macular oedema” [tiab])) AND ((“intravitreal dexamethasone implant” [tiab]) OR (“(dexamethasone” [tiab]) OR (“ozurdex” [tiab])). The references of associated publications were further screened thoroughly for additional relevant investigations.



Inclusion and exclusion criteria

Eligible studies were required to accord with the following criteria: (1) original investigation focusing on non-infectious UME; (2) chronic macular edema refractory to previous treatments; (3) the age of patients >18 years; (4) sample size of included eyes in each study was at least 20; (5) acceptance of DEX implant with at least 3 months follow-up period; and (6) the main outcomes were expressed as mean ± standard deviation (SD). The exclusion was adopted as follows: (1) patients with other fundus diseases such as diabetic retinopathy, age-related macular degeneration, and choroidal neovascularization; (2) case reports, reviews, letters, editorials, and comments without data; and (3) patients who underwent prior pars plana vitrectomy.



Data extraction and quality assessment

Overall, two investigators (FSP and SXY) separately screened the titles and abstracts of eligible studies and assessed entire articles to evaluate the finally included investigations. The data extraction was conducted by two independent researchers (FSP and SXY) from eligible studies. From each publication, the following demographic information and clinical characteristics were extracted: first author, publication date, location and study period, study type, duration of uveitis, follow-up time, mean number of DEX implants, previous systemic and local treatments, incidence of adverse events, best corrected visual acuity (BCVA), and CMT change after single-dose DEX implant. The criteria reported by the Methodological Index for Non-randomized Studies (Minors) were adopted to evaluate the evidence quality of included studies, which contained eight items specifically for non-comparative studies (13). A third reviewer (LX) was involved in case of any disagreement to reach a consensus.



Quantitative analysis

Stata 12.0 (Stata Corporation, College Station, TX, United States) was applied to conduct all data analyses. The inverse-variance model was utilized to determine the weight mean difference (WMD) with a 95% confidence interval (CI) for continuous outcomes in the present meta-analysis. The evaluation of statistical heterogeneity was assessed using Cochran’s Q test and I2 test. Based on the meta-analysis principle, a value of I2 < 50% indicated relatively low heterogeneity across studies, while I2 > 75% represented substantial heterogeneity. When significant heterogeneity was determined, a random-effect model was used; otherwise, a fixed-effect model was applied. Publication bias was calculated by the Egger test. A two-sided p value <0.05 was adopted as statistically significant.




Results


Selection of studies

As illustrated in Figure 1, a total of 445 records were identified in accordance with the search strategy from electronic databases (PubMed = 265, Embase = 180), of which 155 duplicates were excluded. After screening the titles and abstracts of the remaining 290 publications, 211 studies were ruled out. Among the 79 potentially eligible records for full-text review, 72 articles were excluded. Finally, seven studies were included and pooled together for further data synthesis (14–20). Studies were ruled out for the following reasons: non-English language, conference abstracts, sample size of included eyes was less than 20, patients included in studies did not meet the inclusion criteria, and data were not provided as mean ± SD.

[image: Figure 1]

FIGURE 1
 Flow diagram of the study selection process.




Baseline characteristics

Detailed baseline demographics and clinical information are summarized in Tables 1, 2. Among seven publications, a total of 201 eyes were retrieved in accordance with the inclusion criteria. The sample size of included studies ranged from 22 to 41 eyes. In total, six studies were designed as retrospective and one study was designed as prospective. The clinical diagnoses of included studies were summarized in Supplementary Table S1. The methodologic score of eligible studies ranged from 11 to 14, indicating relatively high quality and reliability of results from included studies (Table 3).



TABLE 1 Clinical demographics of included studies.
[image: Table1]



TABLE 2 Demographics of included studies.
[image: Table2]



TABLE 3 The quality of included studies based on the MINORS.
[image: Table3]



Best corrected vision acuity and central macular thickness

Data from five studies, six studies, and four studies were pooled together to determine the average change of BCVA from baseline to 1, 3, and 6 months, respectively. After the DEX implant, BCVA significantly increased at 1 month, compared to the baseline (Figure 2A, WMD = −0.15, 95%CI = −0.24, −0.06, p = 0.013, I2 = 68.2%). At 3 months, significantly improved BCVA was determined (Figure 2B, WMD = −0.22, 95%CI = −0.29, −0.15, p = 0.012, I2 = 65.9%). When considering 6 months, BCVA improved from the baseline with an average of −0.24 logMAR (Figure 2C, WMD = −0.24, 95%CI = −0.35, −0.13, p = 0.211, I2 = 33.6%).

[image: Figure 2]

FIGURE 2
 Forest plot showing best corrected visual acuity changes from baseline to 1 (A), 3 (B), and 6 months (C).


Regarding the CMT of 1 month, results from seven articles identified significantly reduced thickness with an average of −179.77 μm, compared with baseline data (Figure 3A, WMD = −179.77, 95%CI = −223.45, −136.09, p < 0.001, I2 = 91.0%). In addition, significantly decreased CMT was observed at 3 months in comparison with baseline (Figure 3B, WMD = −179.13, 95%CI = −232.63, −125.63, p < 0.001, I2 = 92.8%). Significant difference between the CMT of 6 months and baseline was determined (Figure 3C, WMD = −140.25, 95%CI = −227.61, −52.88, p < 0.001, I2 = 85.7%).

[image: Figure 3]

FIGURE 3
 Forest plot showing central macular thickness changes from baseline to 1 (A), 3 (B), and 6 months (C).




Adverse events and publication bias

Based on this meta-analysis, it had been revealed that the incidence of ocular hypertension (IOP > 21 mmHg) and cataract formation after single-dose DEX implant were 13.6 (Figure 4A, 95%CI = 3.1, 29.0%, p = 0.001, I2 = 79.7%) and 5.4% (Figure 4B, 95%CI = 0.6, 13.3%, p = 0.085, I2 = 51.1%), respectively. All eyes with intraocular hypertension could be controlled with topical treatments. Two unexpected adverse events including vitreous hemorrhage and lens injury were observed immediately after implantation, which were successfully treated with vitrectomy (Supplementary Table S2). There were no reported cases of endophthalmitis and retinal detachment during the follow-up period. The Egger test demonstrated no significant publication bias of visual and structural outcomes in the present meta-analysis (Supplementary Table S3).

[image: Figure 4]

FIGURE 4
 Forest plot of incidence of ocular hypertension (A) and cataract formation (B) during follow-up.





Discussion

In the present meta-analysis, favorable visual prognosis and significant anatomical improvement were demonstrated after a single-dose DEX implant in patients with refractory UME. No serious adverse events were recorded in the follow-up period. Based on the results, the DEX implant could be an effective therapeutic option for chronic and refractory patients with UME who had previously undergone systemic therapy.

Uveitis occurs in population of all ages but frequently affects working-age individuals, thus posing a substantial socioeconomic burden on the healthcare system (21). Macular edema is the most frequent and sight-threatening complication of non-infectious uveitis, which leads to central visual impairment. Taking the adverse events and side effects of systemic corticosteroid into account, some scholars advocated the intravitreal dexamethasone implant for chronic and refractory UME.

The most noteworthy result emerging from the present meta-analysis was significantly improved BCVA and reduced CMT after the implant of single-dose DEX, indicating the strong ability in inhibiting inflammation and edema during the 6-month follow-up period. Similar findings were also reported in an earlier systematic review, which showed that the DEX implant was an effective option for posterior uveitis and improved the final visual outcome significantly (22). In addition, the therapeutic effects of the DEX implant can maintain for 1 year for macular edema in quiescent uveitis (23). For patients with persistent and chronic UME whose response is unsatisfactory, the DEX implant has the ability to reduce the incidence of visual loss (24). A possible explanation is that dexamethasone can reduce the expression of VEGF, pro-inflammatory cytokines, and chemokines efficiently and then promote the repair of the blood–retinal barrier. It is worthwhile to point out that a small group of patients in included studies underwent repeated injections of the DEX implant due to elevated CMT or deteriorated visual acuity, and most investigations did not provide the relevant results after repeated implants. Longitudinal cohort trials with longer follow-ups are desirable to ensure the reliability and stability of the DEX implant in chronic UME.

Adverse events were relatively rare in the included studies. The most common side effects are ocular hypertension and cataract formation. Previous network meta-analysis including random controlled trials confirmed that the DEX implant had a lower incidence of cataract progressing in non-infectious uveitis (9). Data analyzed from another meta-analysis confirmed that the incidence of increased IOP and cataract were 20.6 and 11%, respectively (22). Thus, it is essential to inform the patients of the potential risks and monitor the lens status and IOP fluctuation after the DEX implant. However, the incidence of cataract formation should be interpreted with caution. It remains unclear whether the cataract was attributed to the DEX implant or related to the natural course of uveitis. In addition, taking the potentially severe complications into consideration, patients with a history of glaucoma and active ocular infection should not be allowed to receive the DEX implant.

Substantial heterogeneity in meta-analyses of this study was identified, which may be due to the various clinical demographics of included participants. The mean disease duration of uveitis or macular edema varied widely and was not reported in some studies, which may contribute to the heterogeneity. Second, the previous systemic and local treatment options varied extensively among studies, which contained oral steroids, immunosuppressants, biological agents, anti-VEGF, etc., also leading to clinical heterogeneity. Another critical concern is the lack of a precise grading method to define and assess the degree of UME, and the significant heterogeneity of statistical analyses is unavoidable. Further investigations, which consider these variables, will need to be conducted.

Several limitations of the present analysis should be considered. First, six studies were designed as retrospective studies and one was a prospective study, and all of the included studies lacked a control group, limiting the reliability of evidence and leading to inevitable inclusion criteria bias. The previous therapeutic strategies were not reported by Nagpal et al., which could also result in selection bias (19). In addition, the relatively small size of the included studies limited the ability to draw definitive conclusions. Moreover, considering the limited data extracted from the included articles, further detailed analysis such as subgroup analysis cannot be performed.

In conclusion, this meta-analysis demonstrated that the DEX implant may play a promising role in the management of patients with persistent and chronic UME. Taking present findings into account, further investigations featuring multicenter and random control should be performed to evaluate the long-term effect and potential complications of repeated injections of DEX.
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Purpose: To provide preliminary data on the efficacy and safety of oral voriconazole (VCZ) as a primary treatment for fungal keratitis (FK).

Method: We performed a retrospective histopathological analysis of data on 90 patients with FK at The First Affiliated Hospital of Guangxi Medical University between September 2018 and February 2022. We recorded three outcomes: corneal epithelial healing, visual acuity (VA) improvement, and corneal perforation. Independent predictors were identified using univariate analysis, and multivariate logistic regression analysis was used to identify independent predictive factors associated with the three outcomes. The area under the curve was used to evaluate the predictive value of these factors.

Results: Ninety patients were treated with VCZ tablets as the only antifungal drug. Overall, 71.1% (n = 64) of the patients had extreme corneal epithelial healing, 56.7% (n = 51) showed an improvement in VA, and 14.4% (n = 13) developed perforation during treatment. Non-cured patients were more likely to have large ulcers (≥5 × 5 mm2) and hypopyon.

Conclusion: The results indicated that oral VCZ monotherapy was successful in the patients with FK in our study. Patients with ulcers larger than 5 × 5 mm2 and hypopyon were less likely to respond to this treatment.

KEYWORDS
 fungal keratitis, voriconazole, treatment, efficacy, safety


Introduction

Fungal keratitis (FK) is a serious infection of the cornea that often causes blindness and vision loss (1). The main cause is corneal trauma due to vegetable matter, organic materials and animal products that occur during agricultural work in developing countries (2). Previous studies have shown that the most common organisms that cause FK are Fusarium and Aspergillus (molds) and Candida (yeast) (3). The incidence of FK is >30% in developing countries (4, 5) and between 6 and 20% in developed countries for all microbial keratitis cases (6, 7). Although several new treatments have been developed, there is little evidence to guide treatment because there is a lack of effective antifungal agents (8).

Topical natamycin (5%) is the standard medical therapy recommended for FK. While it has broad activity, it has a poor ability to penetrate the intact corneal epithelium (9). Systemic antifungal agents have previously been used as an adjunct to topical treatment for ulcers and are thought to involve up to 50% of the stromal depth (10). Voriconazole (VCZ) is a triazole antifungal agent that is administered orally and intravenously. In recent years, corneal stromal injections of antifungal drugs have achieved good clinical results in the treatment of FK (11). However, whether VCZ improves clinical efficacy remains controversial (12). There has been no clinical research on oral VCZ as the primary antifungal therapy for FK. Our study was conducted to identify the effectiveness and safety of oral VCZ as the primary treatment for FK and the predictive factors of this monotherapy.



Materials and methods


Study design and population

This single-center retrospective study adhered to the tenets of the Declaration of Helsinki. This study was approved by the Ethics Review Board of the First Affiliated Hospital of Guangxi Medical University (E-2022-066). All data were anonymized and collected retrospectively, and the requirement for written informed consent was therefore waived. Between September 2018 and February 2022, patients diagnosed with FK and aged ≥18 years were recruited from the Department of Ophthalmology, the First Affiliated Hospital of Guangxi Medical University. We excluded any patients with a mixed infection in the history or on examination (bacterial, viral or parasitic), contraindications for the medication (allergic or cannot tolerate), an willingness to undergo regular review, a history of having received any antifungal treatment previously, and had an impending or a full thickness corneal perforation at an initial consultation.



Clinical assessment and treatment

All eligible patients underwent slit-lamp examination by two experienced cornea specialists. The depth of ulcer infiltration and location of the ulcer were categorized at the slit lamp by a single ophthalmologist. Anterior augmented photographs (Topcon slit lamp and camera; Topcon Corp. Tokyo, Japan) were acquired at each visit for all patients. Corneal scrapings were collected from all suspected patients with clinical signs and symptoms suggestive of FK. All specimens were subjected to bacterial smears, bacterial cultures (blood agar), fungal smears, fungal cultures (agar slant Sabouraud medium), and fungal fluorescence staining. We also performed in vivo confocal microscopy (HRT III/RCM Heidelberg Engineering, Germany) in the suspected patients to confirm the diagnosis.

All the patients were administered oral VCZ (Chengdu Huashen Group Corp., China) tablets once the infection was confirmed. VCZ was administered at a loading dose of 400 mg twice daily for 24 h. Subsequently, a maintenance dose of 200 mg twice daily was administered until 2 weeks after the ulcer had healed. VCZ therapy did not exclude the use of other non-antifungal concomitant treatments, such as antibiotic agents or artificial tears when considered necessary by the cornea specialists. Patients had weekly monitoring of electrolyte and liver function tests.



Data collection

All data were recorded using a standard protocol, including the demographics, visual acuity (VA, logMAR), history of trauma, presence of systemic disease, and duration of symptoms at the initial diagnosis. The signs of corneal ulcers were also recorded, including the ulcer size, ulcer location, depth of ulcer infiltration, and depth of hypopyon. The ulcer size and hypopyon depth were measured using Photoshop software. The location of the ulcer was categorized as the central area where the ulcer was located only in the center of the cornea (6 mm × 6 mm). A safety assessment was performed to evaluate and record any adverse events or complications that appeared during VCZ administration, including visual disturbances, neurological disorders (mental disorders and nervous system abnormalities), skin disorders, abnormal liver function and electrolyte disturbances.

In this study, we examined three primary outcomes: corneal epithelial healing, VA improvement, and corneal perforation. All patients were followed up for a minimum of 6 months after the initial oral VCZ. During the follow-up period, we recorded corneal ulcer healing, the VA, and corneal perforation at any time.



Statistical analysis

All statistical analyses were performed using the IBM Statistical Package for Social Sciences (SPSS) version 26.0 (IBM, NY, USA). Data are presented as mean ± standard deviations/medians (minimum–maximum) and frequency percentages, as appropriate. Univariate analyses for proportions were compared using the chi-square test, independent t-test, or exact test, as appropriate. The prediction accuracy was measured using the area under the curve (AUC). For all the analyses, two-sided p-values were calculated. Statistical significance was set at p < 0.05. All graphs were prepared using GraphPad Prism 9.0 (GraphPad Software).




Results

Ninety patients (53 men and 37 women) with a mean age of 56.74 ± 10.95 years (range: 28–83 years) and a mean duration of symptoms of 20 days (range: 1–90 days) were enrolled in the study. All patients were treated unilaterally. The most prevalent risk factor identified in these patients was injury due to vegetable matter (n = 29). Moreover, definite risk factors were not identified in any of the 22 patients. The preoperative demographic and clinical characteristics of the 90 patients are shown in Table 1.



TABLE 1 Demographic and clinical characteristics in patients with fungal keratitis (Patients, n [%]).
[image: Table1]

The fungal culture tested positive in 54 patients, with Fusarium species being the most common microorganism isolated (n = 24), followed by Aspergillus species (Table 2). There were no significant differences in efficacy and adverse events among the culture-positive and culture-negative populations (p > 0.05). Re-infection was noted in two eyes, which tested positive for Dematiaceous spp.



TABLE 2 Causative organisms of fungi cultured results of corneal ulcers.
[image: Table2]

All patients who had not used any antifungal drugs previously were administered oral VCZ tablets after the microbiological results of corneal scrapings or confocal microscopy results were obtained. The cure rate of corneal epithelial healing with oral VCZ as primary therapy was 71.1%. Vision improved in 51 (56.7%) patients and remained unchanged in 23 (25.6%) patients (Figure 1). The perforation rate throughout the treatment course was 14.4%. The results of the univariate analysis of the factors affecting the three outcomes are shown in Table 3. At three months, the VA baseline <2.40 (OR = 3.34, p < 0.05), the depth of ulcer infiltration <1/2CT (OR = 3.18, p < 0.05), the ulcer size <5 × 5 mm2 (OR = 4.07, p < 0.001) were more likely to achieve corneal epithelial healing. While patients with hypopyon were less likely to obtain corneal epithelial healing (OR = 0.10, p < 0.001). The difference in VA before and after treatment was statistically significant in all the patients (p < 0.001). injury due to vegetable matter and ulcer size were significant (p < 0.05). The depths of ulcer infiltration and hypopyon were nearly statistically significant (p = 0.056). Regarding corneal perforation, patients with corneal perforation showed significant differences in their age (p < 0.05). Perforation was negatively correlated to the depth of infiltration <1/2CT (OR = 0.12, p < 0.05) and ulcer size <5 × 5 mm2 (OR = 0.09, p < 0.001), and positively associated with hypopyon (OR = 11.44, p < 0.001). On multivariate logistic regression (Table 4), the ulcer size and hypopyon depth were independent predictors for 3-month corneal healing and corneal perforation (p < 0.05). For the 3-month VA improvement, only the depth of infiltration was an independent predictive factor. The number of patients with an ulcer size less than 5 × 5 mm2 was 4.17-fold higher than that with an ulcer size greater than 5 × 5 mm2 in terms of corneal healing and 0.14-fold lower in terms of perforation. The number of patients with a depth of corneal ulcer greater than 1/2CT was 3.54-fold higher than that with a depth less than 1/2CT in terms of an improvement in VA in three months.

[image: Figure 1]

FIGURE 1
 Scatter plot of pre-treatment and post-treatment visual acuity. Solid circles represent patients with improved vision, and hollow circles represent patients with unchanged or reduced vision after treatment.




TABLE 3 Univariate analyses for three outcome variables.
[image: Table3]



TABLE 4 Multivariable analyses for three outcomes.
[image: Table4]

The receiver-operating characteristic curve showed that the AUCs based on the ulcer size were 0.73 for predicting 3-month corneal healing and 0.76 for predicting corneal perforation. The AUCs based on the hypopyon depth were 0.76 for predicting 3-month corneal healing and 0.76 for predicting corneal perforation. The AUC based on ulcer infiltration was 0.67 for predicting 3-month VA improvement. In terms of combinations of two factors, the combined ulcer size and hypopyon depth were more accurate than only one factor for predicting both corneal healing (0.83) and perforation (0.84) (Figure 2).

[image: Figure 2]

FIGURE 2
 ROC curve analysis of FK for different outcomes. (A) ROC curve of 3-month corneal epithelial healing. (B) ROC curve of 3-month improved visual acuity. (C) ROC curve of 3-month corneal perforation. ROC, receiver-operating characteristic; FK, fungal keratitis.


Three patients healed spontaneously after perforation. We were able to improve perforation in five patients by performing conjunctival flap coverage, and the remaining patients underwent corneal transplantation. In two cases, the ulcers improved but did not heal, and we administered intrastromal injections of VCZ, which resulted in healing.

Overall, adverse events were reported in 7.8% of the patients (n = 7) during the study period. Four patients developed ocular hypertension, and all the patients responded to antiglaucoma medications. Liver function abnormalities were observed in one patient, which resolved two weeks after VCZ withdrawal. Two patients reported auditory or visual hallucinations, and none discontinued the medication because of adverse events. Symptoms in all the patients disappeared quickly after discontinuing treatment.



Discussion

FK can present as superficial keratitis, corneal ulcers, or endothelial plaques. Fungal corneal ulcers are difficult to cure and contribute to blindness. Early detection and diagnosis of fungal corneal ulcers are significant. Currently, antifungal drug therapy remains the primary treatment option. VCZ has also been shown to have a broad spectrum and is the most promising treatment for FK (13). Additionally, oral VCZ may benefit patients who exhibit suboptimal responses to natamycin (14). Only a few cases have been reported on the effectiveness of using only oral VCZ for FK (15). To our knowledge, this is the first large case series to describe the effectiveness and safety in patients with FK using oral VCZ as a first-line antifungal drug.

VCZ can be administered topically (eye drops or injections) or systemically (oral tablets or injections). Topical VCZ eye drops have been used in many studies and have shown effective outcomes. However, eye drops should be produced on the day of treatment and remain stable during long-term storage (16). Oral VCZ has high bioavailability and can penetrate several parts of the eye (17). VCZ is a broad-spectrum antifungal agent that is effective against Candida, dematiaceous, and filamentous fungi (18). However, VCZ eye drops may be effective in most cases of FK but fail in cases involving Fusarium spp. (19). The Mycotic Ulcer Treatment Trial also revealed that natamycin is associated with better outcomes than those associated with voriconazole for the treatment of Fusarium keratitis (20). Our data suggest that oral VCZ monotherapy can cure 62.5% of cases caused by Fusarium spp., which is similar to the cure rate with Aspergillus spp. This may be affected by the small samples and low rate of culture positivity in our study. Voriconazole has been suggested as the first-line treatment for Paecilomyces/Purpureocillium keratitis (21). There was also one patient with Purpureocillium spp. in our study, in whom the cornea healed successfully, but the VA did not improve. Among culture-negative and positive patients, the corneal epithelial healing rate was 75.0 and 68.5%, respectively. This result is consistent with the previous studies about microbial keratitis (22, 23). However, studies regarding the comparison between culture-negative and positive fungal keratitis remain rare. Further investigations in this direction are required. The most dominant factor in our research was corneal trauma, which is consistent with results from China and other developing countries (24, 25). Oral VCZ is superior to other antifungal oral drugs, such as ketoconazole and fluconazole, providing a safe adjunct to topical therapy with good systemic absorption and high intraocular concentrations (26).

Similar to previous studies on FK (20, 27, 28), we used corneal epithelial healing as the primary outcome measure, with VA improvement and corneal perforation as the secondary outcome measures. We chose these because they provide the most objective and reproducible effect of therapy. Approximately 31% of patients with FK fail to respond to antifungal drugs, and some patients develop severe effects during the treatment (13). In our study, the overall cure rate of oral VCZ as the primary therapy was 77.1%. Ramakrishnan et al. studied 26 cases and found that only 50% of patients responded to topical VCZ. They summarized that peripheral infiltrates and hypopyon are possible predictive factors of the outcomes of topical VCZ treatment (29). Ting et al. studied patients with FK in the UK over a 10-year period and found that age > 50 years, VA <1.0logMAR, and an infiltration depth > 3 mm result in poor corneal epithelial healing (30). Chow et al. studied the visual prognosis of 103 patients with FK and found that a large ulcer size (> 4 mm), fungal ulcers in the central area, the presence of pus, and high intraocular pressure (> 21 mmHg) at the time of presentation are predictors of poor final visual outcomes (31). Our study demonstrated the statistical significance of systemic VCZ with a larger case series compared with previous research. Hung et al. reported that the presenting time, poor VA at the initial presentation, and trauma are significantly associated with VA recurrence (32). This is in contrast to our observations. We also suggest that hypopyon in the anterior chamber is an important independent predictor of corneal healing and perforation. However, this factor has rarely been mentioned in the literature on FK. Hypopyon may be a key factor not only in monotherapy but also in other antifungal therapies. Our data confirm that patients with hypopyon are less likely to exhibit corneal healing and non-perforation. To predict VA improvement, patients with ulcer infiltration of less than 1/2 CT will be more likely to approach VA improvement. A previous study revealed that the combination of oral VCZ and topical natamycin can cure 80% of patients with severe FK (10). The results of our analysis showed a significant difference in the size of the corneal ulcer and hypopyon depth. This demonstrates that using only oral VCZ as an antiulcer agent may be effective in patients with early and mild FK ulcers. Therefore, therapeutic options for patients with moderate-to-severe signs remain limited. To evaluate the factors for predicting the outcomes of VCZ monotherapy, we pursued the approach of combining two factors. The predictive value of these factors can be further enhanced by combining more than one predictor. Further research is required to assess the predictive value of other parameters associated with FK for other causes of curing, as these could further improve the prediction.

In addition to its therapeutic effects, we should also focus on the safety profile and side effects of oral VCZ medication. Hepatotoxicity, visual disturbances, photosensitivity, and skin rashes have been reported (33). In our study, an uncomfortable appearance was observed in 7.8% of the patients, including ocular hypertension, liver function abnormality, and hallucinations. After appropriate drug treatment, all the patients recovered after two weeks of drug distribution. Therefore, oral VCZ treatment usually requires hospitalization, placement in a quiet room, and observation for the development of complications. Since fungal keratitis occurs mostly in developing countries, some regions inevitably face difficulties in obtaining topical antifungal drugs promptly. Our study provides an alternative treatment choice to traditional topical antifungal therapy. Further studies comparing the method of oral antifungal tablets with conventional topical antifungal eyedrops are needed to fully evaluate its efficacy.

The sample size in our study was small, the patients were all from a developing country, and the pathogenesis was mainly agricultural trauma. Therefore, a larger sample size and diverse populations from different countries are needed. Our low positive fungal culture rate cannot exclude the possibility of false negatives. This resulted in our findings being unclear about which organisms are more suitable for this treatment. Additionally, there were some insufficiencies in the measurement approaches. The infiltration of the ulcer was judged subjectively by a specialist without objective measurements. Further investigations are required to confirm these factors and to gain a better understanding of possible factors.



Conclusion

In summary, the results of the present study may provide a new treatment option for patients with FK. We confirmed that oral VCZ monotherapy is an effective treatment for fungal corneal ulcers and can induce good-quality remission with acceptable toxicity in most patients. We should consider a combination of these three factors, including the size of the ulcer greater than 5 × 5 mm2, infiltration of the ulcer, and presence of hypopyon, while discussing the treatment modality with patients. We recommend considering hospitalization for patients to take prompt action to manage side effects. Further studies on predictors of different antifungal medications in diverse populations should be conducted. This will help provide more standards for choosing drugs for patients with FK under various conditions.
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Introduction: Tarsal plate repair is the major challenge of eyelid reconstruction for the oculoplastic surgeon. The ideal synthetic tarsal plate substitute should imitate the microstructure and mechanical strength of the natural eyelid. The aim of this work was to develop a novel bionic substitute for eyelid reconstruction.

Methods: Three types of poly(lactic-co-glycolic acid) (PLGA) scaffolds (random, oriented, and azithromycin-loaded oriented scaffolds) were prepared using an improved thermal-induced phase separation technique. The microstructure of the scaffolds was examined by scanning electron microscopy. In vitro cytotoxicity was assessed using scaffold extracts. Fibroblast and primary rat meibomian gland epithelial cells (rMGCs) were cultured within the scaffolds, and their behavior was observed using fluorescence staining. Three types of PLGA scaffolds were implanted into rabbit eyelid defect in vivo to evaluate their inductive tissue repair function.

Results: We successfully fabricated three types of PLGA scaffolds with varying pore architectures, and the axially aligned scaffold demonstrated interconnected and vertically parallel channels. In vitro cytotoxicity tests using scaffold extracts revealed no apparent cytotoxicity. Fluorescence staining showed that both Fibroblast and rMGCs could adhere well onto the pore walls, with fibroblast elongating along the axially aligned porous structure. At 8 weeks post-implantation, all scaffolds were well integrated by fibrovascular tissue. The axially aligned scaffold groups exhibited faster degradation compared to the random scaffold group, with smaller fragments surrounded by mature collagen fibers.

Conclusion: The study found that the axially aligned scaffolds could well support and guide cellular activities in vitro and in vivo. Moreover, the axially aligned scaffold group showed a faster degradation rate with a matched integration rate compared to the random scaffold group. The findings suggest that the oriented scaffold is a promising alternative for eyelid tarsal plate substitutes.

KEYWORDS
 eyelid reconstruction, biomimetic, tarsal plate substitute, oriented structure, poly(lactic-co-glycolic acid)


1. Introduction

Eyelids is an important functional structure of eye, which can provide corneal protection and offer good cosmesis (1). Eyelid defects usually result from congenital anomalies, trauma, tumor excision, burns, or autoimmune disease (2). The goal of eyelid reconstruction is to restore structural and functional integrity of the eyelid. The posterior lamella is the key of eyelid reconstruction, which can provide structural support and a mucosal surface that allows for corneal protection. To reconstruct this layer, various tarsal substitute materials have been developed. Homologous grafts such as contralateral eyelid (3), hard-plate mucosa (4), nasal or ear cartilage grafts (5) were most often used. However, surgery is needed to harvest the homologous grafts, which may cause additional injury to the donor site. Xenogenic substitutes such as allogeneic sclera, acellular dermal matrix (ADM) (6), and scleral patches (7) were restricted in application for infection and immunologic rejection. Therefore, synthetic tarsal substitute may be an effective solution to alleviate donor shortage, immune rejection and infection risks.

An ideal scaffold for tarsal substitute should exhibit similar structural and mechanical properties to the targeted tissue (8). Previous studies have revealed the effect of pore size and geometry in promoting tissue regeneration using porous scaffolds with radially aligned or axially aligned pores. The scaffolds with regular pores were designed to better mimic the microenvironments of the target tissues, which possess oriented structure. Xu, et al. designed a scaffold with microstructure orientation for cartilage tissue engineering. By optimizing the freezing box and temperature, the manufacture PLGA scaffold has a mechanical strength and microstructure close to that of real cartilage (9). Dai. et al. applied the oriented PLGA scaffolds into rabbit articular osteochondral defect models, and the results confirmed an in situ inductive osteochondral regeneration without pre-seeding cells (10). Tarsal plate is very superficial, and located between two very thin tissues, the conjunctiva and eyelid skin. Too hard or non-degradable materials, such as Medpor, may cause cornea irritation, exposure or thick fibrous encapsule in long term observation (11). So far, few researches have tried degradable or materials with oriented microstructure to eyelid reconstruction. Therefore, oriented PLGA scaffolds may be a promising material for eyelid repair for its regular structure and similar mechanical strength with cartilage (12).

Azithromycin (AZM) is a potent broad-spectrum macrolide antibiotic. Studies have proved the potentials of AZM for localized therapy, which enables the delivery of antibiotic to the site of action at lower doses while escaping systemic drug effects and reducing the risk of developing microbial resistance (13, 14). What’s more, AZM was available at the surgical site for a longer period of time than amoxicillin, and patients taking azithromycin exhibited lower levels of specific proinflammatory cytokines (15). As for eyelid, AZM acts directly on meibomian gland epithelial cells to stimulate their differentiation, enhance the quality and quantity of their lipid production, and promote their holocrine secretion (16). Thus, AZM may enhance resolution of postoperative inflammation and enhance the local meibomian gland function, simultaneously.

The aim of this work was the development of a bionic tarsal plate substitute. By using ice particulate templates and freeze-drying, an AZM-carrying and microtubule-orientated PLGA scaffolds can be prepared successfully. The behaviors of two target cells of tarsal plate in the PLGA scaffolds were evaluated. Moreover, we intend to investigate the effects of the different pore architectures of the three scaffolds on the repair of eyelid defects in vivo. It is expected that this study will contribute towards the development of a novel substitute for eyelid reconstruction.



2. Materials and methods


2.1. Materials

PLGA (molar ratio of lactyl/glycotyl = 75/25, Mw = 1.22kd) was purchased from China Textile Academy. 1,4-Dioxane, ethanol, and other reagents of analytical grade were directly used in this study. Dulbecco’s modified Eagle’s medium (DMEM, Gibco, United States) and fetal bovine serum (FBS, Gibco, United States) were used for in vitro cell culture.



2.2. Preparation of PLGA scaffolds

The PLGA scaffolds were prepared by ice-templated assembly and temperature gradient-guided thermally-induced phase separation, which controlled the direction of crystal growth (17). The mold structures used to fabricate the random, axially aligned PLGA scaffolds are shown in Supplementary Figure S1. In brief, 5% w/v PLGA in dioxane solution, and PE and PTFE molds were preheated at 37.0°C for 1 h. To prepare the random PLGA scaffold, the PLGA solution in the PE mold was transferred into a freezer at −20°C overnight to form randomly distributed crystals. To fabricate the axially aligned scaffold, PE molds containing the PLGA solution were mounted into the holes of a larger PTFE mold, which was placed between two −20°C precooled aluminum molds. The system was maintained at −20°C overnight to ensure temperature transduction in an axially directional manner. After the PLGA solution was absolutely frozen, it was lyophilized to remove dioxane solution and preserve the formed porous structure. 1 mg Azithromycin was dissolved into 400 μL 5% w/v PLGA solution. The mixture solution was used to fabricate the Azithromycin-carrying, axially aligned scaffold at the same method. Finally, three types of scaffolds were fabricated with different pore architectures, namely R-PLGA, O-PLGA, and AZM@O-PLGA. R-PLGA refers to PLGA scaffolds with random pores. O-PLGA refers to PLGA scaffolds with axially aligned pores. AZM@O-PLGA refers to oriented PLGA scaffolds loaded with AZM.



2.3. Characterization of PLGA scaffolds

The microstructure of three types of PLGA scaffolds was characterized using a field emission scanning electron microscope (FESEM; S4800, Hitachi, Japan). The Azithromycin loading efficacy was determined by color reaction of sulfuric acid. Firstly, AZM@O-PLGA scaffolds were prepared according to the description of section 2.2. Secondly, an Azim solution standard curve was plotted Supplementary Figure S2. To this end, different concentrations of AZM (0, 7.5, 10, 15, 20, 25, and 30 μg/mL) were prepared and the standard curve was then established based on the relationship between the azithromycin standard solution and the corresponding absorbance at 482 nm. To measure the encapsulation efficiency of AZM on the PLGA scaffolds, each of the AZM loaded samples were placed in a 1.5 mL Eppendorf tube. Then, 500 mL of ethanol was added to dissolve the AZM in the samples. Afterwards, the supernatant was collected by centrifugation at 8000 rpm for 5 min. To determine the content of AZM in each sample, the absorbance of supernatant at 482 nm was measured and the AZM loading efficacy was calculated using the following equation:

[image: image]

where Wi is the initial added amount of AZM and Wr is the remaining amount of AZM encapsulated in the samples.



2.4. Cell culture

Human dermal fibroblasts (HDFs, kindly provided by Faculty of Burn, Second Affiliated Hospital of Zhejiang University, Hangzhou, China). HDFs were cultured in DMEM, supplemented with 10% FBS and penicillin/streptomycin (100/100 U) at 37°C and 5% CO2. The primary rat meibomian gland epithelial cells (rMGCs) were isolated according to the previous study (18). In brief, the eyelid tissues were obtained freshly from ~120 g Sprague–Dawley (SD) rats. The tarsal plates were isolated from eyelid tissues under a dissecting microscope by removing skin, subcutaneous tissue, muscle, and palpebral conjunctiva. Small pieces of tarsal plates, which contained two to five meibomian glands, were further digested with 0.25% collagenase I (Biosharp, China) and 0.9 U/mL dispase II (Roche Applied Science, Indianapolis, IN) at 37°C for 5 h. Single glands were then isolated under a dissecting microscope and were dissociated into a single-cell suspension by 0.05% trypsin- EDTA treatment for 5 min. Isolated cells were centrifuged at 1000 rpm for 5 min resuspended and cultured in keratinocyte serum-free medium (SFM) (Invitrogen-Gibco, United States) for 5 to 7 days before subculture. To detect the neutral lipid expression, the cells were stained with 0.3% Oil red O (Beyotime Biotechnology, China) and lipophilic dye Nile red (MedChemExpresss, United States).



2.5. RNA extraction and RT-PCR

The gene expression of keratin 14 (Krt 14), keratin 5 (Krt 5), p63, Sox9 and PPAR- 𝛾 in rMGCs was identified by RT-PCR. Total RNA of cells was extracted using FlaPure Animal Tissue/Cell DNA Extraction Kit (Genesand Biotech, China) according to the manufacturer’s protocol. The RNA was reverse transcribed into cDNA using a PrimeScript RT Reagent Kit (Takara, China), and the resulting cDNA was utilized for PCR amplification. Real-time PCR (RT-PCR) reactions were conducted using the SYBR Premix EX TaqTM kit (Takara, China) and the CFX96 system (Bio-Rad, United States), with the reaction conditions of 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The expression of β-actin was used as a reference gene to normalize the real-time PCR results, and the relative mRNA expression was calculated using the comparative cycle threshold method (ΔΔCT method). The primer sequences utilized in RT-PCR studies are provided in Supplementary Table S1. All the experiments were conducted in triplicate.



2.6. In vitro cytotoxicity

To evaluate the potential cytotoxicity of scaffolds, three scaffolds were first immersed in DMEM or SFM at an approximate concentration of 0.1 g/mL and incubated at 37°C for 24 h to obtain the scaffold extraction solutions. The extracted solutions were then collected and was filtered by a 0.22 μm bacteria-retentive filter. The HDFs and rMGCs were seeded into a 96-well plate at a density of 5 × 103 and 8 × 103 cells per well, respectively. After 24 h of incubation, the medium was removed and replaced with the extracts with the same supplements as negative control(fresh medium with no extracts). After another 24 h continuous cultivation, 100 μL cell culture medium supplemented with 10 μL CCK-8 solution(Dojindo Laboratories, China) was added to each well. After 2 h incubation at 37°C, the absorbance at 450 nm was assessed using a SpectraMax iD5 microplate reader (Molecular Devices, United States).



2.7. Cell behaviors in vitro

The distribution and morphology of HDFs and rMGCs in the PLGA scaffolds were visualized using an inverted fluorescence microscope (Leica, German) and a confocal laser scanning micro- scope (CLSM; LSM780, ZEISS, Germany). HDFs and rMGCs with a concentration of 5 × 106 mL−1 were introduced into the PLGA composite scaffolds under negative pressure, respectively. Then, the cell seeded scaffolds were maintained at 37°C and 5% CO2 for 3 h to allow initial adhesion of onto the scaffolds. The complete DMEM was then added to the HDFs seeded scaffolds, and keratinocyte SFM to the rMGCs seeded scaffolds. Following 2 days of cultivation, cell viability was assessed using the Live/Dead assay. Specifically, the PLGA scaffolds were incubated with calcein-AM/propidium iodide (PI; Beyotime Biotechnology, China) for 30 min at 37°C and evaluated using a fluorescence microscope. After 5 days cultivation for HDFs and 7 days for rMGCs, the PLGA scaffolds were fixed with 4% w/v paraformaldehyde at 37°C for 1 h. The cells were permeabilized in 0.1% w/v Triton X-100 at 4°C for 10 min, followed by blocking with 1% BSA at 37°C for 1 h. The nucleus and cytoskeleton of HDFs were stained with Hoechst 33342 and FITC-labeled phalloidin at 4°C overnight for fluorescence microscope observation. The nucleus and cytoskeleton of rMGCs were stained with DAPI and rhodamine phalloidin at 4°C overnight for CLSM observation.



2.8. In vivo rabbit eyelid defect model and scaffolds transplantation

Three groups of PLGA scaffolds were cut into pieces at an average size of 8.0 × 4.0 mm, which were sterilized in 75% ethanol for 4 h, and then displaced with sterile normal saline before use.

All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Hangzhou Medical College and approved by the Animal Ethics Committee of Hangzhou Medical College. Twelve male New Zealand white rabbits weighing between 2.5 and 3.0 kg were divided into three groups (4 eyes per group). The rabbit eyelid defect model was stablished according to our previous study (19). In brief, the rabbits were anesthetized by an intravenous injection of pentobarbital sodium (30 mg kg−1), followed by local anesthesia with 1% lidocaine. The lower eyelid was everted to expose the palpebral conjunctiva. An 8.0 × 4.0 mm defect was created inside the lid with a micro scissor to completely remove the conjunctival epithelium and substantia propria. PLGA scaffold was grafted to the wound bed by interrupted sutures using 7–0 polyglactin. The usage of ofloxacin ointment in the conjunctival sac was performed after surgery. At the end of 1 and 2 month, the morphology of repaired eyelid was observed. All rabbits were euthanized at 2 months after surgery to harvest the eyelid tissues containing the defect and normal area for further histological analysis.



2.9. Statistical analysis

GraphPad Prism 8.0 Software (GraphPad Software Inc., United States) was used to analyze the data. The differences between groups were examined with One-way ANOVA. A value of p < 0.05 was considered statistically significant.




3. Results

In this study, three types of scaffolds, i.e., R-PLGA, O-PLGA, and AZM@O-PLGA were prepared, and their ability to repair eyelid defects were compared in vivo.


3.1. Microstructure of three types of PLGA scaffolds

The methods used to prepare the three types of PLGA scaffolds are shown in Supplementary Figure S1. The random scaffold was obtained by phase-separation at low temperature of −20°C, whereas the axially aligned scaffolds were prepared by thermally induced phase separation under an axial temperature gradient, followed by lyophilization. The morphology of the three kinds of PLGA scaffolds is shown in Figures 1A–C, confirming the desired types of architectures. The random scaffold exhibited an evenly irregular porous structure in the vertical section (Figures 1A1–A3). The axially aligned scaffold showed interconnected and vertically parallel channels (Figures 1B1,B2,C1–C3), validating the good efficacy of preparation of the axially aligned scaffolds by this method. The average AZM loading efficacy is 84.86 ± 6.15%. There was no significant difference in the architectures of the axially aligned scaffold with or without AZM loading.
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FIGURE 1
 SEM images showing the morphology of random structured (A1–A3), and orientation-structured PLGA scaffolds (B,C). Azithromycin loading (C1–C3) did not influent the orientated structure.




3.2. Cultivation and identification of primary rat meibomian gland epithelial cells (rMGCs)

The primary rMGCs had cobblestone morphology day 5 days (Figure 2A). Neutral lipid droplets in primary human meibomian gland epithelial cells were detected by Nile red and Oil red O staining. Nile red staining (Figure 2B) was predominantly localized to the cell membrane and showed weak intracellular staining, indicating a lower presence of lipid droplets in the cells cultured in SFM. Additionally, the results of Oil red O staining (Figure 2C) showed that there was minimal intracellular lipid staining in SFM-cultured cells. The phenotype of rMGCs (Figure 2D) was identified by RT-qPCR with positive expression of keratin-related genes krt 14 and krt 5. Very low expression of lipid-related gene PPAR-γ, as well as positive expression of stem cell marker sox9 and p63 showed that the harvested cell could proliferate well in vitro, maintaining the proliferation characteristic of progenitor cells.

[image: Figure 2]

FIGURE 2
 Appearance of primary rat meibomian gland epithelial cells (passage 2) after culturing in SFM for 5 days. Light microscopy image (A), Nile red staining (B), oil O staining(C) of meibomian gland epithelial cells, respectively. Gene expression patterns (D) of rat meibomian gland epithelial cells. Data are shown as mean ± SD and each sample was tested in triplicate.




3.3. In vitro cytotoxicity of PLGA scaffolds

The cytotoxicity of the three scaffolds was assessed through the CCK-8 assay. The extracted solutions of the scaffolds were incubated with HCFs and rMGCs, and the OD values were measured and compared to normal medium. The extraction solutions of the three scaffolds did not induce significant changes in cell viability of HDFs (Figure 3A) and rMGCs (Figure 3B).

[image: Figure 3]

FIGURE 3
 Cytotoxicity of the scaffolds. CCK-8 assay of human fibroblast cells (A) and rat meibomian gland epithelial cells (B) cultured with extracts of scaffolds. Data are shown as mean ± SD and each sample was tested in triplicate.




3.4. Cell behavior of HDFs and rMGCs on PLGA scaffolds

The distribution and morphology of HDFs and rMGCs in the scaffolds were observed by an inverted fluorescence microscope (Leica, Japan) and a confocal laser scanning microscopy (CLSM; LSM780, ZEISS, Germany), respectively. Fluorescence microscope observation revealed that HDFs could adhere and spread onto the three PLGA scaffolds (Figure 4) with a high degree of viability, as confirmed by Live/dead assay (Supplementary Figure S3) which showed minimal cell death. Moreover, the HDFs distributed randomly on the random PLGA scaffold (Figures 4A1–A3), while they were spread completely and elongated along the axially aligned porous structure on the O-PLGA (Figures 4B1–B3), and AZM@O-PLGA (Figures 4C1–C3) scaffolds. Similarly, Live/dead assay indicated that nearly all rMGCs on the three scaffolds were alive (Supplementary Figure S4). The rMGCs were uniformly distributed in the three types of PLGA scaffolds, after 7 days cultivation. CLSM observation showed the rMGCs could adhere well onto the pore walls (Figure 5).

[image: Figure 4]

FIGURE 4
 Fluorescence staining showing the morphology and distribution of human fibroblast cells inside (A) R-PLGA, (B) O-PLGA and (C) AZM@O-PLGA scaffolds after 5 days culture in vitro. The nuclei and actin were stained with hochest-33342 (blue) and FITC phalloidin (green), respectively.


[image: Figure 5]

FIGURE 5
 CLSM images showing the morphology and rat meibomian gland epithelial cells inside three scaffolds after 7d three-dimension culture in vitro. The nuclei and actin were stained with DAPI (blue) and rhodamine phalloidin (red), respectively.




3.5. Reconstruction of eyelid defect by PLGA scaffolds.

As three types of PLGA scaffolds would well support both HDFs and rMGCs, we further applied the scaffolds as grafts to reconstruct the eyelid defect in a rabbit model. Rabbits in all groups ate normally and behaved regularly in the weeks after operation. Though at 1 m of post-operation, the eyelid grafted with R-PLGA and O-PLGA scaffolds formed a noticeable notch at the wound site. All grafted eyelid showed acceptable defect repair with mild scar at 2 m of post-operation (Figure 6). The eyelid grafted with AZM@O-PLGA scaffolds showed good wound healing without noticeable scar formation or other abnormality. Historically, at 2 m of post-operation, all PLGA scaffolds started to degrade into pieces and were well integrated by fibrovascular tissue. The R-PLGA degraded slower than O-PLGA scaffolds, with more PLGA material and less collagen deposition inside scaffolds (Figures 7A1–A3; Supplementary Figures S5A1,A2; Supplementary Figures S6A1,A2). The O-PLGA scaffolds and AZM@O-PLGA scaffolds were markedly degraded into small fragments surrounded by mature collagen fibers (Figures 7B1–C3; Supplementary Figures S5B1–C2; Supplementary Figures S6B1–C2), simulating the structure of natural tarsal plate (Figures 7D1–D3; Supplementary Figures S6D1,D2), while the untreated defected tissue showed a denser collagen deposition (Supplementary Figures S6D1–E2).

[image: Figure 6]

FIGURE 6
 Post-surgery appearance of repaired eyelid after the full thickness defects (6.0 × 3.0 mm) were reconstructed by R-PLGA, O-PLGA and AZM@O-PLGA scaffolds at 1 and 2 months. The black arrows point to the defect sites.
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FIGURE 7
 Histological analysis of the repaired eyelid implanted by (A) R-PLGA, (B) O-PLGA and (C) AZM@O-PLGA scaffolds for 8 w, respectively. H&E staining (A1–D1,A2-D2) and Masson staining (A3-D3) of the repaired and normal eyelid tissues. Asterisks represent scaffolds. Black arrows point to the normal meibomian glands.





4. Discussion

Tarsal plate is an essential structure that support and maintain shape of eyelid. The structure of tarsus is composed of regularly arranged meibomian glands and surrounding ECM. Because of the particularity of tissue component and regularity of tissue distribution, there is a lack of suitable eyelid tarsus tissue substitutes, making it a big challenge in eyelid defect reconstruction. In this study we tried to construct an axially aligned PLGA scaffold which is structurally similar to the native tarsus ECM. In vitro study showed that the O-PLGA scaffolds are able to support the growth of the two target cells, fibroblasts and meibomian glands cells. In addition, after transplanted into the defect site of eyelid, the O-PLGA, especially AZM@O-PLGA could well maintain the normal shape of eyelid with mild scare formation, and be well integrated by the local tarsus tissue.

Many native tissues had oriented structures, such as tendon, cartilage, nerve, bone and so on. The oriented structures are closely related to their physiological and mechanical properties (10). Scaffolds were fabricated with oriented structures to mimic the microenvironment of native tissue, and were proved to facilitate cell promotion, differentiation, spatial organization and tissue formation (20). To a certain degree, tarsus has its own oriented structure caused by axially arrangements of meibomian glands. We conjectured that oriented scaffolds may induce eyelid ECM remodeling. To enable injured eyelid tissue to recover its normal function and promote tissue repair, tissue engineering eyelid tarsus tissue substitutes should mimic native tissue, both mechanically and physiologically. Therefore, we fabricated three types of PLGA scaffolds for eyelid defect reconstruction. The axially aligned PLGA was designed to mimic the natural structure of eyelid tarsus tissue.

Some researchers have attempted to develop a synthetic tarsal substitute for eyelid defect reconstruction caused by tumor resection, trauma, or congenital diseases. Synthesized materials such as porous HDPE (Medpor), poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (21), and poly(propylene fumarate)-2-hydroxyethyl methacrylate copolymers (22) have been explored as tarsus substitutes. However, these synthesized materials were rigid and hardly degradable. Long-term implantation may lead to complications, such as exposure through the skin, unexplained pain, poor mobility and eyelid abnormal shape (11). Very few studies tried degradable biomaterials for eyelid reconstruction. Michelle T. Sunat al. developed a macro-porous chitosan scaffold for eyelid tarsus tissue engineering, which could support the attachment and proliferation human orbital skin fibroblasts in vitro (23). But the authors did not investigate the scaffolds for further in-vivo repair effects.

In clinical, a lid-sharing technique was wildly used for large eyelid defects. The shared lid is usually divided about 2 months after the initial surgical repair to allow enough time for the reconstructed lid to develop a new blood supply and to counteract the downward contractile forces of scar maturation and gravity (24). Therefore, scaffolds should have a good balance between degradation rate and tarsus tissue repair after implanted in defect sites, except for good biocompatibility and mechanical intensity. PLGA are the most popular polymers in tissue engineering, such as bone (25), tendon (26), cartilage (27) and so on, due to their biodegradability and biocompatibility. Oriented PLGA scaffolds have shown great potential for the practical application in cartilage regeneration, for biomimetic structure and mechanical property (28). Based on the axially aligned structure of tarsus tissue and specific mechanical property similar to cartilage (12), we suspected that the multiple-bionic oriented PLGA scaffolds may have great potential in eyelid defect repair. After 2-month in vivo observation, the implanted oriented PLGA substitute was well degraded into fragments and surrounded with collagenous fiber, which was similar with natural eyelid in morphological character (Figure 6). The relatively slower degradation of R-PLGA substitute may due to pore structure and interconnectivity. Preliminary observation showed a matched rate between oriented PLGA degradation and eyelid tissue integration.

As foreign materials that have been introduced into the body, biomaterials would also be a potential source of infection (29) and associated with triggering inflammation and immune reactions (30). Therefore, multifunctional biomaterials with combined properties that can combat infections, modulate inflammation, and promote regeneration is the real quest. Azithromycin antibiotics have been reported to have anti-inflammatory properties in blepharitis and meibomian gland dysfunction, by suppressing the expression of proinflammatory mediator, such as IL-1β, IL-8, and MMP-9 (31). In this study, AZM was loaded into the microtubule-orientated biomimetic PLGA scaffolds. This biomaterial was developed not only as a substitute of eyelid tarsus, but also as a mediator to prevent biodevices-related infections and improve the local environment of eyelid defect. Preliminary results of animal experiments showed that AZM@O-PLGA scaffolds have a batter eyelid repair effects after 1 month and 2 months transplantation. However, this article is only a first attempt to evaluate the in vivo repair effect of oriented scaffolds loaded with AZM as eyelid tarsus substitutes. In the future study, longer observation in vivo and more functional characterization of the two target cells response to the scaffolds in vitro will be carried out.



5. Conclusion

Three kinds of PLGA scaffolds with different pore architectures were successfully fabricated to assess their repair ability for eyelid defects in a rabbit model. The axially aligned scaffold presented bionic structure mechanical property. The axially aligned scaffolds could well support and guide cellular activities in vitro and in vivo. The in vivo infiltration of reparative tissue into the scaffolds could be significantly enhanced in the axially aligned scaffolds, contributing to better repair effects compared with those of the random scaffold. Structural and functional repair of eyelid was realized with fibrous connective tissue integration in the two types of axially aligned scaffold groups，O-PLGA and AZM@O-PLGA scaffolds at 8 weeks post-surgery. Overall, a faster degradation with matched integration rate was found in the axially aligned scaffold group. By loading Azithromycin, the AZM@O-PLGA scaffolds showed a better appearance of eyelid with milder scar. In conclusion, the axially aligned PLGA scaffolds, especially the ones loaded with Azithromycin, provide a promising alternative for eyelid tarsal plate substitutes, and possess greater potential to be translated into medical devices for applications in the future.
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Purpose: To analyze the relationship between eccentric downward eye movement/eccentric downward eye-positioning (EDEM/EDEP) encountered in patients undergoing ophthalmic surgeries and its return to a centralized position under general anesthesia (GA) with the depth of anesthesia (DOA).

Methods: Patients undergoing ophthalmic surgeries (6 months-12 years) under sevoflurane anesthesia without non-depolarizing muscle relaxant (NDMR) who witnessed a sudden tonic EDEM/EDEP were both retrospectively (R-group) and prospectively (P-group) enrolled (ambispective study). R-group included data-points after induction (AI) till the time surgery lasted while P-group compiled data both during induction (DI) and AI. DOA in terms of MAC (minimum alveolar concentration) at the time of EDEM/EDEP and centralization of eyeball and their timings were noted and compared for both AI and DI data-points. Also, vertical eccentric eye positions were scored and correlated with MAC.

Results: AI data included 22 (14R+8P) events and their mean MAC of EDEM/EDEP and centralization were 1.60 ± 0.25 and 1.18 ± 0.17 respectively (p = 0.000). DI data included 62 (P) cases and its mean MAC of EDEM/EDEP and centralization was 2.19 ± 0.43 and 1.39 ± 0.26 respectively (p = 0.000). Median (IQR) eye positions during down-positioning in 84 events was −3 (−3.9 to −2.5). It was preceded by an eccentric upward drift of eyes in 10/22 (6R+4P) AI cases. A strong negative correlation was seen between DOA and eccentric eye positions (r = −0.77, p = 0.000).

Conclusions: Tonic down-rolling of eyes is not uncommon in children seen without NDMR with higher depths of sevoflurane anesthesia compared to point of centralization and fluctuations in DOA should be avoided to circumvent inadvertent complications during ocular surgery.

KEYWORDS
tonic down-rolling, minimal alveolar concentration, general anesthesia, downward eye movement, sevoflurane, laryngeal mask, eccentric eye positioning, non-depolarizing muscle relaxant


1. Introduction

Anesthetized patients go through Guedel's (1) stages of general anesthesia (GA). Guedel described how, as depth of anesthesia increases and the third stage of surgical anesthesia is reached, the extraocular muscles become flaccid and the eyeball movement ceases (1). But eye movements on the operating table are not uncommon in stage 3 anesthesia (2–4). Investigators found that during ocular surgery under GA, 18% of patients had eccentric eye movements (3). In a developing nation like ours with limited resources and high patients' volume, it is routine to perform short surgeries under sevoflurane anesthesia using a laryngeal mask without non-depolarizing muscle relaxant (NDMR). This newer drugs' rapid manipulation of anesthetic planes allows patients to move quickly between deeper and superficial planes (5). For an ophthalmologist, eccentric eye movements can pose a surgical challenge due to constriction of the field of surgery and sudden jerks which can cause inadvertent iatrogenic complications at different steps in the surgical procedures like cataracts, squints, etc. Slightly divergent and elevated eye positions during GA is a known finding (2, 6). But only a few studies have described fixed vertically deviated eye positions during ocular surgery under GA and discussed its definite relationship with anesthetic depth (2–4). According to a quantitative study, lighter planes of anesthesia without NDMR correlate with higher eye position, (4) which has been explained on the basis of natural Bell's phenomenon. Only a few authors have mentioned deeper levels of anesthesia with the down positioning of eyes (2, 4). To the best of our knowledge, there is no literature on the detailed documentation of tonic downward movement of the eyes and their eccentric positioning in down gaze in their relation to anesthetic depth.

So, we here aimed to investigate relationship DOA (in terms of MAC) with the abrupt downward eccentric eye movement/eccentric down-positioning (EDEM/EDEP) and its return to normal centralized position under sevoflurane in the absence of NDMR. Also, we aimed to evaluate their timings and correlate eye positions (eye score) with fluctuation in DOA. This study aims to raise awareness of this not uncommon ocular finding in children under SA that has important consequences in ophthalmic surgery when done without NDMR. Using our study's findings, we hope to evaluate the literature and gain insight into the intricacy of neuronal processes in subcortical regions mediating tonic eye movements under GA.



2. Materials and methods


2.1. Study type

We experienced EDEM/EDEP during surgery in a few retrospective cases, so we decided to prospectively recruit subjects and follow them from induction to end of surgery to witness sudden down-rolling events. Data-points during induction were included in prospective series to understand the relationship of eye movements with different DOA as maximum flow of sevoflurane and its fluctuation occur during induction. So, this was an ambispective observational study which was approved by our Institutional Ethics committee (retrospective IEC NK/7068/Study/068; prospective IEC NK/5860/Study/542 with CTRI no 2021/2021/10/037578S). This adhered to the tenets of the Declaration of Helsinki and written informed consent was obtained from all patients' parents or guardians regarding their study participation.



2.2. Study population
 
2.2.1. Retrospective

Operative records of pediatric patients aged 6 months to 12 years of age who underwent surgeries (operated by single surgeon SC) under GA with a supraglottic airway device without NDMR between January 2018 and August 2021 were retrospectively reviewed from the recorded intra-operative data base of ophthalmic surgeries (cataract/squint/botulinum toxin) and cases in which vertically downward movement was witnessed intra-operatively by the ophthalmic surgeon with or without an accompanying upward movement under direct observation during surgery were included in our study.



2.2.2. Prospective

Patients aged 6 months to 12 years of age who underwent squint surgery/botulinum toxin under GA with a supraglottic airway device without NDMR between November 2021 to December 2022 were prospectively recruited to record and study the eye movement and eye positions during both process of induction and intra-operatively after induction for any eccentric eye-movements. It is to be noted that patients were prospectively monitored from the start of induction because maximum anesthetic depth and its fluctuation occurs during induction and there would be greater chance to witness them. And the patients who witnessed down-rolling of eyes and/or downward eccentric eye positioning during induction or intra-operatively after induction were recruited in the study.

Exclusion criteria were patients with neurological disorders like cerebral palsy, seizure disorder, or paralytic or restrictive squints, patients with eccentric upward movement alone (without accompanying downward movement or down-positioning), and in cases without anesthetic details or details of intra-operative of eye movements.




2.3. Study methodology

Inhalational induction was started with 8% sevoflurane in a 50% oxygen/nitrous-oxide mixture (N2O) mixture and an intravenous line was placed both in prospective and retrospective cases. After attaining jaw relaxation, the supraglottic airway device (laryngeal mask airway) was inserted. Synchronous intermittent mechanical ventilation was started with pressure support on “GE Datex-Ohmeda Avance S5 (USA) Anesthesia machine.” Tidal volume, frequency, and pressure support was adjusted to achieve an end tidal carbon-dioxide (ETCO2) between 35 mmHg and 40 mgHg. Venous access was obtained once the child was sedated with inhalational induction. After establishing the intra-venous line, fentanyl (0.5–2 μg/kg) and propofol (if required) was injected as an inducing agent to increase depth of anesthesia. Once the laryngeal mask airway was secured, sevoflurane was reduced to maintain airway along with oxygen and nitrous oxide (50:50) without a muscle relaxant. Corresponding values of minimum alveolar concentration (MAC) (7) (as calculated by the anesthetic machine from ET sevoflurane of the anesthetic agent) at the time of onset of down drift and its centralization were noted along with their timings. This included data-points during induction (prospective data) and after induction during surgery (both retrospective and prospective data). MAC is defined as the concentration of inhaled anesthetic within alveoli at which 50% of people show immobility in response to any nociceptive stimulus (7). Also sequence of events prior and following downward eye movements in different cases were noted in both retrospective and prospective data-points. Timings of anesthetic agents, such as intra-venous agents like fentanyl and propofol (if given) during or after induction in relation to down-drifted eye movements, were noted. Types and duration of surgery were also noted. Any oculo-cardiac reflex if present and any change in heart rate and pupil size were also noted.



2.4. Recording of eye movement

Details of eye movement recordings (for the retrospective study) were available from our recorded intra-operative data base. Pre-operative recordings of GA induction were done using smart-phone cameras (I phone 13) for our prospective series. Eye movements and timings during induction were recorded and noted by the ophthalmologist starting from the point the child was sedated from the awake condition. The ophthalmologist continually monitored the eye positions by retracting both lids and opening the eyes together. Vitals and sevoflurane concentration (in terms of MAC) were simultaneously recorded from the monitor by separate observers from induction till the airway was secured by a laryngeal mask (Supplementary Video 1).



2.5. Scoring of eye movement

Records of eccentric down-positioning of eyes from the recordings were evaluated in both inferior positions of eyes (toward inferior fornix) in relation to the medial canthus; superior limbus/superior half of cornea was scored on an ordinal scale from −4 to 0 (Figure 1).


[image: Figure 1]
FIGURE 1
 Photograph of the left eye of case 1 (congenital cataract) showing both up and down drift with scores for various eye positions. Eye seen in up-drifted position (+4) before the start of surgery (MAC = 1), following which sevoflurane concentration was increased and eye slowly drifted down (+4 to +1) (A–D), became centralized momentarily (E) but overshot or drifted in downgaze (F–I), and eye assumed an eccentric position in downgaze (−1 to −4) at MAC = 1.8. MAC, minimum alveolar concentration.


−4 = line joining medial and lateral canthi passes above the superior limbus

−3 = line joining medial and lateral canthi passes via superior limbus

−2 = line joining medial and lateral canthi passes between superior limbus to superior one-fourth cornea

−1 = line joining medial and lateral canthi passes between superior half to one-fourth cornea

0 = pupil position aligning medial canthus

Similarly, positive values (0 to +4) reflected superior positions of eyes (toward superior fornix) in relation to the medial canthus and inferior limbus or inferior half of the cornea.



2.6. Definition of eccentric eye movement and positioning

“Eccentric eye movement” is defined as the off-axis vertical movement of the eye from its central position in a quick-rolling/drifting fashion. “Eccentric position” is defined as off-axis vertically deviated positioning of the eye from its central position after the vertical eye movement. This eccentricity is either described as upward or downward depending on the movement/position of the eye toward the upper fornix or lower fornix respectively. In our study, the term “drift” and “rolling” have been interchangeably used for the upward and downward movements as these movements were smooth and slow similar to the drifts seen in dissociated vertical deviation or slow rolling eye movements seen during sleep onset/Bells phenomenon. Also, both terms describe sweeping eye movements with marginally slow speed (encountered in our study) which differentiates them from rapid eye movements/saccades of the awake state. An electronic search was performed using keywords: eye movement, general anesthesia, eccentric eye position, anesthetic depth, sleep, and anesthesia. The search of published literature for the review was made via PubMed, Med line, Google Scholar, and Ovid along with checking for cross-references.



2.7. Sample size calculation and statistics analysis

Sample size calculation was done using G*Power software (version 3.1.9.4). In order to get a statistically significant mean difference of 0.4 MAC (with SD of 1) between down-rolling and centralization at 80% power of study and 95% confidence interval, sample size for down-rolling events came out to be 52 patients. Anticipating a 10% iteration rate, we recruited 60 patients.

Data sets (events of EDEM/EDEP) were divided into two parts: (a) during induction (DI) from prospective data and (b) after induction (AI) from start to end of surgery (both prospective and retrospective data). The statistical analysis was carried out using Statistical Package for Social Sciences (SPSS Inc., Version 22.0. IBM Corp., Armonk, NY for Windows). Normality of quantitative data like age, HR, MAC, duration, down-rolled and up-rolled eye position score, etc. were checked by Shapiro Wilk test and Kolmogorov-Smirnov test of normality. Normally distributed quantitative variables were presented as mean and SD whereas skewed data were represented as median IQR (Interquartile range). Qualitative or categorical variables like gender, number of down and up movement, propofol given (yes/no), etc. were described as frequencies and proportions. Mean ± SD of MAC and median (IQR) of eye score both during down-rolling and centralization were calculated for both PI and AI data and mean difference and median difference of the two were calculated using paired t-test and Wilcoxon Signed Rank test respectively. Median difference of two independent variables (age of PI vs. DI data; eye scores of right vs. left eye, MAC during induction without propofol vs. with propofol before down-drift) were calculated by independent Mann Whitney U test.

Additionally, Median MAC (IQR) during up-rolling and its relationship with down-rolling were studied from AI data. All eye positions including up (4 to >0), central (0), and down (−4 to < 0) eye positions with various scores correlated were with DOA (in terms of MAC) for both AI and DI data via Spearman's rank correlation. ROC curve analysis was performed on both AI and DI data to find out MAC cut off value for down movement in two age groups: ≤ 2 years and >2 years. All inferential statistical tests were two-sided and were performed at a significance level of p < 0.05 with 95% confidence Interval (95% CI).




3. Results

In retrospective (R) series, a total of 48 patients were identified to have up-rolling/down-rolling eccentric eye movements or eccentric eye positions intra-operatively among a total of 249 children over 59 weeks. Among them, only 12 patients with downward eccentric position of eyes (with or without upward eccentric eye position) were enrolled. As two patients re-encountered tonic down-rolling during subsequent surgeries, 14 down-rolling events (after induction/AI) were included in the study for final analysis.

A total of 62/131 patients were included in the prospective (P) series, out of which data of 70 abrupt down-rolling events were populated (8 events after induction from start to end of surgery and 62 events during induction/DI of anesthesia).

So, a total of 22 AI (14 retrospective and 8 prospective) and 62 DI were included in the final analysis (Table 1). The median age of 74 (62P+ 12R) patients was 2 years (IQR 1–5). There were 32 male and 42 female participants. HR (Median 120; IQR 110–124) was maintained throughout the event. The demographic profile of both retrospective and prospective data is shown in Table 1.


TABLE 1 Demographic profile of retrospective and prospective data.

[image: Table 1]


3.1. Depth of anesthesia during down-rolling and centralization


3.1.1. After induction (from start of surgery to end)

Mean MAC of EDEM/EDEP and centralization after induction in 22 events were 1.60 ± 0.25 and 1.18 ± 0.17, respectively, (p = 0.000) (Table 2).



3.1.2. During induction

Mean MAC of EDEM/EDEP and centralization during induction in 62 patients was 2.19 ± 0.43 and 1.39 ± 0.26, respectively, (p = 0.000). Mean total time passed from start of stage 3 anesthesia (when child got unconscious) to start of down-drift event was 112.79 ± 36.21 s (Table 2).



3.1.3. ROC curve for both DI and AI data

The cut off value of MAC for EDEM/EDEP from ROC curve came out to be 1.65 in ≤ 2 years (71.7% sensitivity and 95% specificity) and 1.75 in >2 years (78.9%sensitivity and 92.9 % specificity) (Figure 2).


TABLE 2 Details of data-sets both after induction (AI) and during induction (DI).
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FIGURE 2
 ROC curve of MAC for DEEM/EDP in (A) ≤2 years and (B) > 2 years: The cut off value of MAC for EDEM/ EDEP from ROC curve came out to be 1.65 in ≤2 years (71.7% sensitivity and 95% specificity) and 1.75 in >2 years (78.9%sensitivity and 92.9 % specificity). ROC, receiver operating characteristics; EDEM/EDEP-eccentric downward eye movement/eccentric downward eye-positioning; MAC-minimal alveolar concentration.





3.2. Correlation between DOA and eye position

The median (IQR) eye score at the time of down-drift and correlation between MAC (DOA) and various eye position (scores −4 to +4) for both AI and DI data-points is shown in Table 2. All eyes were slightly adducted during eccentric positioning in down gaze (opposite of upward and outward positioning in up-gaze). Strong negative correlations between MAC (DOA) and various eye positions for both AI and DI data have been shown in Table 2.



3.3. Age and DOA during EDEM/EDEP

Median age of AI and DI have been shown in Table 2. Their median difference was statistically significant (p = 0.001).



3.4. Time duration of down-rolling and return of down-drifted to the central position
 
3.4.1. After induction

Eccentric down-positioning of eyes partially interrupted the ongoing surgical procedure. When down-positioning of eyes was encountered, anesthetists usually decreased the DOA slightly, on a trial basis toward the recommended lower limit by decreasing the volatile agent. Eccentric downward eye position was maintained till anesthetic depth was slightly lightened when eyes returned to their resting position. All the movements were smooth throughout. Tonic downward movement was quick but the return was comparatively slow and variable depending on varying rates at which the individual anesthetist adjusted DOA and how fast MAC was changed. Median time taken in down rolling from centralized eye position was 10 s (IQR 8–14) and time taken in centralization from eccentric downward position was 85 (IQR 60–117) s (Table 2).



3.4.2. During Induction

Median time taken in down rolling from centralized eye position was 9 (IQR 8–12) s and time taken in centralization from eccentric downward position was 120 (IQR 80–165) s (Table 2).




3.5. Timing of onset of down-rolling and its relationship with upward drift
 
3.5.1. After induction: down-rolling/positioning of eyes was seen either (a) with upward drift or (b) without upward drift

(a) In 10 events (4P+6R), downward drift during surgery was preceded by an upward drift (Table 1). In five events, eyes were found up-rolled before the start of surgery after cleaning, draping, and using an eye speculum (Figure 1; Supplementary Video 2) and in five events, patients encountered up-rolling after the start of surgery with application of noxious stimuli (e.g., traction, during conjunctival incision). This upward drift was seen when the DOA was on the borderline lighter side in all cases. Documented median (IQR) MAC in 10 cases at the time of upward drift was 1 (IQR 0.98–1.1) (Table 2). When anesthetists were informed of the up-rolling of eyes, increase in sevoflurane concentration (increasing MAC) was used as a measure to resolve the problem in all cases. Within a few minutes of increasing MAC, the eye returned to its primary position but, as the procedure was about to be re-started, eyes overshot in down gaze at the same time (Figure 1; Supplementary Video 2).

(b) Downward eye eccentric position of eyes without upward drift was seen in 12 patients (8R+4P; Table 1). Seven events of downward eccentric down-positioning were encountered before the start of surgery after cleaning and draping when eyes were found eccentrically down-positioned (Figures 3A, E; Supplementary Video 3). Three events occurred after the start of surgery during intermittent withdrawal of traction in eye (at the same MAC, when eyes were central and surgery was started; Figure 3D). Eyes also down-rolled during important steps in a few patients e.g., just before re-introducing phacoemulsification probe, injection of Botulinum toxin in medial rectus etc. but fortunately no complications were encountered as during these movements, no instruments were close to important structures of the eye. And two events of downward rolling were witnessed in a patient at the end of surgery (Supplementary Figure 5; Supplementary Video 4).


[image: Figure 3]
FIGURE 3
 Photograph of eyes of patients who showed downdrift alone without updrift. (A, B) Both eyes of case 2 (before botulinum injection) showed (A) symmetric down-positioning of eyes before the start of surgery (MAC 1.4) when eyes were cleaned, draped, and opened following which (B) sevoflurane concentration was decreased and eyes returned to the central position (MAC = 1.2) within a minute of decreasing sevoflurane concentration. It should be noted that recorded values of MAC at the time of intubation were 1.7 and MAC was stabilized to 1.4 within a few minutes of decreasing sevoflurane concentration after intubation when eyes were opened to see their position at the time of cleaning and draping. (C, D) The right eye of patient 2 (before second botulinum injection) at 14 months of age in the central position (MAC = 1) at the time of the start of surgery (C) but as anesthesia was deepened (to improve oxygen saturation as patient was not able to maintain spontaneous breathing), eye turned in and down (D) after temporary release of muscle traction during surgery following passage of traction suture, conjunctival incision, and hooking of muscle. (at MAC = 1.4) (E, F) Photographs of eccentric eye positioning in downgaze with slight adduction (toward the nose) in left eye before start of surgery in case 3 (infantile esotropia) (MAC = 1.6) (E) and after eye achieved centralized position when the depth of anesthesia was decreased (MAC 1.3). MAC, minimum alveolar concentration.


When the surgeons tried to manually rotate the eyes to the central position, difficulty was felt as the tonic downward force was experienced by the surgeons in all cases. The surgical procedure was abandoned for a few minutes as in the presence of an eccentric eye position the continuation of the surgical procedure became unexpectedly difficult.



3.5.2. During induction

At the time of induction all patients witnessed transient up-rolling and outward drift following which down-rolling was witnessed in all cases. But MAC during transient up-rolling in DI data was not analyzed because it was witnessed transiently during beginning of induction when sevoflurane flow was high.




3.6. Relationship of downward drift with anesthetic agent used
 
3.6.1. After induction

21 episodes of down-rolling which occurred during surgery were maintained on sevoflurane. Only one patient who witnessed down-rolling during switching of sevoflurane to isoflurane (when anesthetic concentration inside lungs became momentarily high) was also included in the study. None of the patients were injected with any intra-venous anesthetic agent (like propofol) prior to witnessing a down-rolling event.



3.6.2. During induction

Induction was performed with sevoflurane and fentanyl in all cases. Propofol was given in 28 out of 62 patients among which 20 patients experienced episodes of down-rolling immediately after propofol injection (median time 10 s) while down-rolling event was noted prior to propofol injection in eight patients. MAC at which downdrift was witnessed immediately after propofol injection was lower compared to MAC at which downdrift was witnessed without/before propofol injection (p = 0.022; Table 2).




3.7. Relationship of repeated anesthetic exposure on the incidence of downdrift
 
3.7.1. After induction

15 patients underwent repeat surgeries under GA without NDMR out of which recurrence of event was seen in five patients.




3.8. Relationship of pupil size with EDEM/EDEP event

No change in pupil size was noted during EDEM/EDEP in both AI and DI data.


3.8.1. After induction

Proparacaine was given to all patients before the start of the procedure. The median pupil size during EDEM/EDEP was 2.5 mm (IQR 1.5–3.5).



3.8.2. During induction

In four patients (three pediatric cataracts and one pseudophakia with posterior capsular opacification), change in pupil size could not be estimated as pupils were pharmacologically dilated for the surgical procedure. In the remaining 18 patients, the median pupil size during EDEM/EDEP was 1.75 mm (IQR 1.5–2 mm).




3.9. Symmetry of eye position between two eyes
 
3.9.1. After induction

Downward drift was asymmetrical in four patients (Figure 4A). Pre-operative records of one patient revealed eye dissociated in a vertical deviation (Figure 4B).
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FIGURE 4
 Pre-operative photograph of both eyes showing asymmetric down-positioning of eyes in case 4 (infantile esotropia) (A) Right eye more down-positioned than left eye at MAC = 2. (B) Pre-operative clinical profile of same patient showing esotropia with left eye Dissociated vertical deviation. MAC, minimum alveolar concentration.




3.9.2. Before induction

Mild asymmetry in downward drift was seen in 23 patients during down-drift and in extreme eccentric down-drifted position. The median eye score was −2.68 ± 0.99 in the right eye and −2.87 ± 1.01 in the left eye in 23 patients (p = 0.939).





4. Discussion


4.1. Depth of anesthesia during down-rolling and centralization

Our study showed that, in absence of muscle relaxant, down rolling of eyes occurred at relatively deeper depths of sevoflurane anesthesia compared to anesthetic depths at which eyes were centralized. This was demonstrated by the higher value of MAC for EDEM/EDP relative to centralized position (p = 0.001) in all cases (both DI and AI data; Table 2). Results of our study matched the finding of Kook's study which mentioned downward eye drift with BIS values below 35 or deep anesthesia (4). Anesthetic depths (MAC) at which these fluctuations in eye position appeared was within permissible anesthetic limits of induction (8) as well as surgery (stage 3 anesthesia). Inhalational agents are known to cause a dose-dependent suppression of reflexes and movements (6). It is said that a complete lack of electrical discharge in the extraocular muscles occurs during deep sleep or deep anesthesia, (6) but our study confirmed that the increasing DOA may not always be effective in centralization of eyes or in reducing eye movements (9).



4.2. Correlation between DOA and eye position

A significant negative correlation of eye score (-4 to +4) with DOA signified that eyes up-rolled in lighter planes, (4) centralized on slight increase, and down-rolled on further deepening the DOA (4). In his study of 32 patients, Kook et al. (2) scored the vertical position of each eye on an ordinal scale from −2 to +6, according to its height in relation to the medial canthus, and studied the relationship between fixed eccentric eye elevation and DOA during surgery. He encountered elevation of the eyes in 83% and downward position of eyes in 2% (one child) with BIS values < 35, probably because he maintained a lower concentration of sevoflurane for induction. We did not include BIS in our study because the majority of our children were younger than 2 years old and values of BIS in infants and young children do not indicate a similar concentration of sevoflurane like adults and hence may not be always reliable (10). Lower values of BIS generally indicate deeper levels of anesthesia which can also be corroborated from the higher values of MAC used in our study.



4.3. Relationship of Age with DOA during down-drift

Average age of children who witnessed a down-rolling event during surgery was lower compared to the age of children witnessing down drift during induction (Table 2). It could be because infants and smaller children are more susceptible to fluctuations in DOA and a higher depth is reached with lower MAC in a very short time. This is also supported by the lower cut off level in infants and younger children than older children shown in ROC curve in our study. Reasons for greater down-drifts in smaller children could be because of the (1) lower threshold for sevoflurane, (2) start of sevoflurane induction prior to placement of intravenous line (as injection of intra-venous agents not possible without sedation) and (3) extended period of high sevoflurane flow due to difficult cannulation in small children. Intravenous agents which are injected in co-operative older children by placing an intra-venous line before starting sevoflurane increase depth of anesthesia and decrease the requirement of sevoflurane. Few older children also witnessed down-drift during induction in our study. Hence the results of our study showed that even though smaller children are more susceptible, there remains risk to older children as well specially with high flow of sevoflurane (high MAC) for prolonged periods like delay in intra-venous cannulation etc.



4.4. Time duration of down-rolling, downward eye positioning, and return of down-drifted to the central position

Our study showed that these movements are swift and the ophthalmologist has to be careful to identify such movement and withdraw instruments carefully if such movements are encountered. Also, the anesthetist must avoid fluctuation in DOA in short surgeries without NDMR and should be aware that eyes shall remain in this down-rolled position till sevoflurane flow, and in turn anesthetic depth, is decreased.



4.5. Timing of onset of down-rolling during GA
 
4.5.1. During induction

In his study under different depths of general anesthesia, Power et al. (9) observed final eye position in downward direction after induction in a few patients but details including timing, number of down-rolling events, and DOA were never described. Our P-study showed that tonic EDEM/EDEP occurred during induction in 62 out of 132 patients. Such high numbers of down-rolling were witnessed during induction in our study because in general, induction with sevoflurane is rapid (alveolar concentration approaches inspired concentration much more rapidly) and because its flow to lungs is generally kept high during induction. The mean concentration of sevoflurane during induction at which EDEM/EDEP occurred prior to LMA insertion was high (median MAC = 2.65; IQR 2.28–3.0) which matched with other studies (8). In children, where it is common to use a volatile induction, sevoflurane is the preferred choice. In a busy tertiary center like ours with high volume cases it is not uncommon to see reduction of the time for inhalational induction by using a concentration in excess of 1 MAC to speed-up induction as it would take some time for the patient to go to sleep if 1 MAC of volatile was used to induce anesthesia. It is then slowly decreased to the desired level once the child is cannulated and other intra-venous anesthetic agents are given to increase depth of anesthesia which decreases requirement of sevoflurane flow. This is when the supra-glottic device is inserted and then lower flow is sevoflurane is maintained while eyes are centralized and the child is handed to the ophthalmic surgeon.



4.5.2. After induction

Quick induction and failure to lower sevoflurane (below the threshold value for that age group) explains why few children witnessed downward eye-positioning following handing over to the ophthalmic surgeon as it was the extension of down-rolling events during induction which was evident when eyes were opened after cleaning and draping before the start of surgery. Power et al. (9), while studying the DOA in young adults via sevoflurane induction, compared eye signs with EEG polysomnography and showed that the deepest level of sleep was reached on average 3 min before the onset of eccentric ocular positioning, thereby suggesting that eccentric eye movements may occur even when a patient appears satisfactorily anesthetized. This also points toward an understandable lag between anesthetic depth reached at the level of lungs and its effect seen at the level of CNS (eccentric eye positioning). This could be why many of our patients (n = 11) experienced downward movement before or at the start of surgery because of the lag between change in anesthetic depth (increase) after induction and start of surgery which might overlap as most of the children witnessed downward movement before/at the start of surgery, depending on DOA and the child's threshold value.

Some children witnessed downward rolling in the middle or at the end of surgery potentially because DOA (although MAC was kept constant) varies with the level of stimulus (like traction on eye) the patient is experiencing. This may be illustrated by the fact that one of our patients experienced downward movement at the end of surgery (during conjunctival suturing) on the same MAC eyes were central and was being operated upon. Oculo-cardiac reflex was noticed in two cases following which depth of anesthesia was increased which in turn caused the down-rolling event in one patient.




4.6. Up-rolling and its timing with down-rolling

Many children experienced down-rolling during surgery immediately after up-rolling (Table 1). In our case series, upward drifting of the eyeball was also seen under lighter planes of anesthesia during surgery in response to any noxious stimuli in the form of pressure on the globe or any manipulation of the eyeball as demonstrated by lower MAC values (median 1.0) (4, 11). Though literature describes slight up-rolling of eyes with the cessation of voluntary eye movement as the point of sufficient anesthetic depth, (12) ocular surgeries are not performed under this anesthetic depth. Rossiter et al. (3) reported its substantial increased incidence without the use of muscle relaxants. Harrad and Stoddart suggested that Bell's phenomenon, a natural protective reflex, which occurs both in the awake state and with lighter planes of anesthesia (though the patient is not awake), may explain the entity (11, 13). The exact neural mechanism is unknown but involves brainstem pathways between the seventh cranial nerve nucleus in the pons and the third cranial nerve nuclear complex in the rostral midbrain. Hiraoka et al. (14) have suggested that the mesencephalic reticular nucleus may play an important role in integrating these two patterns of movement (bilateral lid closure and upward movement of both eyes).

Bell's reflex is extinguished with deep planes of anesthesia, such that the eye remains in the neutral gaze (13, 15). And this upward drift triggered by traction during surgery prompted the anesthetist in our study to increase the DOA to make the eyes return from the upward position following which tonic down shoot of eyes was encountered. This was seen in a few cases and could be because of the attempt to rapidly increase the flow of sevoflurane and rapidly deepen/optimize the anesthetic depth which crossed the threshold for that child.



4.7. Relationship of down-rolling with propofol
 
4.7.1. During induction

Propofol was given in 28/62 patients in which a down-rolling event was seen immediately after injection in 20 children. Time interval elapsed from propofol injection to down-drift (10 s) matched with the onset of action of propofol (16) (Table 2). Median MAC during which EDEM/EDEP was witnessed immediately after propofol was slightly lower than MAC at which down-rolling was experienced without propofol (Table 2), thereby suggesting a synergistic effect of high sevoflurane flow and propofol in increasing DOA and causing sudden EDEM/EDEP. The remaining 72 patients who did not experience down-rolling and hence were not recruited in the study may have received a low flow of sevoflurane (low MAC during induction) from the start due to quick cannulation or prior injection of propofol and fentanyl before starting induction in co-operative older children.




4.8. Relationship of repeated anesthetic exposure to the incidence of downdrift

Our study showed that the same patient may or may not experience such events again and it depends on sevoflurane flow used during induction and maintained in surgery, threshold for that age, and rapidity at which DOA is changed.



4.9. Relationship of pupil size with anesthetic depth

No change in pupil size (or no dilatation of pupils) occurred throughout the study whether the eyes were centralized or down-rolled, which implies MAC at which down-rolling occurred (highest depth of anesthesia in our study) was also within permissible limits of surgical anesthesia (stage 3) (8). Our study showed that eyes rolled up in the lighter plane of stage 3 anesthesia and down-rolled during deeper planes of stage 3 anesthesia without muscle relaxant. So, there is a narrow band of anesthetic depth in which ocular surgery has to be performed. If anesthetic depth goes too low eyes shall roll up and if it gets too deep eyes shall roll down.



4.10. Symmetry between two eyes

Our study showed eyes generally move symmetrically in a downward position but can move asymmetrically (Figure 4). In a majority of cases the difference remained insignificant. Though we could not understand the exact reason for asymmetry, we suspected asymmetric dissociated vertical deviation in the child to alter the eye position in two cases.



4.11. Probable pathophysiology behind downward drift

The pathophysiology of down-rolling under GA is unknown. We tried to hypothesize based on the shared neurochemical and behavioral features of sleep and general anesthesia (17, 18). Various anesthetics have been demonstrated to alter brain systems involved in sleep-wake control (17–19). Many medicines produce general anesthesia that is very comparable to NREM sleep, (20) including a breakdown in efficient cortical communication (21, 22) and inactivation of the thalamus and midbrain reticular formation along with loss of awareness (23). Anesthetized patients' brains may be trapped in an NREM-like state, preventing access to REM sleep and waking (22, 24). In a wakeful state, the mesencephalic reticular development is critical in creating a vertical saccade (25). REM sleep activates cholinergic neurons in the reticular formation (26). The similar velocity-amplitude correlations of rapid eye movements during REM sleep and spontaneous saccades in the dark when awake suggest a shared neural circuit (27). Since eye movements changed with MAC, we hypothesize that a sudden increase in anesthetic concentration (which might have been potentiated with use of prolonged high sevoflurane flow during induction for deepening DOA) caused temporary irritative effects in the central nervous system, causing temporary switching (28) of non-REM to a REM sleep-like state or isolated REM sleep-like traits being expressed during non-REM sleep-like state (29) with activation of the mesencephalic reticular formation and neurons.

The irritative effect of increased anesthetic concentration can be many-fold, although prospective studies are required to evaluate these theories.

1. An increase in sevoflurane concentration (higher MAC) and differential sensitivity of cortical and subcortical areas to sevoflurane concentrations (30). In adults, Mourisse and colleagues (31) found that the blink reflex (brainstem function) was more susceptible to sevoflurane than BIS (forebrain function). The interstitial nucleus of Cajal, the mesencephalic reticular formation, and the posterior commissure are all located at the meso-diencephalic junction (32). Forced downward gaze is prominent in this area's lesions, indicating a vertical gaze plane imbalance (33). In our cases, down gaze neurons in the midbrain were possibly selectively irritated by high flow of sevoflurane (34, 35). Younger children's higher sensitivity to sevoflurane for specific subcortical areas (i.e. mesencephalic control) than older subjects may explain its greater prevalence only in younger children (30) when the threshold was crossed. Different flow rates of anesthetic agent used, different time taken, and different DOA achieved during intubation as well as different DOA (MAC value) on which the patient was stabilized before handing them over to the ophthalmic surgeon for the procedure could be factors influencing the non-occurrence of eye movements during repeat exposures in the same patients.

2. Another potential reason could be related to shortened autoregulation and vasodilatory impact of sevoflurane generating transient reduced cerebral blood flow (CBF) and an irritative effect which reverses when concentration is decreased (36, 37). The lower limits of sevoflurane autoregulation are close to young children's basal mean arterial pressure (38). The fact that our patients' exhibited eye movements beyond 1.5 mean MAC supports this hypothesis, as CBF remains unchanged by sevoflurane up to 1.5 MAC value (36, 39). It is possible that the CBF sensitivity window is quite narrow and specific to each individual. It is likely that the narrow autoregulation limit was violated when the depth went above the child's acceptable limit. The posterior circulation zone supplying the mesencephalic-diencephalic junction comprises structures critical for vertical sight and vergence, (40) and may be transiently impaired, manifesting eye movements. The concentrations at which these downward movements were seen in our cases do not necessarily lead to cerebral ischemia in healthy children. As thousands of sevoflurane inductions are performed every day in children, and neurologic complications are quite rare. The movement occurred only when the MAC level was below or beyond the narrow limit in sensitive children.

3. A third possibility is that sevoflurane is known to excite the neurons in Locus Coeruleus (LC) (41). The LC is a pontine nucleus, with the largest group of noradrenergic neurons in the brain, and is responsible for the tonic maintenance of the wakeful state (42). This nucleus has very widespread projections to cortical and subcortical regions and to the spinal cord (43). In addition, it also projects to the oculomotor nucleus which has been shown to have a high density of α1-adrenoceptors (44, 45). It is plausible that sevoflurane, at higher concentrations, induces the activation of the LC leading to the tonic contraction of the muscles innervated by the oculomotor nerve. As the LC is also involved in maintaining the wakeful state, once the DOA is on the lighter side it is possible that the same scenario of LC activation repeats itself. LC activity, through effects on α2-adrenoceptors in the Edinger-Westphal Nucleus (46, 47), can inhibit pupillary constriction by attenuating the light reflex. This might be the reason why we noticed ocular movement without any pupillary change. The interindividual differences in the specificity of these projections, in addition to the fact that MAC per se has been defined for producing immobility to surgical stimulus in 50% of the population, (48) may explain why these ocular movements are not noticed in every case.

The limitations of our study are the small sample size and absence of EEG monitoring in participants. The sample size limits generalization of reported median MAC values and the usefulness of the association between DOA (MAC value) and eye-positioning score. The sevoflurane flow was changed by anesthetist as per requirement in a child for quick induction which might have influenced the eye movements. Separate studies are required to be done with and without propofol to look for the impact on eye movements. Also, more research is needed on the link between eccentric downward movement, eccentric upward movement, level of anesthesia (using BIS and MAC values), and electrical activity of brain (Electro-encephalogram). In addition to electro-oculogram, we need to explore the tonic force in the inferior rectus to understand the pathophysiology of these eye movements, giving clues into ongoing subcortical processes. Further research is required on the entity's link to anesthetic depth and age. It will be fascinating to see if an anesthetic drug plays a role in halting these motions.




5. Conclusions

Our study concludes that sudden tonic down-drifts of eyes can occur in children without NDMR with the deeper plane of stage 3 sevoflurane anesthesia compared to depths at which eyes are centralized though both depths are adequate and under safe limits of anesthetic depth. This article intends to educate ophthalmologists and anesthetists about this unexpected eye movement during general anesthesia. Knowledge of this is important in short ocular procedures or surgeries under GA, especially without NDMR. In intra-ocular surgeries involving critical steps, muscle relaxants may be used for novices. Our study demonstrates the importance of keeping a stable DOA throughout and avoiding fluctuations. In the event of eye movement, the anesthesia team should be contacted immediately and the surgery should be restarted after the eye movements have stopped, and the eyes have returned to their centralized position.
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Keratoconus is the most common corneal ectatic disorder. It is characterized by progressive corneal thinning with resultant irregular astigmatism and myopia. Its prevalence has been estimated at 1:375 to 1:2,000 people globally, with a considerably higher rate in the younger populations. Over the past two decades, there was a paradigm shift in the management of keratoconus. The treatment has expanded significantly from conservative management (e.g., spectacles and contact lenses wear) and penetrating keratoplasty to many other therapeutic and refractive modalities, including corneal cross-linking (with various protocols/techniques), combined CXL-keratorefractive surgeries, intracorneal ring segments, anterior lamellar keratoplasty, and more recently, Bowman’s layer transplantation, stromal keratophakia, and stromal regeneration. Several recent large genome-wide association studies (GWAS) have identified important genetic mutations relevant to keratoconus, facilitating the development of potential gene therapy targeting keratoconus and halting the disease progression. In addition, attempts have been made to leverage the power of artificial intelligence-assisted algorithms in enabling earlier detection and progression prediction in keratoconus. In this review, we provide a comprehensive overview of the current and emerging treatment of keratoconus and propose a treatment algorithm for systematically guiding the management of this common clinical entity.
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artificial intelligence, refractive surgery, contact lens, cornea, corneal cross-linking, corneal transplant, intracorneal ring segment, keratoconus


1. Introduction

Keratoconus was first reported by Benedict Duddell in 1736 (1). Following its first description, various terminologies such as prolapses corneae, cornea conica, sugar-loaf cornea, and procidentia corneae, were introduced in the early literature (2). Around a century later, John Nottingham provided the first detailed description of the disease in his landmark publication in 1854 (2, 3). Pickford described the conical cornea as a disease that is “intractable in nature and fatal to vision” and one in which “the pathology and treatment are so little understood.” Around 170 years later, keratoconus remains an enigmatic disease.

Over the past few decades, rapid advancement in diagnosing and managing keratoconus has been observed. Originally described as a rare disease by the National Institute of Health with an incidence of less than 1 per 2,000 people (4), it is now known that keratoconus is much more common than originally thought. The reported prevalence is highly variable from 0.2 per 100,000 in Russia (5) to 33 per 1,000 in Iran (6). A meta-analysis from 15 countries reported a global prevalence of 1.4 per 1,000 (7). A higher prevalence is noted in Asian and Middle Eastern populations. Pediatric populations have a higher prevalence rate, with a reported prevalence rate ranging from 5.2 per 1,000 people in New Zealand to 47.9 per 1,000 people in Saudi Arabia (8, 9). In addition, it is one of the most common indications for keratoplasty in many countries (10, 11). Nonetheless, some countries have reported a decreasing trend in the number of keratoplasty for keratoconus in view of the implementation of corneal cross-linking (12, 13).

Etiology of keratoconus is multifactorial, with environmental and genetic factors playing important roles (14, 15). Atopy, eye rubbing, and exposure to ultraviolet rays are some of the recognized risk factors. Familial aggregation of the disease has been noted in several studies indicating a genetic transmission (16). In the Collaborative Longitudinal Evaluation of Keratoconus (CLEK) study, around 13.5% of the patients reported a positive family history (17). The most common mode of inheritance described is autosomal dominant with incomplete penetrance and variable expression (18). However, a study based on a segregation analysis on 95 families suggested a possibility of autosomal recessive inheritance (19). Offspring of consanguineous marriages are also reportedly affected more than those of non-consanguineous marriages, indicating an autosomal recessive inheritance (20). The recent discovery and characterization of pre-Descemet’s layer has also improved the understanding of keratoconus and acute corneal hydrops, a rare but well-recognized complication of keratoconus (21–24).

Until the end of the 21st century, the management of keratoconus has been largely restricted to spectacles, rigid contact lens (CL) and keratoplasty (in advanced cases) for refractive and visual correction. Wollensak et al. (25) described a highly innovative and minimally invasive technique – corneal cross-linking (CXL) using the Dresden protocol – to halt the progression of keratoconus and reduce the need for keratoplasty. Since then, a variety of treatment protocols and techniques have been introduced to further optimize the clinical efficacy, efficiency, and safety of CXL. These include modifications such as accelerated CXL, transepithelial CXL, Epi-Flap CXL, pulsed UV light, and many others (26–34). Other surgical techniques, particularly intrastromal corneal ring segments (ICRS) and anterior lamellar keratoplasty (ALK), have been developed. In addition, there has also been a recent increased interest in the refractive surgical management of patients with keratoconus.

In this review, we aim to: (1) provide a comprehensive overview of the current therapeutic modalities of keratoconus; (2) propose a systematic and practical treatment algorithm; and (3) discuss the future directions of the management of keratoconus.



2. Important factors for consideration for treatment

The choice of treatment is contingent upon a combination of factors, including host factors (e.g., age, atopy, tolerance to CL, and visual requirement/expectations), clinical factors (e.g., severity and progression of keratoconus, location of the cone, corneal thickness, and presence of scarring or previous hydrops), and surgeons’ experience and expertise (35). A number of classifications have been proposed and used in the clinic to enable a more consistent grading of the severity of keratoconus, including the commonly used Amsler-Krumeich classification (36), Belin ABCD grading system (37), Keratoconus Severity Score (38), and several others (Table 1) (15, 39). The diagnosis of keratoconus has been well covered by a few recent excellent review articles (15, 35), and is beyond the scope of our article.


TABLE 1    Classification and grading of keratoconus based on Amsler-Krumeich classification and Belin ABCD grading system.

[image: Table 1]

The progression of keratoconus has been defined in several ways based on a combination of visual acuity, refraction, and tomographic/topographic indexes. Various parameters have been used in the literature and clinic to define progression (33, 40–42). These include:


-Visual acuity: subjective or objective decrease in vision by 1 Snellen line or more

-Refraction: increase in cylinder on manifest refraction by 1 D or more over 1 year

-Keratometry: increase in K2 (keratometry at the steepest meridian) or Kmax (maximum keratometry) by 1 D or more over 1 year

-Corneal thickness: progressive decrease (no definite quantitative value provided).


In 2015, the Global Delphi Panel of Keratoconus and Ectatic Disease has established a global consensus on the definition, concepts, diagnosis, clinical management, and surgical treatment of keratoconus and ectatic diseases (43). They have defined ectasia progression by a consistent change in at least two of the following parameters:


(1)Progressive steepening of the anterior corneal surface;

(2)Progressive steepening of the posterior corneal surface; and

(3)Progressive thinning and/or an increase in the rate of corneal thickness change from the periphery to the thinnest point.



More recently, the Belin ABCD Progression Display has also been introduced as an extension of the Belin ABCD grading system to detect and monitor the progression of keratoconus (44). This progression grading system considers both the anterior and the posterior corneal surfaces, which increases the sensitivity for detecting any early progression of the disease. Based on all the factors mentioned above, we propose a treatment algorithm as a practical (instead of prescriptive) guidance for managing keratoconus (Figure 1).
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FIGURE 1
A proposed treatment algorithm for guiding the management of keratoconus. CL, contact lens; VA, visual acuity; ICRS, intracorneal ring segments; DALK, deep anterior lamellar keratoplasty; PK, penetrating keratoplasty; TCP, thinnest corneal pachymetry; CXL, corneal cross-linking; TG-PRK, topographic guided-photorefractive keratectomy; SK, stromal keratophakia; BLT, Bowman’s layer transplantation; DM, Descemet membrane. *Modified CXL includes transepithelial, iontophoresis-assisted, lenticule-assisted, CL-assisted, and adapted fluence CXL. **Corneal thickness at the mid-periphery/tunneling site for ICRS implantation.




3. Conservative treatment

Eye rubbing, often in the context of ocular allergy, is often the main underlying predisposing factor for the development and progression of keratoconus (45–47). Therefore, avoidance of eye rubbing and a reasonable control of the underlying ocular allergy is crucial during the management of keratoconus. Studies have shown that a good control of ocular allergy can reduce the risk of disease progression, development of acute hydrops, and post-keratoplasty complications such as loose corneal graft sutures, persistent epithelial defect, and steroid-induced cataract (48–50). In recognition of the importance of patient education, a public awareness campaign, named the Violet June, was started in Brazil in 2018 to raise awareness of keratoconus and importance of avoiding eye rubbing in reducing the disease severity and its wider impact on the society (51). In addition, dry eye management is often required as the condition is common among patients with keratoconus who wear CL, irrespective of the types of CL used (52).

In the early stages of keratoconus, spectacles or soft CL may serve as a useful, first-line conservative treatment in providing satisfactory refractive and visual corrections. Refractive errors are commonly measured with manifest clinical refraction but may be objectively aided by ocular wavefront analysis (35). However, as the disease often affects the eyes asymmetrically, many affected individuals remain asymptomatic until one eye is significantly affected or both eyes are considerably affected, rendering the above treatment options unsatisfactory. Occasionally, early detection of the disease may occur by chance during routine eye screening by optometrists in the community and/or ophthalmologists.

The use of CL in cases with keratoconus was first introduced by Fick (53). Since then, significant advancement has been made in the designs of CL used for keratoconus. In general, the use of CL in keratoconus depends on the stage of keratoconus, the location of the cone, and patient’s variable tolerance to CL. Soft toric CL offers the advantage of increased comfort. However, they cannot correct higher order aberrations (HOAs) and are best suited for early keratoconus (54). When used in advanced stages, conflicting results have been reported, with some authors finding it difficult to fit these CLs (55) while others report good results (56, 57). Rigid gas permeable (RGP) CL is the preferred option for keratoconic corneas. Customized RGP CL has been introduced to address the challenges in the fitting of traditional RGP CL (58). Studies have shown good RGP CL fitting in stage 2 and stage 3 keratoconus (56), though the vision-related quality of life (VR-QoL) is reduced when they were used for corneas with keratometry values exceeding 52 D (58).

When RGP CL wear is not tolerated, several other options are available to improve CL tolerance in patients with keratoconus. Hybrid CLs consist of a central rigid zone with a peripheral soft skirt, which provides better comfort and potentially better visual acuity than those using RGP CLs (59). They are better fitted for patients with stage 1 and stage 2 keratoconus and have been shown to improve their VR-QoL (59). However, hybrid CLs are associated with potential increased risks of giant papillary conjunctivitis, corneal edema, and vascularization (60, 61). Mini-scleral and scleral CLs are strong alternatives to RGP corneal CLs in patients with very steep or irregular corneas seen in advanced keratoconus (62). These CLs have a larger diameter and rest on the sclera without touching the limbus and the cornea, building a fluid reservoir between the posterior surface of the CL and the cornea that helps in evening out the irregularities and maintaining epithelial health. The prosthetic replacement of ocular surface ecosystem (PROSE) CL has been shown to be highly effective in patients with excessive HOAs (63). They are also particularly beneficial in patients with keratoconus having co-existing ocular surface disease (64). Piggyback CL, consisting of a soft bandage CL and an overlying RGP CL, also serves as another valuable option for vision correction in patients with keratoconus who are intolerant to RGP CL and scleral lens (65).



4. Surgical treatment


4.1. Corneal cross-linking

Corneal cross-linking (CXL) refers to the formation of covalent bonds between collagen molecules which results in biomechanical tissue strengthening (66). Physiological age-related collagen cross-linking has been shown to occur naturally whereby the diameter of the corneal collagen fibrils increases by up to 4.5% in an individual’s lifetime (67). Researchers noted that diabetic patients rarely developed keratoconus due to glycosylation-related collagen cross-linking and developed a technique for chemical CXL in biomechanically weaker corneas such as in keratoconus (68). The University of Dresden described the process of CXL using riboflavin and ultraviolet (UV-A) as a treatment modality for keratoconus. A complex photochemical reaction consisting of aerobic and anaerobic phases leads to the formation crosslinks between collagen molecules (69). Studies have also shown that CXL strengthens the cornea via cross-linking of the collagen molecules and non-collagen molecules (70, 71); therefore, the term “corneal cross-linking,” instead of “corneal collagen cross-linking,” is more commonly used in current practice.

Since the original CXL technique was described, several modifications have been described and used to reduce the time and increase the efficiency of CXL in stabilizing keratoconus. The long-term efficacy and safety of CXL have also been well-established (71, 72), though postoperative complications such as infectious keratitis, reactivation of herpes simplex keratitis, acute hydrops, endothelial damage, and corneal haze/scar may occur (Figure 2) (73, 74).
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FIGURE 2
Infectious keratitis following epithelium-off corneal cross-linking for progressive keratoconus. (A) Active infection. (B) Resolved infection with a visual debilitating corneal scar.



4.1.1. Epithelium-off techniques


4.1.1.1. Dresden protocol (conventional protocol)

The Dresden protocol or the conventional protocol of CXL (C-CXL) was originally described by Wollensak et al. (25). Since then, several prospective and retrospective studies have established the efficacy of C-CXL in halting the progression of keratoconus (42, 75, 76). The technique involves epithelial debridement in the central 8–9 mm zone followed by soaking the cornea in 0.1% riboflavin solution for 30 min before irradiating the cornea with 370 nm UV-A light (3 mW/cm2 for 30 min) to achieve a surface dose of 5.4 J/cm2. This technique is currently considered as the standard for CXL and is often performed in outpatient settings. The corneal epithelium can be removed using alcohol (33, 77, 78), hockey knife (79), Amoils brush (80), or transepithelial phototherapeutic keratectomy (PTK) (81, 82). Removal of the hydrophobic corneal epithelium facilitates adequate riboflavin penetration and imbibition into the stroma, allowing for effective UV-A induced photochemical reactions and subsequent CXL. The degree of riboflavin penetration affects the depth of UV-A radiation absorption thereby affecting the extent of CXL. Immediate post-CXL corneal haze and/or apoptosis of keratocytes in the anterior and middle stroma, which is often observed as a demarcation line in the anterior segment optical coherence tomography (AS-OCT), may serve a surrogate marker for the depth of CXL (83, 84).

Studies on corneal biomechanics have proven the stiffening effect of CXL on animal as well as human corneas (85, 86). C-CXL has also been shown to improve the corneal curvature reducing the corneal steepening and improving visual acuity (87, 88). Corneal thinning is noted up to 3 months post-surgery after C-CXL, which slowly recovers by 1 year (89–91). However, Kim et al. (92) demonstrated that even after 5 years, there was a statistically significant reduction in corneal thickness as compared to the pre-CXL values. In general, CXL achieves better efficacy when performed in early keratoconus as compared to advanced keratoconus (33, 93). Innovative approach such as Epi-Flap CXL has also been described, which is shown to be associated with less postoperative pain and anterior stromal haze when compared to conventional epithelium-off CXL (34).



4.1.1.2. Accelerated protocol

The concept of accelerated CXL (A-CXL) is based on the Bunsen-Roscoe law of photochemical reciprocity, which states that the total energy remains unchanged if the irradiation duration is reduced with a corresponding increase in the intensity of irradiation (69). The main advantages of A-CXL include reduced treatment duration and a possible reduced risk of infection (94). Several protocols for A-CXL have been described, including the use of 9 mW/cm2 for 10 min, 18 mW/cm2 for 5 min, and 30 mW/cm2 for 3 min, all of which result in a surface dose of 5.4 J/cm2 (33, 95, 96). Larger dose of radiation such as 7.2 J/cm2 (with 30 mW/cm2 radiation for 3 min) has been described, though it may lead to increased risk of corneal haze (97). Laboratory studies analyzing the corneal stiffening following CXL have shown comparable efficacy of C-CXL with A-CXL (98, 99). A large ex vivo study showed that the Bunsen-Roscoe law of reciprocity is valid only up to irradiation intensities of 40–50 mW/cm2 and for more than 2 min. At higher intensities and shorter duration, the biomechanical stiffening can rapidly decrease (100).

Many large clinical studies have demonstrated the clinical efficacy and safety of A-CXL in halting progressive keratoconus in adult patients (33, 101–103). The potential benefit and safety of A-CXL has also recently been substantiated in pediatric patients with progressive keratoconus. Larkin et al. (104) recently conducted the KERALINK study, a phase 3 clinical trial which included 60 patients aged 10–16 years with progressive keratoconus. It demonstrated a significantly beneficial effect of A-CXL [using continuous UV light with 10 mW/cm2 over 9 min (total energy of 5.4 J/cm2)] in halting the progression of pediatric keratoconus when compared to those receiving standard care (which included refraction testing with provision of glasses and/or CL fitting). CXL was offered to the standard care group if there was confirmed disease progression but this was not provided earlier than 9 months after randomization. The reported follow-up period was 18 months.

A meta-analysis of 11 studies evaluating the efficacy and safety between A-CXL and C-CXL demonstrated similar postoperative outcomes, in terms of mean keratometry (Kmean), uncorrected-distance-visual-acuity (UDVA), and corrected-distance-visual-acuity (CDVA) (105). However, A-CXL was shown to achieve less reduction in maximum keratometry (Kmax) but with less impact on corneal thickness and endothelial cell density when compared to C-CXL. The observed difference in the effect (in Kmax) may be attributed to less energy penetration into the cornea hence less corneal biomechanical stiffening in the A-CXL group, evidenced by shallower corneal demarcation line in A-CXL when compared to C-CXL (69, 84). Touboul et al. (106) reported a corneal demarcation line at a depth of 100–150 μm using a 30 mW/cm2 irradiance protocol for 3 min. This is possibly due to the shorter riboflavin soaking time of 10 min in their study. Studies with riboflavin soakage for 15 min have reported the demarcation line to be deeper than 200 μm (26, 107). Kymionis et al. (108) found a demarcation line at a mean of 288–290 μm, using a protocol of 9 mW/cm2 for 10 min. A study comparing the depth of demarcation lines in two groups of patients undergoing A-CXL with 18 mW/cm2 for 5 min and different riboflavin soakage times (20 and 30 min) found that it was deeper in the group with longer soakage time before UV-A irradiation (109).

Favorable outcomes have also been reported in terms of keratometric flattening and improvement in visual acuity using A-CXL (110, 111). Razmjoo et al. (112) reported comparable improvement in visual acuity and refractive astigmatism after A-CXL and C-CXL. The photochemical reaction during CXL is known to be oxygen-dependent (113). Accelerated protocols with higher fluence raised concerns about oxygen depletion during CXL, resulting in a reduced stiffening effect. This led to the concept of using pulsed light during irradiation instead of continuous light. Pulsing the light allows more oxygen availability and more singlet oxygen release for CXL (30). Comparative studies of continuous light A-CXL and pulsed light A-CXL have revealed a deeper demarcation line when pulsed light was used, with the latter achieving a better efficacy (30, 114). Studies have shown that pulsed light A-CXL is effective in halting the progression of keratoconus up to 2 years after the procedure (115, 116).




4.1.2. Epithelium-on techniques


4.1.2.1. Transepithelial CXL

CXL without epithelial debridement has been described to reduce the risk of infectious keratitis and improve patient comfort after the procedure (74, 117–119). However, riboflavin, a hydrophilic substance with a high molecular weight, does not penetrate through an intact hydrophobic epithelium easily (120). This issue is overcome by using permeability enhancers like ethylene-diamine-tetra-acetic acid (EDTA), benzalkonium chloride (BAC), trometamol, and gentamicin (121, 122). The riboflavin-soaked epithelium also absorbs UV radiation resulting in an attenuated effect of CXL (123). Studies have shown that transepithelial CXL is less effective in halting progression in keratoconus than C-CXL (124). Bottós et al. (125) suggested that the reduced effect of transepithelial CXL is due to inadequate stromal concentration of riboflavin rather than reduced UV transmittance. Reduced oxygen diffusion into the stroma due to an intact epithelium also attenuates the effect of CXL (126). It has been estimated that corneal biomechanics improves by 64% following transepithelial CXL as compared to 320% after C-CXL (127). The demarcation line after transepithelial CXL is also reportedly shallower than C-CXL (127). The use of pulsed treatment (1 s on, 1 s off) to improve oxygen concentration has improved the results at 1-year follow-up (128). A study by Caporossi et al. (28) reported that the UDVA and CDVA improved up to 3–6 months then gradually returned to the preoperative level. Keratoconus was noted to be stable up to 1 year, however there was a subsequent worsening noted at 2-year follow-up. They used riboflavin with dextran and EDTA, and trometamol as the permeability enhancers. Another study done using riboflavin with BAC 0.01% reported a progression of keratoconus in 46% eyes at 1-year follow-up (129). Other studies have concluded that, although limited, there is a definite favorable effect of transepithelial CXL (130, 131). A recent Cochrane review of 11 studies reported that transepithelial CXL and epithelium-off CXL confer similar efficacy on keratoconus stabilization (132). Another approach recently described by Mazzotta et al. (133) is to increase the fluence to 7 J/cm2 and use pulsed UV light. This approach has been termed as Transepithelial Enhanced Fluence Pulsed M Accelerated Crosslinking (EFPL-M-CXL).



4.1.2.2. Iontophoresis-assisted CXL

Riboflavin is a negatively charged, small molecule with a molecular weight of 376.4 g/mol. Penetration of riboflavin into the corneal stroma (via an intact layer of epithelium) can be enhanced using iontophoresis, a non-invasive technique employed to facilitate the movement of ionized molecules (134). In this technique, the active electrode is placed over the cornea with a suction ring, while the passive electrode is placed on the cervical vertebrae or on the patient’s forehead. The annular suction ring on the cornea is then rinsed with 0.1% riboflavin in distilled water until the grid is submerged. A small current of 1 mA is then applied for 5 min. Once adequate stromal soakage by riboflavin is confirmed through slit-lamp examination, the cornea is then irradiated with UV-A light (135, 136).

Studies have shown that iontophoresis-assisted CXL (I-CXL) was effective in halting progression at 1-year follow-up (135, 137). The depth of the corneal demarcation line has been reported to be at 210 μm with no significant corneal haze (135). Studies comparing C-CXL and I-CXL in early keratoconus have shown comparable effects in stabilizing progressive keratoconus (138, 139). Another study reported that at a 2-year follow-up, I-CXL could halt keratoconus, albeit less efficiently than C-CXL (80 vs. 92.5%). They reported a demarcation line at a depth of 216 μm observed in 35% of cases. The failure rate reported was 20% with I-CXL as compared to 7.5% with conventional CXL (140). Similar to transepithelial CXL, the efficacy of I-CXL is reduced by the presence of intact corneal epithelium due to decreased oxygen diffusion. Secondly, the riboflavin-soaked epithelium is likely to reduce the UV transmittance. A study by Mastropasqua et al. (141) showed that riboflavin saturation achieved in I-CXL was deeper than transepithelial approach, but shallower than the conventional epithelium-off CXL approach.

Some potential advantages do exist with I-CXL. Studies have shown that contrast sensitivity function was transiently better after I-CXL than C-CXL during early postoperative period (first 3 days), which is likely attributed to the inflammatory effect during the wound healing process following epithelial debridement in C-CXL (142, 143). However, the significant difference observed between the two groups was normalized by 1 week postoperative. In addition to the reduction of the riboflavin soakage time to 5 min, it also offers the advantages of intact epithelium such as reduced pain and lower chances of infectious keratitis (118, 144).




4.1.3. Modified techniques for thin corneas


4.1.3.1. Lenticule-assisted CXL

Sachdev et al. (145) first described an innovative lenticule-assisted CXL technique in three patients where tailored stromal expansion was used for corneas <400 μm, utilizing lenticules extracted from patients undergoing small incision lenticule extraction (SMILE). Following epithelial debridement, a stromal lenticule of appropriate thickness derived from a patient undergoing SMILE for myopic correction was placed on the cornea to be cross-linked. The lenticule was centered over the apex of the cone. Riboflavin 0.1% was instilled every 5 min for 30 min, and UV-A radiation was given as in the Dresden protocol. The effectiveness and safety of this technique was observed throughout their 6-month study, evidenced by the keratometric stability, minimal/no effect on the endothelial cell density, and a corneal demarcation line of 280–300 μm (suggesting that the posterior stroma and endothelium is spared). The thickness of the lenticule can also be customized according to the corneal thickness of the treated eye. Further modification was described by Cagini et al. (146) where they prepared the lenticule using femtosecond laser (FSL) on donor corneas and standardized the lenticule thickness to 100 μm. Their study included 10 eyes of eight patients, and the demarcation line at 1 month was comparable to C-CXL technique. Further studies are needed to determine the efficacy and safety of this technique.



4.1.3.2. Contact lens-assisted CXL

The technique of CL-assisted CXL (CL-CXL) was first described by Jacob et al. (147) in 2014 in their pilot study of 14 eyes with thin cornea. In this technique, the cornea was soaked with riboflavin for 30 min after epithelial debridement. A CL was also soaked in riboflavin solution simultaneously for 30 min. This riboflavin-soaked CL was then placed on the cornea before UV irradiation was started. Intra-operative pachymetry was done to confirm the thickness to be >400 μm. UV-A irradiation was then given as in the Dresden protocol. Placing a CL on the thin cornea increases the available thickness of the cornea by approximately 100 μm. Usually a CL with negligible power is chosen. The hydrophilicity of the CL is another factor to be considered. A more hydrophilic CL absorbs more riboflavin and hence more UV-A radiation, thereby reducing the transmission of UV-A to the stroma and affecting the effect of CXL (148). Wollensak et al. (148) compared the biomechanical efficacy of CL-CXL with C-CXL in porcine eyes and found that CL-CXL was about one-third less efficacious than C-CXL. Using Brillouin microscopy, Zhang et al. (149) reported that the localized corneal stiffening effect after CL-CXL was up to 70% that after standard CXL. Both groups showed a higher cross-linking effect in the anterior cornea than in the middle and posterior cornea. Knyazer et al. (150) performed CL-CXL using the accelerated protocol on 24 eyes with keratoconus. Progression was halted in 80% of cases with no evidence of damage to the corneal endothelium.



4.1.3.3. Adapted fluence CXL

Approaches like CL-CXL and hypotonic riboflavin have their drawbacks of having limited biomechanical strengthening (151). Kling and Hafezi (152) suggested that the rate-limiting factor in CXL is the irradiation time rather than the UV fluence or irradiance. If the fluence or irradiance is varied, it would be possible to perform CXL in corneas thinner than 400 μm since the threshold for endothelial cell toxicity would not be surpassed. Based on this theory, they proposed an algorithm for CXL in thin corneas where the fluence was adapted according to the pre-irradiation thickness. In their retrospective analysis of 39 eyes, they found a significant correlation between the irradiation time and the demarcation line depth. At 1-year follow-up, progression of keratoconus was halted in 90% of the patients and none of the patients developed endothelial decompensation (153). Further studies are needed to assess the long-term stability of such cases.





4.2. Intracorneal ring segments

In 1949, Dr. Barraquer explored the placement of an intracorneal device to correct a patient’s myopia, though this approach has become obsolete for this indication (154). It was only in 2000 that Colin et al. (155) reported the ability of implanted devices, now known as ICRS, to reduce corneal steepening in keratoconic eyes with some improvement in UDVA, CDVA, and tolerance to CL wear.

This technique works on the principle that adding tissues at the corneal periphery confers a centrally flattening effect (known as the arc shortening effect) (154). Patients with keratoconus whose vision can no longer be corrected adequately with spectacles or those intolerant to CL wear may benefit from this minimally invasive and reversible procedure. Other less common indications for ICRS include irregular astigmatism post-penetrating keratoplasty (PK) or deep anterior lamellar keratoplasty (DALK), post excimer laser corneal ectasia, astigmatism post radial keratotomy, and pellucid marginal degeneration. Whilst PK and DALK can be the next surgical step in keratoconus patients with visual impairment not correctable by spectacles or CLs, ICRS serves as a useful surgery to bridge the gap, delay or even eliminate the need for keratoplasty (Figure 3). There has also been some debate on whether or not ICRS prevents disease progression, with some studies supporting its long-term stabilizing effect whilst the others did not (156–160).
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FIGURE 3
A case of intracorneal ring segments (ICRS) implantation for treating stable moderate keratoconus. The (A) preoperative and (B) postoperative corneal topography demonstrates an improvement in the regularity of the cornea following ICRS.


Since the first human ICRS implantation report in the early nineties (161), various types of polymethyl methacrylate (PMMA)-based ICRS have now become widely available globally (Table 2). When considering ICRS implantation in keratoconus patients, ideally the cornea should be without scarring, though recent evidence suggests that corneas with mild apical haze may still benefit from ICRS (162).


TABLE 2    A summary of different types of intracorneal segment rings.
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Pre-operatively, one may consider an implantation checklist including but not exhaustive of the following: (1) CDVA of 20/30 or worse; (2) CL intolerance; (3) corneal thickness of more than 400 μm at the site of the tunnel; (4) steep keratometry less than 62 D; (5) adequate stromal bed around the rings (thickness of the ring cannot exceed half that of the corneal thickness); and (6) patient’s acceptance of a moderate and slow improvement in CDVA as management of the patient’s expectation is key (163, 164). Though pediatric patients have been implanted with ICRS, it is more commonly accepted to be placed in patients 18 years of age or older (165, 166).

So far, ICRS has been shown to be an effective method in managing keratoconus, with many recent studies reporting a significant improvement in UDVA, CDVA, refraction, and keratometric readings (Table 3) (159, 167–175). In a sizeable multi-centered study of 611 eyes with varying degree of keratoconus, Vega-Estrada et al. (176) observed a significant improvement in UDVA in all cases of keratoconus and CDVA in the majority of cases (except for mild keratoconus with 0.1 logMAR vision or better). This suggests that ICRS is most beneficial in grade I to III keratoconus. In addition to symmetric ICRS implantation, there have recently been some studies reporting the potential benefit of asymmetric ICRS implantation for keratoconus. However, the evidence is largely limited to short follow-up and small sample size (177, 178). Furthermore, novel progressive thickness ICRS (i.e., one end of the ring is thicker than the other end) has been successfully used to treat keratoconic eyes with non-uniform irregularities, resulting in a progressive corneal flattening effect (179, 180). Recently, Alfonso-Bartolozzi et al. (181) also reported using FSL-assisted, Ferrara-type ICRS to effectively correct astigmatism (≥3.00 D) following DALK.


TABLE 3    A summary of the recent studies evaluating the effectiveness and stability of intracorneal ring segment (ICRS) for keratoconus.
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There are a few contraindications to ICRS implantation, including advanced keratoconus with more than 65 D keratometry (62–65 D being a gray area), corneal opacity, severe atopic disease, eye rubbing, immunological diseases, corneal dystrophy, pregnancy, and breastfeeding (164). Patients with a history of herpetic eye disease as well as those on isotretinoin, amiodarone, and sumatriptan are not favorable candidates. Wound healing may be affected in patients with diabetes and severe atopic disease. It is also preferable to avoid patients with large pupils, as the chances of inducing HOAs are high. Corneal topography, aberrometry and assessment of the corneal biomechanics are helpful.

Different nomograms exist for each type of ring, with the size and position usually planned by the manufacturers based on refraction and tomography (Figure 4). For example, for Kerarings, one must send the refraction and tomography, including the four refractive maps, four topometric maps, one color map, and a corneal Zernike analysis to the 6th order over a maximum 6 mm pupil. It is thought that refractive and topographic cylinders should be within 15° of each other for a better result (look at K1 and refractive cylinder axis) (164). Usually, two segments are placed, with thinner segments for mild cases. ICRS may be placed by manual dissection or FSL dissection, where a tunnel or channel is created in the deep corneal stroma. Studies have shown that both FSL and manual dissection techniques result in similar improvement in visual, refractive and topographic outcomes, though the FSL technique has a better safety profile with a lower complication rate (164, 182).
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FIGURE 4
Surgical planning of Keraring intracorneal ring segments implantation based on preoperative refraction and tomography.


Complications of ICRS include ring exposure or extrusion (Figure 5), broken ring segments, segment migration, recurrent erosion, corneal melt, perforation, vascularization, and infectious keratitis (183–185). Coskunseven et al. (186) reported 1.3% of cases had segment migration, 0.2% cases of corneal melting, and 0.1% case of mild infection, with an overall complication rate of 5.7% (49 out of 850 eyes). Long-term stability has been shown in adults but less so in the pediatric population, associated with a higher chance of progression (156, 187–192). Variable thickness ICRS and Long Arc Length ICRS are both being explored, though their effectiveness is less in advanced keratoconus, which is similarly observed in ICRS in general (172, 178). The explantation rate due to complications or poor visual outcomes (including halo and glare) is considered relatively low.
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FIGURE 5
Slit-lamp photograph demonstrating an extrusion of intracorneal ring segments (black arrows), which is a well-recognized complication.


To improve the biocompatibility and biointegration of ICRS within the host cornea, Jacob et al. (193) described a novel technique of corneal allogenic intrastromal ring segments (CAIRS) combined with CXL to manage patients with stage I to IV keratoconus. A customized double-bladed trephine with outer diameter 7.5 mm and inner diameter 6.7 mm was used to cut the donor corneal rims into ring-like segments. The lenticules were crosslinked and cut into two halves akin to INTACS segments and inserted intrastromally at 50% depth of the thinnest pachymetry at 7 mm zone. Their study of 24 eyes (20 patients) showed a significant improvement in UDVA, CDVA, and steepest keratometry values at 18 months after the procedure. None of the patients had displaced or extruded segments. Transient dehydration of the CAIRS before insertion has also been described to reduce the surgical learning curve and aid insertion of thicker segments for more severe keratoconus (where the cornea is very thin and insertion of thick segments are technically challenging) (194). Another similar study was conducted by Jafarinasab and Hadi (195) where they created ring-like stromal segments from the anterior lamellae left after preparing DSAEK lenticules. The authors reported an improvement in CDVA without a significant difference in refractive or topographic astigmatism.

In summary, ICRS, based on either synthetic material or human donor cornea, serves a safe, effective, reversible, and adjustable surgical option for managing keratoconus, with variable outcomes dependent on the differing experiences between surgeons and units.



4.3. Combined CXL-keratorefractive surgeries

It is well known that keratorefractive surgeries may result in postoperative corneal ectasia, particularly in patients with underlying undetected mild keratoconus or forme fruste keratoconus (196). Therefore, keratorefractive surgery is traditionally contraindicated for eyes with keratoconus. However, with the growing experience in CXL and refractive surgery over the past decade, more clinicians are combining these two procedures, simultaneously (on the same day) or sequentially, to visually and refractively rehabilitate patients with keratoconus (35, 197, 198). “CXL plus” is a term coined in 2011 to refer to any CXL combined with refractive surgery to treat corneal ectasia (199). CXL and ICRS, either coupled or decoupled, have shown a significant improvement in keratometry (200). The results of this can be enhanced further with refractive surgery such as topography-guided photorefractive keratectomy (TG-PRK) (201).

Multiple combinations exist for CXL plus, including PRK, transepithelial PRK (t-PRK), TG-PRK, transepithelial TG-PRK, and wavefront-guided PRK (WG-PRK). Combined with varying CXL protocols and intra- and inter-person variability (as part of the nature of the disease), it is understandable why optimum parameters are difficult to determine. However, there is cumulative evidence in the literature demonstrating the long-term effectiveness and safety of various CXL plus procedures, including CXL + ICRS (189, 202–204), CXL + PRK/PTK (205–212), and CXL + PRK/PTK ± phakic IOL implantation (Table 4) (213–217).


TABLE 4    A summary of some of the recent studies examining the effectiveness and safety of corneal cross-linking (CXL) plus procedures for managing keratoconus (this is not an exhaustive list).
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To date, several protocols of CXL plus have been developed and implemented:


-TG-PRK (max 80 μm) then high-fluence CXL (known as the Athens protocol) (218)

-tPTK then CXL (known as the Cretan protocol) (219)

-tPTK then PRK + CXL (known as the Cretan Plus protocol) (220)

-Selective transepithelial TG-PRK with simultaneous accelerated CXL (STARE-X) (221)

-CXL + ICRS (203)

-CXL + ICRS + transepithelial TG-PRK (214)

-CXL + ICRS + toric phakic IOL + TG-PRK (222)

-CXL + ICRS + TG-tPRK (I-TRESK/CXL) (217).



With the recent advances in refractive surgery and the tools available to refractive surgeons, it is now more common for patients who are having CXL plus procedures to have customized treatment targeting wavefront guided HOAs with no compromise to optical zones. This ablation pattern allows regularization of the cornea, overcoming their otherwise inefficient optical system to allow for an improvement in their functional vision.

The timing of ICRS implantation, in the context of combined CXL, is still being debated, though in clinical setting it is not always a choice to make. Often patients may have already undergone CXL, other times they have had ICRS but are progressing. There is a logic that ICRS should precede CXL as it may be easier to insert the rings from a biomechanical point of view (202). Same day simultaneous ICRS and CXL has also gained support (223). In a recent randomized clinical trial evaluating the timing of CXL and ICRS for keratoconus (n = 198 eyes of 198 patients), Hersh et al. (203) reported a similar safety and effectiveness between concurrent surgery (same day for ICRS then CXL) and sequential surgery (ICRS then CXL 3 months later). Overall, there was a mean improvement in UDVA (by two logMAR lines), CDVA (by 1.1 logMAR line), and maximum topographic keratometry (by 7.5 D).

Several studies have demonstrated that combined PRK and CXL are able to achieve significant improvement in vision and corneal regularity when compared to CXL alone, with long-term stabilization of the disease progression (Figure 6) (205, 210). However, combined PRK with CXL may result in a deeper penetration of the UV-A radiation during CXL [potentially attributed to the ablation of the Bowman’s layer (BL)], which needs to be considered during the preoperative planning to avoid any undesirable damage to the corneal endothelium (210). In addition, the timing of PRK in relation to CXL, whether to be performed simultaneously or sequentially (where PRK is performed 6–12 months post-CXL), is another important clinical question. Several factors need to be considered during combined PRK + CXL. First, the ablation effect of PRK on crosslinked corneas may differ from non-crosslinked corneas, potentially affecting the predictability and outcome of the combined treatment if performed sequentially (i.e., CXL then PRK). Second, the crosslinked corneal tissues (particularly the anterior portion of the stroma) are removed by the PRK if performed later, which may increase the risk of progression of keratoconus in the long-term. Third, the risk of postoperative stromal haze may be different between two approaches. CXL is known to induce apoptosis of the stromal keratocyte (224), which may reduce the risk of postoperative haze formation if PRK is applied simultaneously. With a sequential approach, the crosslinked stroma becomes repopulated by host keratocytes, which may result in a higher rate of postoperative haze formation.
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FIGURE 6
A case of corneal cross-linking (CXL) plus [with wavefront transepithelial photorefractive keratectomy (tPRK) followed by simultaneous same-day conventional CXL] for treating moderate progressive keratoconus. (A) Preoperative corneal topography demonstrating a significant irregular astigmatism [with high inferior-superior (IS) asymmetry] and a corrected-distance-visual-acuity (CDVA) of 0.5 logMAR. (B) Postoperative corneal topography demonstrating a significant improvement in irregular astigmatism and CDVA to 0.0 logMAR following the treatment. (C) The ablation map demonstrating the setting of the tPRK used in this patient.


Kanellopoulos et al. (208) previously conducted a clinical study comparing the outcome of same-day simultaneous versus sequential CXL and TG-PRK in 325 eyes with progressive keratoconus. Although both approaches offered beneficial effects, the same-day simultaneous approach was shown to exhibit significantly better improvement in UDVA, CDVA, refraction, and topographic keratometric measurements, with lesser risk of postoperative stromal haze. Recently, selective transepithelial topography-guided photorefractive keratectomy combined with accelerated corneal crosslinking (STARE-X) protocol has been described to achieve good corneal regularity and improve both visual acuity and corneal aberrations at 2 years after the procedure (221).

Corneal stromal haze remains a recognized postoperative risk in combined CXL and PRK, especially in cases with sequential approach (208) and in patients with a history of atopy (225). Intraoperative topical mitomycin C (MMC) 0.02% is commonly used to reduce the risk of corneal haze following PRK (226) and is also used in the Athens protocol (i.e., TG-PRK followed by high-fluence CXL) (209). However, a study showed that topical MMC may increase the risk of stromal haze following CXL, for which the mechanism is poorly understood (227). On the other hand, the Cretan protocol does not use any MMC intraoperatively and the rate of stromal haze is similar to those that undergo CXL alone.

Multiple CXL plus procedures such as CXL, ICRS and PRK showed benefit regardless of the sequence of events. However, the common approach is to first perform ICRS implantation followed by combined PRK/PTK and CXL (Table 4) (214, 216, 228). Surgical success is dependent on patient selection, intraoperative factors such as the proper depth of ring pavement, and reliability of the nomogram used. As CXL leads to gradual changes in the anterior corneal curvature for up to a year postoperatively, there is a valid question over the exact refraction target in combined procedures. Nonetheless, promising results are still observed in specific protocols without any adjustment for such refractive changes (229).

Early detection and treatment of patients with aggressive medical management of co-existing atopic disease, avoidance of eye rubbing, and CXL in an early stage of the disease may reduce the need for additional refractive procedures (230, 231). On the other hand, management of cases of moderate to advanced disease is more challenging, and as refractive surgery continues to advance, it is envisaged that customized CXL-keratorefractive surgery tailored to each individual’s need and disease severity is likely to take place in the future (232–234).



4.4. Stromal keratophakia (allogeneic)

Tissue addition techniques or keratophakia has been described as a vision correction technique for aphakia, hyperopia, and myopia via the change of the anterior corneal curvature (235–237). To allow for the addition of a donor lenticule into the stroma, the host stromal pocket needs to be fashioned, either with microkeratome or with FSL. However, the use of microkeratome has been shown to produce inconsistent anatomic and refractive outcomes (238), which explains the lack of uptake of this approach. Jonas et al. (239) first explored and demonstrated the feasibility of FSL in safely preparing the host bed for intrastromal lamellar keratoplasty without disturbing the recipient’s corneal epithelium and BL, using an ex vivo porcine corneal model. Subsequently, Tan et al. (240) described a new technique named “intralamellar keratoplasty,” which is a type of stromal additive keratoplasty that involves the insertion of a laser-fashioned donor stromal lenticule into an FSL-assisted intrastromal pocket created in the host cornea. They reported an improvement in refractive and topographic astigmatism (by 1–2 D) and CL tolerance (50% with successful CL fitting) at 6 months follow-up.

More recently, Mastropasqua et al. (241) implanted +8 D hyperopic lenticules from donor corneas into corneas with stage III and IV keratoconus with central cones. The negative meniscus lenticules were inserted at a depth of 120 mm and centered on the apex of the cone. The study showed significant cornea flattening, asphericity reduction, and corneal biomechanical strength improvement. It has been shown that the lenticule addition into the stroma leads to stromal remodeling, corneal flattening and restoration of epithelial thickness (242). Similarly, Alio Del Barrio et al. (243) reported an innovative stromal keratophakia technique using 9 mm diameter, 120 μm thick, FSL-assisted lenticules of decellularized human donor corneal stroma, with or without autologous adipose-derived adult stem cells (ADASCs) recellularization, for treating advanced keratoconus. At 6 months postoperative, there was an improvement in UDVA, CDVA, refractive spheres, HOAs, and corneal thickness. Decellularization of the donor corneal stroma helps reduce the risk of allograft corneal stromal rejection. In addition, corneal stromal cell density is shown to increase following the implantation of the decellularized lenticules, especially when they are recellularized with ADASCs, at 1-year postoperative (244).

Several other stromal keratophakia techniques have also been described. In a case reported by Pradhan et al. (245), a 400 μm stromal lenticule was prepared by performing a DALK on a donor cornea. Excimer laser ablation was then done to remove 50 μm of the tissue to help regularize the host cornea. This lenticule was inserted in a patient with progressive keratoconus and thinnest pachymetry of 425 μm. The intrastromal space was created by combining LASIK and DALK, leaving 125 μm of anterior stromal tissue and 140 μm of posterior tissue. At 1 year follow-up, the authors reported a reduction of steepest keratometry (by >7 D) and Q value (by 0.6). Successful tissue additive procedures have also been reported in pediatric patients with advanced keratoconus (246, 247). Jadidi and Mosavi (248) successfully implanted planar lenticules of thickness 140–250 μm at a depth of 250 μm in a series of four patients with advanced keratoconus. The technique of stromal keratophakia with excimer laser-assisted donor keratomileusis has also been described (249), with improvement in the mean simulated keratometric values and myopia.

Stromal addition to the mid-peripheral cornea represents another approach for stromal keratophakia. Ganesh and Brar (250) described the use of cryopreserved stromal lenticules derived from patients undergoing SMILE to create a donut-shaped lenticule. This lenticule was soaked in riboflavin and inserted in ectatic cornea at a depth of 100 μm centered on the first Purkinje image, followed by simultaneous accelerated CXL. This procedure, termed as femtosecond intrastromal lenticule implantation (FILI), results in tissue addition in the mid-periphery. At 6 months follow-up, the authors reported a significant improvement in UDVA, CDVA, Q values, and corneal aberrations in 5 eyes with moderate keratoconus. One eye with advanced keratoconus did not show improvement which led the authors to conclude that FILI worked best for patients with keratometry values <58 D.

In addition, a recent meta-analysis of 10 studies by Riau et al. (251) demonstrated that FSL-assisted stromal keratophakia serves as a feasible technique to expand corneal volume, correct refractive errors, and regularize corneal curvature in patients with keratoconus. However, further studies are required to help standardize the technique, including the choice of lenticules (concave vs. convex), the need and timing for combined CXL, and mathematical modeling to account for the long-term epithelial changes and stromal modeling that will have an important impact on the outcome of the technique.



4.5. Keratoplasty

As discussed above, keratoconus can be managed conservatively with spectacles and/or CL and corneal interventions such as CXL, ICRS, and keratophakia. With disease progression, visual correction with these measures may become insufficient or infeasible. It is estimated that up to 20% of patients with keratoconus will eventually need a keratoplasty (252–254).

Keratoconus is the leading indication for keratoplasty worldwide but the trend varies among different countries. In European countries such as France and Ireland, nationwide studies reported that keratoconus is their top indication for keratoplasty, accounting for around 19% cases (255, 256). In New Zealand, 28% of all keratoplasty were performed for eyes with keratoconus in 2019 (257). In a study specifically looking at the trend of PK in US, keratoconus accounted for 16% of their transplantation cases (11). However, studies conducted in Asia (e.g., China and Singapore) demonstrated a lower proportion of keratoplasty for keratoconus (∼10% of the national corneal transplantation activity) (258, 259), highlighting the geographical variations in the indication for keratoplasty and potentially the prevalence of keratoconus.

For more than 100 years, PK was the only surgical option for patients with keratoconus. However, over the past two decades, there has been a paradigm shift in the surgical technique from PK to DALK for treating advanced keratoconus worldwide (10, 11, 255–257, 259–262). Moreover, a new technique, Bowman’s layer transplantation (BLT), has recently been proposed to treat advanced keratoconus and delay or reduce the need for DALK or PK (263, 264).

In view of the potential complications and the shortage of donor corneas, keratoplasty is usually reserved as the last resort for treating advanced keratoconus. In general, DALK is the technique of choice when Descemet’s membrane remains free of scarring or opacity and corneal endothelium remains healthy (10, 43, 253, 254, 265–267). On the other hand, PK is indicated when there is significant, full-thickness corneal scarring (e.g., following acute corneal hydrops or perforation), extremely thin cornea (<150–200 μm, though technically is still possible for DALK), or in cases with co-existing endothelial dysfunctions (43, 265, 266).


4.5.1. Penetrating keratoplasty

Despite being out favored by newer techniques, PK is well-established and long-term data has shown that PK has a high success rate in managing advanced keratoconus. The Australian Corneal Graft Registry Study (one of the most extensive corneal transplant studies which included 4,834 eyes) reported a relatively favorable long-term outcome for PK performed for keratoconus, with a graft survival rate of 89 and 49% at 10 and 20 years postoperative, respectively (268). This is similarly to the finding observed in the recent Singapore Corneal Transplant Study where the PK survival rate was 44% at 20 years (258). In addition, 74% of the eyes that had undergone PK for advanced keratoconus achieved a CDVA of 20/40 or better at their last follow-up as compared to only 8% of the eyes preoperatively (268). Several other studies also showed that long-term visual acuity after PK can improve to 20/30–20/40 with only spectacle correction (269–271). However, as many of the keratoconus patients undergo PK at a relatively young age, it is likely that these patients will require more than one graft in their lifetime, for which the risk of graft rejection is increased with repeated grafts (272, 273).

Graft rejection is the main reason for graft failure in PK, and it occurs most frequently in the first few years after PK, with around 50% of graft rejection occurring within the first year and 90% within the first 4 years (268). Recurrence of corneal ectasia, usually at the graft-host junction, is another recognized cause for “graft failure” in long-term surviving PK where the graft is anatomically clear but not functionally useful (268). The risk is estimated at 10–30% at 10–20 years postoperative and is higher in more advanced keratoconus (274–276). Significant post-keratoplasty astigmatism represents another important factor that may limit the visual outcome despite an anatomically clear graft. In the Australian Corneal Graft Registry Study, 61% of the patients who had PK needed refractive correction with spectacles and/or CL, and significant astigmatism (≥5 D) was prevalent among 77% of the patients (268). In addition, acute hydrops may also manifest following post-PK in keratoconic patients (277).



4.5.2. Anterior lamellar keratoplasty

In advanced keratoconus without any previous acute corneal hydrops, DALK with big bubble techniques is the most common type of lamellar keratoplasty performed, accounting for more than 50% of the corneal transplantations in some countries (43, 266, 278). There are many other ALK techniques, such as manual layer-by-layer pre-descemetic DALK (pdDALK), dDALK with viscodissection, pdDALK with the Melles technique, and FSL-assisted DALK. Still, all of these are less commonly performed (43, 254, 265, 267, 278, 279). With the demonstration of the Dua’s layer/pre-Descemet’s layer (PDL) and the associated Type-1, Type-2, and mixed big bubbles, the different planes of cleavage achieved during DALK are now well-defined (280, 281).

DALK has become the treatment of choice because it has several advantages over PK. With DALK, the host corneal endothelial cells are retained, eliminating the risk of corneal endothelial rejection and graft failure (253, 254, 265, 266, 282). Other benefits of DALK include lower risk of endophthalmitis, reduced dependence on long-term topical corticosteroids [hence lesser risk of ocular hypertension (OHT) and glaucoma], faster recovery, and stronger graft-host junction (282, 283).

Literature comparing the clinical outcomes of PK and DALK has shown inconclusive results. In a French Study, it was found that the predicted graft survival period of DALK was almost three times of PK (49.0 vs. 17.3 years) (284). This difference is possibly explained by the higher endothelial cell density and elimination of the risk of endothelial rejection after DALK (267, 283, 285). However, a Cochrane review, which only included two randomized controlled trials (RCTs), concluded that there was no difference in CDVA, graft survival or keratometric outcomes between PK and DALK for keratoconus (286), though the findings were of low evidence due to small sample size. These results were supported by two subsequent systematic reviews and meta-analyses, which demonstrated no significant difference in graft survival and keratometric astigmatism between PK and DALK (283, 285). However, in terms of BCVA at 6 months or longer post-transplantation, these two studies showed conflicting results, with one showing DALK being superior to PK and vice versa (283, 285). This difference can be possibly explained by the heterogeneity of DALK techniques employed in the included studies. For instance, DALK with a successful big bubble technique may lead to a superior visual acuity and quality of vision compared to manual dissection technique, as the latter technique could result in more graft-host interface irregularity and undesirable ocular aberrations, especially when the residual stromal thickness is high (267, 287, 288). However, similar postoperative results have been demonstrated between big-bubble and manual dissection techniques when the latter achieves relatively thin residual stromal host bed (289). More importantly, studies have consistently demonstrated a lower graft rejection in DALK than PK (283, 285).

Long-term use of topical corticosteroids has been linked to OHT and/or glaucoma. It was reported that up to 46% of post-PK keratoconic eyes experienced OHT (290–293). With a lower requirement of topical steroid in DALK, eyes following DALK are less prone to developing OHT or glaucoma. Studies have shown that only 1–36% of keratoconic eyes develop OHT after DALK, with a significantly lower risk of developing secondary glaucoma than post-PK (278, 293–296). Compared to PK, DALK may offer a faster rehabilitation postoperatively due to stronger graft-host junction (297), which allows for earlier suture removal (without affecting the graft-host junction) and reduces the risk of suture-related post-keratoplasty infectious keratitis (298, 299). In addition, the risk of recurrence of keratoconus in the graft is considerably less common after DALK than PK (275, 300).

However, DALK is associated with a relatively steep learning curve and the surgical outcome is highly surgeon-dependent. A retrospective London study found that intraoperative perforation of DM occurred in 45.4% of eyes, and their conversion rate to PK was 24.1% (278). This considerably higher complication rate was likely attributed to a relative lack of relevant surgical experience among surgeons. Most cases were performed by trainee surgeons, and none of the surgeons in this study conducted more than 20 DALK cases per year (278). In other previous studies where more than 100 cases were performed by high-volume corneal surgeons, a considerably lower complication rate was reported, with ∼10% intraoperative micro/macroperforation of the Descemet membrane and ∼0.3–3% conversion rate to PK (265, 286, 288, 301, 302). Intra-operative imaging and use of assistive techniques such as FSL may improve the consistency and outcomes of DALK in keratoconus (303–306).

In addition to the graft-host junction (which is along the circumference as with PK), DALK has another graft-host interface which exists between the anterior surface of the host DM or PDL and the posterior surface of the transplanted donor tissue. This interface corresponds to the diameter/surface area of the donor tissue. This graft-host interface provides a plane for implantation of debris intraoperatively, interface haze, the spread of ingrowing blood vessels, inflammatory debris and organisms following suture-related infections. These issues are not seen with PK but do not override the advantages of DALK.



4.5.3. Bowman’s layer transplantation

Bowman’s layer fragmentation is seen early in the course of keratoconus and it is a sensitive and specific indicator of disease (307–309). It is postulated that further deterioration of vision or disease progression can be prevented by replacing the BL. Isolated BLT for 10 eyes with advanced keratoconus (ineligible for conservative treatments such as CXL or ICRS) was first attempted by Van Dijk et al. (263). The same group further expanded the cohort to include 22 eyes in 2015, with no intra- or post-operative complications reported in these two studies (263, 310). At 6-month post-operatively, the mean maximum keratometry (K max) reduced by 6–8 D and remained stable after that with a mean follow-up period of 21 months (263, 310). The mean best spectacle-corrected visual acuity (BSCVA) improved from 1.27 to 0.90 logMAR post-operatively, with a stable contact lens-corrected-visual-acuity (CLVA) (310). No cases of progression of keratoconus, graft rejection, or allograft reaction were reported (310). These promising early results sparked interest among surgeons in performing BLT as an alternative to PK or DALK for eyes with advanced keratoconus.

Similar results were reported in a later study of BLT of 15 eyes with advanced keratoconus, with a mean BSCVA improving from 1.35 logMAR preoperative to 0.96 logMAR at 12 months postoperative (311). It was also found that the corneal HOAs, especially spherical aberration, improved on both anterior and posterior corneal surfaces after BLT (311). There are also studies which modify the original techniques such as with the use of FSL or intraoperative optical coherence topography (iOCT), to improve the reproducibility of BLT by aiming to reduce the risk of stromal perforation (312, 313). However, Tong et al. (313) found that with the help of iOCT, their results were no better than those achieved without iOCT.

Long-term follow-up of the original cohort of eyes that underwent BLT reported that the estimated success rate of BLT at 5 years was 84% (264). Kmax continued to be stable at 5 years after the initial drop postoperatively (264, 314). At 5–7 years follow-up, BSCVA also remained stable after the initial improvement but CLVA did not improve as compared to preoperatively (264, 314). No complications were reported except three acute corneal hydrops developed in between 4.5 and 6.5 years postoperatively, and these two patients had a history of atopy and severe eye rubbing (264, 314, 315).

This limited evidence to date suggests BLT may preserve the CDVA in patients with advanced keratoconus, potentially serving as an alternative to PK or DALK. One limitation of the adoption of BLT as treatment for advanced keratoconus is the technical difficulty but successful attempts from surgeons around the world have supported the feasibility of this technique (264, 311, 314, 316). More studies are needed to further determine the long-term efficacy and safety of BLT in treating advanced keratoconus.





5. Future directions


5.1. Corneal stromal regeneration

Keratoconus is a corneal disease that primarily affects the corneal stroma and BL, with these structures being severely diseased in advanced cases (309). Thus, current research is partially focusing on whether advanced keratoconic eyes can be rehabilitated by minimally invasive procedures that efficiently regenerate the corneal stroma to improve vision and reduce the risk of complications associated with PK or DALK (317–320).

Recently, several studies have reported the preliminary safety and efficacy results of corneal stromal stem cell therapy for patients with advanced keratoconus (243, 321, 322). Autologous mesenchymal stem cells (MSCs), in the form of suspension containing quiescent autologous adipose derived adult stem cells (ADASCs; obtained by elective liposuction), were transplanted into a mid-stroma FSL-assisted lamellar pocket in patients with advanced (stage IV) keratoconus (321). They could confirm, in a clinical setting, what was previously demonstrated in the animal model (323). ADASCs were capable of surviving in vivo, showing a perfect biointegration without any clinical inflammatory response or rejection, generating new collagen production within the corneal stroma (Figure 7A), and improving the vision. However, the creation of the stromal pocket may induce some aberrometric and keratometric changes, partially interfering with visual improvement (321). Moreover, they reported a case where preoperative stromal scars at the cone apex improved after the implantation of such MSC. This correlates well with the acquired knowledge from the experimental data in animals, which demonstrates the potential of stem cell therapy in alleviating pre-existing mild stromal scars (324, 325). Nevertheless, according to the clinical and pre-clinical available evidence, the direct intrastromal implantation of MSCs within the cornea achieves the production of new extracellular matrix but is not expected to be quantitatively enough to restore the thickness of a severely thin human cornea (like in severe keratoconus). On the other hand, this approach may provide a promising treatment modality for corneal dystrophies, and for the modulation of corneal scars (320).


[image: image]

FIGURE 7
Anterior segment optical coherence tomography (AS-OCT) images demonstrating the outcome of implanted autologous adipose derived adult stem cells (ADASCs) in advanced keratoconus. (A) An ASOCT image showing the effect of the cellular therapy of the corneal stroma by an intrastromal implantation of autologous ADASCs in a patient with advanced keratoconus at 6 months post-treatment. Observe the hyperreflective band of neo-collagen (around 15 μm thickness) at the level of the stromal pocket (arrows). (B) An ASOCT image showing the corneal stromal enhancement by an intrastromal implantation of a decellularized lamina of human corneal stroma (arrows) colonized with autologous ADASC in a patient with advanced keratoconus at 12 months post-treatment.


In this context, the addition of decellularized human corneal sections repopulated by autologous MSC with the purpose of enhancing the anatomic rehabilitation of the keratoconic cornea has also been studied (243, 326). Both experimental and clinical studies have demonstrated good biointegration of such implants within the host corneal stroma, mimicking the normal natural strength and transparency of cornea with no risk of rejection reported so far (Figure 7B). In vivo confocal biomicroscopy studies have also shown that the transplanted MSCs can survive and differentiate into corneal keratocytes, while the decellularized implants show cellular repopulation starting from 3 months postoperative (244). Long-term studies (up to 3 years) demonstrated a moderate efficacy (a mean visual improvement by two Snellen lines) and a moderate flattening effect, with no reported postoperative complications (325). This innovative technique may also help reduce the need for donor human corneas as one donor corneal tissue can be used for up to three patients (324).

Nevertheless, the presented data is so far preliminary and limited to small samples, though additional studies are underway. Moreover, MSCs have proven to exhibit immunomodulatory properties on even xenogeneic transplants, though this capacity differs among different individuals (324). This raises the question about the ideal approach, since the autologous MSCs will carry the same genetic defects that precipitated the disease on first instance, and so their use may increase the risk of disease recurrence in long-term. The creation of cellular banks that could select the best donor cells with the greater biological effect may enhance these initial clinical outcomes. The future will bring further answers that can help establish this stromal cellular therapy as a potential therapeutic alternative to keratoplasty in some early cases of keratoconus.



5.2. Stromal keratophakia (xenogeneic)

In the previous section “4.4. Stromal keratophakia (allogeneic),” we highlighted the use of allogeneic stromal keratophakia as a novel treatment for keratoconus to obviate the need for DALK and PK. However, this technique is dependent on the availability of human donor corneas, which is currently limited by the global shortage. To overcome this issue, Rafat et al. (327) recently described an innovative xenogeneic stromal keratophakia technique using a “bioengineered cell-free porcine construct, double cross-linked (BPCDX).” The porcine construct is made of medical-grade type 1 porcine dermal collagen (to mimic the human corneal stroma with abundant type 1 collagen) and is double cross-linked to improve the strength and stability of the implantable hydrogel. In a recently completed phase 1 open-label clinical trial of 20 patients with advanced keratoconus, the authors reported a mean improvement in the corneal thickness (by 200–300 μm) and visual acuity (final vision was around 20/30–20/60) and a decrease in maximum keratometry (by ∼11–14 D), with no adverse event, over a 24-month follow-up period. These promising results highlight the potential of xenogeneic stromal keratophakia, using BPCDX, as a safe, minimally invasive and donor-independent technique for advanced keratoconus. This may also serve as a useful alternative to the current conventional keratoplasty and overcome the barrier of the shortage of human donor corneas.



5.3. Gene therapy

The recent advent of next generation sequencing (NGS) has significantly advanced the ability to accurately sequence any genome of interest with reduced time and cost (328). This technology has enabled the detection of many previously unknown genetic mutations and has greatly deepened the understanding of various diseases (329). In addition, identification of these genetic mutations may serve as important biomarkers to predict the severity and progression of the disease and open the door to gene therapy targeting the underlying mutations to prevent or deter the disease progression (329).

Emerging studies have demonstrated important genetic implications on the pathogenesis and progression of keratoconus (330, 331). Lu et al. (332) previously conducted a meta-analysis of >20,000 individuals in European and Asian populations and identified two central corneal thickness-associated loci, FOXO1 and FNDC3B, that are strongly linked to the development of keratoconus. Several genome-wide linkage studies (GWLS) and genome-wide association studies (GWAS) have mapped out a wide array of genetic mutations linked to keratoconus. These include LOX gene (which encodes for lysyl oxidase, an enzyme that is involved in the cross-linking of extracellular proteins), COL5A1 gene (which encodes for collagen type V). TGFBI gene (which encodes for transforming growth factor beta induced protein), ZNF469 gene (which regulates corneal collagen structure and synthesis), VSX1 gene (which encodes for visual system homeobox 1), and many others (333). So far, gene therapy has demonstrated promise as a novel therapy for treating a wide range of inherited retinal degeneration (334, 335). It is possible that the successful development and translation of these retinal gene therapies will pave the way for similar gene therapy for many other ocular diseases (with genetic predisposition) in the future, including keratoconus. However, as keratoconus is a polygenic disease, the development of effective gene therapy for keratoconus will undoubtedly be more complex than for monogenic disease like certain inherited retinal degeneration (336).



5.4. Artificial intelligence

Over the past decade, there has been an explosion of artificial intelligence (AI) research in healthcare, primarily owing to the significant improvement in computer processing power, advancement in deep learning techniques, and increased availability of big data, electronic health records and open-source databases (337–342). The development of AI-power platforms and telemedicine in healthcare, including ophthalmology, was further fueled by the recent COVID-19 pandemic to address the unprecedented rise in the healthcare backlog and to reduce the need for conventional face-to-face consultation as part of the containment and mitigation strategy (343–346).

To date, AI has demonstrated its potential for the diagnosis of keratoconus (347–351). Furthermore, clinical applicability in the management of keratoconus, ranging from early detection of the disease, including sub-clinical keratoconus (or forme fruste keratoconus), preoperative screening and prediction of postoperative ectasia following keratorefractive surgery, and guiding and predicting the need for surgery (352–356). As corneal tomography (e.g., Oculus Pentacam) and AS-OCT (e.g., swept-source CASIA) are two most common modalities used in screening and diagnosing keratoconus (357), these images are most commonly utilized to train and develop the AI algorithms for keratoconus. So far, various AI approaches have been described and used, including artificial neural network (ANN), random forest, automated decision-tree classification, support vector machine (SVM) learning, convolutional neural network (CNN), and unsupervised learning (351, 352, 358–368).

Yousefi et al. (369) previously developed an unsupervised AI algorithm using swept-source AS-OCT images (CASIA) of ∼3,000 eyes to identify the stages and severity of keratoconus. The algorithm successfully identified four clusters of patients (ranging from normal eyes, forme fruste keratoconus to advanced keratoconus), and correlated well with the Ectasia Status Index. KeratoDetect, a CNN-based algorithm, has been shown to be able to automatically distinguish keratoconic eyes from normal eyes using topographic maps obtained from Scheimpflug imaging (370). By using 3,000 corneal topographic images (with a mixture of healthy cornea and keratoconus images), the algorithm was able to accurately diagnose keratoconus with 99.3% accuracy. Similarly, Chen et al. (351) developed a CNN-based algorithm to accurately detect and grade keratoconus based on the color-coded Scheimpflug topography maps. More recently, Gao et al. (360) developed an artificial neural network, named KeratoScreen, based on Zernike coefficient obtained from Scheimpflug corneal tomography. By using images of 208 patients, the algorithm was able to accurately distinguish normal eyes from subclinical keratoconus and keratoconus in >95% cases. AI has also been shown to be able to efficiently predict local and global progression of keratoconus based on Pentacam parameters, which may facilitate an earlier treatment for keratoconic eyes that are at higher risk of progression (371).

In addition, AI has demonstrated its usefulness in guiding implantation of ICRS in keratoconic corneas and predicting surgical outcomes. Valdés-Mas et al. (368) proposed an ANN based on multilayer perceptron to predict the postoperative improvement in corneal curvature and astigmatism following ICRS, with a predictive error of less than 1 D for both parameters. Another study demonstrated that an ANN-based algorithm was able to guide the ICRS implantation better than the manufacturer’s nomogram and resulted in better visual outcome and less HOAs (372). It is also likely that AI may be used to optimize the planning for CXL-plus treatment (e.g., CXL + PRK) and improve the visual and refractive outcomes (233). Furthermore, based on ∼12,000 ASOCT images, Yousefi et al. (356) were able to develop an accurate unsupervised AI system that may help identify patients with corneal disease who are at a higher risk for future keratoplasty, including DALK for keratoconus.




6. Conclusion

The management of keratoconus has evolved significantly over the past century. As with most diseases, the approach has evolved from treating the disease to preventing and early diagnosis. The advent of CXL has rendered it possible to halt the progression of keratoconus. Recent years have seen several modifications of CXL to extend the treatment eligibility to thinner corneas. Efforts have been made to combine CXL with keratorefractive procedures to regularize the cornea and improve visual and refractive outcomes. While not yet widely performed, allogeneic stromal keratophakia and BLT have shown favorable short- to mid-term results. DALK has emerged as the preferred choice of keratoplasty over PK (when DM/PDL is not affected), and autologous stem cells and BPCDX are being investigated to avoid keratoplasty and its associated complications and reduce/eliminate the need for human donor corneas.



7. Methods of literature search

Electronic databases, including MEDLINE and EMBASE, were searched to identify relevant studies on the management of keratoconus. Only English articles were included in this review article. Key words used were “keratoconus,” “corneal ectasia,” “contact lens,” “corneal cross-linking,” “intracorneal ring segment,” “keratorefractive surgery,” “keratoplasty,” “stromal keratophakia,” “corneal stromal regeneration,” “gene therapy,” “artificial intelligence,” and “machine learning.” The bibliographies of included articles were manually screened to identify further relevant studies. The final search was last updated on 31 December 2022.
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Persistent idiopathic macular hole (PIMH), the occurrence of idiopathic macular holes that have failed to close after standard pars plana vitrectomy (PPV) with internal limiting membrane (ILM) peeling, has become a global health threat to the aging population. Because postoperative anatomic closure or restoration of visual acuity is more difficult to achieve in PIMH, surgical approaches that would yield the best outcomes remain to be elucidated. On paper, extended ILM peeling combined with silicone oil (SiO) tamponade is believed to be a feasible option for excellent macular hole closure. However, no studies on this combined treatment for PIMH is compared with simple air tamponade have been conducted. Thus, in this retrospective case series, we used spectral-domain optical coherence tomography (SD-OCT) and other technologies to investigate real-world evidence for the anatomical and functional outcomes of revisional PPV with either SiO or air tamponade for failed primary idiopathic macular hole surgery. We included the records of 76 patients with PIMH who had SD-OCT examinations and best-corrected visual acuity (BCVA). Regression analysis was performed to find factors affecting PIMH fracture closure. Seventy-six participants were allocated to a SiO group (n = 21, with an extended ILM peeling and SiO tamponade) or an air group (n = 55, with extended ILM peeling and air tamponade). Anatomical success was achieved in 18 (85.7%) and 40 (72.7%) eyes in the SiO and air groups, respectively (p = 0.37). BCVA was significantly improved in both subgroups of closed PIMH (SiO group: p = 0.041; air group: p < 0.001). Minimum linear diameter (MLD) was closely related to the closure rate (OR, 1.0; 95% CI (0.985–0.999); p = 0.03). MLD = 650 μm seemed like a cut-off point for closure rate (MLD ≤ 650 μm vs. MLD > 650 μm; 88.4% vs. 52%, p = 0.002). In conclusion, we demonstrated that extended ILM peeling combined with SiO or air tamponade is effective in PIMH treatment. Moreover, though not statistically significant herein, the anatomic closure rate was better for silicone-operated eyes than for air-operated eyes. MLD is the best predictor of PIMH closure; MLD ≤ 650 μm could achieve a significantly higher closure rate.
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 persistent idiopathic macular hole, revision procedure, optical coherence tomography, visual acuity, pars plana vitrectomy


1. Introduction

Since the initial publication by Kelly and Wendel describing vitrectomy surgery for idiopathic macular hole (iMH), the rate of successful macular hole closure has increased to over 90% (1, 2). However, the most common postoperative complication of iMH surgery is persistent iMH (PIMH). Because postoperative anatomic closure (52–80%) or restoration of visual acuity is more difficult to achieve in PIMH, it remains debatable which surgical approach is the best (3).

To increase the closure rate of PIMH, clinical researchers have focused more on completely relieving residual traction and prolonging effective tamponade to stimulate glial cell proliferation (4). Therefore, studies have described improvements in the standard surgical strategies, such as superior wide-base internal limiting membrane flap transposition (5), extended internal limiting membrane (ILM) peeling (6), use of an inverted ILM flap (7), transplantation of a neurosensory retina (8), and use of vitreous substitutes (9), as well as shown innovations in affiliation procedures to improve macular hole bridging, such as the use of whole blood or blood components (10). Air and silicone oil (SiO) are common tamponades. A series of reports have suggested the pleasantness of air tamponade effects in PIMH (11, 12). SiO, a long-acting vitreous substitute, is applied long-term in complicated vitreoretinal surgeries, and a recent meta-analysis showed its benefits in increasing the closure rate of large macular hole with or without retinal detachment (13). In addition, in recent years, enlarged ILM peeling has been widely used to treat various kinds of refractory macular holes because of its ability to relieve residual macular traction. Theoretically, the combined procedure of extended ILM peeling and SiO tamponade will achieve excellent iMH closure, but there are no reports on this kind of treatment for PIMH comparing it with simple air tamponade. Therefore, we conducted a retrospective case series to evaluate the effects of the two procedures, explore their indications, and determine the optimal intervention for relatively large PIMHs in a cohort of 76 patients.



2. Materials and methods

PIMH refers to the occurrence of iMH that have failed to close after standard pars plana vitrectomy (PPV) with ILM peeling. All patients underwent small-gauge (25–27 gauge) PPV with retrobulbar anesthesia, which was performed by experienced ophthalmologist, under monitored anesthetic care. Patients were allocated to either the SiO or air group at the discretion of the treating surgeon. Normally, by clinical experience, patients with a poor degree of adaptability, monophthalmia, or a planned flight were advised to undergo SiO tamponade.


2.1. Ethics statement

This study was approved by the Institutional Review Board of Zhongshan Ophthalmic Center, which is affiliated with Sun Yat-sen University (Guangzhou, China), and was performed in accordance with the World Medical Association’s Declaration of Helsinki. All extracted patient data were anonymized for analysis.



2.2. Inclusion and exclusion criteria

The inclusion criteria were the availability of high-quality spectral-domain-optical coherence tomography (SD-OCT, Heidelberg Engineering, Heidelberg, Germany) images pre-and postoperation and the presence of PIMH, as determined by SD-OCT.

The exclusion criteria were as follows: (1) presence of anamnestic data of previous eye trauma, (2) high myopia (axial length greater than 26.50 mm or refractive error more than 6.00 D), (3) rhegmatogenous retinal detachment with macular hole, (4) history of fundus disease, (5) low-quality SD-OCT image, which was defined as an image with no diameter measurement, (6) postoperative follow-up shorter than 4 months, (7) absence of comprehensive presurgery examination, and (8) glaucoma or other concurrent vision-limiting eye conditions were excluded.



2.3. Outcome measures

Baseline patient demographics include age, sex, ocular characteristics, mean preoperative minimum linear diameter (MLD) of the PIMH, and lens status (Table 1). All patients underwent ophthalmic examination, including Snellen best-corrected visual acuity (BCVA) test, SD-OCT scans, intraocular pressure measurement, slit-lamp biomicroscopy, fundus photography, and axial length measurement, pre-and postoperatively. All patients were followed up at outpatient clinics for at least 4 months postoperatively. Complications, such SiO emulsification and raised intraocular pressure (greater than 21 mmHg), were recorded.



TABLE 1 Baseline patient characteristics (76 patients, n = 76 eyes).
[image: Table1]

The primary outcome was anatomical success defined on OCT. We noted all available OCT examination data at the following time intervals: prior to revision surgery, post-revision surgery, and finally, at the most recent follow-up visit. According to the Manchester large macular hole study in which iMH size was the linear width across the narrowest point of the hole, we defined large PIMH as PIMH with a MLD of larger than 650 μm, and those in the 400–650 μm quartile were graded as medium PIMH (14). We measured PIMH using the available instruments (Spectralis [Heidelberg Engineering GmbH, Heidelberg, Germany]); diameters and widths were measured using the OCT caliper function (Cirrus HD software). OCT analysis was performed manually by one surveyor and the images were confirmed by one specialist, according to the benchmark mentioned above.

Using OCT images, we measured MLD, base diameter (BD), and height (H) to describe the anatomical characters of PIMHs (Figure 1). Hole closure was defined as closure of an PIMH, without exposure of the retinal pigment epithelium (RPE), on OCT, in all radial scan meridians.

[image: Figure 1]

FIGURE 1
 Diameters and features of PIMH. (A) Minimum linear diameter (MLD) and base diameter (BD) are parallel to the retinal pigment epithelium (RPE) at the nearest point of the retinal apposition, as described by Duker et al. (15). Both widths are measured as a line drawn roughly parallel to the RPE, Height (H) is defined as the distance between the highest edge of the hole and the RPE. (B) Flat-closed refers to complete contact between the edges of the hole, with complete coverage of the pigment epithelium layer and no subretinal fluid accumulation. (C) Elevated-closed refers to complete contact between the edges of the hole, with no exposure of the pigment epithelium but with a reservoir of subretinal fluid. (D) Flat-open refers to a defect of the retina, where PIMH edges attach to the RPE. (E) Elevated-open refers to a defect of the retina, where PIMH edges leave the RPE and are upturned.


Secondary outcomes included functional BCVA and significant gain in BCVA. Snellen visual acuities were converted to the log of the minimum angle of resolution (logMAR) units for statistical analysis, and non-numeric values were changed as follows: count fingers = 1.7 Log MAR, hand movement = 2.0 LogMAR (20/2000 Snellen), light perception = 2.3 LogMAR, and no light perception = 3.0 LogMAR (20/20000 Snellen) (14). Significant gain in BCVA was defined as an increase (from baseline) in visual acuity of ≥2 lines on a Snellen chart, which is equivalent to an increase of ≥0.2 logMAR (16).



2.4. Surgical technique

Primary surgical techniques were performed by standard 25-or 27-gauge PPV, with or without the use of triamcinolone. Standard ILM peeling was performed in all cases after indocyanine green staining. Internal tamponade was given with a fluid-air exchange and an intraocular nonexpansile air tamponade. Reoperations were performed under local anesthesia, using either a 25-or 27-gauge system (Constel-lation® Vision System; Alcon Laboratories, Fort Worth, TX, United States). In the SiO group, standard three-port PPV, followed by enlargement of the ILM peeling with adjunctive 0.125% indocyanine green staining, was performed by the same surgeon. Indocyanine green staining was performed to elucidate the extent of the original ILM peel. Care was taken as 25-gauge or 27-gauge forceps were used to ascertain the presence of residual perifoveal ILM or other additional membranes that required peeling. The fluid-air exchange was then repeated, with drainage of the preretinal fluid over the optic disc. Air was exchanged for SiO of 5,000 centistoke viscosity. Patients were instructed to maintain a face-down or prone position for 2 weeks postoperatively. Approximately 6 months after the surgery, the SiO was removed through a machine-independent method using a short infusion tube connected to a 10-mL syringe. Residual droplets of SiO were removed by using a flute needle to capture small oil bubbles in the vitreous cavity (17). All patients with phakic eyes underwent SiO removal combined with phacoemulsification and intraocular lens implantation simultaneously. In the air group, the three retina surgeons performed a similar procedure. Reoperation, performed with the standard three-port PPV, extended ILM peeling followed by fluid-air exchange and nonexpansile air tamponade. Patients were instructed to maintain a face-down or prone position for 3 days to 1 week postoperatively.



2.5. Statistical analysis

Statistical analyses were performed using SPSS 22.0 (SPSS for Windows, Chicago, IL). All continuous variables conformed to the normal distribution and were expressed as descriptive statistics, including total numbers, means, standard deviations, and percentages. Descriptive statistics were used to calculate demographic data. Means with standard deviation were presented where relevant. Paired t-test, Fisher’s exact test, and Bonferroni multiple comparison test were used as appropriate. Logistic regression was performed with the binary dependent variable of “open” or “closed” to assess the impact of the independent variables. A p value less than 0.05 was considered statistically significant. Confidence intervals were calculated to 95%.




3. Results


3.1. Characteristics of the patients

We enrolled 76 patients (21 patients [21 eyes] who underwent extended ILM peeling with SiO tamponade and 55 patients [55 eyes] who underwent extended ILM peeling and air tamponade) from January 2016 to June 2022 at Zhongshan Ophthalmic Center. Average age, sex ratios, ocular characteristics, duration between the iMH and PIMH surgeries, and base lens status were balanced between the two groups. The clinical characteristics of the patients at baseline are shown in Table 1.



3.2. Anatomic outcomes

In the SiO group, a total of 18 eyes of 21 patients (85.7%) achieved anatomical closure (Table 2), with 16 flat-closed and 2 elevated-closed types (Figure 1). All patients received their SD-OCT results on postoperative day one, and most PIMHs were closed. In the air group, 40 eyes (72.7%) achieved closure. There was no statistically significant difference between the two groups.



TABLE 2 Final anatomic outcome in the two groups.
[image: Table2]

We found that for all cases of MLD ≤650 μm, extended ILM peeling and SiO tamponade could produce stable anatomical closure success (100%). Further, when the MLD of PIMH was >650 μm, the success rate reduced notably (60.0%, Figure 2). For both groups, 650 μm (MLD) seemed like a cut-off point for closure rate (MLD ≤650 μm vs. MLD >650 μm: 88.4% vs. 52%, p = 0.002).

[image: Figure 2]

FIGURE 2
 Anatomic outcomes of the two groups for different diameters.




3.3. Effects on vision

In the SiO and air groups, vision significantly increased (p = 0.038 and p < 0.001), and the mean postoperative BCVA improved in the closed subgroup (p = 0.041 vs. p < 0.001; Table 3). The visual acuity of all patients in this series was poor before the intervention, but by the final follow-up examination, BCVA had improved in 13 eyes (61.9%), was stable in four eyes (19.1%), and had worsened in four eyes (19.1%) in the SiO group. In addition, in the SiO group, among the 18 patients who obtained anatomical closure success, a significant increase in visual acuity was observed in four patients.



TABLE 3 BCVA comparison based on anatomical outcomes in the SiO and air groups.
[image: Table3]



3.4. Analysis of factors affecting PIMH closure

Previous studies have documented that the time between iMH surgery and PIMH surgery influences the anatomical closure rate (18). We also analyzed the duration between the two surgeries but did not get statistically significant results (OR, 1.03; 95% CI [0.94–1.13]; p = 0.54) (Table 4). Univariate regression analysis showed that MLD was the only parameter closely related to the closure rate (OR, 1.0; 95% CI (0.985–0.999); p = 0.03).



TABLE 4 Analysis of factors affecting PIMH fracture closure.
[image: Table4]

Another structural feature of PIMH we studied based on OCT findings was the elevated edge of the PIMH at baseline (Figure 3). We noted that 14 of 16 patients (87.5%) who had an PIMH with an elevated edge at baseline experienced PIMH closure after surgery, while four of five patients (80.0%) with a flattened PIMH edge experienced closure after the revision surgery. The difference between these groups of patients was non-statistically significant.

[image: Figure 3]

FIGURE 3
 Sequential SD-OCT images of two patients were taken before iMH, 1 month after iMH surgery, and 1 month after PIMH surgery. MLD of PIMH of Case 2 is 686 μm. MLD of PIMH of Case 1 is 538 μm.




3.5. Follow-up and postoperative complications in the SiO tamponade series

Overall, 19 eyes (90.5%) were phakic at baseline, with the remaining eyes having a history of cataract extraction, including intraocular lens implantation. Of the patients with phakic eyes, 16 patients (88.9%) underwent advanced cataract extraction, and a majority (93.8%) underwent SiO removal combined with cataract extraction within 1 year of the repeat surgery (mean 6.2 ± 1.3 months). One patient developed high intraocular pressure after SiO tamponade, which resolved after pharmacotherapy. No other adverse events, such as SiO emulsification or cystoid macular edema, were observed during the follow-up. Two patients in the SiO group experienced subretinal fluid accumulation during the follow-up period, but at the end of the follow-up period, the fluid level had decreased and visual acuity had improved in both patients. In the air group, one patient experienced retinal detachment 9 months after PIMH surgery. The details of three patients that did not achieve anatomical closure success are listed in Table 5.



TABLE 5 Details of three unclosed cases after SiO tamponade (n = 3).
[image: Table5]




4. Discussion

Failure of the primary surgery and persistent iMH is the most common complication of iMH surgery. Successful secondary closure of iMH is probably influenced by multiple factors. Several factors have been linked to the failure of primary iMH surgery, including residual traction from ILM, poor patient compliance with proper positioning, and size of iMH > 400 μm. Whether the choice of intraocular gas or SiO as a surgical tamponade in the second iMH surgery affects surgical success is unclear.

We found notable facts: live retinal tissue studies have suggested that the retina is soft and actively mechanoresponsive, approximately 100 times more compliant than soft silicone rubber (19, 20). Broad peeling of a taut ILM may enhance this compliance by relaxing the intrinsically elastic retinal tissue (21). Further, past clinical experience has indicated that prolonged tamponade would lead to a higher rate of effective PIMH closure (18). Thus, we hypothesized that broad peeling of a taut ILM or long-term tamponade, such as using SiO, may be effective. In this study, the surgery of choice for PIMHs was extended ILM peeling and SiO tamponade. We added a matched cohort of patients who underwent air tamponade for its involvement in short-term tamponade and extended ILM peeling to get more information. To the best of our knowledge, this is the first study to evaluate the benefit of these two procedures for PIMH.

The anatomic closure rate in our SiO group was 85.7%, similar to recently reported results in the literature. Conversely, the anatomic closure rate in our air group was 72.7%, which was worse than in a previous study (22, 23). We also noticed a trend toward a higher anatomical closure rate in the SiO group, although this difference was not statistically significant. Conclusively, using SiO and extended ILM peeling does not seem to improve the anatomical and functional outcome of surgery. However, it is difficult to compare the results of our group with those of previously published reports that used SiO because of differences in the MLD basement or in the definition of anatomic closure among the studies. This research employed the evaluation method posited by Kang and colleagues (24); type 1 closure corresponds to flat-closed and elevated-closed, and type 2 closure corresponds to flat-open and elevated-open. Moreover, flat-closed and elevated-closed were defined as forms of an-atomical closure. MLD ≤400 μm has been considered the safest range for anatomical closure. We found that for all cases of MLD ≤650 μm, extended ILM peeling and SiO tamponade could produce stable anatomical success.

In our series, among all cases of anatomical closure, most cases of PIMH were associated with closure on the postoperation first day (16/18, 88.9%). Thus, we can hypothesize that SiO supplies strong tension for aggregating hole margins, and using SiO of 5.000 centistokes of viscosity may elucidate this phenomenon. Because closure detection is via OCT, we could not verify the closure rate in the air tamponade group on the postoperation first day. Therefore, closure speed could not be compared between the two groups.

Functional outcome is typically more important for patients than anatomical closure, although it could be extremely difficult for PIMH. SiO tamponade has been considered less effective in improving vision than gas tamponade. A 2021 study conducted by Li et al. used SiO tamponade in 33 patients with PIMH and reported that 1.00 logMAR (0.60–1.00) at baseline was significantly improved to 0.65 logMAR (0.49–1.00; p = 0.010) at the final examination (25). In our study, more than half of the patients in the SiO group experienced vision improvement, and among the 18 patients who achieved anatomic success, four patients obtained a significant increase in visual acuity. Notably, cataract surgery at the time of SiO removal positively influences visual outcomes. Besides, we noted non-improvement in vision in the group that did not achieve anatomical closure. We extensively analyzed the three cases of failed closure and non-improvement in vision after SiO tamponade (Table 5) and only noticed a larger preoperative MLD.

It was important for us to determine the factors that influence operative outcomes. We analyzed factors affecting PIMH fracture closure (Table 4). Although the number of cases in our study may be a limitation, the consistent use of the two different types of surgery for PIMH treatment showed that the final closure rate depends on the MLD of PIMH. We could not find similar studies on PIMH, which may be attributable to the low morbidity associated with PIMH. However, in the iMH field, Chhablani et al. (26) performed a retrospective study of 137 eyes of 137 patients who underwent iMH repair and reached the same conclusion—the minimum diameter between the hole edges and the longest diameter of the hole is the best predictors of hole closure.

There are some disadvantages of SiO tamponade, the most important one being the need for additional surgery. However, cataract formation after PPV, whatever the form of tamponade used, is a well-known and inevitable complication of the surgery. A study reported up to an 81% cataract risk after 6 months and 98 and 100% risk at one and 2 years, respectively, after vitrectomy (27). The incidence of cataract surgery in the present study is comparable to those of other studies investigating cataract occurrence after macular hole surgery (21, 28). Therefore, all our phakic patients in the SiO group proposed to undergo cataract surgery combined with SiO removal. One previous study employed a surgical approach—cataract and SiO removal—and compared them in combination with the two steps, respectively (29). Their results suggest similar visual outcomes and complication rates in both groups. In our cohort, we combined cataract extraction and SiO performed at 6.2 ± 1.3 months after the PIMH operation and observed faster visual rehabilitation with no complication at the final follow-up.

The limitations of this study include the small size and the relatively short follow-up period. For some special reasons in China, we did not get a gas tamponade group for comparison during our research. Table 3 only shows 16 follow-up records in the air group because of the impact of the COVID-19 pandemic. An unforeseen selection bias may have existed for participants who accepted silicone filling because of the surgeon’s experience. Generally, PIMHs are more complex, difficult to treat, and filled with SiO. Furthermore, previous studies compared SiO-filled eyes with gas-filled eyes, and variable postoperation BCVA was noted, suggesting that direct macular toxicity related to SiO may adversely affect visual acuity, although there is little supportive evidence. Further studies involving larger patient numbers and longer follow-ups are warranted.



5. Conclusion

In summary, in terms of anatomical and functional outcomes, extended ILM peeling combined with SiO or air tamponade is effective in treating PIMH. Moreover, though not statistically significant in the present study, the anatomic closure rate seems better for silicone-operated eyes than for air-operated eyes in the real world. MLD is the best predictor of PIMH closure, with MLD ≤ 650 μm associated with a significantly higher closure rate. The information in this article can help surgeons and PIMH patients decide whether and how to proceed with a second surgery.
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Aim: To compare the long-term efficiency of botulinum toxin type A (BTXA) injection and surgery on acute acquired comitant esotropia (AACE).

Methods: This retrospective study enrolled patients with AACE from January 2020 to August 2022. The horizontal angle of deviation pre- and post-treatment was measured. Deviations in BTXA and surgical treatment were compared. The BTXA group was divided into adequate treatment (AT) and inadequate treatment (inAT) subgroup based on the deviation of no more than 4 prism diopters (at near and distance) or temporary exotropia at the 2 week follow-up. The two subgroups were compared to determine the long-term efficacy of BTXA treatment.

Results: Ninety-two patients with AACE were included. Follow-up was 6 months. The deviations of the surgery and BTXA group were significantly smaller at the 6 month follow-up than at pre-treatment (p < 0.001). The deviation before treatment in the surgery group was larger than in the BTXA groups (p < 0.001) but smaller at the 6 month follow-up (p < 0.001). The deviation was similar in the AT-BTXA and inAT-BTXA subgroups before treatment (p = 0.322 for distance and p = 0.051 for near) but smaller in the AT-BTXA subgroup at 6 month follow-up (p < 0.001 for near and distance).

Conclusion: Surgery and BTXA successfully treat AACE. Surgery has a more precise and lasting therapeutic effect than BTXA. AACE patients adequately treated with BTXA and with deviations of no more than 4 prism diopters at 2 weeks follow-up had better outcomes.

KEYWORDS
 acute acquired comitant esotropia, AACE, botulinum toxin type A, BTXA, surgical outcome acute acquired comitant esotropia, surgical outcome


1. Introduction

Acute acquired concomitant esotropia (AACE) is a comitant esotropia characterized by acute onset diplopia in older children and adults (1–3). Excessive near-work and anatomical abnormalities may lead to excessive convergence and induce AACE (4–7). The effects of strabismus surgery and botulinum toxin type A (BTXA) on AACE have been investigated in several studies. Both treatments effectively reduce the degree of strabismus and restore stereoscopic vision (5, 8–10). Accurate surgery dose can be designed according to the pre-surgery deviation (11). BTXA reduces deviation by temporarily blocking the neuromuscular junction without surgical complications (12). Though the efficiency of BTXA and surgery on AACE has been explored, there is no consensus on whether BTXA can achieve the same success rate as surgery (13–15).

The BTXA treatment is thought to cause less injury and incur fewer costs than other treatments; nevertheless, it is associated with a higher recurrence rate at follow-up (14, 16, 17). BTXA metabolism lasts months, making it challenging to speculate on the long-term (6 months) efficacy in the early follow-up (12). The accurate BTXA dose is also challenging to calculate based on the deviation because of the individual response of BTXA (18). These factors may delay subsequent therapy of recurrence, as it requires a 6 month follow-up to confirm efficacy. An index in the early follow-up period to speculate on the efficacy at 6 months post-injection needs to be developed.

Therefore, we conducted this study to compare the efficacy of BTXA and surgery and to examine the early indexes of long-term BTXA efficacy.



2. Methods

The Ethics Committee of Wenzhou Medical University approved this retrospective study (Approval ID. 2020-148-K-133-01), which adhered to the tenets of the Declaration of Helsinki. Written informed consent was waived because the study was retrospective with anonymized data.

We included patients with AACE from January 2020 to August 2022 at the Affiliated Eye Hospital of Wenzhou Medical University. The inclusion criteria were (1) sudden-onset diplopia, diagnosed with AACE; (2) history of BTXA injection or surgery. The exclusion criteria were (1) history of eye disease, ocular surgery, or ocular trauma; (2) intracranial or neurologic disease; (3) follow-up of less than 6 months. All enrolled patients were examined, treated, and followed by the same ophthalmologist.

The horizontal angle of deviation pre-and post-treatment, with refractive correction, was measured with the prism and cover tests at 6 m (distance) and 40 cm (near) fixation. The spherical equivalents in each eye were averaged and recorded as the value of refractive errors. Ophthalmic examination by ophthalmologists and neurological examination by neurologists were performed to rule out ocular, intracranial, and neurologic diseases. After administration of topical anesthesia, BTXA (Hengli, China) injection (30 gauge × 1/2 in) was performed at about 6 mm posterior to the medial rectus insertion without conjunctival incision and electromyography guidance. The injection doses were 4.0 units for a deviation of more than 35 PD, 3.5 units for 26 PD to 35 PD, and 3.0 units for 10 PD to 25 PD. Unilateral medial rectus recession (no more than 20 PD) or medial rectus recession combined with lateral rectus resection (more than 20 PD) were performed under general anesthesia (patients less than 14 years old) or local anesthesia (patients at least 14 years old).

Patients were divided into a BTXA group and a surgery group. Patients with a deviation of no more than 4 PD can achieve a diplopia-free state by self-control. The patients in both groups who achieved a deviation of no more than 4 PD (at near and distance) or temporary exotropia at the 2 week follow-up were considered adequately treated. The groups were then divided into an adequate treatment (AT) group and an inadequate treatment (inAT) group. Deviation pre-and post-treatment in groups were compared. At the 6 month follow-up, the absence of diplopia throughout the day and horizontal deviation of no more than 8 PD (both at distance and near) was considered a successful treatment. Statistical analyses were performed with SPSS version 26.0 (SPSS, Inc., Chicago, IL, United States). Data were compared using the Mann–Whitney U-test. Spearman’s correlation coefficient was calculated to explore relationships between two factors. Differences where p < 0.05 were considered statistically significant.



3. Results

We included 92 patients (64 males and 28 females) with AACE, of whom 51 were treated with BTXA and 41 with surgery. All patients were Chinese, ranging from 6 to 50 years old (mean 23.9 years), and had diplopia for 1 month to 10 years (median 1 year).

The clinical characteristics of the two treatment groups are displayed in Table 1 and the deviation in the BTXA group was smaller before treatment (p < 0.001) but was larger at the 6 month follow-up than in the surgery group (p < 0.001). The success rate was lower in the BTXA group at the 6 month follow-up (p < 0.001). At the 2 week follow-up, there was no significant difference between the groups in deviation examined at near (p = 0.908) and distance (p = 0.452). Compared with deviation before treatment, the deviations of the surgery group (p < 0.001 at near and distance) and BTXA group (p < 0.001 at near and distance) were significantly smaller at the 6 month follow-up.



TABLE 1 Clinical characteristics of the BTXA group and surgery group.
[image: Table1]

BTXA metabolism occurs over time, and its effect develops slowly. We focused on the 2 week follow-up interval, which showed no significant difference in deviation between the two groups. We identified patients in both groups who achieved a deviation of no more than 4 PD (at near and distance) or temporary exotropia at the 2 week follow-up and were considered adequately treated at that time. The clinical characteristics are displayed in Table 2. At the 2 week follow-up, the deviation was similar at distance (p = 0.076) in the two groups and smaller at near in the BTXA group (p = 0.007). However, the deviations were larger at near and distance in the BTXA group at the 6 month follow-up (p < 0.001). The success rate was lower in the BTXA group at the 6 month follow-up (p < 0.001). In the BTXA group, the deviation at near and distance at the 6 month follow-up was associated with the deviation at near (p = 0.001, r = 0.447) and distance (p < 0.001, r = 0.529) at the 2 week follow-up. In the BTXA group, the success rate at the 6 month follow-up was significantly associated with deviation at near (p < 0.001, r = −0.516) and distance (p < 0.001, r = −0.529) at the 2 week follow-up. At the 6 month follow-up, the patients in BTXA group with deviation of no more than 8 PD were free of diplopia.



TABLE 2 Clinical characteristics of the adequately treated patients in two groups.
[image: Table2]

We divided the BTXA group into the inAT-BTXA and AT-BTXA subgroups based on the deviation at the 2 week follow-up. The two groups’ deviations at distance (p = 0.322) and near (p = 0.051) before treatment were similar. At the 6 month follow-up, deviations were significantly larger in the inAT-BTXA subgroup at near (p < 0.001) and distance (p < 0.001), as displayed in Table 3. Among the AT-BTXA subgroup, the success rate was 100% in patients with no more than 15 PD deviations, 83.3% with no more than 25 PD, and 72.3% with no more than 35 PD.



TABLE 3 Clinical characteristics of the AT-BTXA and inAT-BTXA subgroups.
[image: Table3]

Complications of the BTXA-injected eye, including temporary exotropia and ptosis, were relieved or resolved during the follow-up. No serious severe complications were found in the surgery group, except for intraoperative bleeding.



4. Discussion

This study compared the treatment efficacy of BTXA and surgery at long-term follow-up and revealed that surgery has a more precise and lasting therapeutic effect with a success rate of 95.1%. We also observed that adequate BTXA treatment, with no more than 4 PD deviations at 2 weeks follow-up, was associated with better outcomes.

As the primary treatment of strabismus, surgery was found to be safe and effective in improving ocular alignment, eliminating diplopia, developing binocular fusion, and expanding binocular visual fields (19). Careful surgical planning and operation can prevent severe complications, including scleral perforations, orbital inflammation, muscle slip, and anesthesia complications (20). BTXA was also found to be a safe, effective, and repeatable treatment for AACE, with fewer iatrogenic injuries (10, 17, 21, 22). Because of the individual response of BTXA (18), and limitations of the syringe scale, surgeons cannot precisely administer BTXA doses according to the deviation. Therefore, each BTXA dose corresponds to a range of deviations, which differ from surgery. By comparing the efficiency of the two treatments on AACE, surgery has a similar or better success rate (13–15). In the present study, surgery and BTXA significantly improved ocular alignment at the final follow-up. We then compared the clinical characteristics of the treatment groups. The deviation was more significant in the surgery group before treatment but significantly smaller at the 6 month follow-up, and the success rate was also more significant at the 6 month follow-up. Considering the time required for the BTXA effect and the metabolism, we identified patients in both groups who were adequately treated at the 2 week follow-up. The deviation was also more significant in the BTXA group at the 6 month follow-up. These findings suggest that surgery is more effective, precise, and durable than BTXA.

The BTXA injection is an alternative treatment for AACE. The success at 6 month follow-up ranged from 45 to 90.6% (10, 13–15, 21, 22). The substantial variability in success rates suggests the instability of BTXA in the treatment of AACE. Several months of BTXA metabolism causes a gradual decrease in success rate, which results in a delayed determination of final treatment success after injection (12, 14, 16, 17). It would be beneficial to identify an indicator in the early stage that determines whether the treatment is successful. In this study, the deviation and success rate of the BTXA group at the 6 month follow-up was associated with the deviation at the 2 week follow-up. Based on the deviations at the 2 week follow-up, the BTXA group was divided into AT-BTXA and the-BTXA subgroups. The deviations before treatment were similar in the two groups. At the 6 month follow-up, deviations were significantly larger in the inAT-BTXA subgroup. These results suggest that patients with a deviation of no more than 4 PD after 2 weeks of BTXA injection have a significantly better outcome. A deviation of more than 4 PD at the 2 week follow-up can indicate unsuccessful treatment 6 months after BTXA injection.

Quantitative evidence suggested that augmented-surgery doses should be performed in AACE to obtain a satisfactory outcome (23). In this study, all patients underwent surgery before this concept was proposed; 95.1% of patients were satisfied, and there was no diplopia.

The retrospective and non-randomized design are the primary limitations of this study. Randomized controlled clinical trials need to be designed to increase the evidence strength. The follow-up in this study was 6 months. Longer follow-up will provide more data on treatment efficacy. The surgery group achieved better outcomes with greater deviation before treatment. Though the deviation was different before treatment in both groups, this still indicated a better outcome of surgery.

In conclusion, both surgery and BTXA are efficient for AACE. Surgery has a more precise and lasting therapeutic than BTXA. AACE patients who were adequately treated with BTXA with deviations of no more than 4 PD at 2 weeks follow-up had better outcomes.
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Introduction: The purpose of this review is to consolidate and examine the available literature on the coronavirus disease 2019 pandemic and its effect on corneal transplantation and eye banking.

Methods: A primary literature search was conducted using the PubMed (Medline) database with keywords and MeSH terms such as “corneal transplantation,” “eye banks,” “keratoplasty” and then were combined with COVID-19. Relevant articles through September 2022 were assessed and 25 articles were included in this review.

Results: Donor tissue volumes declined globally during lockdown periods due to a lower number of referrals and tighter tissue screening guidelines. Rates of elective surgeries decreased in the lockdown period compared to respective periods in previous years. However, changes in rates of emergency procedures were not uniform across different regions. Moreover, rates of different elective corneal grafts [i.e., penetrating keratoplasty (PK), endothelial keratoplasty (EK), or anterior lamellar keratoplasty (ALK)] were affected differently with the pattern of change being dependent on region-specific factors.

Conclusion: Both donor tissue volumes and rates of corneal transplant procedures were affected by lockdown restrictions. The underlying etiology of these changes differed by region. Examining the range of impact across many countries as well as the contributing factors involved will provide guidance for future global pandemics.

KEYWORDS
 COVID-19, eye bank, corneal transplant, donor tissue, tissue procurement and processing


1. Introduction

In late 2019, the emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) sparked the beginning of the coronavirus disease 2019 (COVID-19) pandemic. There have been over 450 million confirmed cases and over 6 million confirmed deaths from COVID-19 (1). As countries around the globe were grappling with the fast spread of the disease, several restrictions were put into place to help reduce the growing number of cases. One such restriction was the cancellation of many elective procedures (2, 3). As a result, organ and tissue transplant volumes decreased during the first months of the pandemic (4). This included corneal transplants, as the risk of transmission through ocular tissue transplantation was and still is a matter of contention (5). Given these challenges and uncertainties, many eye banks experienced decreased donor tissue availability and subsequently, the number of corneal transplantation procedures declined. Based on the statistical report published by the Eye Bank Association of America (EBAA), transplant volumes in 2021 recovered from the decline in 2020. However, the numbers have yet to match the 2019 data (6). Therefore, understanding the differential challenges and responses to the pandemic in different regions is instrumental in planning ahead for similar scenarios in the future. Herein we examine reports of eye banking and corneal transplant statistics during the COVID-19 pandemic and explore the reasons behind the region-specific impact.



2. Materials and methods

A primary literature search was conducted in November 2022 using the PubMed (Medline) database with keywords and MeSH terms such as “corneal transplantation,” “eye banks,” “keratoplasty,” and “COVID-19.” There were no publication year or language restrictions. The search yielded a total of 72 articles (Figure 1). Case reports and case series were excluded from the results. Abstracts were reviewed, and literature reporting statistical data on corneal tissue donor volumes and transplantation during the pandemic were selected. Secondary literature was found using pertinent references from the primary articles. A total of 25 relevant papers were identified and reviewed.

[image: Figure 1]

FIGURE 1
 PRISMA flow diagram.




3. Results and discussion


3.1. Ocular donor tissue volumes

Studies from the United States (7–9), United Kingdom (10), Canada (11), Germany (12), Italy (13–15), India (16–20), and continental data from Europe (21) showed a decrease in the number of donor corneal tissues procured during their respective lockdown periods in 2020. However, the magnitude of this decline varied among the different regions (Table 1). Interestingly, one survey of members of the European Eye Bank Association (EEBA) found that only one country (Bulgaria) of 19 participating countries showed an increase in the number of tissues procured and distributed from March to May 2020 compared to the same period in 2019. However, this was attributed to the small number of corneas (only 28) procured in this region during and before the period of interest (21).



TABLE 1 Studies comparing the number of procured tissues between the lockdown periods in 2020 and respective months in 2019.
[image: Table1]

Several reasons have been reported in the literature to explain this decrease in donor tissue volumes. AlShaker et al. (11) and Ballouz et al. (7) interpreted the decrease in the number of eligible referrals to their respective eye bank as a reflection of an increased number of COVID-19 cases as well as more stringent screening criteria for tissue selection. Moreover, the rate of conversion of those eligible referrals to retrieved tissues for transplantation decreased in the same period in 2020 compared to 2019. This change in conversion rates was thought to reflect logistical challenges due to COVID-19 such as lack of staffing (11). Issues with staffing were also reflected in Thuret et al. (21) survey of EEBA members. The issue of logistical challenges was also highlighted in a survey of eye banks in Germany, where 21 out of the 26 surveyed eye banks reported a decrease in their activity since the beginning of the pandemic compared to before the pandemic (12).

Although donor screening criteria was often reported to account for the decrease in donor tissue volumes, these criteria were variable. A survey of 64 eye bank members of the EEBA reported by Thuret et al. (21) showed that all eye banks in their study contraindicated donations from patients whose confirmed cause of death was COVID-19. However, screening criteria for the rest of the donors, for example, those who had COVID-19 but died of other causes or those who had recovered from a COVID-19 infection and then passed away from other causes later on, varied among the different eye banks. In their survey, the least stringent criteria mandated a 14-day symptom-free period before death, whereas the most stringent criteria mandated a period double that time. Moreover, they reported that the definition of COVID-19 symptoms varied among different exclusion guidelines, with the strictest criteria mandating exclusion of those with “unexplained cough, unexplained asthenia and myalgia, intermittent fever, shortness of breath or unexplained conjunctivitis before death.” Such variability in screening criteria was also observed in a survey of Indian eye banks (17), which reported that a fraction of the eye banks avoided tissue retrieval from COVID-19 positive cases (44.4%) or those with suspicious respiratory symptoms (36.7%). In contrast, some eye banks (16.67%) completely halted tissue collection. A survey of German eye banks (12) showed all active banks followed local guidelines. At the same time, a portion of them also followed recommendations made by the Global Alliance of Eye Bank Associations (GAEBA) or the European Center for Disease Prevention and Control (ECDC). The variability in screening criteria is also reflected in the differences in the reported rate of tissue exclusion due to COVID-19 in different studies, which varied from a 2-month rate of 2% in the Italian Society of Eye Banks (SIBO) reports (13) to 35% reported for the month of April in Eye Bank of Canada Ontario Division’s (EBCOD) analysis (11). Thuret et al. (21) did establish that higher levels of stringency in the screening criteria often led to a decrease in tissue procurement. This diversity in donor screening criteria not only reflects adherence to the guidelines set forth by different regulatory bodies but is also a product of the timing of when these guidelines were adopted. Furthermore, as our knowledge of SARS-COV2 evolves with time, the guidelines may also be refined to reflect new data (22).

Numbers of procured tissues from the SIBO and Fondazione Banca degli Occhi del Veneto (FBOV eye bank—Venice, Italy) showed some improvement in the first month following lockdown but not large enough to statistically match the comparison periods in previous years (13, 14). A survey conducted by the EBAA showed a similar pattern of improvement in the tissue distribution volume 2 months after lockdown (8). In a study of the Eversight eye bank, Ballouz et al. (9) compared the number of available corneal tissues and corneal transplant surgeries in an 18-month period from July 2020 to December 2021 (when elective surgeries were resumed) to the same period in 2018 and 2019. The number of surgeries requiring corneal tissue significantly increased in this period compared to the pre-pandemic period, and the number of suitable tissues was similar in both periods of comparison. Therefore, though the number of procured tissue increased during this period it was not enough to meet the needs due to the increased demand. This shortage in tissue was handled through an increase in imported tissues (9). Ongoing efforts to improve the rates of donation of corneal tissue post-pandemic will continue to address the increasing demand for corneal transplantation worldwide.

Lastly, regarding the number of exported tissues the evidence seems to be contradictory. The data from the Eversight eye bank shows a significant decrease in exported tissues which is congruent with the national decline reported by EBAA (7, 8). On the other hand, Aiello et al. (13) reported an increase in the number of exported tissues from SIBO. They attributed this rise to the fact that the lockdown started in Italy before other European countries, and at that time, exports were still happening to those countries where elective surgeries had not stopped (13).



3.2. Transplant volumes

In general, the number of ophthalmic procedures significantly decreased during the lockdown phase in many regions of the world (18, 23–26). Analogous to donor tissue volumes, a decrease in the volume of transplanted tissues and the number of procedures completed during the first wave of the pandemic is reported in the literature (7, 11, 13, 19, 20, 27–30). Similar to the change in donor tissue volumes, the reported decline in transplant volumes varied among regions (Table 2). This was a consequence of non-emergent procedures being shut down due to special considerations in resource reallocation. We will explore these findings in more detail below.



TABLE 2 Studies comparing the number of surgical procedures between the lockdown periods in 2020 and respective months in 2019.
[image: Table2]

Because mainly elective procedures were subject to cancellations during COVID-19 lockdown periods, the number of emergency procedures would not be expected to change compared to pre-pandemic years (13, 29, 31). Interestingly, Din et al. (29) reported an increase in the number of emergency procedures due to sharp object trauma (29), which was attributed to redirection of all ophthalmic services from other centers to their hospital as well as an increase in domestic incidences due to the lockdown (29). On the other hand, dell’Omo et al. (26) reported a significant decrease in the number of elective and emergency procedures compared to the same period in 2019 in six centers in Italy. Moreover, a 2-month analysis of 39 centers in Italy showed a significant decrease in some subtypes of emergency procedures compared to the same period in 2019 (24), which was reported to be a result of the limitations in access to operating rooms as their availability was reduced in all except one center.

Descriptive statistics drawn from many eye banks around the world showed a decline in transplanted tissue volumes in 2020 compared to 2019 (Figure 2) (7, 11, 13, 20). Specifically, a decline both in donor tissue and transplant volumes was noted. A drop in the rate of unused tissue during the lockdown period compared to the yearly average in 2019 was reflected in the EBCOD records (11). This was specifically recorded in the months of April and May, when only emergency procedures were done. As a result, a small number of tissues was released for transplant and utilization of retrieved tissues was maximized. However, they reported a surplus of unused tissue in March when operating rooms (ORs) were closed and a return to rates similar to 2019 in the month of June when ORs resumed regular activity. Das et al. (20) reported an increase in the average rate of corneal tissue utilization during and after COVID-19 lockdown in 2020 compared to the same average rate in 2019 due to a shortage of donor tissue availability post-lockdown. As a result, the stringency of their selection criteria was reviewed to improve utilization.

[image: Figure 2]

FIGURE 2
 Corneal transplantation and tissue retrieval pre- and post-pandemic.


On the other hand, other centers showed a surplus of corneal tissue during the lockdown period due to the reduction in scheduled surgeries and a significant rise in the number of canceled transplants (7, 13). Due to an increase in the number of wasted donor tissues, Busin et al. (27) underlined the importance of exploring alternative procurement techniques that would extend the storage time of procured corneal tissues and reported tissue dehydration as a useful alternative method, especially in the case of deep anterior lamellar keratoplasties. A survey of eye banks and surgeons in India showed a statistically significant increase in the use of long-term tissue preservation methods in the same period in 2020 compared to previous years (17).

When examining the distribution of different types of corneal transplantation surgeries, there was no trend noted. By analyzing Brazilian national data and records from the state of São Paulo, Moriyama et al. (28) found that the proportions of tectonic and/or therapeutic procedures significantly increased. Conversely, the proportions of all 3 optical procedures [penetrating keratoplasty (PK), endothelial keratoplasty (EK), or anterior lamellar keratoplasty (ALK)] significantly decreased, with EK and especially ALK showing more dramatic declines than PK. The analysis of the same proportions after removing the moratorium showed that while the proportions of all 3 optical procedures increased, PK rates showed a significant increase compared to the rates in 2019, whereas EK rates were still below those of 2019 (28). One explanation the authors suggest to account for the change in EK proportions is that EKs are mostly done on elderly patients and during the moratorium as well as after it was released the older population was facing stricter mobility restrictions. The United Kingdom (UK) data did not show any meaningful changes in the patterns of corneal transplants from April 2020 to March 2021 compared to similar periods in previous years (10). The EBAA data revealed a decrease in EK proportions and an increase in PK proportions during the lockdown in the US, however the proportions were once again similar to pre-pandemic values after the restrictions were lifted (28). Mencucci et al. (15) showed a decrease in the rates of both PKs and ALKs due to the suspension of elective surgeries. PKs showed a steeper decline, explained by the general trend of preferring ALKs over PKs in recent years. The increase in the rates of EKs during the lockdown period was attributed to the use of local anesthesia during EKs. In their analysis of data from a tertiary eye care center in India, Das et al. (20) reported a decline in the numbers of PK, EK, and ALK procedures, but a marginal increase in the number of therapeutic penetrating keratoplasty (ThPK) compared to pre-lockdown data (20) due to advanced worsening of visual acuity in patients with infectious keratitis during the pandemic (20).

Data from several eye banks showed an increase in the number of procedures done after the lockdown period, however, those post lockdown numbers were still significantly lower than pre-pandemic rates (13, 20, 28).



3.3. Patients’ challenges

Several studies have analyzed data regarding logistical challenges facing patients requiring corneal transplants.

Data from Moorfields Eye Hospital (MEH) during the lockdown period showed a significant increase in the time between patient’s symptom presentation and surgical procedure compared to pre-pandemic period (29). The authors also examined patients’ travel distances during the lockdown and found an increasing trend compared to the year before the pandemic. Together, these two results highlighted the fact that during the pandemic corneal procedures were being done in only one of the several centers of the National Health Services (NHS) trust center in London while other centers had been redeployed for COVID-19 care. A geographical barrier was also reported by Das et al. (20). Their analysis of a tertiary eye care center in India showed a decreasing trend in the number of patients who travelled interstate to consult for corneal procedures.

Lastly, in their analysis of the national Brazilian data, Moriyama et al. (28) found a significant decrease in the number of new patients added to corneal surgery waiting list during the lockdown phase when compared to the same period in 2019. The authors suggested this was due to a decrease in the activity of outpatient clinics in that period.




4. Conclusion

This review summarizes the impact of COVID-19 on corneal donor tissue harvesting and corneal transplant in different settings around the world. Both donor tissue and transplant volumes showed a decline during the lockdown times. Moreover, geographical challenges were highlighted which resulted in longer distances traveled by patients to obtain care, as well as delayed care. Eye bank operations during the pandemic have been evolving due to knowledge gained from COVID-19 and the subsequent changes in guidelines over time. Region-specific variability in lockdown timing also affected downstream donor tissue criteria evolution and tissue availability for corneal transplantation. Understanding the impact of this pandemic on eye bank operations around the globe will ultimately allow us to anticipate the disruption to the delivery of corneal tissue for transplantation in future pandemics, and to address the impact more efficiently with the goal of resuming care for our patients. Reports from many regions are valuable to elucidate the region-specific factors with critical roles in providing safe high-quality corneal tissue, optimize eye bank guidelines, improve the efficient use of available tissue, and minimize tissue waste in future similar scenarios.
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Purpose: To examine primary open-angle glaucoma patients after undergoing combined cataract surgery with microhook ab interno trabeculotomy (μLOT-Phaco) or iStent inject W implantation (iStent-Phaco), and then evaluate the surgical outcomes after a minimum of 6 months of follow-up.

Methods: Between October 2020 and July 2022, 39 μLOT-Phaco eyes and 55 iStent-Phaco eyes that underwent surgery were evaluated in this retrospective, multicenter comparative case series. Data that included preoperative and postoperative intraocular pressure (IOP), number of glaucoma medications, and occurrence of complications were collected from medical records and then examined. Surgical failure was defined as patients exhibiting a < 20% reduction in the preoperative IOP or an IOP > 18 mmHg on two consecutive follow-up visits, or when patients were required to undergo reoperation. Success rates were determined based on a Kaplan–Meier survival analysis.

Results: At 3, 6 and 12 months postoperatively, there was a significant postoperative reduction in the IOP (p < 0.001) and in the medications scores (p < 0.001) for both of the groups. In the μLOT-Phaco and iStent-Phaco groups, the probabilities of success at 6 and 12 months were 55.3 and 45.5%, and 48.4 and 45.5% (p = 0.38; log-rank test), respectively. In the iStent-Phaco group, there was a significant decrease in the hyphema.

Conclusion: Comparable surgical outcomes occurred for both the μLOT and iStent inject W procedures.
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 iStent inject W, primary open-angle glaucoma, microhook, phacoemulsification, intraocular pressure


Introduction

Glaucoma is a leading cause of irreversible blindness worldwide (1). The use of medications or surgery to lower the intraocular pressure (IOP) are the only ways that have been shown to decrease the speed of the visual field damage progression (2, 3). The first-line therapy normally used includes glaucoma medications and/or selective laser trabeculoplasty. When the IOP cannot be sufficiently lowered or progression prevented after the utilization of the maximum tolerated medical and/or laser treatment, surgery is typically performed.

In mild to moderate glaucoma patients, the interventions available for surgeons have been greatly augmented through the implementation of minimally invasive glaucoma surgery (MIGS) procedure. The iStent trabecular micro-bypass (containing one stent) was the original MIGS device approved by the United Stated Food and Drug Administration (FDA), with the FDA then approving the second-generation iStent inject (containing two stents). As the trabecular meshwork is known to cause resistance to the aqueous humor outflow, in addition to being a major contributor to elevated IOP in glaucoma patients, these stents were both designed to create pathways through this meshwork (4). The iStent inject W (Glaukos Corporation, San Clemente, CA), which is available in Japan, contains a wide flange at its base and is designed to optimize stent visualization and placement. Another trabecular-based device that works by increasing the aqueous humor outflow through Schlemm’s canal is the Tanito microhook (Inami & Co., Ltd., Tokyo, Japan).

As there has been continuous expansion of the field of MIGS along with the development of newer techniques, it is important that measurements of the surgical outcome between different procedures be undertaken. Thus, the postoperative outcomes of combined cataract surgery with either microhook ab interno trabeculotomy (μLOT-Phaco) or iStent inject W implantation (iStent-Phaco) were compared in primary open-angle glaucoma (POAG) patients in our current study.



Materials and methods


Patient selection

Eyes undergoing phacoemulsification cataract extraction combined with either μLOT (μLOT-Phaco) or iStent inject W implantation (iStent-Phaco) between October 2020 and July 2022 were evaluated in this retrospective study in the Japanese prefectures of Hiroshima and Ehime at Hiroshima University Hospital, Ehime University Hospital, Minami-Matsuyama Hospital, and Kusatsu Eye Clinic. This study was in accordance with the principles of the Declaration of Helsinki, and was conducted following approval from the Hiroshima university’s ethics committee.

Patients that were ≥ 18 years of age, and previously diagnosed with POAG were included in the study. However, patients were excluded from the study if they had other glaucoma types or if they had a history of ocular surgery. Furthermore, a 6-month postoperative observation period was required in all patients. When bilateral surgery was performed in a patient, the analysis only utilized the data from the first eye. A suboptimal IOP and/or slow progression of visual field damage in spite of maximal tolerable glaucoma therapy were the most common and similar indications for the surgeries. Another relevant surgery group included patients who were on more than one glaucoma medications without known intolerance requiring the number of glaucoma medications reduction that were scheduled for cataract surgery. Surgeons were responsible for deciding whether to use the iStent inject W implantation or microhook ab interno trabeculotomy.



Surgical technique

Phacoemulsification was performed using the standard technique. After cataract removal was performed through a temporal corneal incision, intraocular lens was implanted in the capsular bag. Sodium hyaluronate was added to the anterior chamber after the cataract surgery to ensure that there was enhanced visuality of Schlemm’s canal. Subsequently, after tilting both the patient’s head and microscope, the gonio lens was placed on the cornea to visualize the nasal angle. In the iStent-Phaco group, following the identification of Schlemm’s canal, the iStent inject W was implanted as two devices, with the two stents located in the nasal quadrant one to two clock hours apart. After inserting the microhook tip into Schlemm’s canal via the main corneal incision in the μLOT-Phaco group, the microhook was circumferentially moved to the 4 clock hour position (nasal quadrant) in order to incise both the trabecular meshwork and the inner wall of the Schlemm’s canal. Antibacterial and anti-inflammatory topical medications were prescribed for each of the patients. All of the glaucoma medications were stopped at the time of the surgery, then added in the postoperative follow-up visits performed at the discretion of the surgeon.



Outcome measures

Surgical failure was based on IOP criteria, was defined as the primary outcome. The results of the Kaplan–Meier survival analysis with the two criteria were used to determine the success of the procedure. Surgical failure was defined as a < 20% reduction in the preoperative IOP or an IOP > 18 mmHg on two consecutive study visits, or when for a patient required a reoperation. However, as it has been reported that there are postoperative IOP fluctuations after trabeculotomy (5), IOPs that met the above criteria for up to 3 months after surgery were not considered to be surgical failures. The number of glaucoma medications used, the presence of any postoperative complications and the mean IOP were all considered to be secondary outcomes. For the mean number of glaucoma medications, 1 point was assigned for each glaucoma eye drop, while 2 points were assigned for the combination eye drops.



Statistical analysis

Statistical analyses were performed using JMP software (version 16; SAS Inc., Cary, NC). An independent t-test and a chi-square test were used to analyze the clinical backgrounds of the subjects. A chi-square test was also used to analyze the differences of the postoperative complications. Kaplan–Meier survival curves were used to analyze the probability of success, with the results compared between the groups using a log-rank test. For continuous variables, the Anderson-Darling test was used to assess the distribution. Based on the results obtained, difference between preoperative and postoperative values were then assessed by either a paired t-test or Wilcoxon signed-rank test. All data are expressed as the mean ± standard deviation. p values less than 0.05 were defined as being statistically significant.




Results

In the μLOT-Phaco and iStent-Phaco groups in this study, evaluated 39 and 55 eyes, respectively. Evaluations of the age, gender, preoperative IOP, and number of preoperative glaucoma medications found no significant differences between both groups (Table 1). There were 18 eyes (47%) in the μLOT-Phaco group and 36 eyes (65%) in the iStent-Phaco group (p = 0.08) in patients with normal-tension glaucoma.



TABLE 1 Clinical characteristics at baseline.
[image: Table1]

A significant decrease in the IOP was found in both groups when compared to the preoperative levels (Table 2). In the μLOT-Phaco group, the preoperative IOP level was 16.2 ± 4.4 mmHg, while at 3, 6 and 12 months postoperatively, the levels were 12.7 ± 2.9 mmHg, 12.5 ± 2.6 mmHg, and 13.2 ± 3.2 mmHg, respectively. In the iStent-Phaco group, the preoperative IOP level was 15.0 ± 3.8 mmHg, while at 3, 6 and 12 months postoperatively, the levels were 12.4 ± 2.6 mmHg, 12.5 ± 2.3 mmHg, and 13.2 ± 2.4 mmHg, respectively. Significant differences were observed in both groups between the preoperative and postoperative IOP levels at all patient visits. There were no significant differences observed at each visit with regard to the postoperative IOP reduction in these two groups (p = 0.34, 0.10, 0.23).



TABLE 2 Differences in postoperative IOP.
[image: Table2]

In both groups, there was a significant decrease postoperatively in the number of glaucoma medications (Table 3). In the μLOT-Phaco group, the number of preoperative medications was 2.2 ± 1.4, while at 3, 6 and 12 months postoperatively, it was 0.4 ± 1.0, 0.7 ± 1.1, and 0.6 ± 1.0, respectively. In the iStent-Phaco group, the number of preoperative medications was 2.1 ± 1.4, while at 3, 6, and 12 months postoperatively, it was 0.4 ± 0.8, 0.5 ± 0.8, and 0.5 ± 0.8, respectively. In the μLOT-Phaco group, the medication-free rate was 66.7% (26 eyes) and 68.0% (17 eyes) at 6 and 12 months postoperatively, respectively. In the iStent-Phaco group, the medication-free rate was 69.1% (38 eyes) and 69.4% (25 eyes) at 6 and 12 months postoperatively, respectively. The medication-free rate was similar in both groups (p = 0.78: 6 months; p = 0.90: 12 months). Table 4 shows the category for the postoperative IOP-lowering medications.



TABLE 3 Differences postoperative number of glaucoma medication.
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TABLE 4 Postoperative IOP-lowering medication.
[image: Table4]

The Kaplan–Meier survival curves are seen in Figure 1 for the μLOT-Phaco and iStent-Phaco groups. At 6 and 12 months postoperatively, the survival in the μLOT-Phaco group was 55.3 and 48.4%, while in the iStent-Phaco group it was 45.5 and 45.5%, respectively. Between these two groups, there were no significant differences observed (p = 0.38).

[image: Figure 1]

FIGURE 1
 Kaplan–Meier survival analysis success rate of IOP control after μLOT and iStent in combination with phacoemulsification. There were no significant differences observed between two groups (p = 0.38, log-rank test). Solid line: μLOT-Phaco group, dashed line: iStent-Phaco group.


Postoperative complications are shown in Table 5. Transient IOP elevation was defined as an elevation of the IOP to ≥30 mmHg within 2 months postoperatively. Hyphema was defined as the presence of the niveau formation. Hyphema was observed in 5 eyes (12.8%) in the μLOT-Phaco group, while in the iStent-Phaco group, 1 eye (1.8%) was found to have hyphema. Analysis indicated that significant differences were noted between the two groups (p = 0.03). Transient IOP elevation was observed in 2 eyes (5.1%) of the μLOT-Phaco group. In the μLOT-Phaco group and the iStent-Phaco group, transient IOP elevation occurred in 2 eyes (5.1%) and 2 eyes (3.6%), respectively (p = 0.72).



TABLE 5 Postoperative complications.
[image: Table5]



Discussion

This study examined μLOT-Phaco and iStent-Phaco, which are two MIGS technologies, in POAG patients by directly comparing relevant clinical data. Comparable surgical outcomes for both μLOT-Phaco and iStent-Phaco were observed at 12 months. During the 12-month follow-up period, there were significant reductions in both the IOP values and glaucoma medications in the μLOT-Phaco and iStent-Phaco groups.

Surgical outcomes have been evaluated between μLOT and iStent combined with cataract surgery (6, 7) and between goniotomy with Kahook Dual Blade (KDB) or iStent combined with cataract surgery (8) in two previous retrospective studies. Equal or less effectiveness was found for iStent procedures with cataract surgery as compared with μLOT or KDB procedures with cataract surgery. However, the IOP-lowering effects and complications of iStent inject W complications as compared to other MIGS procedures have yet to be definitively evaluated. Thus, this current examination of the efficacy of combined phacoemulsification with μLOT and iStent inject W appears to be the first study to compare these procedures. We recently reported that comparable surgical outcomes were found for the use of μLOT and KDB in the combination with cataract surgery (9). Therefore, we assume that comparable surgical outcomes may be obtained for the use of these three different instruments.

When the higher preoperative IOP groups were compared to the lower preoperative IOP groups, a large %IOP reduction was achieved when using the μLOT procedure (10). As our current study found the preoperative IOPs in the μLOT-Phaco and iStent-Phaco groups to be 16.2 mmHg and 15.0 mmHg, respectively, it appears that it would be better to evaluate our current results in line with the similar preoperative IOPs reported in previous papers. In previous studies on open-angle glaucoma patients who underwent the iStent-Phaco procedure, patients who had baseline IOPs of 17.3 mmHg or 17.0 mmHg showed reductions of the IOP of 26.6% or 17.8%, respectively (11, 12). Moreover, these studies reported values of 12.7 mmHg or 14.0 mmHg for the final IOPs. In contrast, procedures in open-angle glaucoma patients who underwent the μLOT-Phaco procedure were found to have a baseline IOP of 16.7 mmHg followed by a 17.8% reduction in the IOP reduction and with a final IOP of 13.6 mmHg (7). The IOP reduction rate and final IOP in the iStent-Phaco and μLOT-Phaco groups in our study were 10.0% and 13.2 mmHg, and 16.2% and 13.2 mmHg, respectively. It should be noted that as compared to the previous study, since we found a lower baseline IOP, this resulted in a tendency for a lower IOP reduction rate in our current study. Even so, as compared to the other previous studies, we found a similar final IOP.

In the μLOT-Phaco group, we found that the hyphema was significantly higher than that observed in the iStent-Phaco group in our current study. Moreover, on postoperative days 1 and 2, the μLOT-Phaco group exhibited a higher postoperative hyphema score as compared to the iStent-Phaco group (13). It has also been reported that there was a significantly higher frequency of layered hyphema in the μLOT group as compared to the iStent group (6). It should be noted, however, that in the current study, the incision of the inner wall of Schlemm’s canal produced by μLOT was approximately one third of the circumference. In contrast, this was a much wider range of incision as compared to that observed for the iStent inject W implantation.

In our current study there were several limitations including the fact that this was a retrospective study. As a result, the assignments of subjects to the treatment groups were not random. Furthermore, we utilized our routine clinical practice to collect the outcome data. It should also be noted that it was up to the surgeon’s discretion to prescribe the IOP-lowering medications at the time of the postoperative follow-up visits. Therefore, to ensure that there is a better collection of data and rigorous comparative evidence, it will be necessary to perform a further randomized and prospective study. Another limitation that needs to be taken into consideration is that there was a relatively low preoperative IOP. Many of the patients that were included in the study had a relatively medically controlled IOP due to being scheduled for the μLOT-Phaco or iStent-Phaco procedures. As a result, there were larger changes in the %IOP reduction in higher preoperative IOP groups when compared to the lower preoperative IOP groups (10). Although it has been recommended that the efficacy of glaucoma surgery be defined based on the combined use of the absolute IOP levels and %IOP reduction (14), the merit of MIGS might be underestimated based on these definitions, especially in eyes having a low preoperative IOP that then undergo surgery.

In conclusion, utilization of the μLOT and iStent inject W procedures resulted in comparable surgical outcomes. Moreover, significant reductions in the IOP were observed when these were combined with cataract surgery, with these POAG patients also showing a reduction in the number of glaucoma medications.
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Background: Silicone oil tamponade is widely used in vitreoretinal surgery. In some cases, silicone oil may not be extracted for a long time or even permanently and is referred to as silicone oil-dependent eyes. In this study, we aimed to deduce a theoretical formula for calculating intraocular lens power for silicone oil-dependent eyes and compare it with clinical findings.

Methods: A theoretical formula was deduced using strict geometric optical principles and the Gullstrand simplified eye model. The preoperative and postoperative refractive statuses of patients with silicone oil-dependent eyes who underwent intraocular lens implantation were studied (Group A, n = 13). To further test our derived theoretical formula, patients with silicone oil tamponade and first-stage intraocular lens implantation were included (Group B, n = 19). In total, 32 patients (32 eyes) were included in the study.

Results: In group A, the calculated intraocular lens power based on our formula was 24.96 ± 3.29 diopters (D), and the actual refraction of the patients was 24.02 ± 4.14D. In group B, the theoretical intraocular lens power was 23.10 ± 3.08D, and the clinical intraocular lens power was 22.84 ± 3.42D. There was no significant difference between the theoretical and clinical refractive powers, and the intraclass correlation coefficient was 0.771 for group A and 0.811 for group B (both p ≤ 0.001). The mean absolute error for silicone oil-dependent eyes of the formula was 1.66 ± 2.09D. After excluding data for two patients with a flat cornea (corneal refractive power < 42D), the mean absolute error decreased to 0.83 ± 0.62D.

Conclusion: A strong correlation between the theoretical and clinical intraocular lens powers was observed, and the formula we deduced can be used to calculate the intraocular lens power for silicone oil-dependent eyes. This formula will help clinicians select a more appropriate intraocular lens for patients with silicone oil-dependent eyes, especially when the corneal refractive power is ≥42D.

KEYWORDS
 intraocular lens power, intraocular fillers, silicone oil, theoretical formula, vitreoretinal surgery


1. Introduction

Silicone oil (SO) is one of the most important intraocular fillers used in vitreoretinal surgery (1), which is usually removed 3–6 months after tamponade (2). Retention of SO may lead to complications, including glaucoma, cataracts, band keratopathy, emulsification of SO, and possible neural toxicity (3, 4). However, there is still a distinct group of patients in real-life practice who, for various reasons, must live with long-term or even permanent SO tamponade. In such patients, retinal re-detachments, severe proliferative vitreoretinopathy (PVR), repeated vitreous hemorrhage, or continually low intraocular pressure occur after SO removal (5, 6). These are called SO-dependent eyes (7).

The intraocular lens (IOL) power calculation for silicon oil-filled eyes has been evaluated. The refractive change associated with SO tamponade in pseudophakic eyes has been studied previously (8), and the ocular biometric parameters in silicone oil-filled eyes have been investigated (9, 10). Recently, a theoretical approach to determining how specific IOL powers would change when silicone oil is used in the vitreous chamber was published (11). However, there is no available formula for calculating the IOL power in SO-dependent eyes. In this study, we aimed to derive a theoretical formula for calculating IOL power according to strict geometric optical principles and compare the calculated power with the clinically determined power.



2. Materials and methods

In this retrospective, single-center, observational case series, we aimed to deduce a theoretical formula for IOL calculation in SO-dependent eyes. This study adheres to the principles of the Declaration of Helsinki and was approved by the ethics committee of Qilu Hospital of Shandong University (reference number: 2019052). All patients signed an informed consent form and received no stipend.


2.1. Theoretical formula deduction

The Gullstrand simplified eye was used to derive the theoretical formula. In this model, the refractive system of the eye is considered a compound system consisting of two coaxially thin lenses: the cornea and a crystalline lens that focus parallel incident light on the retina. The refractive indices of air, aqueous humor, and SO are 1(na), 1.336(nah), and 1.403(nSO), respectively.

The convex lens power formula is as follows:

[image: image]

where F is the refractive power of a convex lens, [image: image] is the refractive index (RI) of the substance containing the lens, and f is the focal length of the lens.

The total refractive power of two coaxial thin lenses in close proximity is calculated as follows:

[image: image]

where F is the total refractive power and [image: image]/[image: image] is the refractive power of the two lenses.

For the cornea and the crystalline lens separated by a certain distance, we consider the cornea as a thin lens that has moved for a distance d in the direction of the crystalline lens in the aqueous humor to calculate the total power of the two coaxial lenses. The equivalent refractive power of the cornea after movement is given as follows:

[image: image]

where Fe is the equivalent refractive power of the cornea after movement, [image: image] is the RI of aqueous humor, Fc is the original refractive power of the cornea, and d is the distance between the posterior corneal vertex and the optical plane of the IOL on the visual axis.

The ‘d’ above is also called the effective lens position (ELP) (12), calculated using the Haigis formula: (13)

[image: image]

where AC is the preoperative anterior chamber depth; AL is the ocular axial length; and a0, a1, and a2 are the constants for the implanted IOLs. The lens constants were optimized for each type of IOL (available at http://ocusoft.de/ulib/c1.htm, accessed on 18 July 2023). Wang-Koch adjustment of AL was performed for patients with an AL of >26 mm (14).

In SO-dependent eyes, the total refractive power of a pseudophakic eye required to focus parallel incident light on the retina is calculated as follows:

[image: image]

where [image: image] is the total refractive power of a pseudophakic eye, [image: image] is the equivalent refractive power of the cornea after moving a distance d in the direction of the crystalline lens in aqueous humor, FIOL is the refractive power of implanted IOL, nSO is the RI of SO, AL is the ocular axial length, and d is the distance between the posterior corneal vertex and IOL posterior surface.

Thus, the refractive power of an implanted IOL is calculated as follows:


[image: image]


where [image: image] is the RI of aqueous humor and Fc is the original refractive power of the cornea.

When substituting the constants with some variables ([image: image], [image: image]), we obtain the following formula (refractive power is in diopters and length is in meters):


[image: image]


From this formula, we can infer that the IOL power for SO-dependent eyes theoretically depends on ocular axial length, corneal radius of curvature, the refractive power of the cornea, and the IOL constant.



2.2. Clinical observations

Uneventful phacoemulsification, vitrectomy, SO tamponade, and IOL implantation were performed by an experienced surgeon in all patients. The exclusion criteria were as follows: having an unstable fundus (such as macular edema, macular pucker, retinal hemorrhage, or macular hole after SO extraction), SO emulsification obstructing optometric examinations, incomplete filling of the vitreous cavity, posterior capsule rupture, corneal opacity, and incomplete clinical data. A vitrectomy was performed using a standard 3-port 23-G pars plana incision. All incisions were sutured after surgery. To calculate the IOL refractive power required for the patients to achieve emmetropia, the postoperative best spectacle correction (spherical lens) was added to the refractive power of the implanted IOL. Ocular axial length (AL), preoperative anterior chamber (AC) depth, and refractive power of the cornea (FC) were measured using partial coherence interferometry (IOL Master 5.5xp or IOLMater 700; Carl Zeiss Meditec, Jena, Germany). Six types of IOLs [Rayner (Rayner, Worthing, United Kingdom); Akreos Adapt (Bausch + Lomb, Laval, Canada); 868UV (USIOL, Lexington, KY); Aspira-aA (HumanOptics, Erlangen, Germany); Aaren pal (Aaren Scientific, CA, United States); Tecnis PCB00 (Johnson & Johnson Surgical Vision, Irvine, CA, United States)] were implanted, and all patients were injected with SO (Oxane® 5,700; Bausch + Lomb). Postoperative best-corrected visual acuity (BCVA) and refraction results were collected at least 1 month (1.5 months to 4.5 years) after surgery.



2.3. Statistic analysis

The normal distribution was assessed with the Shapiro–Wilk test, and all data conformed to the normal distribution. Then the paired t-test was used for comparison, and correlation analysis was adopted using the intraclass correlation coefficient (ICC). Statistical significance was set at a value of p of <0.05. All analyses were performed using SPSS 25 software (version 25.0; IBM, Armonk, NY).




3. Results

In total, 32 patients (32 eyes) who received care between January 2018 and July 2023 at the Ophthalmology Department of Qilu Hospital of Shandong University were enrolled in this study (21 male and 11 female patients). The refractive power of the implanted IOL ranged from 13 diopters (D) to 31 D.

The SO-dependent group (Group A) included 13 patients (7 male and 6 female patients), and SO cannot be removed because of poor retinal or poor general conditions, or both. Specifically, four patients were diagnosed with polypoidal choroidal vasculopathy (PCV), which characteristically presents as a sub-retinal pigment epithelium (RPE) lesion (15). RPE destruction was also observed in patients with PCV, leading to suboptimal attachment of the neurosensory epithelium and RPE (16). To prevent any further complications and instability of the neuroepithelium, massive old sub-neurosensory-retinal hemorrhage in these four patients prompted the retention of the SO. Another four patients initially underwent vitrectomy with SO tamponade for rhegmatogenous retinal detachment (RRD). Among them, three patients subsequently developed superficial detachment of the peripheral retina, and the fourth patient, who had concurrent renal failure requiring hemodialysis treatment, had a significantly reduced risk of retinal hemorrhage due to the retained SO. Three patients presented with macular holes caused by fibrovascular proliferation of proliferative diabetic retinopathy (PDR) (17). In these cases, retinal detachment at the posterior pole likely or actually occurred once SO was removed. Hence, to prevent further complications, the SO was retained or refilled. The last two patients suffered severe retinal necrosis and repeated retinal detachment due to herpes virus infection. It has been reported that 30% of the patients who undergo vitrectomy with SO tamponade due to RRD following acute retinal necrosis develop recurrent retinal detachment after SO removal (18). To maximize the preservation of the patients’ surviving retinal function and vision, the SO was not removed. In fact, SO removal was attempted for a substantial proportion of SO-dependent patients in this study, but the SO had to be refilled in the same way or in a re-operation. The clinical data of the patients are described in Table 1.



TABLE 1 Data of patients with silicone oil-dependent eyes.
[image: Table1]

In group A, the mean preoperative AC was 2.94 ± 0.31 mm, the mean FC was 43.91 ± 1.76 mm, and the mean AL was 22.82 ± 1.27 mm. The theoretical IOL refractive power was 24.96 ± 3.29 D. The clinical IOL power required by the patients to achieve emmetropia was 24.02 ± 4.14 D. There was no significant difference between the theoretical and clinical IOL powers (p = 0.205, paired t-test; Figure 1A), and the theoretical and clinical IOL powers were strongly correlated (ICC = 0.771, 95% CI: 0.405–0.924, p = 0.001; Figure 2A). For the theoretical formula, a predicted IOL power error of <0.5 D was found in four eyes (30.77%), 1.0–1.5 D in five eyes (38.46%), 1.5–2.0 D in two eyes (15.38%), and ≥ 2.0 D in two eyes (15.38%). The mean absolute error (MAE) for the formula was 1.66 ± 2.09D. After excluding data from the two eyes with a predicted IOL power error ≥ of 2.0 D, the MAE for the formula was 0.83 ± 0.62D.

[image: Figure 1]

FIGURE 1
 Comparison of the calculated and clinical intraocular lens (IOL) refractive powers for the silicone oil (SO)-dependent group (A) and the SO tamponade and first-stage IOL implantation group (B). No significant difference between the theoretical and clinical refractive powers was observed. Data are expressed as the mean ± standard deviation. Group A, p = 0.156; group B, p = 0.11 (paired t-test).


[image: Figure 2]

FIGURE 2
 Correlation analysis of the calculated and clinical intraocular lens (IOL) refractive powers for the silicone oil (SO)-dependent group (A) and the SO tamponade and first-stage IOL implantation group (B). Strong correlation between the theoretical and clinical refractive powers was observed by Spearman’s correlation test. Data are expressed as the mean ± standard deviation. Group A, ICC = 0.771, 95% CI: 0.405–0.924, p = 0.001; group B, ICC = 0.811, 95% CI: 0.573–0.923, p < 0.001.


To further test our derived theoretical formula, which is designed for IOL calculation in eyes with vitreous cavities filled with SO, patients with SO tamponade and first-stage IOL implantation (implantation of the IOL during the same procedure in which vitrectomy, SO filling, and cataract extraction were performed) were included as group B. The choice of filling the vitreous cavity with SO instead of gas was made by the surgeon during the operation according to the condition of the fundus retina. The co-existence of SO and IOL in these eyes was similar to that in the SO-dependent eyes, although the application of SO in group B was eventually stopped. While the postoperative refraction data of group B for the derivation of the formula in our study were collected before the SO was removed, the actual IOL power implanted in group B was based on the recommendation of the IOL Master with the eye status of phakic; in other words, the IOL power was intended to be appropriate after the subsequent SO removal and filling of the vitreous cavity with water. The clinical data of these patients are described in Table 2. Group B included 19 patients (14 male and 5 female patients). In group B, the AC, FC, and AL were 3.03 ± 0.38 mm, 43.64 ± 1.35 mm, and 23.54 ± 1.11 mm, respectively. The theoretical IOL power was 23.10 ± 3.08 D, and the clinical IOL power was 22.84 ± 3.42 D. There was no significant difference between the theoretical and clinical IOL powers (p = 0.577, paired t-test; Figure 1B), and the theoretical and clinical IOL powers were strongly correlated (ICC = 0.811, 95% CI: 0.573–0.923, p < 0.001; Figure 2B).



TABLE 2 Data of patients in group B.
[image: Table2]

In group A, the visual acuity (VA) was improved from 1.62 ± 0.29 to 1.25 ± 0.39 logMAR after the best refractive correction before IOL implantation (p < 0.001, paired t-test; Figure 3A). After IOL implantation, the BCVA was further improved to 0.85 ± 0.22 logMAR (p = 0.001, paired t-test; Figure 3B).

[image: Figure 3]

FIGURE 3
 Comparison of vision acuities (VA, logMAR) for the silicone oil (SO)-dependent eyes. VA was improved after the best refractive correction before IOL implantation (A, p = 0.035, paired t-test). The best-corrected VA (BCVA) was further improved after the surgery relative to the preoperative BCVA (B, p = 0.043, paired t-test). Data are expressed as the mean ± standard deviation.




4. Discussion

SO-dependent eyes are relatively rare in clinical practice. When SO cannot be removed for various reasons, such as poor retinal condition, poor systemic condition, or both, as in this study, but vision can be improved by spectacle correction, an IOL should be implanted to restore functional VA. The calculation method for the power of the IOLs that should be implanted in these patients has become a real challenge. Our previous attempts based on clinical experience (adding 3D–5D to the IOL power calculated by the formulas implemented in the IOL Master) have been unsuccessful, with a mean refractive error after IOL implantation of 3.79 ± 2.48 D (highest: 8 D, Table 1), creating physiological and psychological distress for both patients and doctors.

However, to our knowledge, the IOL power calculation of existing IOL power formulas, such as SRK-T (19), Haigis (13), and Barrett Universal II (20), is based on the premise that the vitreous cavity is filled with either vitreous or water. Since the refractive indices (RIs) of vitreous and water are the same (1.336), the RIs of the refractive media in contact with the anterior and posterior surfaces of the IOL, which are aqueous water and vitreous, respectively, are equal. None of the available IOL power calculation formulas provide a model for the SO-dependent eyes; even when the eye status was set to “silicone filled eye” using the formulas implemented in the IOL Master or other biometer, the calculated IOL power was intended to be appropriate after the SO had been removed and the vitreous cavity filled with water. Therefore, the IOL power for SO-dependent eyes cannot be calculated using the existing formulas. Recently, Atchison et al. applied a theoretical approach to determine how specified IOL powers should change in SO-filled eyes, but it was not clinically proven and could only be used when complete information about the IOL was released (11), which is uncommon in clinical practice. This is the first study to derive a theoretical formula for calculating the refractive power for IOL implantation in SO-dependent eyes directly using open-access IOL constants. The variables used in the formula, including AL, AC, and FC, can be easily obtained using the IOL Master (Carl Zeiss Meditec), ultrasonic A-scan, or corneal topography in clinics.

Numerous studies have examined the changes in biometric values of SO-filled eyes. One study found that AL measurement using optical biometry is more accurate than acoustic biometry in SO-filled eyes (9). Liu et al. reported that patients who received vitrectomy with SO tamponade for RRD repair had AL approximately 0.48 mm longer than in RRD status eyes after a mean 4.85-month duration of SO tamponade (21). In the present study, the AL data we used were obtained from the IOL Master with the status of SO-filled eyes. To address potential overestimation by the IOL Master for the AL in long eyes (22), our study applied the Wang-Koch adjustment to the AL of patients with an AL of >26 mm. Regarding anterior chamber depth (ACD), it has been reported that the increase in ACD in SO-injected patients after pars plana vitrectomy returns to preoperative values within 1 month of surgery (23).

To improve the accuracy of the calculation, we replaced the anterior chamber depth with ELP. The ELP algorithm is derived from the Haigis formula, which displays outstanding performance in vitrectomized eyes with optimized constants when predicting the accuracy of implanted IOL power (24). A strong correlation between the theoretical IOL refractive power and the clinical power for SO-dependent eyes was observed. The accuracy of the powers calculated using our formula was further confirmed in patients with SO tamponade and first-stage IOL implantation.

The IOL power calculation for SO-filled eyes has always posed a challenge for ophthalmologists (25). Even when employing optical biometry and correct calculation formulas, only a third of SO-filled eyes might achieve ±1.0 D of the target refraction after SO removal (26). Among the different types of SO-filled eyes, SO-dependent eyes present the most complex fundus conditions and structural damage. However, our study found that the predicted IOL power error was below 0.5D in 30.77% and below 2D in 84.62% of the SO-dependent eyes. These results indicate that our formula was relatively reliable and could instill confidence in ophthalmologists when selecting an IOL for a SO-dependent patient.

Interestingly, we observed that a predicted IOL power error of >2 D was found in two eyes, with both errors being extremely high: 6.23D and 6.16D, respectively (Table 1). These two patients shared a common characteristic of a flat cornea (average K < 42D). Upon excluding the data from these two patients, the MAE decreased from 1.66 ± 2.09D to 0.83 ± 0.62D. This phenomenon may be correlated with the relatively inaccurate performance of the Haigis formula in IOL calculation for eyes with flat keratometry (27). It is essential to note that the sample size of SO-dependent eyes with a flat cornea (n = 2) was limited, which hinders us from drawing statistically significant conclusions about the accuracy of the formula derived in this study. However, it still provides a valuable indication of the formula’s applicability, necessitating further investigations to better understand its scope of application.

When performing cataract extraction and posterior chamber IOL implantation in SO-dependent eyes, the buoyancy of SO may lead to posterior capsule elevation, additional anterior chamber instability, and an increased risk of posterior capsule rupture (28). To prevent SO leakage into the anterior chamber during surgery, pressure on the eyeball that can lead to the rupture of the suspensory ligament of the lens should be avoided. Once SO drops enter the anterior chamber, a balanced salt solution can be injected in the seated position from the superior corneal incision, and oil drops can be discharged by pressing the posterior lip of the incision.

Several potential limitations exist in this study. First, our study predicted the IOL power using data measured before IOL implantation, although some issues may arise during surgery, such as the effects of the surgical incision and changes in the position of the IOL due to viscoelastic agent residue or laxity of the capsular bag. Second, the state and amount of SO may also impact our calculation (25). However, these issues cannot be predicted; therefore, the influence of these factors is neglected in the derivation of the theoretical formula. Third, as SO-dependent eyes are relatively rare, the sample sizes and postoperative times were limited in our study. Future studies should enroll more cases involving additional postoperative time variables to further verify and improve our formula. Finally, the power of the implanted IOL in this study was calculated based on clinical experience; thus, it is unclear what the refractive error would have been if the IOL power had been calculated using our new formula. Future studies are needed to investigate the refractive error in SO-dependent eyes for which the implanted IOL power is calculated using the theoretical IOL formula proposed in this study.



5. Conclusion

In conclusion, we derived a theoretical formula for calculating IOL power for patients with SO-dependent eyes in this study based on geometric optical principles and the Gullstrand simplified eye model. For these severely damaged eyes, a strong correlation was found between the theoretical and clinical powers, while a predicted IOL power error of <0.5D in 30.77% and ≤ 2 D was found in 84.62% of those eyes. Thus, our formula will help clinicians select a more appropriate IOL for patients with SO-dependent eyes.
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Introduction: Resveratrol is an immune modulator that can reduce M1 macrophage polarization in vitro. Reducing macrophage recruitment and M1 polarization can prevent corneal allograft rejection (CGR). In this study, rat corneal allograft rejection models were established to explore the effects of resveratrol on CGR and macrophages and the underlying mechanisms after corneal transplantation.

Methods: Corneal allograft models were established, and 100 mg/kg resveratrol was injected intraperitoneally. The corneal allografts were assessed clinically using the Holland rejection scoring system, anterior segment photography, and anterior segment optical coherence tomography. Corneal macrophages, pro-inflammatory cytokines, and corneal lymphatic vessels were detected using hematoxylin and eosin staining, immunofluorescence staining, and real-time quantitative polymerase chain reaction (qRT-PCR). Dendritic cells (DCs) in cervical lymph nodes were explored using flow cytometry. RNA sequencing experiments were conducted to identify the mechanisms through which resveratrol affected CGR. The results were verified using Simple Western analysis. Pro-inflammatory cytokines by macrophages in vitro were measured using qRT-PCR and enzyme-linked immunosorbent assays.

Results: Resveratrol significantly prolonged the survival of corneal grafts and reduced graft edema and central corneal thickness. Corneal macrophage recruitment and M1 macrophage polarization decreased significantly after corneal transplantation in the resveratrol group. Resveratrol also reduced pro-inflammatory cytokines in corneal grafts and suppressed the early generation of cornea lymphatic vessels and the recruitment of cornea inflammatory cells 14 days after surgery. Resveratrol decreased the proportion of DCs in ipsilateral cervical lymph nodes. The effect of resveratrol on CGR was related to the phosphatidylinositol 3-kinase/protein kinase-B (PI3K/Akt) pathway. Resveratrol reduced the secretion of pro-inflammatory cytokines by M1 macrophages in vitro.

Conclusion: Our findings suggest that resveratrol can reduce corneal macrophage recruitment and M1 macrophage polarization after corneal transplantation in rats and prevent CGR. The PI3K/Akt pathway may be an important mechanism that warrants further research.
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 resveratrol, macrophages, corneal transplantation, immune rejection, PI3K/Akt pathway


Introduction

Corneal opacity is an important blinding eye condition worldwide. Corneal transplantation surgery remains the main treatment for corneal opacity and has solved most of the blindness caused by corneal opacity (1, 2). The cornea has the highest transplantation success rate of all human organs because of its avascular nature and anterior chamber-associated immune deviation (3, 4). However, corneal allograft rejection (CGR) remains the major reason for the failure of penetrating keratoplasty (5). Although many drugs targeting CGR, such as corticosteroids, tacrolimus, and cyclosporine, play important roles in resisting CGR, they are mostly immunosuppressants, and long-term use may cause many side effects (6, 7). Therefore, there is an urgent need to find new drugs that can prevent or delay CGR.

Macrophages originate from monocytes and play a key role in innate immunity, inflammatory responses, and tissue homeostasis (8). Low expression levels of major histocompatibility complex II (MHC II) co-stimulatory molecules in macrophages in eye tissues enable macrophages to act as antigen-presenting cells (APCs) in CGR (9). After corneal transplantation, the number and function of dendritic cells (DCs), cytotoxic T lymphocyte activity, and corneal neovascularization may decrease with a decrease in the number of macrophages, thereby delaying CGR (10–12). Allograft transplantation leads to the release of many chemicals, triggering the activation of macrophages. Depending on the surrounding inflammatory environment, macrophages can polarize into pro-inflammatory (M1) or anti-inflammatory (M2) macrophages. M1 and M2 macrophages can be derived from M0 macrophages in vitro due to different stimuli (13). M1 macrophages can be stimulated, among others, by lipopolysaccharides (LPS) and interferon gamma and can secrete pro-inflammatory cytokines, such as interleukin-6 (IL-6), IL-1β, and tumor necrosis factor alpha (TNF-α) (14, 15). IL-4 can polarize M0 into M2 macrophages, which can secrete anti-inflammatory cytokines, such as IL-10 (15). In mouse corneal transplant rejection models, M1 macrophages have been found to infiltrate the cornea in large numbers, suggesting that they may be directly involved in CGR (16). Previous studies have also shown that inhibiting M1 macrophage polarization can delay CGR (17, 18).

Pathological lymphatic vessels help transport APCs from the transplant site to the corresponding drainage area of lymphatic tissue, thereby accelerating CGR (19). Therefore, inhibiting corneal lymphatic vessels may be a viable strategy for preventing CGR. Researchers have pre-cultured corneal donor tissue in vitro and used anti-vascular endothelial growth factor (VEGF) drugs to block postoperative angiogenesis and lymphangiogenesis and maintain the transparency of corneal grafts. This can result in a significant decrease in corneal macrophages (20). Moreover, the inhibition of corneal lymphatic vessel formation can reduce the incidence of corneal transplant rejection, and lymphangiogenesis is associated with macrophages (21).

Resveratrol is a non-flavonoid polyphenol compound found in fruits such as blueberries and many red grape varieties (22, 23). Resveratrol plays an important role in various biological functions, exerting anti-inflammatory, antioxidant, anticancer, and anti-neurodegenerative effects (24–26). A previous study found that resveratrol mainly had anti-inflammatory effects on macrophages (27). Other studies have shown that it can prolong the survival of liver allografts (28, 29). In summary, resveratrol may be a relatively safe drug that can prevent CGR and may act by affecting macrophages. This study aimed to examine whether resveratrol can affect CGR by interfering with the recruitment and polarization of corneal macrophages.



Materials and methods


Animals

Six-to-eight-weeks-old female Sprague Dawley (SD) rats and Wistar rats were purchased from Guangzhou Southern Medical University Experimental Animal Technology Development Co., Ltd. (Guangzhou, Guangdong, China) To avoid the interference of sex hormones with immune responses, only female rats were used. The rats were housed in a specific pathogen free (SPF)-grade standardized feeding room at Zhongshan Ophthalmic Center, Yat-sen University. The experiments were approved by the Institutional Animal Care and Use Committee of Zhongshan Ophthalmic Center (protocol code O2021044).



Corneal transplantation model

Preoperatively, pentobarbital sodium (1%) was used as an anesthetic in intraperitoneal injection doses of 40–45 mg/kg. To establish allograft corneal transplantation models, the SD rats were used as donors, and the Wistar rats were used as recipients. Moreover, corneal autograft operations were performed on Wistar rats. Full-thickness corneal donors 3.5 mm in diameter were sutured to implant beds 3.0 mm in diameter using 10-0 nylon sutures (Alcon, Fort Worth, TX, United States) under a microscope.

Four experimental groups were formed. A normal group of Wistar rats did not undergo corneal transplantation and received no treatment. The Wistar rats in the autograft group underwent only autologous corneal transplantation and received no treatment. A control group of Wistar rats underwent corneal allograft surgery and received saline treatment. The resveratrol group consisted of Wistar rats undergoing corneal allograft surgery and receiving resveratrol treatment. Resveratrol solution (0.6 mL, 100 mg/kg, Sigma-Aldrich, St. Louis, MO, United States) or saline was injected intraperitoneally every day for 30 days postoperatively.



Cell treatments

A human monocytic leukemia cell line (THP-1) was obtained from the cell bank of the Chinese Academy of Sciences in Shanghai. An RPMI-1640 culture medium (Gibco-BRL, Grand Island, NY, United States) with 10% FBS (Thermo Fisher Scientific, Waltham, MA, United States) and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, United States) was used. All cells were cultured in a cell incubator containing 5% carbon dioxide at 37°C. After cell line resuscitation, fourth-to-eighth-generation cells were used in the experiments. Adhesive THP-1 cells induced using phorbol 12-myristate-13-acetate (PMA; 100 ng/mL, P1585; Sigma-Aldrich, St. Louis, MO, United States) for 48 h were considered M0 macrophages. M0 macrophages were transformed into M1 macrophages using LPS treatment (1 μg/mL, from Escherichia coli O111:B4, Sigma-Aldrich, St. Louis, MO, United States) for 24 h.

The cells were divided into five groups. The control group consisted of untreated M0 macrophages. The cells in the LPS group were treated only with LPS. The cells in the resveratrol groups were treated with three resveratrol concentrations: 10, 25, and 50 μM.



Clinical assessment

The rat corneas in the autograft, control, and resveratrol groups were examined using slit-lamp microscopy every other day for 30 days postoperatively. The corneal allografts were assessed clinically using the Holland rejection scoring system (30, 31). Corneal graft clarity, edema, and neovascularization were used as indicators (Table 1). The three parameters were summed to obtain a rejection index (RI). An RI of ≥6 was considered to indicate rejection. Anterior segment photography was performed 7 and 14 days postoperatively to record the condition of the corneal grafts in the control and resveratrol groups. Anterior segment optical coherence tomography (AS-OCT) was performed 14 days postoperatively to measure central corneal thickness (CCT) in the control, resveratrol, and normal groups.



TABLE 1 Standards of grading for corneal grafts.
[image: Table1]



Hematoxylin and eosin staining

On the 14th postoperative day, the eyeballs of rats in the normal, control, and resveratrol groups were removed and placed in 4% paraformaldehyde (PFA; Biosharp, Hefei, Anhui, China) solution at 4°C overnight. After dehydration and paraffin embedding, sections approximately 4 μm thick were cut. After dewaxing and hydration, the sections were stained with hematoxylin and eosin (H&E; Servicebio, Wuhan, Hubei, China). Histological analysis was performed using an inverted microscope (Ts2FL; Nikon, Japan) and CapStudio software.



Immunofluorescence staining

The eyes of rats in the normal, control, and resveratrol groups were removed and fixed with 4% PFA. The tissues were then embedded in paraffin wax and cut into 4 μm thick sections. The sections were stained with mouse anti-cluster of differentiation molecule 11b (CD11b; 1:100, sc-1186; Santa Cruz, CA, United States) and rabbit anti-inducible nitric oxide synthase (iNOS; 1:500, ab283655; Abcam, Cambridge, United Kingdom) primary antibodies at 4°C overnight. Subsequently, they were dyed with Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody (Alexa Fluor Plus 488, 1:200; Invitrogen, Carlsbad, CA, United States) and Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody (Alexa Fluor Plus 594, 1:200; Invitrogen) for 1 h. The stained slices were analyzed under a Zeiss LSM 880 microscope (Carl Zeiss Meditec, Jena, Germany).



Real-time quantitative polymerase chain reaction

On the seventh postoperative day, corneas from the normal, control, and resveratrol groups were excised and cut into pieces. An RNeasy Fibrous Tissue Mini Kit (Qiagen, Duesseldorf, Germany) was used to extract RNA from the corneas. An RNA Quick Purification Kit (ESscience, Shanghai, China) was used to extract RNA from macrophages. The RNA was then reverse-translated into cDNA using HiScript II QRT SuperMix (Vazyme, Nanjing, Jiangsu, China). A LightCycler 480 SYBR Green I Master (Roche, Basel, Switzerland) was used to perform a real-time quantitative polymerase chain reaction (qRT-PCR). The primers are shown in Tables 2, 3.



TABLE 2 The primer sequences of the rat genes.
[image: Table2]



TABLE 3 The primer sequences of the human genes.
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Whole-mount corneal immunofluorescence

On the seventh postoperative day, whole corneas from the control and resveratrol groups were excised and fixed with 4% PFA for 1 h. The corneas were then digested by protease K and permeated with methanol. Subsequently, they were blocked at 4°C overnight with 10% Bovine Serum Albumin (BSA; Epizyme, Shanghai, China) blocking solution containing 0.5% Triton X-100. The corneas were then dyed with rabbit anti-rat lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1; 1:200, 11-036; AngioBio, San Diego, CA, United States) at 4°C overnight. Finally, they were stained with Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody (Alexa Fluor Plus 594, 1:200, Invitrogen, Carlsbad, CA, United States) at room temperature for 2 h.



Flow cytometry

On the 10th postoperative day, the right cervical lymph nodes on the same side as the surgical eyes of the rats in the normal, control, and resveratrol groups were removed and ground. The obtained cells were resuspended using stain buffer and surface-stained with CD103 (Integrin alpha E) Monoclonal Antibody (OX62), PE, eBioscience (12-1030-82, 0.25 μg per test; Thermo Fisher Scientific, Waltham, MA, United States) for 20 min. Analyses were then performed using a BD LSRFortessa flow cytometer (BD Biosciences, San Jose, CA, United States).



RNA sequencing

Total RNA was extracted from corneas in the control and resveratrol groups using the method described above. A NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) was used to evaluate the purity and quantification of the extracted RNA. The libraries were sequenced on a NovaSeq 6000 platform (Illumina, San Diego, CA, United States). DESeq25 (Siemens, Berlin, Germany) was used to analyze differential expression. Q-values of <0.05 were considered to indicate significant differences in differentially expressed genes (DEGs). R (v 3.2.0) was used to perform the gene ontology (GO) 6 and Kyoto encyclopedia of genes and genomes (KEGG) 7 pathways of DEGs to identify significant enrichment terms and draw a histogram based on the hypergeometric distribution. All RNA sequencing and analyses were performed by Ouyi Biomedical Technology Co., Ltd. (Shanghai, China).



Simple western analysis

On the seventh postoperative day, proteins were isolated from corneas in the control and resveratrol groups. After measuring protein concentrations using the bicinchoninic acid assay (BCA) method, the samples were prepared and denatured at 95°C for 5 min. Following the protocol described in the manual for the 12–230 kDa Wes Separation Module (SM-W004; ProteinSimple, Bio-Techne, San Jose, CA, United States), an automated capillary electrophoresis system was used to separate and detect the proteins. Antibodies targeting the proteins GAPDH, PI3K, Akt and Phospho-Akt (p-Akt) were used [GAPDH (1:50, 5174S; Cell Signaling Technology, Danvers, MA, United States), PI3K (1:50, 4249S; Cell Signaling Technology, Danvers, MA, United States), AKT (1:600, 4691S; Cell Signaling Technology, Danvers, MA, United States), and p-Akt (1:10, 4060S; Cell Signaling Technology, Danvers, MA, United States)]. Horseradish peroxidase (HRP)-conjugated secondary anti-rabbit antibody was used to detect signals. Compass software (ProteinSimple) was used for the quantitative analysis.



Enzyme-linked immunosorbent assay

The cell supernatants of the five groups of cells were extracted separately. Cytokines secreted by macrophages were measured using enzyme-linked immunosorbent assays (ELISA; TNF-α ELISA Kit BMS2034, IL-6 ELISA Kit BMS213-2, MCP-1 ELISA Kit BMS281INST, and VEGF-C ELISA Kit BMS297-2; Thermo Fisher Scientific, Waltham, MA, United States).



Statistical analysis

The data were analyzed using GraphPad Prism 7 software. Kaplan–Meier survival curves were drawn to analyze corneal graft survival. Differences between the two groups were assessed using an independent-samples t-test. p-values of <0.05 were considered statistically significant.




Results


Resveratrol prolonged corneal allograft survival

Graft survival time curves were plotted based on three scores, including corneal graft clarity, edema, and neovascularization (Figure 1). At the end of the 30 days observation period, all corneal grafts in the autograft group were still alive. In the control group, all grafts were rejected between days 8 and 12. The median survival time (MST) was 9 days. In the resveratrol group, six grafts were rejected between days 10 and 24. The MST was 17 days. The other four grafts in this group survived until the end of the observation period (Figure 1A). During the observation period, the average corneal graft clarity, edema, and corneal neovascularization scores in the resveratrol group were significantly lower than those in the control group (Figures 1B–E).
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FIGURE 1
 Resveratrol prevented CGR and inflammatory responses in rats. (A) Kaplan–Meier corneal allograft survival curve (n = 10). (B–E) The average clarity, edema, neovascularization, and RI scores were considerably lower in the resveratrol group than in the control group. (F) Anterior segment photographs of rats in the resveratrol and control groups on postoperative days 7 and 14. (G) Comparison of H&E staining images and inflammatory cell expression in the corneas of the normal, control, and resveratrol groups on postoperative day 14 (n = 3, magnification: 200×, scale bar: 50 μm). (H,I) AS-OCT images of corneas in the normal, control, and resveratrol groups on postoperative day 14. The corneas in the resveratrol group were significantly thinner than those in the control group. The data are shown as mean ± SD. ****p < 0.0001 between the resveratrol and control groups.




Resveratrol reduced postoperative corneal inflammatory responses

Most corneal grafts in the control group showed inflammatory responses soon after surgery, which gradually worsened. In this group, neovascularization reached the periphery of almost all grafts around 7 days after surgery. In contrast, in the resveratrol group, neovascularization grew to the edge of most grafts on the 14th postoperative day. In this group, the grafts remained relatively transparent, with no significant edema and significantly milder rejection reactions (Figure 1F). On the 14th day after surgery, the corneas were used for histological analysis. The H&E staining results showed that inflammatory cells were significantly infiltrated in the corneas of rats with CGR. However, in the allografts of the resveratrol group, inflammatory cell infiltration was significantly decreased (Figure 1G).



Graft CCT

Corneal thickness after corneal transplantation is related to transplant rejection. The average CCT in the control group was 0.345 ± 0.015 mm, whereas the average CCT in the resveratrol group was 0.194 ± 0.012 mm. (Normal rat CCT is 0.158 ± 0.004 mm.) The corneal grafts in the resveratrol group were significantly thinner than those in the control group (p < 0.01) (Figures 1H,I).



Effects of resveratrol on macrophages in corneal grafts

To investigate the recruitment and polarization of macrophages in corneas, macrophages were labeled with CD11b, and M1 macrophages were labeled with iNOS on the seventh postoperative day (Figure 2A). No macrophage infiltration was observed in normal corneal tissue. In the control group, the average number of CD11b+-labeled macrophages was 30 cells per field, and the proportion of CD11b+ iNOS+-labeled M1 macrophages was approximately 76.67% (Figure 2B). In the resveratrol group, the average number of CD11b+-labeled macrophages was 17 cells per field, and the proportion of CD11b+ iNOS+-labeled M1 macrophages was approximately 58.82% (Figure 2C). Resveratrol treatment resulted in significantly lower of CD11b+-labeled macrophage recruitment (p < 0.01) and a significantly lower polarization ratio of CD11b+ iNOS+-labeled M1 macrophages (p < 0.01) than saline treatment (Figures 2B,C). M1 macrophages secreted multiple types of pro-inflammatory cytokines, including TNF-α, iNOS, IL-1β, monocyte chemoattractant protein-1 (MCP-1), IL-6, and VEGF-C. The mRNA expressions of TNF-α, iNOS, IL-1β, MCP-1, IL-6, and VEGF-C were significantly lower in the resveratrol group than in the control group (Figures 2D–I).
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FIGURE 2
 Changes in corneal macrophage recruitment and M1 macrophage polarization after resveratrol treatment in rats. (A–C) The resveratrol group had significantly lower numbers of CD11b+-labeled macrophages (green) and CD11b+ iNOS+-labeled M1 macrophages (red) than the control group on postoperative day 7 (n = 4, magnification: 400×, scale bar: 50 μm). (D–I) The resveratrol group had significantly lower mRNA expression levels of TNF-α, IL-1β, IL-6, MCP-1, iNOS, and VEGF-C than the control group on postoperative day 7 (n = 3). The data are shown as mean ± SD. *p < 0.05 and **p < 0.01 between the resveratrol and the control groups.




Resveratrol inhibited corneal lymphangiogenesis

Previous PCR-based studies have shown that resveratrol can reduce inflammatory cytokines related to the formation of corneal lymphatic vessels, including TNF-α, IL-1β, and VEGF-C. Seven days after surgery, the rats’ corneas were removed, and LYVE-1 was used as a lymphatic-specific marker for whole-mount corneal immunofluorescence to clarify the influence of resveratrol on the formation of new lymphatic vessels after corneal transplantation. In the control group, LYVE-1-labeled lymphatic vessels grew considerably from the corneal limbus to the grafts. In contrast, lymphatic vessels grew only slightly in the resveratrol group (Figure 3A).
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FIGURE 3
 Resveratrol suppressed corneal lymphangiogenesis and the migration of DCs to the cervical lymph nodes after corneal transplantation. (A) Corneal lymphatic vessels stained with LYVE-1 (red). Resveratrol significantly suppressed corneal lymphangiogenesis 7 days after surgery (n = 3, scale bar: 100 μm). (B,C) The number and proportion of OX62-labeled DCs in the ipsilateral lymph nodes of rat corneal grafts were significantly lower in the resveratrol group than in the control group (n = 3). The data are shown as mean ± SD. **p < 0.01 between the resveratrol and control groups.




Transfer of DCs to cervical lymph nodes

After corneal transplant rejection, DCs, a main type of APCs, can be transported to the local lymph nodes on the same side through lymphatic vessels (32). The results reported above confirmed that resveratrol reduced the generation of corneal lymphatic vessels. The changes in APCs in cervical lymph nodes were further investigated using flow cytometry. DCs from the ipsilateral lymph nodes from the different treatment groups were labeled with OX62 (Figure 3B). The results showed a significant increase in the proportion of DCs in the cervical lymph nodes after corneal transplantation. However, on the 10th day after surgery, the resveratrol group showed significantly fewer DCs than the control group (Figure 3C).



RNA sequencing results

Total RNA was extracted from three corneas from the control group and three corneas from the resveratrol group. RNA transcriptome sequencing was performed, and the data were analyzed. A total of 234 DEGs, including 21 upregulated and 213 downregulated genes, were detected (Figure 4A). A differential gene expression heat map was created to visualize the grouping and clustering of DEGs (Figure 4B). The GO analysis showed that among the DEGs in the resveratrol group, immune response (biological process), extracellular matrix (cellular component), and MHC class II protein complex connection (molecular function) exhibited the greatest enrichment (Figure 4C). These results provided references for further research on related signaling pathways, and DEGs were analyzed for this purpose. The results showed that the downregulated genes in the resveratrol group regulated a total of 201 signaling pathways, of which 50 showed significant differences. Notably, in the KEGG analysis, one of the most important pathways of downregulated DEG enrichment in the resveratrol group was allograft rejection, suggesting that resveratrol may act against CGR (Figure 4D). Moreover, antigen processing and presentation of inflammatory-related diseases, Th1 and Th2 cell differentiation, Th17 cell differentiation, PI3K-Akt signaling pathway, and other related pathways were significantly enriched in the downregulation pathway of the resveratrol group. These results suggest that resveratrol may interfere with CGR through multiple pathways, indicating possible directions for follow-up research.
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FIGURE 4
 Results of RNA sequencing and protein verification of the PI3K/Akt pathway in the control and resveratrol groups. (A) Numbers of upregulated and downregulated DEGs in the two groups. (B) Differential gene expression heat map, with red indicating relatively high expression and green indicating relatively low expression of protein-coding genes. (C) Significant GO term enrichment statistics. The lower the GO term in the same category, the more meaningful it is. (D) KEGG pathway enrichment analysis. The higher the ranking, the more significant the change in the pathway. (E) Changes in PI3K/Akt signaling pathway protein expression after resveratrol treatment compared to the control group.




Resveratrol inhibited PI3K/Akt pathway

Based on the RNA sequencing results reported above, the PI3K/Akt pathway was selected for protein-level pathway validation. The expressions of the PI3K and Akt proteins in the corneas of the rats in the control and resveratrol groups were analyzed using Simple Western. The protein table indicated that the expression levels of PI3K, Akt and p-Akt were significantly lower in the resveratrol group than in the control group (Figure 4E). These results suggest that resveratrol can effectively regulate the PI3K/Akt signaling pathway after corneal transplantation in rats, which may be related to its action against CGR.



Resveratrol inhibited the polarization of M1 macrophages in vitro

THP-1 was used to validate the effect of resveratrol on macrophages in vitro. After being treated with PMA and LPS, THP-1 cells can be considered M1 macrophages, which express various pro-inflammatory cytokines. The qRT-PCR results showed that resveratrol at concentrations of 10, 25, and 50 μM reduced the production of pro-inflammatory cytokines, such as TNF-α, IL-6, IL-1β, MCP-1, and VEGF-C, by M1 macrophages (Figures 5A–E). The subsequent ELISA results were consistent with the qRT-PCR results (Figures 5F–I). Therefore, it can be concluded that resveratrol can inhibit the polarization of human M1 macrophages in vitro.
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FIGURE 5
 Effect of resveratrol on human macrophages in vitro. (A–E) Transcriptions of TNF-α, IL-6, IL-1β, MCP-1, and VEGF-C in different cell groups after LPS stimulation and resveratrol treatment. (F–I) Secretion of TNF-α, IL-6, MCP-1, and VEGF-C proteins in different cell groups after LPS stimulation and resveratrol treatment. The data are shown as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 between the resveratrol and LPS groups.





Discussion

Resveratrol has an immunomodulatory effect and has been proven to affect transplant rejection. Wu et al. (29) found that resveratrol enhanced the inhibitory effect of cyclosporine on allogeneic liver rejection. The following studies showed that daily intraperitoneal injections of resveratrol (100 mg/kg) after liver transplantation significantly prolonged graft survival in rats (28, 33). Moreover, an in vitro study found that resveratrol reduced peripheral blood monocyte proliferation and stimulated T cell activation (34). However, the effect of resveratrol on CGR has hitherto been unclear. The results of this study showed that intraperitoneal injections of 100 mg/kg resveratrol significantly prolonged corneal graft survival and reduced inflammatory responses in rats.

Macrophages are inflammatory cells that play a crucial role in the occurrence of allogeneic rejection (35, 36). Early macrophage activation can mediate the activation of APCs, which is important for initiating immune rejection (37). Previous studies have shown that pro-inflammatory M1 macrophages promote CGR, while anti-inflammatory M2 macrophages can delay it to some extent (38, 39). Thus, inhibiting macrophage recruitment and M1 macrophage polarization can prevent CGR (16, 17). Resveratrol can regulate a wide range of inflammatory components and plays an immunomodulatory role in immune cells. Its anti-inflammatory activity mainly targets macrophages (27). In this study, resveratrol reduced the recruitment of CD11b+-labeled macrophages and the polarization ratio of CD11b+ iNOS+-labeled M1 macrophages compared to saline treatment. These results suggest that resveratrol can reduce macrophage recruitment and M1 macrophage polarization after corneal transplantation in rats, which may be a major reason for its action against CGR.

Previous studies indicated that resveratrol can inhibit the secretion of pro-inflammatory cytokines, such as IL-1, IL-6, and TNF-α, and increase the opposite effect of IL-10 produced by mouse macrophages, thereby regulating the activity of T cells and B cells (40, 41). M1 macrophages can secrete iNOS, IL-6, IL-1β, and TNF-α, which are pro-inflammatory cytokines associated with allograft rejection (39, 42). MCP-1, another important pro-inflammatory cytokine, can be secreted by macrophages during inflammation, significantly impacting the migration and infiltration of macrophages (43–45). Our experimental results are in line with previous findings. Resveratrol significantly reduced the mRNA expression levels of TNF-α, IL-1β, IL-6, MCP-1, iNOS, and VEGF-C in corneas in the early stages after corneal transplantation. This was mainly related to a reduction in pro-inflammatory macrophages. A reduction in pro-inflammatory cytokines may also affect the subsequent recruitment of inflammatory cells and prevent CGR in the early postoperative period. These results suggest that resveratrol can prevent CGR by inhibiting macrophage recruitment and M1 macrophage polarization. Our in vitro cell experiments also showed that resveratrol significantly reduced the secretion of various pro-inflammatory cytokines by M1 macrophages stimulated by LPS. The results indicated that resveratrol can suppress M1 macrophage polarization in vitro.

Pathological corneal lymphangiogenesis significantly increases CGR rates (46). It has been reported that lymphatic vessel formation is a more important risk factor for CGR than neovascularization (47, 48). The generation of corneal lymphatic vessels after corneal damage depends on macrophages (49). An animal study suggested that a decrease in corneal neolymphatic vessels was associated with a decrease in the number of macrophages in the cornea (50). This may be because macrophages can secrete paracrine factors and promote lymphatic vessel angiogenesis by binding first to VEGF-C and VEGF-D and then to VEGFR-3 (51). Moreover, M1 macrophages have a greater ability to promote lymphatic vessel formation than M0 and M2 macrophages (52). M1 macrophages can secrete TNF-α, IL-1β, and VEGF-C, thereby promoting lymphatic endothelial cells proliferation (53–55). In summary, macrophages, especially M1 macrophages, can promote CGR by promoting the generation and growth of corneal lymphatic vessels. In this study, the growth of LYVE-1-labeled lymphatic vessels 7 days after surgery was considerably lower in the resveratrol group than in the control group and positively correlated with the growth of corneal neovascularization. This suggests that resveratrol can reduce the generation of new corneal lymphatic vessels after corneal transplantation, thereby preventing CGR. Similar to the above results, a recent study reported that treatment with dimethyl fumarate inhibited M1 macrophage polarization and lymphangiogenesis, prolonging the survival of corneal allografts in rats (56). Moreover, the proportion of DCs in the cervical lymph nodes of rats treated with resveratrol was significantly lower than in those of rats treated with saline. This suggests that a decrease in the generation of corneal lymphatic vessels suppresses the migration of APCs to local lymph nodes.

Our RNA sequencing analysis revealed that allograft rejection was one of the pathways with the greatest DEG enrichment after resveratrol treatment, providing further evidence that resveratrol can act against CGR. Moreover, the analysis also showed that resveratrol can affect T cells in the corneas. This might be due to its effect on macrophages and may also indicate that it can interfere with immune responses after corneal transplantation through various pathways. These results provide possible directions for future research.

In line with the RNA sequencing results, our Simple Western analysis showed that the PI3K, Akt and p-Akt protein contents in the corneas of the resveratrol group were considerably lower than in those of the control group. This suggests that the action of resveratrol against CGR may be related to the PI3K/Akt pathway. The PI3K/Akt signaling pathway, an important intracellular pathway, is related to many biological processes, including cell survival, proliferation, differentiation, and metabolism (57–59). Previous studies have shown that the PI3K/Akt pathway plays a complex and important role in transplant rejection. Regulatory T (Treg) cell therapy is a promising treatment for transplant rejection, and PTEN can promote the optimal function of human Treg cells by downregulating PI3K-Akt activity (60). Akt or PI3K inhibitors have been shown to prolong the survival of heterotopic cardiac allografts in mice (61). However, miR-151-5p upregulation has been shown to activate the PI3K/Akt signaling pathway and regulate the balance between Th17 and Treg cells, possibly preventing CGR (62). Moreover, the PI3K/Akt pathway has also been found to exert different effects on macrophages. The inhibition of the PI3K/Akt-1 pathway has been shown to induce synovial macrophage apoptosis in rheumatoid arthritis (63). Furthermore, it has been reported that different external stimuli can polarize macrophages into M1 or M2 macrophages by regulating the PI3K/Akt pathway (64, 65). These different or even conflicting results may be related to the activation of different subtypes of PI3K or Akt in macrophages (66). Our study provides only preliminary evidence that resveratrol can prevent CGR by regulating the PI3K/Akt pathway. Further research is needed to discover the specific interactions of PI3K/Akt subtypes and the mechanisms underlying their downstream effectors.

Despite the significant findings on the effects and mechanisms of resveratrol on CGR in rats, this study has certain limitations. First, as a preliminary study on drug efficacy, our experimental focus is to explore the impacts of the drug on animals. We confirmed that resveratrol can prevent CGR, and we preliminarily explored the underlying mechanism. In the future, further experiments are needed to explore the mechanisms of action of resveratrol. Second, intraperitoneal resveratrol injection is a simple and direct method selected to help us preliminarily verify the effects of resveratrol on CGR. During the one-month observation period, no significant side effects were observed. However, a longer observation period is required to confirm its safety. Moreover, it would be best to produce resveratrol eye drops. Finally, its efficacy needs to be further verified in trials involving humans before it is considered suitable for clinical use.

In conclusion, our findings suggest that resveratrol can significantly prolong corneal graft survival. Resveratrol can reduce corneal macrophage recruitment and M1 macrophage polarization and decrease pro-inflammatory cytokines and lymphatic vessel generation after corneal transplantation in rats. The PI3K/Akt pathway may be related to the effects of resveratrol on CGR. Resveratrol represents a promising strategy for preventing CGR and delaying its development.
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Purpose: To compare the risk of transient vision loss (TVL) probably attributable to a severe intraocular pressure spike after intravitreal aflibercept application using the novel prefilled syringe (PFS) vs. the established vial system (VS).

Methods: Datasets of the intravitreal injection service of the Ludwig Maximilians-University Munich and the Technical University Munich, Germany, were screened for documentation of TVL after intravitreal injection of aflibercept. The observation period included two full months prior to the introduction of the novel PFS and two months afterwards. TVL was defined as loss of perception of hand motion for a duration of >30 s.

Results: Over a period of four months, 1720 intravitreal injections of aflibercept were administered in 672 patients. There were 842 injections with the old VS, and 878 injections using the novel PFS. Using the VS, TVL was noted during two injections (0.24%) in two patients, as compared to 11 cases of TVL (1.25%) in 10 patients with the PFS (p = 0.015). Using the PFS, patients had a 5.3-fold risk of TVL as compared to the VS (OR: 5.33; 95% CI: 1.2–24.1; p = 0.0298).

Conclusion: There was a more than five-fold risk of TVL using the novel pre-filled aflibercept syringe as compared to the established vial system. During informed consent, this risk should be discussed.

KEYWORDS
 Eylea, aflibercept, prefilled syringe, choroidal neovascularization, age related macular degeneration, diabetic macular edema, retinal vein occlusion


1. Introduction

In the last decade, the introduction of intravitreal vascular endothelial growth factor (VEGF) inhibitors has revolutionized the treatment of a multitude of retinal diseases (1). Currently, ranibizumab, aflibercept and brolucizumab possess approval for the treatment of one or more mostly macular disorders, while bevacizumab is being widely used as an off-label alternative (1). In this competitive field, pharmaceutical innovation, e.g., the modification of posology, tissue penetration or sheer efficacy in retinal drying is strategically addressed to secure and expand market share.

In this context, aflibercept was approved and launched as a novel prefilled syringe (PFS) in the USA in August 2019 and in the European Union in April 2020 in order to potentially enable a more streamlined and efficient injection procedure (2, 3). Shortly after introduction, surgeons at the Department of Ophthalmology of both Technical University Munich (TUM) and Ludwig Maximilians-University (LMU) experienced an unusually high incidence of transient vision loss (TVL) due to suspected intraocular pressure spikes directly after the intravitreal application of aflibercept using the novel PFS. Due to the loss of visual acuity suggesting transient central retinal artery occlusion (4), associated long-term damage, e.g., permanent arterial occlusion (5), cannot be excluded. Apart from a recent publication by Gallagher et al. reporting the first case series of transient retinal artery occlusion associated with the aflibercept PFS in 5 eyes of 4 patients (6), we are not aware of any clinical studies that have investigated this issue. Therefore, this retrospective multicenter cross-sectional study was designed to compare the incidence of TVL using the old vial-based injection system vs. the novel PFS system.



2. Materials and methods

In LMU, the novel aflibercept PFS (Bayer, Leverkusen, Germany) was introduced on July 27th, 2020; in TUM, the introduction date was June 1st, 2020. To determine the incidence of TVL, two months (9 calendar weeks) prior to and after switching from the vial to the novel PFS system were defined as observation period. Thus, the observation period at LMU was May 25th until July 26th 2020 for the vial system, and July 27th until September 27th 2020 for the novel PFS. At TUM, the respective observation periods were March 30th until May 31st 2020 for the vial system, and June 1st until August 2nd 2020 for the novel PFS system.

To assess the incidence of TVL, anonymized datasets generated from both intravitreal injection service databases covering the aforementioned observation period were screened for a documentation of TVL associated with an aflibercept injection as defined below as well as required pharmacologic or surgical interventions (e.g., application of eye-pressure lowering agents or paracentesis). Because the research was performed on anonymized data, no prior approval of the respective ethics committees was required.


2.1. Injection procedure

All patients were injected in designated intravitreal injection operating rooms according to established hygiene protocols and standard operating procedures. Prior to entering the operating room, all patients were dressed in a hygienic overcoat and equipped with a surgical cap. After topical anesthesia, eyes, lids and periocular skin were disinfected with 1% povidone iodine in supine position. The eyes were then draped and a lid speculum was inserted. Aflibercept was injected in a distance of 3.5 to 4.0 mm posteriorly to the limbus using either Becton Dickinson syringes filled from the aflibercept vial or the novel PFS. A 30 Gauge needle was used in all cases. The correct injection volume of 50 μL was prepared according to the package insert by one of two specialized nurses and checked by the surgeon prior to injection (LMU), or both prepared and checked by the surgeon (TUM). Hereby, the base of the plunger dome (not the tip of the dome) was aligned with the dosing mark. Where possible, care was taken to ensure that the plunger was not aligned proximal or distal to the mark. Directly after injection, visual acuity of hand motion and above was examined at a distance of 1 foot. No changes in equipment or injection technique occurred during the observation period.



2.2. Definition of TVL

TVL was defined as loss of hand motion immediately or within the first minute after the injection for a duration of >30 s with a hard eye ball on palpation. The need for paracentesis was assessed individually by the surgeon based on the duration of loss of hand motion, palpation of the globe and the individual spontaneous tendency for resolution including the patient’s subjective course of symptoms within the first 2 min. Epidemiological data was obtained from the anonymized datasets to correlate TVL during aflibercept therapy with age, gender, ocular comorbidities as well as history of prior TVL during intravitreal injection and the numbers of aflibercept applications before the date of TVL.



2.3. Statistical analysis

All data were gathered and analyzed in Microsoft Excel spreadsheets (Version 16.23 for Mac; Microsoft, Redmond, WA, United States). Statistical analysis was performed in SPSS Statistics 26 (IBM Germany GmbH, Ehningen, Germany). The level to indicate statistical significance was defined as p < 0.05. Statistical analyses of intra-group differences were performed using a Chi-Square test and Fisher’s exact test. Graphs and diagrams were plotted in Microsoft Excel.




3. Results

In total, 1720 injection procedures of intravitreal aflibercept were performed during the defined time span in 672 patients. Of these, 842 (49.0%) were performed with the old vial system, and 878 (51.0%) were performed with the new PFS. With the vial system, 2 eyes of 2 patients (0.24%) experienced TVL; with the new PFS, 11 eyes (1.25%) of 10 patients experienced TVL (p = 0.015; Figure 1). Six different surgeons were involved in all cases of TVL (2 with the vial system, 5 with the PFS).

[image: Figure 1]

FIGURE 1
 Incidence of transient vision loss due to ocular hypertension with the aflibercept vial system vs. the novel PFS system.


The two patients experiencing TVL with the vial system were both men (100%) with a mean age of 83 ± 1.4 years. The reason for treatment was neovascular AMD in both eyes (100%). There was one right and one left eye, and there were 32 and 1 previous aflibercept injections prior to TVL. None of these eyes (0%) had experienced TVL prior to this study. One eye (50%) had a history of ocular hypertension with IOP values around 25 mmHg. These two events of TVL occurred to two different surgeons. None of these eyes required paracentesis.

The 10 patients experiencing TVL with the PFS were equally male/female (50/50%) with a mean age of 75.6 ± 9.2 years. The reason for treatment in the 11 eyes was neovascular AMD in 6 eyes (54.5%), diabetic macular edema in 2 eyes (18.2%), macular edema due to central retinal vein occlusion in 2 eyes (18.2%) and branch retinal vein occlusion in 1 eye (9.1%). There were 3 right (27.3%) and 8 left eyes (72.7%), and there were mean 15.1 ± 14.7 previous aflibercept injections prior to TVL. One of these eyes (9.1%) had experienced one event of TVL prior to this study. Five eyes (45.5%) had a history of manifest glaucoma. The 11 events of TVL with the aflibercept PFS occurred in 5 surgeons (surgeon 1: 4 events; surgeon 2: 3 events; surgeon 3: 2 events; surgeons 4 and 5: 1 event). Eight out of the 11 cases of TVL (72.7%) required a paracentesis, which was performed at least once by 5 out of the 6 surgeons (83.3%). Table 1 summarizes the demographic and clinical characteristics of all patients experiencing TVL before and after the introduction of PFS.



TABLE 1 Characteristics of patients with transient vision loss (TVL) after intravitreal administration of aflibercept, using the established vial system vs. the newer PFS system.
[image: Table1]

Overall, the risk of TVL was 5.3 times higher with the PFS as compared to the old vial system (OR: 5.33; 95% CI: 1.2–24.1; p = 0.0298). Using the aflibercept PFS, events of TVL were homogenously distributed over the 9 week observation period with an incidence of 1.06% in the first, 1.98% in the second, 2.11% in the third, 2.91% in the fourth, 1.04% in the fifth, 0% in the sixth to eighth and 2.08% in the ninth week (Figure 2). No other serious adverse events (e.g., endophthalmitis, retinal detachment, hemorrhage) were observed during the study period.
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FIGURE 2
 Distribution of transient vision loss (TVL) due to an intraocular pressure spike (IOPS) after aflibercept PFS introduction. TVL was consistently seen from week one through week 9.




4. Discussion

This study suggests a higher incidence of intraocular pressure spikes with transient vision loss immediately after intravitreal injection of aflibercept when using the novel PFS formulation as compared to the established vial system with conventional 1.0 mL insulin syringes. During a time span of 4 months with 1720 injections in 672 patients, significant spikes impacting visual acuity directly after the procedure were seen in 0.24% with the vial system, and in 1.25% with the novel PFS, resulting in an odds ratio of 5.33 (95% CI: 1.2–24.1; p = 0.0298).

As spikes were not defined by absolute measurements of intraocular pressure (e.g., with Goldmann applanation), but rather defined as transient vision loss with a palpatory hard eye ball, occlusion of the central retinal artery has to be assumed to be the driving pathomechanism (4). Since subsequent permanent retinal artery occlusion cannot be excluded (5) and optic nerve heads at risk (e.g., glaucoma) could be substantially harmed by such spikes (e.g., wipeout) (7), the complication reported herein represents a significant safety issue, even if rapid treatment can usually avoid long-term damage.

Concerning treatment of the cases reported herein, the standard operating procedures of both clinics suggest paracentesis with drainage of aqueous humor in eyes that do not regain visual acuity within 30–60 s. Interestingly, the majority (73%) of eyes treated with the PFS required urgent paracentesis to relieve the pressure since no spontaneous amelioration of intraocular perfusion was observed. In addition to the risk of the pressure spike itself, the majority of eyes complicated by such spikes will also undoubtedly be exposed to secondary complications, e.g., endophthalmitis, hemorrhage or hypotony in the case of leakage through the paracentesis, even if rare. We therefore believe that, especially in a procedure performed so frequently each day all over the world, these safety concerns should be taken seriously.

In the present study, the incidence of TVL found in eyes treated with the new PFS was higher not only compared to the vial system, but also compared to the known incidence of acute vision loss after intravitreal injection, which has been reported to be 0.14% (8).Two main hypotheses could explain why spikes in intraocular pressure might exacerbate with the novel PFS as compared to the vial system or compared to the ranibizumab prefilled syringe (Novartis, Basel, Switzerland). Recently, Gallagher et al. reported the first case series of transient retinal artery occlusion with the aflibercept PFS in 5 eyes of 4 patients (6). In this article, the authors refer to the different diameters of the conventional 1 mL syringe as compared to the aflibercept PFS, resulting in different calculated internal surface areas of 32 mm2 for the aflibercept PFS, and 16.6 mm2 for the 1 mL syringe (6). In fact, the authors were able to show that six injectors performing 20 sham injections each (120 sham injections in total) accidentally sham-injected a volume of 0.07 mL or more in 21% of procedures with the PFS. Thus, even slight errors in plunger alignment can lead to much higher variability in injection volume in the aflibercept PFS (6). This was confirmed by a more recent in vitro study, which evaluated the accuracy of injection volumes by 20 ophthalmologists using the PFS vs. a 1 mL BD syringe and a micro scale (9). The authors found that both injection volume and variability were significantly higher with the PFS system than with the previously used system (9). This phenomenon seems to be reproducible when compared to any syringe with a smaller diameter, including other prefilled formulations such as ranibizumab, as was recently shown by Hinkle et al. (10). However, we believe that even with a correctly dosed PFS, sharp rises of intraocular pressure could be provoked by different injection speeds and volume jets due to the higher diameter of the novel PFS resulting in both a shorter distance that the plunger needs to be pushed (aflibercept PFS 2.2 mm; 1 mL syringe: 4.2 mm) and the perception of a higher initial resistance (6). This assumption is supported by previous findings that higher IOP spikes after intravitreal injections have been documented in association with a smaller needle bore size (11). The same should be true for a constant needle bore size (30 gauge) but wider syringe diameters: assuming similar plunger speed applied by the surgeon, the flow rate of aflibercept into the vitreous cavity in an almost doubled surface area should be proportionally higher.

At the recent Pharmacovigilance Risk Assessment Committee (PRAC) meeting held on March 8th 2021, the European Medicines Agency (EMA) issued a statement that a “higher-than-expected proportion of cases of increased pressure inside the eye (intraocular pressure) were reported with the Eylea pre-filled syringes” (12), strengthening the importance of the matter. As “incorrect handling” was given as most probable cause of the problem, the acuity of the problem should be communicated to the ophthalmological community and additional training should be provided. In our study, however, spikes in IOP occurred to six different surgeons who are accustomed to double-checking the correct injection volume. Moreover, these spikes did not occur only shortly after the PFS introduction, but were consistently observed over the course of the 9 weeks evaluated, starting with 1% at week 1, 3% at week 4, and 2% at week 9. All adverse events reported in this study were communicated to the manufacturer and the relevant regulatory authorities.

Limitations of our study include its retrospective nature and the lack of IOP measurements in the cases reported. Since these spikes with central artery occlusion represent a severe acute complication, these patients were kept on the operating table for a possible immediate intervention and were not transferred to a slit lamp for Goldmann applanation tonometry. Furthermore, due to the low absolute number of TVL events, the confidence intervals are rather wide, indicating that better statistical power could be achieved with an even larger sample size, which may be difficult however, due to the low incidence of TVL, especially in the „control group“, and may require a multi-centric study with a high case number.

In conclusion, our analysis of a large database of 1720 intravitreal aflibercept procedures suggests that the current aflibercept PFS has a more than fivefold risk of significant transient intraocular pressure spikes over the conventional vial system used with a 1 mL syringe. Since these spikes were accompanied by transient vision loss, central retinal artery occlusion has to be assumed, making this a severe complication. As PFS systems represent an easier-to-use and potentially more efficient way to administer intravitreal substances with a lower intraocular infection risk (13), the current aflibercept PFS system may benefit from a redesign to make it less vulnerable to the complication described herein (13).
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Introduction: To evaluate the efficacy of optimized pulse technology in treating chalazia.

Methods: Prospective before-after study. All patients received two sessions of optimal pulse technology (OPT) with an interval of 1 week. The first visit was before treatment and the patients underwent 2 treatment sessions with a 1-week interval. The non-invasive tear breakup time (NIBUT), corneal fluorescein staining (CFS) score, Schirmer’s test I without anesthesia, conjunctival hyperemia, and meibomian gland area were compared before and after treatment, and the related factors of curative effect were analyzed.

Results: 23 patients (23 eyes) with chalazia were included. All patients received two sessions of OPT treatment at 1-week intervals. Following the first OPT treatment, a reduction in the chalazion size was observed in 17 patients (73.91%). One patient was completely cured, and 1 patient had an increase in the diameter of the chalazion. The meibomian gland area increased significantly compared to before treatment (p = 0.023). Compared with baseline, the conjunctival congestion and ST decreased, NIBUT increased, and there was no statistical difference. After the second treatment, the chalazion size decreased in 21 cases, and 3 patients were cured. A significant increase in the meibomian gland area compared with the baseline area (p < 0.001). Additionally, conjunctival congestion decreased significantly. After two sessions, the Schirmer test exhibited a decrease, and NIBUT increased, although these changes did not reach statistical significance. The curative effect was unrelated to sex, age, first onset, single disease, and other factors.

Conclusion: After treatment, the diameter of chalazions was reduced in 91.3% of the patients, and the area of the meibomian gland was significantly increased compared with that before treatment, which suggested that 2 OPT treatments at an interval of 1 week can improve the signs of adult patients in the non-acute infectious stage with chalazia.
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1 Introduction

Chalazion, a chronic inflammatory granuloma, occurs due to the blockage of meibomian glands and the accumulation of glandular secretions. Among Asians, the estimated prevalence of this condition is almost 4% (1). Despite being a common disease, recurrent episodes and treatments might exacerbate the impairment of the meibomian gland structure and function, resulting in scarring, increased eye discomfort, and decreased quality of life (2). In the presence of an infection, it might develop into orbital cellulitis, posing a potentially life-threatening situation (3).

Chalazions typically resolve on their own and can be managed in the initial stages of the disease through the application of a hot compress and conservative drug treatment (4, 5). Curettage, a conventional surgical treatment, is commonly employed for treating chalazions. However, certain patients prefer to explore conservative treatment options before considering surgery, possibly due to apprehension regarding the surgical procedure, anesthesia, pain, and other factors. This approach may be particularly favored by individuals experiencing recurrent chalazions. Multiple surgical interventions could increase the psychological burden on patients, exacerbate discomfort, and result in skin scars. Additionally, cases of cardio-ocular reflex have been reported associated with using anesthetics (6). Knezevic et al. suggested that multi-site botulinum toxin injections around the cyst safely and effectively treat recurrent chalazions. The underlying mechanism of this treatment might be attributed to the ability of botulinum toxin to reduce the meibomian gland’s secretory function and peripheral inflammation through the cholinergic pathway (7). Another alternative to curettage is the local injection of triamcinolone acetonide, as suggested by Amynah et al., which can achieve similar therapeutic outcomes (2, 8). Although the local injection method is simple, severe adverse reactions such as vascular obstruction and vision loss have been reported (9). Therefore, exploring new, non-operative, and safe methods for treating chalazions is crucial.

In recent years, the clinical efficacy and safety of intense pulsed light (IPL) for treating ocular surface diseases such as dry eye disease and blepharitis associated with meibomian gland dysfunction (MGD) have been gradually recognized (10–12). Previous retrospective studies have demonstrated that combining IPL with meibomian gland massage could significantly reduce the recurrence rate in patients with recurrent chalazions and improve tear film rupture time, meibomian gland secretion function, and other ocular surface signs. Optimal pulse technology (OPT) represents the fifth-generation IPL technology and offers several advantages over the original IPL, including more stable energy delivery and reduced pain (13). However, no prospective study has explored OPT’s efficacy in treating chalazions.

Therefore, this study was initiated to evaluate, for the first time, the efficacy of OPT in treating chalazions. This study aimed to explore a clinical, non-invasive approach to managing meibomian gland cysts (Figure 1).

[image: Figure 1]

FIGURE 1
 A flowchart of procedures used in this study.




2 Methods


2.1 Patients

This study adhered to the principles stated in the Declaration of Helsinki and was approved by the Guangzhou Aier Eye Hospital Ethics Committee affiliated with Jinan University (GZAIER2022IRB05). All patients seeking treatment at the outpatient clinic from June 2022 to May 2023 provided signed informed consent. The inclusion criteria for this study were as follows: (1) patients diagnosed with chalazions, including primary and recurrent chalazion; (2) patients aged ≥18 years; (3) those whose eyelid skin and lesion were intact without ulceration and pus; (4) patients in the non-acute infectious stage with chalazion (defined as the secretions from the meibomian glands are released into the tarsus and surrounding soft tissue of the eyelid, leading to an acute inflammatory reaction characterized by pain and erythema) (14). The following criteria were used as contraindications for Optimal pulse technology (OPT) treatment (15): (1) Fitzpatrick skin color classification above type IV; (2) presence of existing eye allergic diseases; (3) abnormal eyelid structure; (4) recent eye or laser treatment within 4 weeks (including cataract surgery, refractive surgery, and fundus laser treatment); (5) Recent tanning or exposure to tanning devices within 4 weeks before treatment; (6) use of exfoliating cosmetics 4 weeks before treatment; (7) a history of skin allergy within 4 weeks before treatment; (8) diagnosis of solar dermatitis, malignant skin tumor or precancerous lesion, solar keratosis, or melanoma; (9) use of medications known to cause photosensitivity; (10) recent oral administration of isotretinoin within 1 month before treatment; (11) the pupil did not return to the standard size after mydriasis; (12) uncured periorbital trauma; (13) patients with neuropsychiatric disorders; (14) patients taking anticoagulant drugs or having coagulation disorders; (15) hypersensitivity to ocular surface drops containing sodium fluorescein or coupling agents; (16) participation in other clinical studies within the first 3 weeks of the study; (17) pregnant or lactating women.



2.2 OPT treatment

All patients underwent OPT treatments using M22 (Lumenis Inc., Lumenis, Yokneam, Israel), comprising two sessions with a 7-day interval. The treatment mode employed was OPT, with a wavelength of 590 mm, pulse width of 6.0, 6.0, and 6.0 ms, pulse width delay of 50 and 50 ms, and energy ranging from 10 to 15 J/cm2. The treatment procedure was as follows: (1) Patients were informed about the purpose, method, and important considerations of the examination. (2) Patients assumed a supine position, removed their makeup, and cleaned their faces. (3) Corneal contact lenses were placed on the treatment eyes, and an eye shield was inserted. Patients were instructed to close their eyes, and a coupling agent (1–2 mm) was evenly applied to the upper and lower eyelid skin. (4) The light guide head delivered energy from the outer canthus to the inner canthus sequentially, ensuring that the spot coverage did not overlap or repeat. Intensive treatment was performed in areas above, below, nasal, temporal, and central to the meibomian gland cyst. This process was repeated twice, resulting in 20 treatment points per eyelid. A 3-s pause was observed before each treatment to allow sufficient skin cooling. (5) After treatment, the eye shield and contact lens were removed. (6) The patient’s skin reaction and pain during treatment were observe The patient’s skin reaction and pain during treatment were observed. Mild or moderate redness of the treatment site skin and mild tingling sensation experienced by the patient were considered normal reactions. However, if the skin exhibited severe redness and swelling, and the patient could not tolerate the pain, the energy was reduced, or the treatment was stopped. Adverse reactions at the treatment site were monitored after the treatment. Patients were advised to apply sunscreen and moisturize their skin within 48 h after treatment and avoid washing their face with hot water. The patients were followed up before each treatment and 7 days after the completion of the treatment course. Throughout the treatment process, the patients were instructed to use hot compresses and antibiotic eye drops (0.5% Levofloxacin eye drop, Japan). In cases where the volume of chalazia did not decrease by more than 80% following the second treatment session, surgical intervention was considered.



2.3 Other inspection methods and data collection

The diameter of the chalazion decreased by 80% was defined as adequate. The following parameters were measured to evaluate the treatment efficacy: non-invasive tear breakup time (NIBUT), corneal fluorescein staining (CFS) score, Schirmer’s test I without anesthesia, conjunctival congestion and meibomian gland area. The CFS score was evaluated based on grades 0 to 3 in each quadrant, resulting in a total score according to the National Eye Institute’s grading scale (16). The conjunctival congestion score was evaluated based on grades 0 to 3 in temporal and nasal bulbar conjunctiva using the OCULUS (Keratograph, Oculus Company, Germany). The meibomian gland area was evaluated by capturing photographs of the patient’s upper and lower eyelid glands using OCULUS. The images were then analyzed using Image J software to calculate the ratio of the meibomian gland area to the eyelid area. The eye with a more significant number of chalazions was used for analysis. The right eye was chosen for analysis in cases where the eyes were comparable.



2.4 Statistical method

The data obtained in this study were analyzed using SPSS version 27.0 and plotted using Prism 8.0. Descriptive statistics for normally distributed data are presented as the mean ± standard deviation (SD), while median and quartile range was used for non-normally distributed quantitative data (IQR). Conjunctival congestion, fTBUT, meibomian gland area, and ST values before and after each treatment session were compared using the paired t-test, whereas CFS scores before and after treatment were compared using the Wilcoxon rank sum test. The chi-square test was used for between-group comparisons. Binary Logistics regression analysis were used to analyze the factors associated with the effectiveness of OPT treatment. p-values < 0.05 were considered statistically significant.




3 Results

23 patients (23 eyes), including 4 males and 19 females, were enrolled in the study. The average age of the patients was 31.61 ± 11.42 years old. The patient demographics were shown in Table 1. The patients did not have a specialist’s diagnosis of any systemic diseases, such as diabetes, hypertension, or hyperlipidemia.



TABLE 1 Baseline characteristics of chalazion patients enrolled in the study.
[image: Table1]

Among them, 3 patients were older than 45 years old, 20 were younger than 45 years old, 18 had unilateral disease, 5 had bilateral chalazions, 17 were the primary chalazions, 18 had only one chalazion in one eyelid, and 2 patients had a diameter of chalazion more significant than 5 mm.

Following the first OPT treatment, a reduction in the chalazion size was observed in 17 patients (73.91%), increased in 1 patient (4.35%), and remained unchanged in 5 patients (21.74%; Table 2). The meibomian gland area was significantly increased from 43.6 ± 2.87 to 45.97 ± 3.18 (p = 0.023). Compared with baseline, the conjunctival hyperemia was reduced from 0.99 ± 0.36 to 0.94 ± 0.28, ST was reduced from 8.94 ± 6.01 to 8.69 ± 7.45, and NIBUT was increased from 8.18 ± 4.46 to 9.53 ± 4.21, although these changes did not reach statistical significance (Table 3).



TABLE 2 The number of patients whose diameter of chalazions decreased, increased, or remained unchanged after OPT treatment.
[image: Table2]



TABLE 3 Comparison of ocular signs between baseline and 7 days after first and second treatment of OPT sessions.
[image: Table3]

Following the second OPT treatment, the number of patients with reduced meibomian gland cyst diameter grew to 21 (91.3%), 3 of which were completely cured. In 2 cases, the size of the chalazion remained unchanged (8.7%). The patient with enlargement of the chalazion after the first treatment had a reduction in chalazion size after the second treatment, indicating improvement (Table 2). Compared with baseline, the meibomian gland area was significantly improved to 50.92 ± 2.45 (p < 0.001), and conjunctival hyperemia was significantly decreased to 0.81 ± 0.29 (p < 0.001) after the second treatment (Figure 2). There were no significant differences in the NIBUT and ST at the first and second treatments (p > 0.05; Table 3). The CFS score was zero before, after one treatment, and after two sessions.

[image: Figure 2]

FIGURE 2
 Comparison of the meibomian gland area (A), conjunctival congestion (B), ST (C), NIBUT (D) and CFS (E) before and after OPT treatment sessions. T1, 7 days after the first treatment; T2, 7 days after the second treatment; *p < 0.05, **p < 0.01, ***p < 0.001.


Age over 45 years old, gender, first onset, single lesion, diameter of meibomian gland cyst before treatment, and lesion located in the upper or lower eyelid had no relationship with the reduction of meibomian gland cyst diameter (p > 0.05; Table 2).

The addition of the meibomian gland area was not associated with age over 45 years, gender, first onset, single lesion, diameter of meibomian gland cyst less than 5 mm before treatment, and lesion located in the upper or lower eyelid (p > 0.05; Table 4).



TABLE 4 The number of patients whose meibomian gland area decreased, increased, or remained unchanged after OPT treatment.
[image: Table4]

The adequacy of the OPT treatment was not correlated with sex, age, first onset, the diameter of the chalazion before treatment, upper eyelid or lower eyelid location, or the presence of a single or multiple chalazions according to our research (p > 0.05).

During the treatment and follow-up, 9 patients underwent hot compress, 21 patients had received antibiotic eye drops, and a total of 2 patients underwent surgical intervention after two sessions of OPT treatment. No adverse reactions, such as skin pigmentation, skin rupture, corneal epithelial defect, uveitis, and cataract were observed during the treatment and follow-up.



4 Discussion

Chalazia is a common eye condition. While the pathogenesis of MGD and blepharitis concerning chalazions remains unclear, previous studies have indicated a strong association (1, 17). When the regular discharge of oil from the meibomian gland is disrupted, excessive meibum accumulates in the surrounding eyelid tissue, resulting in inflammatory cell infiltration, redness, and swelling (18). Over time, this process can result in cyst formation. The treatment approach for chalazion in the non-acute infection stage typically involves warm compress and administration of antibiotic eye drops. Jacob Evans indicated that surgical intervention was required in approximately 40% of patients following the administration of topical antibiotic and steroid therapy (1). IPL is a broad-spectrum pulsed light with a wavelength of 500–2,000 nm, which is a non-invasive and non-laser treatment method. Initially, IPL was primarily used for treating rosacea. However, in 2002, its application expanded to include the treatment of dry eyes, meibomian gland dysfunction, blepharitis, and other ocular surface diseases. Currently, OPT and intense regulatory pulsed light (IRPL) are the main IPL devices in clinical practice. The OPT is the latest generation (fifth-generation) IPL technology, offering enhanced stable energy and reduced discomfort compared with the original IPL (19). Compared with IRPL technology, OPT technology has the advantages of no pulse spike, constant energy, stable and repeatable, larger flash density, and a more stable cooling system (20). Subsequent studies have increasingly demonstrated the safety and efficacy of IPL and OPT in improving symptoms and signs in patients. Although the exact mechanism of how OPT treats ocular surface diseases remains to be elucidated, it is believed that OPT can inhibit the release of inflammatory mediators within the local tissues and impede the inflammatory cascade reaction (21). In this study, conjunctival congestion improved significantly after two OPT treatments, which supports the aforementioned hypothesis. By generating heat that can penetrate the skin, OPT selectively targets the meibomian gland, resulting in the melting of eyelid esters and an improvement in the palpebral ester character (22, 23). Consequently, this process reduces the cyst diameter and increases the area of the meibomian gland. In our study, a significant improvement was observed in the meibomian gland area of the patients who underwent OPT treatment. Furthermore, as the number of treatments increased, the meibomian gland area increased more significantly, indicating that OPT exhibits a persistent and cumulative effect when targeting the meibomian gland. Moreover, OPT used hemoglobin as its target color base. During treatment, light is absorbed by hemoglobin, converting it into heat. This localized increase in temperature results in the solidification and sealing of abnormally dilated capillaries along the palpebral margin. This process not only helps reduce bacteria and mites present on the surface of the eyelid skin but also contributes to the overall efficacy of the treatment.

IPL energy penetrates the eyelid, gets absorbed by hemoglobin, and transforms into heat, causing localized destruction of superficial blood vessels. This process reduces eyelid neovascularization and subsequently lowers the accumulation of inflammatory mediators, thereby eliminating a significant source of inflammation in both the eyelid and meibomian glands. Simultaneously, the volume of meibomian gland cysts diminishes post-treatment, leading to a reduction in the levels of inflammatory factors, which may have accounted for the observed improvement in conjunctival hyperemia following treatment. In Arita’s research, the therapeutic effects of IPL on refractive multiple recurrent chalazia were examined, it was noted that corneal fluorescein staining (CFS) significantly improved in patients with recurrent meibomian gland cysts after OPT treatment, Schirmer’s Test (ST) did not exhibit statistically significant changes, and non-invasive tear breakup time (NIBUT) alterations were not assessed in their study (24). In addition, a study by Yirui Zhu focusing on patients with chalazion in the acute inflammatory phase, reported significant improvements in NIBUT after OPT treatment (25). These outcomes contrast with the patient population in our current study. In our study, although no statistically significant differences were observed in NIBUT and CFS after one or two OPT treatments compared to baseline, NIBUT displayed an upward trend, suggesting improved tear film stability. Similarly, CFS exhibited a downward trend, indicating reduced ocular surface staining. ST showed a decrease after the first treatment, which we attribute to factors such as the short evaluation interval and the OPT treatment effect not yet reaching its full potential. Interestingly, ST increased from baseline after the second treatment. Our study encompassed a diverse range of chalazion types, including patients in non-acute infectious stages, as well as primary and recurrent cases, with varying diameters and locations of chalazion. Following two treatments, NIBUT, CFS, and ST all demonstrated an improving trend compared to their respective baseline measurements.

The frequency of OPT treatment is also a critical aspect to investigate. Previous studies have indicated that the effects of OPT are cumulative and persistent. Jin et al. conducted a study suggesting that four sessions of OPT combined with meibomian gland expression can effectively alleviate symptoms, reduce palpebral margin congestion, improve meibomian gland secretion function, and increase tear film rupture time in patients with MGD (23). Furthermore, the improvement becomes more evident with an increase in the number of treatment sessions, and there is still a statistically significant difference observed 3 months after completing the treatment course. In the Chinese experts’ consensus on IPL for treating MGD-related dry eyes, it is recommended to undergo IPL treatments 2–12 times (15). Reiko et al. have suggested that patients with recurrent chalazions might require three or more courses of IPL treatment (24, 25). Given the specific characteristics of the patients enrolled in our study, which included individuals with single, small-diameter, and primary chalazions, and considering the aforementioned recommendations regarding the number of IPL treatments, a total of two OPT treatments were administered (Figure 3). During the follow-up, it was found that one patient recovered after 1 week of treatment. The patient was a 30-year-old woman who underwent chalazion curettage 6 months before our intervention. The diameter of her chalazion was 2 mm before treatment. Notably, the patient remained free from relapse during the irregular follow-up assessments conducted after the treatment. Furthermore, three additional patients were completely cured after undergoing two treatments. These positive outcomes have left the patients delighted with the rapid onset of OPT efficacy and the level of comfort they experienced.
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FIGURE 3
 A 32-year-old female presented with a primary chalazion in the upper eyelid of the right eye (F). Before OPT treatments, the patient showed palpebral conjunctival hyperemia (F) and meibomian gland dropout at the site of the cyst (H). Following treatment, complete regression of the cyst was observed (G), along with decreased hyperemia on the palpebral conjunctival (G) and increased of the meibomian gland area at the cyst site (I).


The effectiveness of performing two OPT treatments for treating chalazions has demonstrated its clinical relevance.

As previous studies have indicated, chalazions are commonly observed in adult women, particularly around the age of 25 years. In our analysis of related factors influencing OPT efficacy while treating chalazions, no significant associations were observed with sex, age, first onset, the presence of a single chalazion, site, and the diameter of the meibomian gland cysts. These findings are consistent with previous studies.

This study has certain limitations. First, the sample size was small, the observation period was short, and more objective and microscopic observations of the expression of inflammatory factors in ocular surface tissues, such as optical surface goblet cells, epithelial cells, and tears, were lacking. These aspects warrant further investigation and will be our focus in future research endeavors.



5 Conclusion

In our study, the primary chalazion was observed in 73.9% patients, while cysts larger than 5 mm in diameter were found in 8.7%, additionally, single cysts were present in 78.3% patients. After treatment, the diameter of chalazions was reduced in 91.3% of the patients, and the area of the meibomian gland was significantly increased compared with that before treatment. To the best of our knowledge, this is the first study to explore the efficacy of OPT treatment on different types of chalazions, which suggested that two OPT treatments at an interval of 1 week can improve the signs of adult patients in the non-acute infectious stage with chalazion.



Data availability statement

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



Ethics statement

The studies involving humans were approved by Guangzhou Aier Eye Hospital Ethics Committee affiliated with Jinan University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

XS: Funding acquisition, Methodology, Resources, Writing – original draft, Writing – review & editing. CZ: Formal analysis, Investigation, Writing – review & editing. SZ: Formal analysis, Investigation, Writing – review & editing. MH: Conceptualization, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The present study was funded by the Youth Scientific Research Fund of Guangzhou Aier Eye Hospital (no. G2022004).



Acknowledgments

We would like to thank Guangzhou Aier Eye Hospital for the support of this study, and MH, XS, CZ, and SZ for their efforts in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1286159/full#supplementary-material



References

 1. Evans, J, Vo, KBH, and Schmitt, M. Chalazion: racial risk factors for formation, recurrence, and surgical intervention. Can J Ophthalmol. (2021) 57:242–6. doi: 10.1016/j.jcjo.2021.04.023


 2. Ben Simon, GJ, Rosen, N, Rosner, M, and Spierer, A. Intralesional triamcinolone Acetonide injection versus incision and curettage for primary Chalazia: a prospective, Randomized Study. Am J Ophthalmol. (2011) 151:714–718.e1. doi: 10.1016/j.ajo.2010.10.026 

 3. Rumelt, S, and Rubin, PA. Potential sources for orbital cellulitis. Int Ophthalmol Clin. (1996) 36:207–21. doi: 10.1097/00004397-199603630-00019 

 4. Cottrell, DG, Bosanquet, RC, and Fawcett, IM. Chalazions: the frequency of spontaneous resolution. Br Med J. (1983) 287:1595. doi: 10.1136/bmj.287.6405.1595 

 5. Perry, HD, and Serniuk, RA. Conservative treatment of chalazia. Ophthalmology. (1980) 87:218–21. doi: 10.1016/S0161-6420(80)35250-0 

 6. Katowitz, WR, O'Brien, M, Kiskis, E, and Elliott, EM. An asystolic event after eyelid skin bupivicaine injection during chalazion surgery. J AAPOS. (2016) 20:75–7. doi: 10.1016/j.jaapos.2015.09.010 

 7. Goawalla, A, and Lee, V. A prospective randomized treatment study comparing three treatment options for chalazia: triamcinolone acetonide injections, incision and curettage and treatment with hot compresses. Clin Exp Ophthalmol. (2007) 35:706–12. doi: 10.1111/j.1442-9071.2007.01617.x 

 8. Singhania, R, Sharma, N, Vashisht, S, and Dewan, T. Intralesional triamcinolone Acetonide (TA) versus incision and curettage (I & C) for medium and large size Chalazia. Nepal J Ophthalmol. (2018) 10:3–10. doi: 10.3126/nepjoph.v10i1.21661 

 9. Shiramizu, KM, Kreiger, AE, and McCannel, CA. Severe visual loss caused by ocular perforation during chalazion removal. Am J Ophthalmol. (2004) 137:204–5. doi: 10.1016/S0002-9394(03)00863-8 

 10. Yin, Y, Liu, N, Gong, L, and Song, N. Changes in the Meibomian gland after exposure to intense pulsed light in Meibomian gland dysfunction (MGD) patients. Curr Eye Res. (2018) 43:308–13. doi: 10.1080/02713683.2017.1406525 

 11. Craig, JP, Chen, YH, and Turnbull, PRK. Prospective trial of intense pulsed light for the treatment of meibomian gland dysfunction. Invest Ophthalmol Vis Sci. (2015) 56:1965–70. doi: 10.1167/iovs.14-15764 

 12. Arita, R, Fukuoka, S, and Morishige, N. Therapeutic efficacy of intense pulsed light in patients with refractory meibomian gland dysfunction. Ocul Surf. (2019) 17:104–10. doi: 10.1016/j.jtos.2018.11.004 

 13. Chen, J, Liu, J, and Wu, J. Treatment of melasma by a combination of intense pulsed light with advanced optimal pulse technology and human-like collagen repair dressing: a case series study. Medicine. (2022) 101:e29492. doi: 10.1097/MD.0000000000029492 

 14. Zhu, Y, Zhao, H, Huang, X, Lin, L, Huo, Y, Qin, Z , et al. Novel treatment of chalazion using light-guided-tip intense pulsed light. Sci Rep. (2023) 13:12393. doi: 10.1038/s41598-023-39332-x 

 15. Eye CECG of IPL for D, Dry Eye Rehabilitation Specialty VRC of CRMA
. Experts consensus on intense pulsed light for meibomian gland dysfunction and related dry eye. Chin J Exp Ophthalmol. (2022) 40:97–103. doi: 10.3760/cma.j.cn115989-20211015-00563


 16. Lemp, MA
. Report of the National eye Institute/industry workshop on clinical trials in dry eyes. CLAO J. (1995) 21:221–32.

 17. Liang, L, Ding, X, and Tseng, SCG. High prevalence of demodex brevis infestation in chalazia. Am J Ophthalmol. (2014) 157:342–348.e1. doi: 10.1016/j.ajo.2013.09.031 

 18. Suzuki, T, Katsuki, N, Tsutsumi, R, Uchida, K, Ohashi, K, Eishi, Y , et al. Reconsidering the pathogenesis of chalazion. Ocul Surf. (2022) 24:31–3. doi: 10.1016/j.jtos.2021.12.010 

 19. Liu, R, Rong, B, Tu, P, Tang, Y, Song, W, Toyos, R , et al. Analysis of cytokine levels in tears and clinical correlations after intense pulsed light treating Meibomian gland dysfunction. Am J Ophthalmol. (2017) 183:81–90. doi: 10.1016/j.ajo.2017.08.021 

 20. Wu, Y, Li, J, Hu, M, Zhao, Y, Lin, X, Chen, Y , et al. Comparison of two intense pulsed light patterns for treating patients with meibomian gland dysfunction. Int Ophthalmol. (2020) 40:1695–705. doi: 10.1007/s10792-020-01337-0 

 21. Zhang, X, Song, N, and Gong, L. Therapeutic effect of intense pulsed light on ocular Demodicosis. Curr Eye Res. (2019) 44:250–6. doi: 10.1080/02713683.2018.1536217 

 22. Dell, SJ
. Intense pulsed light for evaporative dry eye disease. Clin Ophthalmol. (2017) 11:1167–73. doi: 10.2147/OPTH.S139894 

 23. Huo, Y, Mo, Y, Wu, Y, Fang, F, and Jin, X. Therapeutic effect of intense pulsed light with optimal pulse technology on meibomian gland dysfunction with and without ocular Demodex infestation. Ann Transl Med. (2021) 9:238. doi: 10.21037/atm-20-1745 

 24. Arita, R, and Fukuoka, S. Therapeutic efficacy and safety of intense pulsed light for refractive multiple recurrent Chalazia. J Clin Med. (2022) 11:5338. doi: 10.3390/jcm11185338 

 25. Zhu, Y, Huang, X, Lin, L, di, M, Chen, R, Dong, J , et al. Efficacy of intense pulsed light in the treatment of recurrent Chalaziosis. Front Med. (2022) 9:839908. doi: 10.3389/fmed.2022.839908 









 


	
	
TYPE Original Research
PUBLISHED 09 January 2024
DOI 10.3389/fmed.2023.1340198






Prediction model for elevated intraocular pressure risk after silicone oil filling based on clinical features

Wen Fan1†, Chaohe Zhang2,3†, Lexin Ge1†, Na Su1, Jiaqin Chen1, Siyao Song3,4,5, Yasha Wang2,4*‡ and Songtao Yuan1*‡


1Department of Ophthalmology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China

2Key Laboratory of High Confidence Software Technologies, Ministry of Education, Peking University, Beijing, China

3School of Computer Science, Peking University, Beijing, China

4National Engineering Research Center of Software Engineering, Peking University, Beijing, China

5Software College, Northeastern University, Shenyang, China

[image: image2]

OPEN ACCESS

EDITED BY
 Georgios D. Panos, Nottingham University Hospitals NHS Trust, United Kingdom

REVIEWED BY
 Changzheng Chen, Renmin Hospital of Wuhan University, China
 Rizwan Malik, Sheikh Khalifa Medical City, United Arab Emirates

*CORRESPONDENCE
 Songtao Yuan, songtaoyuan@njmu.edu.cn 
 Yasha Wang, wangyasha@pku.edu.cn

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

‡These authors have contributed equally to this work and share last authorship

RECEIVED 17 November 2023
 ACCEPTED 28 December 2023
 PUBLISHED 09 January 2024

CITATION
 Fan W, Zhang C, Ge L, Su N, Chen J, Song S, Wang Y and Yuan S (2024) Prediction model for elevated intraocular pressure risk after silicone oil filling based on clinical features. Front. Med. 10:1340198. doi: 10.3389/fmed.2023.1340198

COPYRIGHT
 © 2024 Fan, Zhang, Ge, Su, Chen, Song, Wang and Yuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Background: To evaluate risk factors and further develop prediction models for intraocular pressure elevation (IOP) after vitreoretinal surgery with silicone oil tamponade to support clinical management.

Methods: A retrospective study analyzed 1,061 eyes of 1,061 consecutive patients that presented to the Jiangsu Province Hospital between December 2015 and December 2020, the IOP was measured from the preoperative visit and at the 1-week, 1-month, 3-month, and 6-month visits, and the final postoperative visit before silicone oil removal. Four machine learning methods were used to carried out the prediction of IOP elevation: Decision Tree, Logistic Regression, Random Forest, and Gradient-Boosted Decision Trees (GBDT) based on features including demographic and clinical characteristics, preoperative factors and surgical factors. Predictors were selected based on the p-value of the univariate analysis.

Results: Elevated intraocular pressure developed in 26.01% of the eyes postoperatively. Elevated intraocular pressure primarily occurred within 1–2 weeks after surgery. Additionally, the majority of IOP values were distributed around 25–40 mmHg. GBDT utilizing features with p-values less than 0.5 from the hypothesis testing demonstrated the best predictive performance for 0.7944 in accuracy. The analysis revealed that age, sex, hypertension, diabetes, myopia, retinal detachment, lens status and biological parameters have predictive value.

Conclusion: Age, sex, hypertension, diabetes, myopia, retinal detachment, lens status and biological parameters have influence on postoperative intraocular pressure elevation for patients with silicone oil tamponade after pars plana vitrectomy. The prediction model showed promising accuracy for the occurrence of IOP elevation. This may have some reference significance for reducing the incidence of high intraocular pressure after pars plana vitrectomy combined with silicone oil filling.
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 prediction model, intraocular pressure, ocular hypertension, pars plana vitrectomy, silicone oil, biological parameter


1 Introduction

Silicone oil (SO) has become an essential tamponade agent in vitreoretinal surgery due to its high surface tension since its introduction by Cibis in 1962 (1). However, despite its successful use by retina surgeons for several decades, complications associated with silicone oil endotamponade have been reported. These include increased intraocular pressure (IOP), ocular hypotony, cataract formation in phakic eyes, band keratopathy in corneas, and silicone oil emulsification (2, 3). Elevated IOP is particularly prevalent and severe among these complications (4). The incidence of elevated IOP varies from 2.2 to 56.0% related to SO endotamponade in different studies (5–8). Discrepancies in the definitions of ocular hypertension, postoperative time points, and retinal diseases contribute to this variation. Additionally, each study incorporates different inclusion and exclusion criteria. The underlying pathological mechanisms of IOP elevation are multifactorial and remain uncertain. They may include overfilling of silicone oil, anterior chamber inflammatory activity, pupillary block, anterior migration of SO, and preexisting glaucoma (9–12). In public hospitals, the limited use of inert gas is attributed to policy constraints. Consequently, silicone oil filling is the predominant choice for patients undergoing vitrectomy combined with intraocular filling surgery. As a result, there is a considerable prevalence of silicone oil-filled eyes in China, necessitating an analysis of the risk factors associated with elevated intraocular pressure following silicone oil filling.

Since the occurrence of postoperative IOP elevation is the result of multiple factors, conventional single-factor analysis fails to provide a comprehensive analysis, and there is no consensus regarding the risk factors derived from current study analyses. With the advancement of data science, machine learning models have gained popularity in predictive tasks across various domains, including healthcare. However, the medical field places a high premium on model interpretability, leading to the development of interpretable predictive models for clinical analysis. In this study (2, 13), we presented a predictive model for further analysis, offering clinicians not only predicted values for assistance but also interpretability to discern the importance of different features and provide more precise clinical reference.



2 Materials and methods

This study was approved by the ethics of committees of The First Affiliated Hospital of Nanjing Medical University (Jiangsu Province Hospital) and conducted in accordance with the tenets of the Declaration of Helsinki (2022-SR-200). As this is a retrospective study with data processed anonymously, informed consent was waived.

This retrospective study enrolled 1,061 eyes of 1,061 consecutive patients that presented to the Jiangsu Province Hospital between December 2015 and December 2020. These cases were confirmed by experienced researchers. All eyes had a vitreoretinal condition treated by pars plana vitrectomy (PPV) with SO endotamponade. Eyes with corneal pathology, a previous history of glaucoma or preoperative ocular hypertension (IOP > 21 mmHg), or patients with severe data deficiencies were excluded. Demographic data, a detailed ocular and systemic history, and the etiology of the PPV were recorded for each patient pre-operatively.

Vitreoretinal surgery was indicated for various conditions, including retinal detachment (RD), macular hole (MH), choroidal detachment, vitreous hemorrhage (VH), and diabetic retinopathy (DR). All procedures were performed under either local or general anesthesia. PPV, air/fluid exchange, and SO were employed in all patients. Following surgery, the eyes were maintained at a slightly hypotonic state, and intraocular pressure was assessed through manual palpation.

Patient age, sex, lens status, presence of diabetes, hypertension, biological parameters, surgical indication and surgical factors were recorded. Biological parameters were measured by ZEISS IOL Master500 before surgery. The IOP measured by Canon TX-20 automatic non-contact tonometer were obtained for both the operative and fellow eyes from the preoperative visit and at the 1-week, 1-month, 3-month, 6-month visits, and at the final postoperative visit. The follow-up ended after silicone oil removal. Silicone Oil was removed about 3–6 months after implantation. IOP less than 21 mmHg was predefined as normal. If the intraocular pressure exceeds 21 mmHg at any point during the follow-up process, it is diagnosed as elevated intraocular pressure, and the appropriate treatment method is selected based on the specific numerical value. Commonly used IOP-lowering drugs include Brinzolamide and Timolol Maleate Eye Drops, Carteolol Hydrochloride Eye Drops, Brimonidine Tartrate Eye Drops and Travoprost Eye Drops. For patients whose IOP was not effectively controlled with IOP-lowering medications, we performed further operations or surgeries to control IOP, such as paracentesis of anterior chamber, trabeculectomy and drainage valve implantation.

Data were analyzed using Python 3.6.9 with package: SciPy (1.2.1), Statsmodels (0.11.1), NumPy (1.19.4) and scikit-learn (0.24.1). Continuous variables were expressed as means (standard deviations), and were compared with the Mann–Whitney U test. Categorical variables were expressed as number (%) and compared by χ2 test. A p-value of less than 0.05 was considered a statistically significant difference. Four machine learning methods were used to carried out the prediction of IOP elevation: Decision Tree, Logistic Regression, Random Forest, and Gradient-Boosted Decision Trees (GBDT). Among these, GBDT achieved the best predictive performance. The selection of predictive features was based on the p-value from the above hypothesis testing.



3 Results


3.1 Demographic and clinical characteristics

The baseline characteristics of the study cohort were presented in Table 1. The study included 1,061 patients who underwent pars plana vitrectomy, with a mean age of 58.52 years ±12.81 and range of 11 to 93 years. Of the total number of patients, 563 (53.06%) were male, and 538 (46.94%) were female. Diabetes mellitus was present in 205 patients (19.32%), systemic hypertension in 301 patients (28.37%), and myopia in 247 patients (23.28%). The primary indication for surgery in the study eye was retinal detachment in 771 patients (72.67%), followed by vitreous hemorrhage in 171 patients (16.12%) and macular hole in 122 patients (11.50%). Among the 276 patients with IOP elevation, Figure 1 illustrated that elevated intraocular pressure primarily occurs within 1–2 weeks after surgery. Additionally, the majority of IOP values are distributed around 25–40 mmHg.



TABLE 1 The baseline characteristics of the study cohort.
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FIGURE 1
 (A) Distribution of patients exhibiting elevated intraocular pressure time after surgery. (B) Time and IOP values for postoperative intraocular pressure elevation.




3.2 Preoperative risk factors

The analysis of preoperative risk factors for intraocular pressure elevation is presented in Table 2. Out of the 1,061 patients included in the study, 276 (26.01%) developed postoperative IOP elevation, 785 (73.99%) showed normal postoperative IOP. We compared various variables among all the patients and found that age at surgery, sex, myopia, retinal detachment, vitreous hemorrhage, hypertension and diabetes were associated with a higher risk of increased IOP. No significant associations were observed between other characteristics and the development of elevated IOP. Specifically, the age of patients with IOP elevation was significantly lower compared to those with normal IOP (p < 0.001, OR = 0.96 [0.95–0.97]). Gender also showed a significant difference (p = 0.02, OR = 1.39 [1.05–1.83]). Among patients with IOP elevation, the underlying ocular diseases necessitating pars plana vitrectomy (PPV) included retinal detachment, macular hole, choroidal detachment, vitreous hemorrhage, and diabetic retinopathy. Patients with retinal detachment (p < 0.001, OR = 6.71 [4.16–10.83]), diabetes (p = 0.045, OR = 0.69 [0.47–0.99]), hypertension (p = 0.018, OR = 0.68 [0.49–0.94]), vitreous hemorrhage (p = 0.002, OR = 0.51 [0.33–0.78]), and myopia (p < 0.001, OR = 1.84 [1.36–2.51]) were more susceptible to developing increased IOP. On the other hand, the presence of macular hole and choroidal detachment did not appear to influence the risk of elevated IOP.



TABLE 2 The preoperative risk factors for intraocular pressure elevation.
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3.3 Surgical factors

Effects of surgical factors are shown in Table 3. Among all 1,061 patients, 891 patients were with phakic, 22 patients were aphakic, 148 patients were Pseudophakic. Lens status had significant statistical differences. Besides, other continuous variables were also analyzed, such as axial length (AL), anterior chamber depth (ACD), lens thickness (LT), central corneal thickness (CCT), white-to-white value (WTW). Eyes with longer axial length, deeper ACD and longer WTW were significantly associated with elevated IOP. Patients with elevated IOP had a mean AL of 24.82 ± 3.77, which was significantly longer than patients with normal IOP (23.88 ± 2.76) (p < 0.001, OR = 1.10 [1.05–1.16]). Similar findings were observed for ACD (p<0.001, OR = 1.83 [1.35–2.49]), and WTW (p = 0.04, OR = 1.34 [0.99–1.80]). However, no significant difference was found in CCT and LT between the two groups. A total of 36 (3.4%) patients had 1000cSt silicone oil implanted, while the remaining 1,025 (96.6%) patients received 5000cSt silicone oil. SO viscosity was not found to be associated with the development of increased IOP (p = 0.799). Meanwhile, pars plana vitrectomy combined cataract extraction conferred a reduced risk for increased IOP (p < 0.001, OR = 0.44 [0.33–0.58]).



TABLE 3 The surgical factors for intraocular pressure elevation.
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3.4 Prediction models

Four machine learning methods:

• Decision tree: a decision tree is a flowchart-like model that makes decisions based on a series of questions about the data. In our study, it was used to predict IOP elevation by asking a series of intuitive, yes-or-no questions based on patient characteristics.

• Logistic regression: logistic regression is a statistical model that estimates the probability of a binary outcome (such as IOP elevation) based predictor variables. In our context, it assessed the likelihood of IOP elevation by analyzing patient characteristics.

• Random forest: a random forest is an ensemble learning method, which operates by constructing multiple decision trees during training and outputting the class that is the mode of the classes of the individual trees. In our study, it was used to improve predictive accuracy and control over-fitting, which can be a problem in decision trees.

• Gradient-Boosted Decision Trees (GBDT): GBDT is another ensemble technique that builds the model in a stage-wise fashion. It constructs new trees that predict the residuals or errors of prior trees then combines these trees in a weighted manner to make the final prediction. In predicting IOP elevation, GBDT was particularly useful for handling various types of patient data and improving prediction accuracy over traditional decision trees.

Were employed to conduct the prediction of IOP elevation. For our data processing approach, each surgical procedure on an individual eye of a patient was treated as a separate sample. The dataset was divided into a training set and a testing set at a ratio of 9:1. Each model was then trained on the training set and tested on the testing set, with the test results reported. In this phase, we employed the grid search technique to find the most suitable hyperparameters for the current model, such as maximum depth and the number of estimators. All methods were experimented within the same framework to ensure fairness in comparison.

Furthermore, considering not all features of the samples might positively contribute to prediction accuracy due to the presence of redundant features in the patient characteristics, feature selection was performed before training the model. This process incorporated the clinical experience of senior doctors and the data analysis results from earlier in this study to filter out redundant feature information. Specifically, we initially identified 19 fixed important features based on the expertise of senior doctors (see Table 4, Fixed Features). These features were used as a foundational input for training and predicting in each model. Following this, based on the p-values from our hypothesis testing, we gradually increased the p-value threshold, which allowed for the introduction of additional features for experimentation (p < 0.1, 0.2, 0.3, 0.4, 0.5, and all features). The results of the prediction models on IOP elevation are shown in Table 4.



TABLE 4 Results of the prediction model on IOP elevation.
[image: Table4]

By incorporating the clinical expertise of senior doctors and considering features with p-values less than 0.5 from hypothesis testing, the Gradient-Boosted Decision Trees model achieved the highest accuracy of 0.7944. The feature importance provided by the prediction model was presented in Figure 2. The vertical axis represents the feature name, while the horizontal axis represents the corresponding feature importance value. It is worth noting that the sum of the importance of all features is equal to 1. The model assigns higher importance to certain features compared to others in the prediction process. The results of the prediction model indicate that factors such as age, biological parameters, and lens status play a more significant role. Specifically, the importance values for each feature are as follows: Age-0.1526, AL-0.1651, ACD-0.1154, LT-0.0735, CCT-0.1431, WTW-0.0679, Phakic-0.0079, Aphakia-0.0023, Pseudophakic-0.0112, Cata-ract-0.0094, RD-0.0084. These findings align with the results obtained from our single-factor analysis above. The code of prediction model can be found in supplementary materials.
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FIGURE 2
 Feature importance provided by prediction model.





4 Discussion

This study aimed to evaluate the risk factors and incidence of postoperative IOP elevation following vitreoretinal surgery with silicone oil tamponade in patients who have no prior history of glaucoma or ocular hypertension. Based on these findings, a predictive model was developed in the hope of early detection and treatment for these patients. The presence of preexisting glaucoma is widely recognized as a significant risk factor for IOP elevation following PPV and SO tamponade. Previous studies have reported an incidence of approximately 5.9% to 7% in patients who experienced elevated IOP after surgery and had a history of preoperative glaucoma or ocular hypertension (14, 15). In our study, we excluded patients with a history of glaucoma or ocular hypertension in order to identify additional risk factors. Elevated IOP commonly occurs within the first week after surgery in patients. Therefore, close monitoring and follow-up are essential during this period, along with timely initiation of appropriate treatment to achieve better treatment and prognosis.

Previous studies have considered diabetes, aphakic eye, and the viscosity of silicone oil as risk factors for IOP elevation after PPV combined with silicone oil tamponade (16, 17). In our study, analysis revealed that age, sex, hypertension, diabetes, myopia, retinal detachment, lens status and biological parameters were identified as risk factors for elevated IOP after PPV.

Our results indicated that younger patients are more prone to developing high IOP postoperatively. This finding is comparable with Pillai et al. (18), which suggested that the higher incidence of trabeculitis and anterior chamber inflammation in younger patients may contribute to the manifestation of high IOP symptoms following surgery due to their heightened inflammatory response. However, our study lacks clear evidence to support this conclusion, highlighting the need for future investigations.

Although several biological parameters, such as ACD, CCT, LT, and WTW distance, significantly influenced postoperative IOP in the present study, few prior studies have evaluated their effects on IOP elevation after vitreoretinal surgery with silicone oil filling. Previous studies have found a positive association between CCT and IOP values (19–21). Additionally, a tendency of higher IOP readings with longer axial length has been reported (22), while Hoffmann et al. (23) highlighted the high correlation of IOP measures with thicker central cornea, greater lens thickness, and longer posterior segment length. WTW distance has been found to be positively correlated with ACD. This suggested that WTW also has a positive association with IOP (24). However, these studies only reported the correlation between biological parameters and intraocular pressure, without analyzing the impact on the occurrence of elevated IOP after vitrectomy and silicone oil tamponade. In contrast, the present study is the first to investigate these relationships and found a high positive correlation between postoperative IOP elevation and AL, ACD, and WTW. Further exploration and explanation of the relationship between biological parameters and IOP is necessary.

Many articles have reported that aphakia is a strong risk factor for IOP elevation after PPV and SO tamponade (14, 25), and our study confirmed this finding. We also founded that patients with pseudophakia are also associated with an increased risk of IOP elevation. Chang (26) was the first to report that the diffusion of oxygen from the vitreous cavity into the anterior chamber is the main reason for elevated IOP in vitrectomized eyes. This diffusion caused alterations in the trabecular meshwork, resulting in reduced aqueous outflow, increased IOP, and the development of glaucoma (27, 28). Because the crystalline lens contains proteins that metabolize oxygen (29, 30), it has the potential to reduce oxidative stress on the trabecular meshwork and prevent oxidative damage. Additionally, it serves as a barrier, preventing oxygen from entering the anterior chamber. These factors could explain why our model estimates that lens status is a significant factor influencing postoperative IOP elevation.

Compared to previous studies (31–33), it has been shown that combined phacoemulsification and intraocular lens implantation (PE&IOL) have an additive effect on transient elevation of IOP, which was consistent with the findings of our prediction model. Furthermore, the long-term effect of cataract surgery on reducing IOP can result in reduced IOP during the late postoperative period. This could be attributed to the induction of greater inflammation in the trabecular meshwork by cataract surgery, resulting in increased IOP during the initial postoperative period. Additionally, the combination of PPV and cataract surgery can induce anterior segment inflammation and disrupt the blood-aqueous barrier (25, 34–36). The long-term reduction of IOP following cataract surgery can be attributed to improvements in outflow facility, deepening of the anterior chamber, and posteriorizing of the lens-iris diaphragm (37, 38).

Patients diagnosed with RD or VH showed a strong association with the development of elevated IOP in our study. Fujikawa et al. (39) reached a similar conclusion, indicating that the RD group had a significantly higher risk of post-vitrectomy IOP increase. Recent study findings (40) have suggested that the absence of an oxygen diffusion barrier in the vitreous leads to significantly elevated partial oxygen pressure within the vitreous cavity. In the case of patients diagnosed with RD and VH, we conducted a comprehensive vitrectomy, completely removing the peripheral vitreous, while performing a core vitrectomy for other patients. This procedure could lead to increased oxygen stress on the trabecular meshwork in the eyes of RD patients (41), potentially resulting in elevated IOP.

Elevated IOP is a common and severe complication of PPV with silicone oil tamponade. Clinicians typically manage high postoperative IOP through the administration of IOP-lowering eye drops or early removal of intraocular silicone oil to avoid optic nerve damage, but the latter approach may induce secondary complications like recurrent retinal detachment. Thus, it is essential from a clinical perspective to examine the potential risk factors associated with postoperative hypertension and develop corresponding interventions to mitigate its occurrence. Furthermore, given the high incidence of myopia and cataract in China, our study introduces biological parameters as factors for a comprehensive systemic analysis. Leveraging a larger data set, our study provides a more thorough and precise analysis of the potential risk factors linked to postoperative high IOP. Moreover, our statistical findings and prediction model lay the foundation for future prospective studies.



5 Conclusion

In conclusion, IOP elevation is a common complication following PPV with SO tamponade. Our study identified several risk factors, including age, sex, hypertension, diabetes, myopia, retinal detachment, lens status and biological parameter. Additionally, we conducted prediction model using GBDT to predict IOP elevation, achieving an accuracy of 0.7944. Knowledge of incidence, risk factors, and mechanism of IOP rise following PPV is essential for the postoperative follow-up and management of patients.
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Purpose: This study aims to explore the relationships between lens diameter (LD) measured with ultrasound biomicroscopy (UBM) and ocular biometric parameters.

Methods: Ocular biometric parameters including axial length (AL), white-to-white distance (WTW), anterior chamber depth (ACD), lens thickness (LT) and anterior segment length (ASL) were measured with IOL-Master 700, and the direct measurement of LD was conducted through UBM (ArcScan Insight 100). Relationships between LD and ocular biometric parameters were then investigated. Eyes with AL ≥ 28 mm were defined as eyes with extreme myopia, and eyes with AL < 28 mm were defined as eyes without extreme myopia.

Results: A total of 194 eyes from 194 subjects were included. The mean LD was 9.58 ± 0.49 mm, ranging from 8.60 to 10.96 mm. According to univariate analysis, larger LD was associated with elder age, male gender, larger WTW, ACD and ASL (all p < 0.05). Meanwhile, the LD was positively correlated with AL in eyes without extreme myopia (p < 0.05), but not in eyes with extreme myopia (p > 0.05). Backward stepwise regressions revealed that a larger LD was associated with larger WTW, ASL and AL in eyes without extreme myopia (all p < 0.05), while ASL was the only significant variable in eyes with extreme myopia (p < 0.05).

Conclusion: Larger WTW, ASL and AL in eyes without extreme myopia, as well as longer ASL in eyes with extreme myopia indicated a larger LD, which provides guidance in personalized surgical choice and promises ideal visual outcomes.
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 lens diameter; ultrasound biomicroscopy; white-to-white distance; anterior segment length; axial length


Introduction

Cataract has always been one of the most common causes of vision loss worldwide (1). In recent decades, with the rapid development of accurate biometric techniques and application of various functional intraocular lenses (IOLs), cataract surgery has become more of a refractive surgery aiming at better visual quality, rather than solely visual acuity restorations (2, 3).

However, postoperative misalignment of intraocular lenses (IOLs), encompassing tilt, decentration, and rotation, notably compromises refractive cataract surgery outcomes, particularly with multifocal and toric IOLs (4, 5). It is widely acknowledged that the size of the capsular bag plays a vital role in the postoperative IOL position (3, 6), but the difficulty in measuring lens diameter (LD) directly, as an indicator for the size of the capsular bag, presents challenges for surgeons in choosing a corresponding compatible IOL. Thus, investigation of the relationships of LD with measurable ocular biometric parameters might provide useful information for cataract surgeons to predict LD and further select compatible IOLs.

However, associations between LD and biometric parameters remain controversial due to technique restrictions. Previously, several studies have focused on the measurements of human cadaver eyes and found that the LD was positively correlated with the axial length (AL) and age, but could not be predicted by white-to-white (WTW) distance (7, 8). The ocular magnetic resonance imaging (MRI) was applied to find that the transverse diameter of the eyeball and AL resulted in the best prediction for LD (9), while the results of optical coherence tomography (OCT) showed poor prediction performance (10). Nevertheless, postmortem changes of cadaver lens largely reduced the accuracy, and the sample sizes were limited due to the difficulty in obtaining cadaver lens, and the poor resolution of MRI and the incomplete lens imaging of OCT impaired the reliability of these measurements.

Here we introduced a newly developed very high frequency (VHF) ultrasound biomicroscopy (UBM), ArcScan Insight 100. Compared with conventional UBM, it offers superior signal penetration and better ability to capture the entire anterior segment in a single image, and is less invasive by using a disposable eyepiece, which allows to measure the LD more accurately and conveniently (11–13).

Therefore, in this study, we aimed to investigate the relationships between LD measured with UBM and ocular biometric parameters, thereby guiding surgeons to choose a compatible IOL, and helping patients obtain better visual outcomes.



Materials and methods


Ethics statement

The cross-sectional study was performed in accordance with the tenets of the Declaration of Helsinki, approved by the Institutional Review Board of the Eye & ENT Hospital of Fudan University, Shanghai, China, and registered at http://www.clinicaltrials.gov (accession number NCT02182921, protocol number 20201001–1, date of approval December 22nd, 2020). All participants provided signed informed consent, after receiving a full description of the study, for the use of their clinical data.



Participants

Participants planned to have cataract surgery at Eye & ENT Hospital of Fudan University, Shanghai, China and healthy volunteers were enrolled in this study from January 2022 to December 2022. Exclusion criteria are listed as follows: (1) abnormalities in the position and shape of the lens, such as lens dislocation or subluxation, lens coloboma, etc.; (2) mature or hyper-mature stage of cataract (LOCS III grading: NO score ≥ 5 or NC score ≥ 5 or C score ≥ 4) that impacts the relationships between LD and other ocular parameters; (3) history of strabismus, nystagmus or severe retinal pathologies that affect fixation; (4) history of intraocular surgeries or ocular trauma; (5) unclear UBM images of the anterior segment. One eye was randomly selected from each patient to avoid double-organ bias.



Ocular biometric measurements by IOL master

Ocular biometric parameters were obtained using the IOL Master 700 (Carl Zeiss AG, Jena, Germany), a non-invasive optical biometer that uses partial coherence interferometry, by experienced technicians. Before measurement, the correct fixation of the examinees was visually checked on the fovea scan by the technician. During each examination, AL, WTW; anterior chamber depth (ACD), and lens thickness (LT) were measured automatically. Meanwhile, the standard deviation (SD) for AL, ACD and LT were also automatically calculated, and the device would warn of low-quality results if the SD for AL >0.027 mm, for ACD >0.021 mm or LT >0.038 mm, which would further be deleted and repeated until reproducible readings were obtained. The anterior segment length (ASL) was calculated by the sum of LT and ACD. Eyes with AL ≥ 28 mm were defined as eyes with extreme myopia, and eyes with AL < 28 mm were defined as eyes without extreme myopia.



Lens diameter measurement by ultrasound biomicroscopy

Cross-sectional views of the lens with anterior segment imaging were obtained using UBM measurements (Insight 100, ArcScan Inc., Golden, CO, USA), which is a newly developed very high frequency (VHF) ultrasound device for imaging and obtaining biometric measurements of the eye. It uses precision high-frequency ultrasound technology to offer superior signal penetration and to image the true anatomy of the entire anterior segment in a single image with the high resolution at an ultrasonic frequency of 20–60 MHz, a maximum arc scanning range of 80°, and a linear scanning range of 28 mm (Figure 1A). During scanning, seated subjects placed their chin into a headrest and the fellow eye into a soft and rimmed eye-cup, which was then filled with the balanced salt solution. A soft membrane separated the eye from the transducer in a scanning chamber filled with distilled water. With participants staring at a narrow fixation target, the examiner adjusted the scanning frame to be centered on the corneal reflex. The UBM measurement was then performed in the ‘capsule’ mode, with a tissue penetration depth of 15 mm on the axial horizontal section (transverse diameter passing through the corneal apex from 9 to 3 o’clock).

[image: Figure 1]

FIGURE 1
 Lens imaging and measurement of lens diameter with ArcScan Insight 100. (A) Original image. (B) Two best fitting arcs (in blue) were generated to delineate the equator of the lens, then the lens diameter (LD) was measured as the distance between the vertex of the circular arcs on both sides of the lens (in yellow). (C) Two auxiliary lines (in red) were introduced at the intersection of our fitting arc and the observed anterior or posterior curve to ensure the alignment, with the perpendicular angle defining the fitting arc (in blue) as the best fit.


Using the built-in tool of Insight 100, the outline of the lens was delineated and LD was measured by two experienced ophthalmologists independently. The built-in manual caliper tool can generate a fitting arc through three points, which could be adjusted via moving these three points for the best fit. Two auxiliary lines (Figure 1C, depicted in red) were introduced at the intersection of our fitting arc and the observed anterior or posterior curve, which were strategically positioned to ensure that the fitting arc tangentially aligned with the observed curve. The perpendicular orientation of these lines determined the ideal positioning, defining the fitting arc as the best fit (Figure 1C, depicted in blue). Two best fitting arcs were generated to delineate the equator of the lens, effectively outlining its elliptical shape. LD was quantified as the distance between the vertex of the circular arcs on both sides of the lens (Figure 1B, depicted in yellow). The Bland–Altman analysis of two observers showed excellent interobserver reproducibility (Supplementary Figure S1), and the averaged measurements from both observers were utilized for subsequent analyses.



Statistical analysis

Quantitative data were presented as means ± standard deviations (SD). After assessing the normal distribution of the data with Shapiro–Wilk normality test, comparisons between two groups were performed using Student’s t-test, and among more than two groups using one-way analysis of variance (ANOVA). Categorical data were expressed as the frequencies and percentages of each category, and compared using X2 test. The Pearson coefficient was determined to evaluate the strength of all correlation pairs. Multiple linear regressions were performed using backward stepwise selection. Statistical analyses were performed with SPSS version 26.0 (IBM Inc., Chicago, IL, USA) and graphs were prepared using Prism 8.0 (GraphPad Software, Inc., USA). p values <0.05 were considered statistically significant.




Results


Characteristics

Table 1 presents the demographic and ocular biometric parameters of all participants in this study. This study included 194 eyes of 194 patients (91 men and 103 women). The mean age was 59.2 ± 16.1, ranging from 22 to 90 years old. The study population included 20 (10.31%) eyes with AL < 22 mm, 80 (41.24%) eyes with AL between 22 and 24.5 mm, 28 (14.43%) eyes with AL between 24.5 and 26 mm, 32 (16.50%) eyes with AL between 26 and 28 mm and 34 (17.53%) eyes with AL ≥ 28 mm.



TABLE 1 Demographic and ocular biometric data of all participants.
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The distribution of LD among this study population is presented in Figure 2. The mean LD was 9.58 ± 0.49 mm, ranging from 8.60 to 10.96 mm. The 25 and 75% percentiles of LD were 9.22 and 9.84, respectively.

[image: Figure 2]

FIGURE 2
 Distribution of lens diameter (LD) among this study population.




Univariate analysis of the correlations between lens diameter and other variables

The LD was positively correlated with age (Pearson’s correlation coefficient, r = 0.206, p = 0.004; Figure 3A), and the male subjects had significantly larger LD than female subjects (9.68 ± 0.48 mm for males and 9.49 ± 0.48 mm for females, p = 0.009, Figure 3B). As presented in the scatterplots for LD against WTW, ACD, LT, and ASL, the Pearson’s correlation analysis revealed that LD was positively correlated with WTW (r = 0.288, p < 0.001; Figure 3C), ACD (r = 0.331, p < 0.001; Figure 3D), ASL (r = 0.448, p < 0.001; Figure 3F), whereas, no correlation was found between LD and LT (r = 0.074, p = 0.301; Figure 3E).
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FIGURE 3
 Associations of lens diameter (LD) with age, sex and ocular biometric parameters. (A) LD was positively correlated with age (r = 0.206, p = 0.004). (B) The LD of males was significantly larger than that of females (** p < 0.01). Correlations between lens diameter (LD) and (C) white-to-white distance (WTW) (r = 0.288, p < 0.001), (D) anterior chamber depth (ACD) (r = 0.331, p < 0.001), (E) lens thickness (LT) (r = 0.074, p = 0.301), (F) anterior segment length (ASL) (r = 0.448, p < 0.001).


Change of LD with AL is presented in Figure 4A. With the increase of AL, the LD was firstly increased gradually to peak in the group with AL of 26-28 mm, then decreased slightly (ANOVA, p < 0.05). Pearson’s correlation analysis showed that the LD correlated positively with AL in eyes without extreme myopia (r = 0.398, p < 0.001; Figure 4B), but not correlated in eyes with extreme myopia (r = 0.175, p = 0.323; Figure 4B).
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FIGURE 4
 Changes of lens diameter (LD) with axial length (AL). (A) Compared with the AL 22–24.5 mm group, the AL < 22 mm group had significantly smaller LDs and the AL 26–28 mm group had significantly larger LDs (** p < 0.01). With the increase of AL, the LD was firstly increased gradually to peak in the AL 26–28 mm group, then decreased slightly. (B) The correlation between LD and AL was significantly positive in eyes without extreme myopia (r = 0.398, p < 0.001), but not significant in eyes with extreme myopia (r = 0.175, p = 0.323).




Independent predictive factors of lens diameter with multivariate analysis

Backward stepwise multiple linear regressions, which included age, sex, WTW, ASL and AL as independent variables, were performed to evaluate the independent predictors of LD in eyes without and with extreme myopia, respectively. As shown in Table 2, after adjusting for age and sex, a larger LD was associated with larger WTW (β = 0.165, p = 0.019), longer ASL (β = 0.232, p = 0.010) and longer AL (β = 0.074, p = 0.001) in eyes without extreme myopia. Whereas, in eyes with extreme myopia, only ASL (β = 0.693, p = 0.014) was independently correlated with LD.



TABLE 2 Multiple linear regressions analysis of LD in eyes without and with extreme myopia.
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Discussion

Cataract is a common ocular disease which can cause vision impairment and seriously affect the patient’s quality of life. With advances in surgical technology and application of various functional IOLs, cataract surgery has entered the era of refractive surgery, which can not only rebuild vision but also provide good visual quality. The postoperative stability of the IOL position is the critical fundament of achieving optimal visual outcomes, with the match between the capsular bag and IOL serving as the determinant (2, 3, 5). However, whether the regular biometry could predict the LD has not yet been reached, and the best approach to measure or calculate the LD was also sought for (14–16). In this study, we used a novel UBM to measure LD and investigate the relationships between the LD and ocular biometric parameters, and observed that a larger LD was associated with larger WTW, ASL and AL in eyes without extreme myopia, while ASL was the only significant predictor in eyes with extreme myopia.

In our study, we firstly used a novel UBM to measure LD and investigate its predictors. Revolving around LD, early efforts were based on ex vivo measurements of human cadaver eyes (7, 8). However, due to the postmortem changes of cadaver lens, the deviation from its physiological shape should not be overlooked. And since the lens shape was dependent on the accommodation force, the extracted lens without any accommodation was not comparable to the lens in vivo (17). Compared with previous studies based on cadaver eyes, our study avoided the postmortem changes of cadaver lens from its physiological shape, rendering our findings more precise and compelling (12, 13). Besides, the primitive methods of measurement may lack accuracy, and the sample sizes of both studies was relatively small. Also, plenty of in vivo measurements have been performed, such as MRI and OCT, but a reliable and easily available approach to predict LD was hardly found. The resolution of MRI remained relatively lower, and given its expensive and inconvenient nature, routine utilization was impractical (9). Regarding the commonly employed measuring methodology based on OCT imaging, the distance between the intersections of the extended anterior and posterior lenticular surface curvatures was regarded as the lens equatorial diameter, which obviously failed to match with the actual elliptical shape of the lens (10, 14, 18, 19). On the contrary, the strength of Insight 100 lies in its ability to detect the peripheral area behind the iris, thus enhancing its capability to depict the real elliptical shape of the lens after the rigorous fitting procedure mentioned above, rather than a spindle-shaped one. As evidenced by recent studies, measurements of lens diameters with Insight 100 were notably shorter compared to those obtained using OCT. This disparity suggests that the enhanced accuracy offered by Insight 100 could carry considerable implications in guiding more informed surgical decisions (12, 13). Besides, compared with conventional UBM, the newly developed Insight 100 exhibits superior signal penetration and reduced invasiveness using a disposable eyepiece, indicating the potential for broader applications (11–13).

In our study, we evaluated the relationships between LD and ocular biometric parameters in vivo and found a non-linear correlation between LD and AL. To our best knowledge, our study was the largest sample-size LD prediction study based on ocular biometric parameters. Previously, the conventional idea that longer eyes have a larger capsular diameter was widely believed, as several studies based on cadaver eyes and in vivo measurements including OCT and MRI have consistently exhibited a positive association between LD and AL (6, 8–10, 14, 19–21). Contrary to prior expectations, we found that the correlation between LD and AL was not linear. In eyes without extreme myopia, as historically proposed, the LD was on the rise as the AL increased, but that was not the case in eyes with extreme myopia, which could be explained by morphological characteristics of the elongation of myopic eyes. Normally, the eyeball grows globally and uniformly with AL increasing. However, as suggested by our previous finding, extreme elongation of the eyeball was mainly due to the extension of the posterior segment (22). Thus, in eyes with extreme myopia, the LD, as an anterior structure, was not further increased with the eyeball extension.

In our study, we also provided evidence for predicting LD using ocular biometric parameters. We demonstrated that larger AL, WTW and ASL were associated with larger LD in eyes without extreme myopia, and larger ASL was only independent predictor for larger LD in eyes with extreme myopia. The positive correlations of WTW and ASL with LD was consistent with our previous finding that toric IOLs rotate more in eyes with larger WTW and longer ASL (23). One reasonable explanation could be that WTW serves as an indicator of the horizontal diameter of the eyeball, thus representing the horizontal size of the anterior segment to a certain extent (24), and ASL has been established to represent the sagittal dimension of the anterior segment (22, 23). Based on the above findings, we should pay special attention to the selection of an appropriate IOL in the clinical management of patients with these characteristics to avoid postoperative IOL decentration, tilt and rotation.

Several limitations exist in this study. First, the single-hospital setting and exclusion criteria may introduce selection bias, warranting caution when extrapolating findings to broader populations. Second, potential confounding factors, which we may not have fully accounted for, require further elucidation in future research. Third, given the inherent imaging limitations of Insight 100 and the potential deviations introduced by manual measurement, our measuring protocol has not been established as a gold standard for in vivo lens biometry, so further explorations into advanced imaging techniques or software tools that offer improved resolution or better delineation of the lens equator still remain a priority.



Conclusion

To conclude, with the novel UBM introduced, our study demonstrated that a larger LD was associated with elder age, male gender, larger WTW, ACD and ASL, while the correlation between AL and LD was not linear. Conventional parameters including AL, WTW and ASL in eyes without extreme myopia, as well as ASL in eyes with extreme myopia would help better to predict LD, hopefully to aid in personalized surgical decision-making and to promise ideal visual outcomes.
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SUPPLEMENTARY FIGURE S1 | The Bland-Altman analysis of two observers in measuring LDs showed excellent interobserver reproducibility.
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7 days after first session 7 days after second session

Increased(n) Reduction or unchanged(n) Increased(n) Reduction or unchanged(n)
Age
<d5years 14 6 18 2
245years 3 0 2 1
Pvalue 0539 0365
Gender
Male 2 2 3 1
Female 15 4 17 2
Pvalue 0270 0453
Episodes
Primary 2 5 1 3
Recurrent 5 1 6 0
Pvalue 1.000 0539
Quantity
Solitary 13 4 1 3
Multiple 4 2 6 0
Pvalue 0632 0539
Diameter of chalazions
<5mm 15 6 18 3
>5mm 2 0 2 0
Pvalue 0379 0567
Position
Upper eyelid n 3 13 1
Lower eyelid 6 3 7 2

P-value 0.643 0538
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After one

After two
sessions

p-value
(baseline vs. T1)

Baseline P
Conjunctival congestion 0.99(036) 0.94(0.28)
ST (mm) 8.94(6.01) 8.69(7.45)
NIBUT (s) 8.18(4.46) 9.53(4.21)
CES 0.09(0) 0.04(0)
Meibomian gland area (%) | 43.69(287) 4597(3.18)

0.81029)

9.13(9.14)

971(4.18)
0.00(0)

50.92(2.45)

0177
0124
0.680
0157

0.023*

p-value p-value
(baseline vs. T2)  (T1lvs.T2)
<0.001%4% 0014+
0,083 0.960
0760 0856
0317 0564
<0.001%+ 0.004%%

CFS, corneal fluorescein staining; NIBUT, non-invasive tear breakup time; ST, Schirmer’ test I; T1, 7 days after first treatment; T2, 7days after second treatment, *p<0.05, **p<0.01,
#+%p.<0.001. The values in bold were used to remind the reader that these p-values were statistically significant.
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7 days after first session 7 days after second session

Reduction(n) Increased or unchanged(n) Reduction(n) Increased or unchanged(n)
Age
<d5years 16 4 19 1
245years 1 2 2 1
Pvalue 0155 0249
Gender
Male 4 0 4 0
Female 13 6 17 2
Pvalue 0539 1.000
Episodes
Primary 12 5 16 1
Recurrent 5 1 5 1
Pvalue 1.000 0.462
Quantity
Solitary 12 5 15 2
Multiple 5 1 6 0
Pvalue 1000 1000
Diameter of chalazions
<5mm 16 5 20 1
>5mm 1 1 1 1
Pvalue 0462 0170
Position
Upper eyelid 12 2 13 1
Lower eyelid 5 4 il 1

P-value 0.162 1000
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Characteristics n =23, n(%)

Age (years), mean £ SD (range) 3161 £ 11.42(18-59)
<dsyears 20(87.0%)
245years 3(13.0%)

Gender, n (%)

Male 4(17.4%)
Female 19(82.6%)

Laterality, n (%)
Unilateral chalazions 18(78.3%)
Bilateral chalazions 5(21.7%)

First onset, 1 (%)

Primary chalazions 17(73.9%)

Recurrent chalazions 6(26.1%)
Quantity, 1 (%)

Single 18(78.3%)

Multiple 5(21.7%)

Diameter of the chalazions, n (%)
<5mm 21(913%)
>5mm 2(8.7%)
Position, 1 (%)
Upper eyelid 14(60.9%)
Lower eyelid 9(39.1%)
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Characteristics of Vial system Prefilled

patients with TVL syringe

Number of eyes with TVL/total,

2/842(024%)° 117878 (1.25%)

no. (%)
Sex
Male, no. (%) 2(100) 5(50)
Female, o. (%) 0(0) 5(50)
Age mean::SD, in years 83514 756492
Eye
Right, no. (%) 1(50) 307.3)
Left, no. (%) 1(50) 8(72.7)
Prior injections, mear no. + SD 165155 1512147
Reason for treatment*
Neovascular AMD, no. (%) 2(100) 6(54.5)
Diabetic macular edema, no.

0 2082)
(%)
Central retinal vein occlusion,

0 20182)
no. (%)
Branch retinal vein occlusion,

0(0) 10.0)
no. (%)
Other, no. (%) 0(0) 0
Other ocular comorbidities*
Ocular hypertension, no. (%) 1(50) 00)
Glaucoma, o (%) 0 5(455)
Eyes with TVL prior to

e " 00) 11y
observation period, no. (%)*
Surgeons involved in TVL.
2 5

events, no.
Need for paracentesis, no. ™ 00 8(27)°

‘%2 eyes with TVL in 2 patients.
f11 eyes with TVL in 10 patients.

“percentage of the total number of eyes with TVL.

“one prior TVL event was documented in this case.

‘Surgeon 1 4 events; surgeon 2: 3 events; surgeon 3; 2 events; surgeons 4 and 5: 1 event.

the need for paracentesis was assessed individually by the surgeon based on the duration
of ss of perception of hand motion, palpation of the globe and the individual spontaneous
tendency for resolution including the patient’ subjective course of symptoms within the
irst 2 min

“ paracentesis was performed at least once by 5 out of the 6 surgeons (83.3%).






OPS/images/fmed-10-1295633/fmed-10-1295633-g002.jpg
a0

00

Weekly incidence of I0PS after aflibercept PFS

198

106

2

201

100

Weak

o000

s

000

7

208





OPS/images/fmed-10-1266532/fmed-10-1266532-t005.jpg
Hyphema with niveau 5 (12.8%)

Transient IOP elevation
2(5.1%)
>30mmHg

[OP, intraocular pressure.

Phaco
1(1.8%)

2(3.6%)

003

072





OPS/images/fmed-10-1271897/crossmark.jpg
(®) Check for updates






OPS/images/fmed-10-1271897/fmed-10-1271897-e001.jpg





OPS/images/fmed-10-1271897/fmed-10-1271897-e002.jpg





OPS/images/fmed-10-1266532/fmed-10-1266532-t001.jpg
iStent-

Phaco
No.eyes 39 55
Age (years) 725:8.1 722498 0.8
Gender (M/F) 2118 26129 053
Preoperative IOP
162244 15.0£38 018
(mmHg)
No. IOP-lowering
22:14 21214 068
medication
Prostanoid receptor
3 48
agonist
i-blocker 20 27
Carbonic anhydrase
20 2
inhibitor
a2 agonist 15 14
ROCK inhibitor 5 4
Axial length (mm) 251521 251526 093
Central cornea
507.7437.7 5105£37.1 072
thickness (pm)
Visual field MD (dB) -9.467 ~9.1£7.0 057
Visual feld PSD (dB) 81242 75¢44 039
Whole RNFL thickness
701£129 7045116 090
(um)
Whole GCC thickness
7474147 7964262 035
(hm)

M, male; . female; IOP, intraocular pressure; ROCK, tho-Kinase; MD, mean deviation; PSD,
pattern standard deviation; OCT, optical coherence tomography; RNFL, retinal nerve iber
layer; GCC, ganglion cell complex.
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pLOT-Phaco

Change from

IOP (mmHg) - line (%)

Baseline 16244

Month 3 12729 1842210
Month 6 12526 204187
Month 12 132432 1622183

[P, intraocular pressure; CI; confidence interval.

Pvalue*  |OP (mmHg)

15038
<0001 124226
<0001 12523
<0001 13224

“Calculated using paired t-test for IOP between preoperative and postoperative values
**Calculated using Students (-test for the % changes from baseline at each visit time between the groups.

iStent-Phaco

Change from
baseline (%)

1442189
1382188

1002189

<0001

<0001

<0001

P value** (95%
Ci)

0.34(~4.1~12.6)
0.10(=13~14.5)
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WLOT-Phaco iStent-Phaco

Number of P value* Number of P value* P value**(95% CI)
medications medications
Baseline 22514 21514 0.68 (~046~0.71)
Month 3 04210 <0.001 04208 <0.001 0.98 (~0.35~0.36)
Month 6 07211 <0.001 0508 <0.001 0.22(~0.30~

Month 12 06£10 <0.001 05£08 <0001 0.51(=0.31~0.62)

IOR, intraocular pressure; CI, confidence interval.
“Calculated using Wilcoxon signed-ranks test for number of medications between preoperative and postoperative values.
**Calculated using Students t-test for the % changes from baseline at each visit time between the groups.
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Gene

GAPDH
Forward
Reverse
TNF-a
Forward
Reverse
1L-1p
Forward
Reverse
1L-6
Forward
Reverse
MCP-1
Forward
Reverse
VEGF-C
Forward

Reverse

imer sequence (5'-3

GGAGTCCACTGGCGTCTTCA
GTCATGAGTCCTTCCACGATACC

GAAAGCATGATCCGGGACGTG
GATGGCAGAGAGGAGGTTGAC

ATGGCTTATTACAGTGGCAATGAG
GTAGTGGTGGTCGGAGATTCG

ACTCACCTCTTCAGAACGAATTG
CCATCTTTGGAAGGTTCAGGTTG

GATCTCAGTGCAGAGGCTCG
TGCTTGTCCAGGTGGTCCAT

CAGCACGAGCTACCTCAGCAAG
TTTAGACATGCATCGGCAGGAA
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Gene

GAPDH
Forward
Reverse
TNF-a
Forward
Reverse
115
Forward
Reverse
1L-6
Forward
Reverse
MCP-1
Forward
Reverse
iNOS
Forward
Reverse
VEGF-C
Forward

Reverse

Pri

er sequence (5

TCTCTGCTCCTCCCTGTTC
ACACCGACCTTCACCATCT

TACTGAACTTCGGGGTGATTGGTCC
CAGCCTTGTCCCTTGAAGAGAACC

CCCTGCAGCTGGAGAGTGTGG
TGTGCTCTGCTTGAGAGGTGCT

CGAAAGTCAACTCCATCTGCC

GGCAACTGGCTGGAAGTCTCT

CTGGAGAACTACAAGAGAAT
TCTAGTATTCATGGAAGGGA

CCACGACACCCTTCACCACAAG
TTGAGGCAGAAGCTCCTCCA

GATTCAGGGGTTGATTTCTTG
TTTCCTTAATTCATGTGGAGCC
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Standard Score

Clarity 0 Clear cornea
1 Slight haze
2 Increased haze but anterior chamber

structures still clear

3 Advanced haze with difficult view of

anterior chamber

4 Opaque cornea without view of anterior
chamber
Edema 0 No stromal or epithelial edema

ight stromal thickness
2 Diffuse stromal edema

3 Diffuse stromal edema with microcystic

edema of epithelium

4 Bullous keratopathy
Neovascularization 0 No vascularization
1 Vaseularization of the peripheral cornea
2 Vascularization to the corneal wound
3 Vascularization of the peripheral graft
4 Vascularization of the entire graft

The grafts showing a score of RI >6 were defined as rejected.
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Mean (dB)* SD P-valu

HVF MD Pre-SLT —5.61 3.90 =
3-year —6.84 5.84 0.05
5-year —7.64 6.57 0.02

HVEF PSD Pre-SLT 4.63 2.70 -
3-year 5.30 291 0.04
5-year 6.84 2.62 <0.01

*Twenty eyes that did not receive subsequent surgical intervention in the 5-year follow-
up period were used in this analysis. Two eyes were missing one or more HVF. Only one
eye from each patient was used in this analysis. T P-values refer to comparison with pre-
SLT values. Bold values indicate the p-value <0.05.
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RFNL thickness Mean (um)* | SD | P-val

Mean Pre-SLT 74.6 132 =
3-year 73.3 11.8 0.21
5-year 725 11.8 0.10

Superior Pre-SLT 89.8 20.6 E
3-year 87.7 20.0 0.28
5-year 85.9 19.3 0.12

Inferior Pre-SLT 94.0 23.2 -
3-year 89.7 20.5 <0.01
5-year 88.5 19.3 <0.01

*Nineteen eyes that did not receive subsequent surgical intervention in the 5-year follow-
up period were used in this analysis. Three eyes were missing one or more OCT. Only one
eye from each patient was used in this analysis. T P-values refer to comparison with pre-
SLT values. Bold values indicate the p-value <0.05.
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Characteristic

Mean or count

Age at SLT (years) 69.4 + 8.0
Gender

Male 25 (49.0%)
Female 26 (51.0%)
Self-reported ethnicity

Black or African American 42 (82.3%)
Hispanic or Latino 3 (5.9%)
White 4(7.8%)
Declined 2 (3.9%)
Diagnosis

POAG 40 (78.4%)
Borderline 3 (5.9%)
Suspect 1 (2.0%)
NTG 5(9.8%)
Uveitic 2 (3.9%)

POAG, primary open-angle glaucoma; NTG, normal tension glaucoma.
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Type of surgical intervention Count

None 26
Repeat SLT 13
Ahmed valve implant 8
Trabeculectomy 3
MicroPulse™ 2
CE 2
Total 51

SLT, selective laser trabeculoplasty; CE, cataract extraction.
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Characteristic | Hazard ratio 95% P-value

over 5-year | confidence

interval
Age at SLT 1.05 [1.01, 1.09] 0.04
CETH 1.01 [0.99, 1.01] 0.24
Female gender 1.79 [0.70, 4.54] 0.22
Pre-SLT IOP 1.02 [0.91, 1.14] 0.76
oS 0.92 [0.49, 1.74] 0.80

CCT, central corneal thickness; OS, left eye. *Forty-one eyes were used for this analysis
that had available CCT data pre-SLT. All other hazard ratios were determined using all
51 eyes included in this study with clustering among patients. Bold values indicate the
p-value <0.05.
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IOP (mmHg) Pre-SLT 18.0
3-year 14.8 2.8 <0.01
5-year 14.5 33 <0.01

VA Pre-SLT 0.8 0.2 -
3-year 0.8 0.2 0.84
5-year 0.8 0.2 0.74

# Glaucoma medications Pre-SLT 2.0 1.1 -
3-year 2.5 13 0.07
5-year 237 1.6 0.04

*Twenty-one eyes that did not receive subsequent surgical intervention in the 5-year
follow-up period were used in this analysis. Only one eye from each patient was used
in this analysis. T P-values refer to comparison with pre-SLT values. Bold values indicate

the p-value <0.05.
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Data were presented as mean + standard deviation (range or proportion).
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Factor (PIMH) Odds Ratio (95%

Confidence
Interval)

MLD 1.0(0.985-0.999) 0.03*
BD 1.0(0.99-1.001) 015
H 1.0(1.0-1.02) 0805
MHI 0.0(0.0-17.6) 0.12
THI 0.41(0.02-8.82) 057
BCVA at baseline 0.71(0.06-892) 079
‘Time duration between 1.03(0.94-1.13) 054
iMH and PIMH surgery

Age 0.96 (0.84-1.09) 0515
Female gender 6.46 (0.81-51.34) 008
Tamponade 031 (0.01-875) 049
Binocular iMH 253 (026-25.03) 043

Macular hole index (MHI) is defined as the ratio of height to base diameter,that is MH
BD. Tractional hole index (THI) s defined as the ratio of height to the MLD: THI=H/MLI
'Univariate regression analysis, n =75, *Significant association (p value<0.05).
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MS 2 years after surgery (D) 1.57 0.94 0.316 375 2.88 0.424
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Group 1 Group 2 | P-va

(62)

Eyes (1) 20 20 -
Male/female (n) 13/7 9/11 0.204
Unilateral/bilateral (eyes) 8/12 11/9 0.342
Cataract morphology (eyes)

Total white 2 2 -
Nuclear 1 1 -
Cortical 4 1 _
Posterior subcapsular 1 6 -
Mixed 2 4 -
Others* 10 6 -
Age at surgery (y) 2.53 £0.60 2.59 £0.56 0.737
Pre-operative AL (mm) 23.17 £0.81 20.85 £ 0.69 <0.001*
Follow-up time (y) 3.00 +£0.15 3.11+0.26 0.095
Age at the last follow-up 5534 0.61 5.70 £ 0.60 0.362

n, number of patients; y, years.

*P < 0.05. *Others include point-like, perinuclear, lamellar, anterior polar, and

other opacity.
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Factor SiO (n =21) Air (n =55) p value
Demographic characteristics

Age, years, mean £ D (range) 60.8+7.8 (43-76) 61£7.0(45-80) 094
Sex, female, no.(%) 14(66.7%) 40 (72.7%) 0.61

Ocular characteristics

Mean preoperative BCVA, logMAR, mean £ SD L1204 (04-1.7) 12403 (05-2.0) 0.18

Mean preoperative MLD, pm, mean £SD 605.6258.6 (177 628.4:4247.1(256-1,363) 073
1,040)

Duration between iMH and PIMH surgeries, months, mean +SD 34£32(05-6.0) 5.414.7(0.3-108) 053

Lens status, Phakic, no.(%) 19.(90.5%) 50 (90.9%) 091

MH, macular hole; SD, standard deviation; BCVA, best-corrected visual acuity; logMAR, logarithm of the minimurm angle of resolution; MLD, minimun linear diameter. Mean +5D is the
mean diameter of the narrowest part of the hole £ standard deviation.
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Group 1 Group 2 | P-value
Eyes (n) 20 20 -
Initial SE (D) 3.59 +£2:67 3.76 (3.06, 5.00) 0.569
SE at last follow-up (D) 2.29 £2.99 —0.01 £2.59 0.009*
MS 1 year after surgery (D) | 0.63(0.5,1.13) | 1.44 (1.04, 2.44) <0.001*
MS 2 years after surgery (D) | 1.50 (0.19, 1.98) | 3.07 (2.38, 4.53) <0.001*
2.13(0.38,2.63) | 3.88(2.85,5.72) |  <0.001*

MS 3 years after surgery (D)

n, number of patients; D, diopter; SE, spherical equivalent.

*P < 0.05.
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Final Number (%)

anatomic 5 z
ey SiO (n=21)  Air(n=55)

Open 3(143) 15(273)

Closed 18 (85.7) 40(72.7) 037

p value is calculated using Fisher's exact test.
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References Number of |Intervention Visual outcomes K change |[Stability Follow-up

eyes (D) duration
Costa et al. (159) 124 Ferrara UDVA (logMAR): 0.91 +£ 0.36 (preop) to 0.46 % 0.32 | Kypax: —1.8 Stability: 90.3% 5 years
(postop), CDVA (logMAR): 0.40 % 0.27 (preop) to
0.22 £ 0.20 (postop)
Peris-Martinez et al. 61 Ferrara UDVA (logMAR): 0.89 £ 0.52 (preop) to 0.44 % 0.34 Kipax: —4.0 Stable (8.2% extrusion) |2 years
(171) (postop)
de Araujo et al. (169) 34 Ferrara CDVA (logMAR): 0.32 £ 0.19 (preop) to 0.46 £ 0.27 | Kyax: —3.1 Stability: 74% 5 years
(postop)
Warrak et al. (175) 932 Intacs Both UDVA and CDVA improved significantly Kypaxt —3:8 Stability: 97.3%, 3 years
extrusion rate: 0.4%
Prisant et al. (172) 82 Keraring UDVA (logMAR): 0.82 (preop) to 0.46 (postop), Kiax: —3.3 Stable (but short 3 months
CDVA (logMAR): 0.31 (preop) to 0.21 (postop), follow-up)
Mean change in SE: 0.8 D
Abdellah and 38 Keraring 355 UDVA (logMAR): 0.93 £ 0.21 (preop) to 0.63 & 0.21 Kypax: —3.4 High rate of extrusion |3 years
Ammar, (168) (postop), Mean change in SE: 2.9 D (31.5%) and instability
Kang et al. (170) 30 Intacs UDVA (logMAR): 0.86 £ 0.46 (preop) to 0.74 % 0.37 Kiean: —2.9 Only stable cases were |5 years
(postop), CDVA (logMAR): 0.52 % 0.30 (preop) to included in this study.
0.40 % 0.30 (postop), Mean change in SE: 1.1 D
Torquetti et al. (174) 138 Ferrara 320 UDVA (logMAR): 1.1 (preop) to 0.3 (postop), CDVA | Kpean: —5.5 Stable (but short 6 months
(logMAR): 0.7 (preop) to 0.3 (postop), Mean change follow-up)
in SE:3.7D
Abd Elaziz et al. 30 Keraring 355 CDVA (decimal): 0.22 £ 0.17 (preop) to 0.49 & 0.22 | Kipax: —8.6 Stability: 90%, 6 months
(167) (postop), Mean change in SE: 7.6 D migration/extrusion:
10%
Sandes et al. (173) 58 Ferrara 140 CDVA (logMAR): 0.5 & 0.2 (preop) to 0.3 £ 0.21 Kimean: —2.5 Good stability with 88% |17 months
(postop) retainment rate

UDVA, uncorrected-distance-visual-acuity; CDVA, corrected-distance-visual-acuity.
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References' Number ofrlntervention

Visual outcome

'Refractive/ K

'Complications F/U

eyes changes (months)
CXL + ICRS
Hersh et al. 198 CXL + ICRS Concurrent: UDVA improved 0.17 Kiax: —2.2 D (concurrent) |2 (1%) cases of microbial |6
(203) (concurrent vs. logMAR, CDVA improved 0.09 logMAR, vs. —2.7 (sequential) keratitis (1 in each
sequential) Sequential: UDVA improved 0.24 group)
logMAR, CDVA improved 0.14 logMAR
Renesto Ada 39 Intacs vs. CXL then  |Intacs: UDVA improved 0.16 logMAR,  |No difference between Nil 24
etal. (204) Intacs CDVA improved 0.13 logMAR, groups for all K values
CXL/Intacs: UDVA improved 0.33
logMAR, CDVA improved 0.22 logMAR
Kilic et al. (189) 131 Same-day UDVA improved 0.26 + 0.16 logMAR, ~ Kmean: —4.5D Nil 1-25
Intacs + epi-on CXL  |CDVA improved 0.24 & 0.16 logMAR
Coskunseven 48 CXL then ICRS vs. CXL/ICRS: UDVA improved 0.18 CXL/ICRS: Kipean: —4.2D |8 eyes with stromal 13
et al. (202) ICRS then CXL decimal, CDVA improved 0.17 decimal, | ICRS/CXL: Kipean: —4.0D  |edema (resolved by
ICRS/CXL: UCVA improved 0.21 decimal, 3 months)
BCVA improved 0.33 decimal
CXL + PRK/PTK
Igbal et al. (207) 125 PRK + CXL (Athens) |CXL: UDVA improved 0.54 logMAR, CXL: Kipean: —2.1 D, SE CXL: 12.1% haze, 1.7% |24
vs. CXL alone PRK + CXL: SE reduced 2.3 D, UDVA reduced 2.3 D, PRK + CXL: |stromal scar
improved 0.68 logMAR Kmean: —1.4 D, SE reduced  |CXL + PRK: 5.9% haze,
2.3D 1.3% stromal scar
Ohana et al. 98 Athens UDVA improved 1.23 logMAR, CDVA no Kmean: —4.0 D 5% significant haze 12-36
(212) improvement
Nattis et al. (211) 62 CXL then TG-PRK Ref: UDVA Ref: Kmean: —0.4 D, Topo: no [Nil 6
20/100 to 20/60 change
CDVA 20/50 to 20/30
Gore et al. (206) 47 Athens CDVA improved 0.13 logMAR K1:=1.1D,K2:~54D Microbial keratitis (2%) |24
Kontadakis et al. 60 TG-tPRK + CXLvs.  [PRK + CXL: CDVA improved 0.17 Significant improvementin |[Nil 39
(210) CXL alone logMAR, K1 and K2 in the PRK + CXL
CXL: CDVA improved 0.09 logMAR group
Kanellopoulos 231 Athens UDVA improved 0.38 & 0.31 logMAR, K1: —=34D Nil 36
and Asimellis CDVA improved 0.20 £ 0.21 logMAR
(209)
Alessio et al. 34 PRK + CXLvs. CXL  [PRK + CXL: UDVA improved 0.44 Significant improvementin |Nil 24
(205) alone logMAR, CDVA improve 0.03 logMAR, |SE, K1, K2, and Kmax in
CXL: UDVA improved 0.07 logMAR, PRK + CXL group but not in
CDVA improved 0.02 logMAR CXL group
Kanellopoulos 325 Athens (simultaneous |Sequential: UDVA improved 0.41 Sequential: Kiean: —2.8 & 1.3|Stromal haze: 13.4% 24-68
(208) vs. sequential) logMAR, CDVA improved 0.25 logMAR D (sequential) vs. 1%
Simultaneous: UDVA improved 0.66 Simultaneous: Kinean: (simultaneous)
logMAR, CDVA improved 0.28 logMAR |—35+13D
CXL plus (3 or more procedures)
Shetty et al. 48 ICRS followed by UDVA improved 0.53 logMAR, CDVA  |SE: 4.6 D,Cyl: 1.7 D 2% lost 1 line of CDVA |12
(217) CXL + TG-tPTK improved 0.11 logMAR
Rocha et al. 55 Simultaneous UDVA Improved 0.39 logMAR, CDVA  |Cyl: —2.1D 1 eye (2%) lost >3 lines |6
(216) ICRS + PTK+ CXL  [improved 0.08 logMAR CDVA (haze)
Assaf and Kotb 22 Sequential Athens UDVA improved 0.87 logMAR, CDVA Kinean reduced —1.8 D Nil 6-14
(213) protocol then PIOL  |[improved 0.34 logMAR
Coskunseven 16 ICRS then TG-tPRK  [UDVA improved 0.89 logMAR, CDVA SE: 4.7 D, K1: —3.1 D, K2: Nil 6
etal. (214) then CXL improved 0.62 logMAR —8.7D
Kremer et al. 45 Sequential Intacs then [UDVA improved 0.35 decimal, CDVA Kiax: —4.3 D 11.1% mild haze 12
(215) same-day PRK + CXL [improved 0.19 decima
K, keratometry; F/U, follow-up; TG, topography-guided; PRK/PTK, photorefractive/phototherapeutic keratectomy; tPTK, transepithelial phototherapeutic keratectomy; ICRS, intrastromal
corneal ring segments; PIOL, phakic intraocular lens; SE, spherical equivalent; CDVA, corrected-distance-visual-acuity; UDVA, uncorrected-distance-visual-acuity.
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p-value Model Accuracy Precision Recall COr
Al (36 features) DT 0.757 05 00769 01333
IR 0.7664 05385 02692 0.359
RE 07944 075 02308 03529
G 07757 05385 02692 0.359
Fixed features (19 features) | DT 0.757 05 00769 01333
IR 07757 05833 02692 0.3684
RE 0785 06364 02692 03784
GB 07757 05455 04615 05
Pp<0.1 (28 features) DT 0.757 05 00769 01333
IR 0.7664 05385 02692 0359
RE 0.7944 06 04615 05217
GB 0.785 05517 06154 05818
p<0.2 (30 features) DT 0.757 05 00769 01333
IR 0.7664 05385 02692 0359
RE 07757 06 02308 03333
GB 0785 05517 06154 05818
p<0.3 (31 features) DT 0.757 05 00769 01333
LR 0.7664 05385 02692 0.359
RE 0.7664 1 00385 0.0741
G 0.785 05714 04615 05106
<04 (31 features) DT 0.757 05 00769 01333
IR 0.7664 05385 02692 0359
RE 0.7664 1 00385 0.0741
G 0785 05714 04615 05106
Pp<0.5 (32 features) DT 0.757 05 00769 01333
IR 0.7664 05385 02692 0359
RE 07757 05625 03462 04286
GB 07944 05769 05769 05769

10 dneision tron, LB: ol

Regression, RE: Random Forest, G|

Pr——
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Eyes 95% Cl

With IOP >21 mmHg With IOP <21 mmHg
(n =276) (n =785)

Intraoperative characteristics

Lens status

Phakic 213 678 053 0.38-0.76 <0.001
Aphakic 13 9 480 197-11.71
Pseudophakic 50 98 155 107-225

Biological parameter

Axial length 2822377 23884276 110 105-1.16 <0001
Anterior chamber depth 3.25£055 3.09£048 1.83 1.35-2.49 <0.001
Lens thickness 4.82£0.75 4.85£0.66 095 0.71-1.26 0509
Central corneal thickness 543.89454.53 540.16438.28 1.00 1.00-1.01 0.074
WTW 11.59+0.56 11.51£0.53 134 0.99-1.80 0.041

Viscosity of silicone oil

1,000 ¢St 7 29 0.61 0.25-148 0799
5,000 ¢St 269 756 119 044-3.26

DK-line injection

Yes 208 605 093 0.67-130 0.669
No 68 180

Combined cataract extraction

Yes 136 542 044 033-058 <0.001

No 140 213





OPS/images/fmed-10-1340198/fmed-10-1340198-t002.jpg
Eyes 95% Cl

With IOP >21 mmHg With IOP <21 mmHg
(n =276) (n =785)

Preoperative characteristics

Age, years 53.34£1338 60.34£12.08 0.96 0.95-097 <0.001
Sex

Male 163 400 139 105-183 0.020
Female 13 385

Diabetes.

Yes 42 163 0.69 047-099 0.045
No 234 622

Hypertension

Yes 63 238 068 0.49-0.94 0.018
No 23 547

Myopia

Yes 88 159 184 136-251 <0.001
No 188 626

Retinal detachment

Yes 256 515 671 4.16-10.83 <0.001
No 20 270

Macular hole

Yes 2 94 083 0.53-1.30 0412
No 248 691

Choroidal detachment

Yes 21 40 153 0.89-2.65 0.123
No 255 745

Vitreous hemorrhage

Yes 2 143 051 0.33-0.78 0.002

No 248 642
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Characteristics Value

Male 563 (53.06%)
Age at surgery, years 58521281 (11-93)
A history of diabetes mellitus 205 (19.32%)

A history of high blood pressure 301 (2837%)
Myopia 247 (23.28%)
Retinal detachment 771(72.67%)
Macular hole 122(11.50%)
Choroidal detachment 61 (5.75%)

Vitreous hemorrhage 171 (16.12%)
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Comparison

period

No. of Surgical
procedures in
2020

No. of surgical
procedures in
2019

% decline

P

Aiello etal. (13)

AlShaker etal. (1)

Ballouz etal. (7)

Dinetal. (29)

13-member eye banks of | March-April
the Italian Society of Eye

Banks (SIBO)

Eye bank of Canada March-June
Ontario Division

(EBCOD)

Eversight eye bank March-June
facilities (Michigan,

Ohio, Il
Jersey, and Connecticut)

is, New

Moorfields Eye Hospital |~ April-June
(London, UK)

534

207

Not reported

10

1,220

753

Not reported

163

56

73

53

92

<0.0001

Not reported

0011

Not reported
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Records identified from PubMed
(Medline):
(n=72)

Records removed before
screening:

Duplicate records removed (n =
2)

|

Records screened

Records excluded
(n=37)

(n=70)
|

Reports sought for retrieval

Reports not retrieved
(n=1)

(n=33)
|

Reports assessed for eligibility
(n=32)

Reports excluded:

Case reports and case series (n
=7)

Studies included in review
(n=25)
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Comparison

period

No. of
procured
tissue in 2020

No. of procured
tissue in 2019

% decline

P

Ballouz etal. (7)

AlShaker etal. (1)

Trigaux et al. (12)

Aiello etal. (13)

Parckh etal. (14)

Agarwal etal. (18)

Nathawat etal. (17)

Eversight eye bank facilities
(Michigan, Ohio, Illinois, New

Jersey, And Connecticut)

Eye bank of Canada (Ontario
Division)

26-member eye banks of the
German Ophthalmological
Society

13-member eye banks of the
Italian Society of Eye Banks

Fondazione Banca degli Occhi
del Veneto (FBOV - Venice,
Italy)

Apex health institute of India

Eye Banks and Cornea
Surgeons' members of the All
India Ophthalmological
Society (AIOS) and the Eye
Bank Association of India
(EBAT)

March-June

March-June

March-April

March-April

March-April

March-July

March-May

Not reported

267

1453

1284

Not reported

Not reported

1,898

Not reported

769

1758

3,088

Not reported

Not reported

8,735

a5

6

58

41

78

0.031

Not reported

Not reported

<0.0001

<0.0001

<0.001

Not reported
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Characteristi BTXA Group (n

Spherical equivalent (diopters) Pre-treatment ~4.00 (~5.50--0.75) o3
Deviation in primary position (PD)

Pre-treatment

Distance 20 (15-30) 10 (25-45) <0001
Near 18 (12.5-25) 35 (25-40) <0001
2week follow-up

Distance 0(-5.5-4) 0(0-0) 0.908
Near 0(-45-2) 0(0-0) 0452
6month follow-up

Distance 6(4-19) 0(0-0) <0.001
Near 42-8) 0(0-0) <0.001
Absence of diplopia at 6month follow-up 58.8% (30/51) 95.1% (39/41) <0.001

Data are presented as range and median (interquartile range, 25th to 75th percentile). BTXA, botulinum toxin type A; PD, prism diopter. *Mann-Whitney U test. The absence of diplopia
means patients worked and lived without diplopia throughout the day.
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Characteristi BTXA Group (n = 41) Surgery Group (n = 40) p-value

Spherical equivalent (diopters) Pre-treatment ~4.5 (=6.50--3.50) ~3.5(~5.375--0.625) 0070

Devi

in primary position (PD)

Pre-treatment

Distance 20(15-25) 375 (25-45) <0.001
Near 16 (12-20) 32.5(25-40) <0.001
2week follow-up

Distance 0(-8-2) 0(0-0) 0.076
Near 0(-6-0) 0(0-0) 0.007

6month follow-up.

Distance 6(3-9) 0(0-0) <0.001
Near 4(2-5) 0(0-0) <0.001
Absence of diplopia at 6 month follow-up 73.2% (30/41) 97.5% (39/40) <0001

Data are presented as median (interquartile range, 25th to 75th percentile). BTXA, botulinum toxin type A; PD, prism diopter. *Mann-Whitney U test. “Adequate” means patient without
diplopia. Adequate treatment means patients achieved a deviation of no more than 4 PD (at near and distance) or temporary exotropia at the 2 week follow-up.
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Characteristi TXA Group (n = 41)

Spherical equivalent (diopters)

Pre-treatment —450 (~6.50--3.50) ~4.00 (~4.00--3.00) 0.263
Deviation in primary position (PD)

Pre-treatment

Distance 20(15-25) 275 (16-35) 0322
Near 16 (12-20) 25 (16-30) 0051
2week follow-up

Distance 0(-8-2) 10 (8-14) <0.001
Near 0(6-0) 9(4-10) <0.001

6month follow-up.

stance 6(3-9) 18 (14-25) <0001
Near 4(2-5) 14(10-20) <0001
Absence of diplopia at 6 month follow-up 73.2% (30/41) 0.0% (0/10) <0001

Data are presented as median (interquartle range, 25th to 75th percentile). AT, adequate treatment; inAT, inadequate treatment; BTX A, botulinum toxin type A; PD, prism diopter. *Mann~
Whitney U test.
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MHs that Age Time
opened in the interval
final between
examination MH
surgeries
(months)
Case 1 Female | 66 2
Case2 Female 66 6
Case3 Female 55 1

Follow-up
Duration
(months)

Preoperative
BCVA,
logMAR

Cataract
Treatment

1oL
NO
YES

Preoperative
MLD, pm

970
941

800

Postoperative
MLD, pm

692
696

941

Preoperative
MLD, pm
(mean + SD#)

903.67 £ 90.941

Postoperative
MLD, pm
(mean + SD¥)

77633 + 142,620

P
value'

0.444

MH, macular hole, SD, standard deviation. *mean # D is the mean diameter o the narrowest inner # standard deviation. *All MHs obtained flat-open closure at the final examination afier SiO removal, thus, postoperative narrowest inner diameer = postoperative

basal diameter +By paired t-test. Significant association (p value <0.05).
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Retrospective Prospective

Number of children 249 131

analyzed

Number of patients 12 62

witnessing down-drift

Number of down-drift 14 74

events

M/F 8:4 24:38

Age 1.375 £ 0.85 years 3.52 4 2.97 years

Type of ocular surgery Phacoemulsification-3 Squint Sx-46
Botox injection-8 Botox injection-16
Posterior capsulotomy-1
Squint Sx-2

Distribution of Before start of Sx-7 (2*) Before Start of Sx-5 (3%)

EDEM/DP events During Sx-6 (4*) During Sx-2 (1%)

End of $x-1(0%)

End of Sx-1 (0*)

$x, surgery; M, male; E, female; EDEM/EDEP, eccentric downward eye movement/eccentric

downward eye-positioning.

*Refer to number of patients with up-rolling events preceding down-rolling among them.
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propofol (n = 20)

without/before propofol (n = 42)

Mean MAC (IQR) of down-rolling events witnessed immediately

No of patients analyzed 131 (P)+245 (R) = 376 131 (P)
No of down-rolling events (patients enrolled) 8(P)+14(R)=22 62 (P)
Number of up-rolling events preceding down-rolling 12 (6P+6R) 54
Median Age (IQR) in years 1.05 (IQR 1-1.5) 3 (IQR 1.06-6)
p=0001
DOA (Mean MAC) During start of induction -+ 2.65+0.48
During down-roll 1.60 £0.25 2194043
centralization 118 £0.17 1.39 4 0.26
Up-rolling 1 (IQR 0.98-1.1) NA®
Mean MAC (IQR) of down-rolling events witnessed immediately after Bl 2.0(1.63-2.3) p=0.022

2.25(2-2.6)

Recurrence of down-rolling event in same patient

2

Timing (median, IQR)

Time elapsed during induction
from the time child loses
consciousness (stage 3) to start of
down-rolling mean

11279 £36.21 s

Total time taken in down-rolling
from centralized position

10 (8-14) s

9(8-12)s

Total time taken in centralization
from down-rolled position

85 (60-117) s

120 (80-165) s

Time elapsed from propofol
injection to down-rolling of eyes (n
=20)

10(8-12) s

pupil size during down-rolling

25(IQR 2-3.5) mm

2(IQR 1.5-2.5) mm

Eye score Down-rolling —3 (IQR —2 to —4) —3(IQR —25t0 —4)
Number of asymmetricity 4/22 23/62
Up-rolling 2(1-2.25) NA™

correlation between eye position (scores —4 to +4) and DOA (MAC) —0.714; p = 0.000 —0.832; p = 0.000

P, prospective; R, retrospective; M, minimal alveolar concentration; DOA, depth of anesthesia; EDEM/EDEP, eccentric downward eye movement or eccentric downward eye-positioning, IQR,

interquartile range.
*Not part of inclusion criteria.

**NA-not applicable as up-rolling of eyes occur transiently during induction, and MAC value at the time of up-rolling do not denote the corresponding depth of anesthesia and hence eye score

of up-rolling for induction was not measured.

#%%propofol was not given.
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Amsler-Krumeich classification

Eccentric CS Refraction* Mean central keratometry Scarring
Stage 1 Yes <5D <48D >400 pm No
Stage 2 Yes 5-8D <53D >400 pm No
Stage 3 Yes 8-10D >53D) 300-400 pm No
Stage 4 Yes Not measurable >55D 200 pm Yes

Belin ABCD grading system

A (ARC; 3 mm zone) | B (PRC; 3 mm zone) C (thinnest pachymeter) D (BDVA) Scarring
Stage 0 >7.25 mm (<46.5D) >5.90 mm (<57.25 D) >490 pm =20/20 —
Stage 1 >7.05mm (<48.0 D) >5.70 mm (<59.25 D) >450 pm <20/20 — +
Stage 2 >6.35mm (<53.0 D) >5.15 mm (<65.5 D) >400 pm <20/40 — +, +t
Stage 3 >6.15mm (<55.0 D) >4.95 mm (<68.5 D) >300 pm <20/100 — +, ++
Stage 4 <6.15mm (>55.0 D) <4.95 mm (>68.5D) <300 pm <20/400 — +, ++

CS, corneal steepening; CT, corneal thickness; ARC, anterior radius of curvature in the 3.0 mm zone centered on the thinnest location of cornea; PRC, posterior radius of curvature in the
3.0 mm zone centered on the thinnest location of cornea; BDVA, best-corrected-distance-visual-acuity. *Refraction refers to myopia and/or astigmatism.
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Number of |Cross Size (wm) Diameters |Arc length (degree) Optical zones

segments  section (Int/Ext) (mm)
Keraring, Mediphacos, Brazil 2 Triangle 150-350 (50 steps) |5/6 90, 120, 150, 160, 210, 340, 355 5,5.5,6
Ferrara, Ferrara Ophthalmics, Brazil |2 Triangle 150-350 (50 steps) |4.4/5.6 90, 100, 110, 120, 130, 140, 150, |5,6

160, 170, 180, 190, 210, 320

Intacs, Addition Technology, 2 Hexagon 250-450 (50 steps) |6.7/8.1 150, 210 7
Lombard, IL, USA
Intacs SK, Addition Technology, 2 Oval 210-500 (50 steps) |6/7 90, 130, 150 6
Lombard, IL, USA
Corneal Ring, VisionTech, Brazil 2 Fusiform 150-350 4.7/6 155-220 56
MyoRing, Dioptex GmbH, Austria |1 Triangle 200-320 5-8 360 5-8
KentacX, Plus (Imperial Medical 2 Triangle with 100-450 (25 steps) |4.5-5.7 45,90, 120, 160, 210, 320, 355 5.4-5.6
Technologies Europe GmBH) rounded corners
Bisantis (Opticon 2000 SpA y Soleko |Up to 4 Oval 150 35 80 3.5,4,45

SpA)
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'sI5160/300 | 270
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Tunnel Depth: 390um
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Number  Age Axial  AverageK,D  Anterior 1oL Actual postoperative  Theoretical

length, chamber  implanted, D  refraction (spherical), D IOL power
mm depth, mm

1 M 705 231 4161 291 205 4 212
2 M 705 2403 4270 338 21 5 26
3 M 60s 273 372 32 21 -05 202
4 M EN 2489 02 351 15 2 18.998
5 F S0 277 4552 231 25 3 2633
6 F 60s 229 4744 265 25 05 202
7 M EN 215 232 376 2 3 265

8 F S0 253 4259 285 25 375 232
9 F 705 2356 4386 318 20 0 26

10 M EN 23 4302 306 2 45 258

n M 405 2653 22 345 13 175 1511
12 M 60s 28 4347 281 2 -05 2595
13 M 60s 2442 4224 32 2 25 2191
1 ¥ 405 229 4574 315 195 125 2468
15 M 605 263 4364 231 25 0 25.43
16 M 505 2503 43.09 327 23 175 1832
17 M EN 243 4337 293 19 35 2328
18 M 705 267 4358 287 2 -1 2398
19 M EN 216 4291 276 2 1 2696

M, male; F female; K, keratometry; D, diopters; IOL, intraocular lens.
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Number Axial Average  Anterior 1oL Actual Theoretical Pre- Visual acuity, logMAR

length, K, D chamber  implanted,  postoperative  IOL power existing
mm depth, D refraction conditions
(spherical), D
Preop Preop, Postop,

uncorrected  corrected  corrected
1 505 M 291 4089 274 2% -70 2523 pev 140 092 07
2 705 F 2183 4646 301 31 ~650 2606 RRD 150 1 082
3 705 F 2398 4323 324 2 625 a7 pev 140 122 092
4 705 M 27 416 295 17 ~150 2166 RRD 140 14 06
5 405 M 2261 4435 334 18 +80 2599 ARN 200 2 082
6 705 P 2101 4583 268 275 +30 3038 RRD 122 082 082
7 205 F 2235 4298 304 26 +2.50 2870 ARN 150 1 082
8 505 P 2037 46.31 327 25 + 2643 PDR 160 L1 09
9 60 P 281 4251 238 2 -05 2619 RRD 150 1 08
10 505 M 278 4486 251 0 +10 1968 PDR 200 18 14
n 60 M 292 4285 327 205 +3 247 Pcv 120 08 05
2 80s M 2192 44.07 313 2 +45 2854 (5% 190 16 10
13 60 M 24 4495 269 2 +15 2145 PDR 190 16 10

M, male; F, female; K, keratometry; D, diopters; IOL, intraocular lens; PCY, polypoidal choroidal vasculopathy; RRD, thegmatogenous retinal detachment; ARN, acute retinal necrosis; PDR, proliferative diabetic retinopathy; op, operation.
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Country

Survey
period

Study type

Eyes

(patients)

Age
(years)

Duration
of uveitis
(years)

Follow-up
period
(months)

Bansal etal. 14)
Garwegetal. (15)
Fabiani etal.(16)
Cardoso etal. (17)
Taang etal. (15)
Nagpal etal. (19)

Yalcinbayir etal. (20)

NA, Not applicable.

2015

2016

2017

2017

2017

2018

2019

India
Switzerland
Taly
France
Canada
India

Turkey

NA
NA
NA

2012-2013

2012-2014

2013-2016

2013-2016

Prospective
Retrospective
Retrospective
Retrospective
Retrospective
Retrospective

Retrospective

30(27)
26(19)
202
4131
25(15)
30 (NA)

27 (20)

4614157
NA
49.0:£20.1
5794131
468
NA

3564121

NA
3525
NA
NA
NA
NA

56

NA

6

134259

9

6

244299
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Mean Previous systemic treatments Prior ocular treatments

"ifn";ll’:r:tgf Steroid  Immunosuppressant  Biological ~ Anti-VEGF IV steroid ST steroid
agent
Bansal etal. (14) L1 27 patients 8 patients NA 11 patients NA NA
Garwegetal. (15) NA NA NA NA NA NA NA
Fabiani et al. (16) 1 19 patients 13 patients 10 patients NA NA NA
Cardoso etal. (17) 14 21 patients 12 patients 4 patients NA NA 2 patients
Teang etal. (18) 14 5 patients 5 patients 1 patient No 3 patients 11 patients
Nagpal etal. (19) 1 NA NA NA 2 patients NA NA
Yalcinbayir etal. (20) 12 NA 12 patients $ patients NA NA NA

VEGE, Vascular endothelial growth factor; IV, Intravitreal; ST, Sub-tenon; NA, Not applicable.
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Bansal etal. (14) 2 2 2 2 2 2 2 0 14

Garwegetal. (15) 2 2 0 2 2 1 2 0 n
Fabiani etal. (16) 2 2 0 2 2 2 2 0 2
Cardoso etal. (17) 2 2 0 2 2 2 1 0 n
Tsang etal. (1) 2 2 0 2 2 2 2 0 2
Nagpal etal. (19) 2 2 0 2 2 2 2 0 2
Yalcinbayir et al. (20) 2 2 0 2 2 2 2 0 12

Studies fulling the criteria of: (1) clearly stated aims (2) consecutive patients; (3) prospective data collection; (4) endpoints appropriate to the aim of the study; (5) nbiased assessment of the study
endpoint; (6) follow-up period appropriate to the aim of the study; (7)loss to follow up less than 5%; (8) prospective calculation of the study size. MINORS, Methodological item for non-
randomized studies; 0= not reported; 1 = reported, but inadequate; 2 = reported and adequate.
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Records identified through
database searching
(n=445)

155 duplicates removed

290 records screened with tiles
and abstracts

211 records removed

79 full-text articles assessed for
eligibility

7 studies included for synthesis

72 records removed:
non-English language (n=5);

conference abstracts (n=27);

sample size of eyes <20 (1=12);

patients included in studies did not meet the
inclusion criteria (n=20);

data was not provided as mean+SD (n=8)
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Organisms VA Cornea healin VA improved Perforation
Fusarium species 24(26.7) 15 10 5
Aspergillus flavus 10(11.1) 7 7 2
Aspergillus fumigatus 6(67) 4 5 0
Curvularia species 2(22) 1 0 0
Purpureocillum secies. 1LY 1 0 0
Bipolarissecies 1 1 1 0
Acremonium secies. 1 1 1 0
Candida species 10 1 1 0
Unidentified dematiaceous fungus 8(89) 6 4 1

Microscopy positive (no growth) 36 (40.0) 27 2 5
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3-month epithelial healing 3-month visual acuity improved  3-month cornea perforation

Predict factor

n o SGRG e 0 G GRS
Age NA NA 008" NA NA 006" NA NA 0.044"
Gender 107 (043-2.70) 053 082(035-1.93) 067 055(017-1.79) 037
Male s %) 29(547) 60113)
Female ¥ 26003 293 7089)
VA baseline 334(1.26-887) 0.005* 048 (0:20-1.16) 010" 391081-1886) | 01200
<240 M 02 23(67.6) 269)
2240 s (07 28(500) 11096)
Duration of symptoms NA NA 025 NA NA 098 NA NA 062
Systemic disease 078(0.59-102) 0440 070 047-1.08) 029" 084(0.76-092) 035!
Yes 9 8(889) 707.8) 00)
No 81 56(69.1) 4(543) 13160)
Trauma 117 (047-291) o082 175 (075-4.07) 021 088 (027-2.86) 083
Yes “ Ry 28636 60136)
No 6 206 2(500) 7052)
Injory with vegetable 142(052-3.90) 062 27101.04-7.06) 0038 092(0.26-329) 050"
Yes 9 2059 2124 4038)
No o 2689 30(4192) 9(148)
Culture positive 06t 074(031-1.74) 052 094(033-260) 090
Yes s 376 29(537) 80148)
No B 27050 2611 5039)
Central ulcer 175 067-461) 026" 0640:27-1.49) 0400.10-1.57) 018
Yes B 8078 18(500) 3(83)
No s 36(667) 3611 10085)
Depth of infltrate 318(1.20-844) 0.008° 265(132-531) 0001 012002095 0027
<nct B 99 2788 16.0)
212eT 57 ) 25439 2@l
Size of ulcer 107 (191-8689) <0001 230 097-5.46) 0056 0090.02-043  0.001°
<5*Smm s w0 35(648) 267)
255mm? 36 17672) 16 (44.4) 11606)
Hypopyon 010(0.03-029) <0001 043 015-109) 0056 144 (236-55560) | 0001
Yes 36 16 (44.4) 16 (44.4) 1106)
No s 889 35 (648) 267

Statistically significant values are bolded.
‘Chi-Square test. Independent samples t-test. “Mann-Whitney test. ‘Fisher’ test. NA, Not Applicable; CT, Cornea Thickness.
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3-month corneal healing

Predict factor

Age

VA baseline

Coefficient (95% Cl)

2,63 (0.68-10.10)

Injury with vegetable

Depth of infiltrate 179 (0.45-7.13)

Size of ulcer

Hypopyon

417 (131-13.26)
018 (055-0.58)

ificant values are bolded.

P

0.160

0.410

0.016

0.004

3-month visual acuity Perforation
Coefficient (95% CI) P Coefficient (95% CI)
0.94(0.87-1.02)

2.52(0.90-7.09) 0079
3.54 (1.25-10.06) 0.018 0.49 (0.05-5.06)
1.5 (0.58-4.15) 0380 0.14(0.03-0.83)
0.6 (0.25-1.76) 0405 5.94 (1.09-3247)

0127

0553

0.030

0.040
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Characteristics

Age, years
Gender

Male

Female

Eye

Right

Left

VA baseline (logMAR)
Duration of symptoms, days
Trauma

Vegetables

Brick

Animals

Wood

Chemical material
Dust

Systemic discase*
Hypertension
Diabetes
Hyperlipidemia
Hyperthyroidism

Medication time, days

5674£10.95

53(58.9)
37 (411)

49 (54.4)
41(45.6)
2164064
20,00 (1.00-90.00)
44 (48.9)
29(322)
5(56)
3(33)
(L)
4(44)
2(22)
9(100)
6(67)
303
(L)

1Ly

53.00 (14.00-186.00)

VA, vision acuity: logMAR, logarithm of the minimum angle resolution; mm, millimeter.

“Two patients had both hypertension and diabetes.





