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Myopia is one of the leading causes of visual impairment globally. Despite increasing prevalence and incidence, the associated cost of treatment remains unclear. Health care spending is a major concern in many countries and understanding the cost of myopia correction is the first step eluding to the overall cost of myopia treatment. As cost of treatment will reduce the burden of cost of illness, this will aid in future cost-benefit analysis and the allocation of healthcare resources, including considerations in integrating eye care (refractive correction with spectacles) into universal health coverage (UHC). We performed a systematic review to determine the economic costs of myopia correction. However, there were few studies for direct comparison. Costs related to myopia correction were mainly direct with few indirect costs. Annual prevalence-based direct costs for myopia ranged from $14-26 (USA), $56 (Iran) and $199 (Singapore) per capita, respectively (population: 274.63 million, 75.15 million and 3.79 million, respectively). Annually, the direct costs of contact lens were $198.30-$378.10 while spectacles and refractive surgeries were $342.50 and $19.10, respectively. This review provides an insight to the cost of myopia correction. Myopia costs are high from nation-wide perspectives because of the high prevalence of myopia, with contact lenses being the more expensive option. Without further interventions, the burden of illness of myopia will increase substantially with the projected increase in prevalence worldwide. Future studies will be necessary to generate more homogenous cost data and provide a complete picture of the global economic cost of myopia.
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INTRODUCTION

Myopia is one of the leading causes of visual impairment in the world (1, 2). The prevalence of myopia ranges from 15 to 49% in adult populations, and ranges from 20 to 90% in children, adolescents and young adults (3–7). Studies estimate that myopia will affect 50% (4.7 billion) of the world's population by 2050, with 10% (1 billion) having high myopia (≤ -5.00 Dioptres) (8–10) Correction of myopia with spectacles, contact lenses and refractive surgeries therefore play an increasingly important role in society, as uncorrected myopia results in reduction of visual acuity leading to impaired visual functioning (11).

However, there are significant costs associated with optical correction, treatment to retard myopia progression and treatment of myopia related complications, including pathologic myopia, cataract, glaucoma and retinal detachment (12–16). With increasing demand for the limited healthcare resources globally, an understanding of the economic cost associated with the treatment of myopia is important for further cost-benefit analysis and policy making decisions. This will aid and justify in the allocation of invaluable healthcare resources to the treatment of myopia, in order to reduce the economic burden of this illness.

We aim to perform an evidence-based review of the economic costs associated with the correction of myopia.



SOURCES AND METHODS OF LITERATURE SEARCH

We conducted a systematic review of relevant literature articles in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) guidelines (17). Several electronic databases (PubMed, ScienceDirect, Cochrane Library, and Web of Science databases) were searched to identify English language articles up to 29 February 2020 on costs associated with myopia correction treatment. The search used the keywords “myopia,” “short-sightedness” or “near-sightedness” combined with “cost” or “economic burden.” Original full-text articles in English were included if costs were quantified in relation to myopia correction, including: myopia correction (spectacles, contact lenses, refractive surgeries). 8,492 titles were retrieved through database searching. Forty five relevant records were reviewed with 12 records excluded (9 duplicates and 3 with no full-text available). Fifteen full-text articles were assessed for eligibility with 2 non-English articles excluded (articles in German). Articles that did not fulfill the inclusion criteria were excluded. Five eligible full-text articles were included in this review (18–22). The review article selection process is illustrated as a flowchart in Figure 1. The Asian studies comprised of 2 from Singapore while the non-Asian studies comprised of one from each of the following countries: United States of America (USA), Iran and Spain.


[image: Figure 1]
FIGURE 1. Flowchart of the review article selection process.


A 20-items Consensus Health Economic Criteria (CHEC)-extended checklist was used to evaluate the overall quality of included studies (23, 24). Scoring was performed by assigning a score of 1 (yes), 0 (no), 2 (not applicable) to each item and the total scores were summed to generate the overall quality score (0–100%). The total quality score for each study was categorized into low, moderate, good and excellent with cut-off value of <50, 51–75, 76–95 and >95, respectively. Only moderate, good and excellent quality studies were included as higher scores denote lower risk of bias. Two independent reviewers conducted the assessment (LLF and CL) and the interrater-agreement was evaluated using κ from STATA/IC 11.1 (25). The interpretation of the κ was based on a scale which indicates poor, slight, fair, moderate, substantial and perfect agreement with κ levels <0.0, 0.0–0.20, 0.21–0.40, 0.41–0.60, 0.61–0.80 and ≥0.81, respectively (26). Of the included studies, 4 were good in quality (76.5–95) and 1 was excellent (100). The interrater-reliability κ was moderate in 1 study (0.44), substantial in 2 studies (0.63, 0.64) and perfect in 2 studies (1, 1).

Examples of costs assessed included optical correction devices/procedures (spectacles, contact lenses, refractive surgeries), visits to professional services (transportation and fees) and time spent and loss of productivity while seeking treatment.

All costs are quoted in US dollars ($). Conversion rate used was Euro to USD = 1:1.12 (22, 27) and Pound sterling to USD = 1:1.31 (28), using average 2019 exchange rates (29).



RESULTS

The costs for myopia correction are shown in Table 1.


Table 1. Summary table of reviewed articles (treatment of Myopia-Myopia correction: n = 5).
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The average direct costs of myopia correction in Singapore children aged 12–17 years from the SCORM study (Singapore Cohort study of the Risk factors of Myopia) were $147.80 per year per myopia patient, $82.10 per pair of spectacles and $378.10 per year for contact lenses (18).

In Singapore adults aged ≥40 years, the mean direct cost of myopia correction was $709 per year per patient. This estimate translates into an annual economic burden of $755 million in Singapore. Refractive correction, comprising of optometry visits, spectacles and contact lenses, were the most significant, accounting for 65.2% of the total costs (19). The remaining costs comprise of refractive surgeries and complications related to it as well as contact lens use.

In USA, the annual direct country-wide cost of correcting distance vision impairment was estimated to be between $3.9 and $7.2 billion, with $780 million per annum for persons >age 65 years (33). The National Health and Nutrition Examination Survey (NHANES) was an ongoing, nationally representative survey of 14,203 participants aged ≥ 12 years (32, 33). The cost calculations were based on single-vision spectacles, without including other refractive correction options. Hence, this cost would be much higher if contact lenses and refractive surgeries were taken into account. As the annual costs from the earlier Singapore study were based on all forms of corrections, direct comparison is inequitable. In addition, due to the study's methodology for distant vision correction, subjects with pure astigmatism without myopia were also included in the cost calculations.

In two other studies (21, 22), the costs of refractive correction were computed by including other refractive errors (hyperopia and astigmatism). While the costs of each modality for myopia correction alone could not be determined, they provide insights to the general cost for refractive correction in the country.

In a Spanish study, the direct cost of spectacles, contact lenses and LASIK were evaluated (22). It was reported that the total direct (medical and non-medical) cost over 10, 20, and 30 years (5% discount rate) for contact lens was $3019.64; 4723.21; 5779.46, LASIK was $3341.96; 3368.75; 3385.71 and spectacles was $1091.07; 1623.21; 1960.71 (22). This was a small study of 40 subjects from one city in Alicante, with 80% myopes (12.5% hyperopes and 42.5% astigmatic). This study was conducted in 2002 and hence costs might not be representative of the current market, particularly the cost of cleaning and fitting contact lens and transport system with technological advancements.

In a recent Iranian study, 120 subjects aged ≥ 23 years were interviewed in a hospital and the lifetime direct costs of spectacles, contact lenses and refractive surgeries were $9373.50, $5203.10, and $568.10, respectively (21). The annual direct costs of refractive correction per patient and for each of the three modalities were $309, $342.50, $198.30, and $19.10, respectively. Annually, direct cost of myopia correction was estimated to be $4.2 billion in Iran. Indirect costs in this study were estimated using the human capital approach, by ascertaining lost productivity due to the complication, maintenance, repair and travel costs as a measure of patient's and caregiver's lost earnings (34). Annually, the indirect costs were $12112.10, $3045.20, and $113.60, respectively with the main bulk contributed by patient's and caregiver's opportunity cost. However, it was not clear from the study regarding the basis and role of caregiver's costs calculation in optical correction and no justification was offered for the high indirect costs from spectacles, considering it is least prone to complications. In addition, cost calculations for each refractive correction modality were generalized to all forms of refractive errors, it was challenging to estimate the cost generated from myopia only.

Out of the three groups of myopia correction modalities reported in the studies (18, 21, 22), contact lens and spectacles appeared to be generally more costly than refractive surgeries (Figure 2). Annually, the direct costs of contact lens and spectacles were $198.30-$378.10 and $342.50, respectively while refractive surgeries was $19.10 (18, 21).


[image: Figure 2]
FIGURE 2. Cost of myopia correction modalities (Refractive surgeries, Spectacles, Contact lens).


In Singapore, while the annual direct cost of myopia correction to the individual is the lowest compared to diabetic retinopathy and wet age-related macular degeneration (AMD) (18, 19, 35, 36), the nation's annual direct cost of myopia correction ($755 million) alone far exceeded other ocular diseases including acute primary angle closure glaucoma ($0.26–0.29 million), dry eyes ($1.51–1.52 million) and wet AMD ($96.8–120.7 million) (Table 2) (18, 19, 35, 36, 41, 42).


Table 2. Cost of ocular diseases in Singapore.
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DISCUSSION

In this review, we found 5 studies addressing the cost of myopia correction (18, 19, 21, 22, 33), which are generally direct costs from spectacles, contact lens and refractive surgeries. The per capita annual cost of myopia correction was low in USA, moderate in Iran and high in Singapore. Indirect costs in myopia correction are mainly related to complications, particularly with contact lens use, including cost of treatment, loss of productivity secondary to complications and its associated travel costs (21). We found that the annual direct costs of myopia correction in USA, Iran and Singapore were substantial at $3.9–7.2 billion, $4.2 billion and $755 million, respectively. This translated to $14–26 (USA), $56 (Iran) and $199 (Singapore) per capita, respectively (population: 274.63 million, 75.15 million and 3.79 million, respectively) (19, 21, 43). Most costs related to myopia correction were direct costs, with contact lens appearing to be generally more costly compared to other modalities.

We found few studies to adequately address this topic and limited studies using similar costs definitions for comparison. Firstly, there was a limited representation of studies globally, with 2 from Asia (Singapore) and 3 from Europe (Spain), USA and Middle East (Iran), respectively. Secondly, different methodologies and cost definitions were used for cost calculations and many studies did not assessed indirect costs in detail.

The World Health Organization (WHO) considers spectacles or contact lenses as functioning interventions (44), with spectacles being also considered as an assistive device which is part of the WHO Priority Assistive Products List (45). As health care spending is a major concern in many countries, understanding the cost of myopia correction is the first step eluding to the overall cost of myopia treatment. Moreover, among the worldwide population with moderate or severe vision impairment, uncorrected refractive error was the highest at 116.3 to 123.7 million (46, 47), with the cost of coverage gap for unaddressed refractive error and cataract estimated to be $14.3 billion globally (45). As cost of treatment will reduce the burden of cost of illness, this will aid in future cost-benefit analysis and the allocation of healthcare resources, including considerations in integrating eye care (refractive correction with spectacles) into universal health coverage (UHC) (45). This is particularly important in Asian developing countries where there is high prevalence of myopia with low accessibility to spectacles.

Although the cost of myopia to an individual may not be very high, the cost of myopia to the nation is one of the highest as the prevalence of myopia is higher than many other diseases. The high prevalence of myopia plays an important role in determining the economic cost of the treatment of myopia in each country. In East and Southeast Asia, the prevalence of myopia was reported to be as high as 80–90% in adolescents of age of 17–18 (7). In contrast, 20–40% was reported in developed western countries (7, 20, 40, 48–50). Hence while the magnitude of direct cost of refractive correction was greater in USA and Iran than in Singapore, the per capita cost was lesser at $14–26 and $56 vs. $199 (19, 31).

Other factors that could account for variation in costs include country-specific costs, different methodologies, study subject's characteristics (including age), timeline, varying costs of living and socioeconomic status. However, due to limited studies available, it would be challenging to explore the influence of these factors. As the governments in most countries are unlikely to be able to monitor spectacle or contact lens sales, future cost data can be obtained by considering cross-sectional rapid assessment protocols, targeting for instance high schools.

In Singapore, although the annual direct cost of myopia correction to the individual is lowest amongst diabetic retinopathy and wet AMD (18, 19, 35, 36), the nation's annual direct cost of myopia correction alone far exceeded other ocular diseases including acute primary angle closure glaucoma, dry eyes and AMD (18, 19, 35, 36, 41, 42). This finding is not surprising and is attributed to the high prevalence of myopia in the country, with myopia expected to remain as the most common ocular condition with 2.393 million cases in 2040 (51).

Out of the three groups of myopia correction modalities, contact lens and spectacles seemed to be generally more costly than refractive surgery (18, 21, 22), with the exception of 1 study which did not justify the inclusion of high patient and caregiver opportunity costs from spectacles use (21). This is excluding the indirect costs of contact lens related complications (e.g., infective keratitis), including cost of treatment, loss of productivity secondary to complications and its associated travel costs. However, this cost is expected to be dynamic in view of technological advancement, economic forces, occupational and recreational requirements, individuals paying premium for factors such as aesthetics and quality as well as free or subsidized refractive correction by the government.

Contact lenses were mainly prescribed for the correction of myopia, with proportion as high as 94% (52). The three key cost components of contact lens wear are the professional fees, the cost of lenses and the cost of lens care solutions (38, 39). Spherical lenses have the lowest overall cost, followed by toric and multifocal lenses (39), with the true cost of lens wear (cost-per-wear) dependent on the frequency of use (38, 39). Generally, daily replacement contact lenses are more cost-effective on a part-time usage, while reusable lenses are more cost-effective on a full-time usage (38). With contact lens gaining popularity among the teenagers and young adults (52), together with the high prevalence of myopia in this age-group (3–7), the nation-wide costs of contact lenses are expected to rise in the near future.

We have reviewed the costs of optical correction of myopia. However, since the cost and burden to the nation is high, treatments to slow myopia progression and measures to prevent myopia and high myopia (including outdoor programs) are important to reduce the prevalence of myopia and subsequent costs of illness, including burden related to its complications.

Atropine eyedrops have shown strong evidence in myopia control while Orthokeratology, myopic defocus multizone contact lenses and spectacles have shown some effect (30, 37, 53–57). However, there is currently no literature reporting the treatment costs generated from Atropine use in children (53, 54). The use of myopia control treatment modalities will inevitably incur costs including equipment, professional services and the management of complications, particularly infective keratitis with contact lens use. Further studies, including cost-effectiveness randomized control trials of treatments for myopia progression will be necessary to evaluate this knowledge deficit.



LIMITATIONS

For myopia correction, differentiating costs of optometry visits and refractive correction devices was difficult due to difference in studie's methodology. Another limitation includes the presence recall and non-response bias from retrospective design studies and the use of questionnaires/interviews. In addition, cost data reported in older studies may not be a reliable reflection of today's costs, due to various economic factors. Details of indirect costs were lacking. There were few studies available in the literature with limited representation globally.



FURTHER STUDIES

Future studies will be necessary to generate a more homogenous cost data and provide a more complete picture of the global economic cost of myopia treatment. These include cost of illness analysis, programmatic costs of spectacles correction in rural areas by non-governmental organizations and cost-effectiveness randomized control trials of treatments for myopia progression.



CONCLUSION

Our systematic review provides insight on the costs of myopia correction. Annual prevalence-based direct costs for myopia correction are substantial, ranging from US$14–26 (USA), $56 (Iran) to $199 (Singapore) per capita. In Singapore, the annual direct cost of myopia correction alone far exceeded the costs of other ocular diseases including acute primary angle closure glaucoma, dry eyes and wet AMD due to high prevalence of disease. Without further interventions, the economic burden of illness of myopia will increase substantially with the projected increase in prevalence worldwide. Hence, myopia control treatment in children and measures to prevent myopia and high myopia will play an increasingly important role to reduce prevalence and costs of illness. Future studies will be necessary to generate a more homogenous cost data and provide a complete picture of the global economic cost of myopia.
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Purpose: The aim of this study was to evaluate the difference between Caucasian and Chinese healthy subjects with regards to Corvis ST dynamic corneal response parameters (DCRs).

Methods: Two thousand eight hundred and eighty-nine healthy Caucasian and Chinese subjects were included in this multicenter retrospective study. Subsequently, Chinese eyes were matched to Caucasians by age, intraocular pressure (IOP), and Corneal Thickness (CCT) using a case-control matching algorithm. The DCRs assessed were Deformation Amplitude (DA) Applanation 1 velocity (A1v), integrated radius (1/R), deformation amplitude ratio (DAratio), stiffness parameter at applanation 1 (SPA1), ARTh (Ambrósio's Relational Thickness to the horizontal profile), and the novel Stress Strain Index (SSI).

Results: After age-, CCT-, and IOP- matching, 503 Chinese were assigned to 452 Caucasians participants. Statistical analysis showed a statistical significant difference between Chinese and Caucasian Healthy subjects in the values of SPA1 (p = 0.008), Arth (p = 0.008), and SSI (p < 0.001). Conversely, DA, A1v, DAratio, and 1/R were not significantly different between the two ethnical groups (p > 0.05).

Conclusion: We found significant differences in the values of the DCRs provided by the Corvis ST between Chinese and Caucasian healthy subjects.

Keywords: biomechanics, cornea, keratoconus, CBI, IOP (intraocular pressure)


INTRODUCTION

Ethnical differences in ocular metrics are well-known since many years and include central corneal thickness (1), corneal curvature (2), anterior chamber depth (3), and axial length (4).

In the last years, corneal biomechanics showed to play an important role for the diagnosis and management of keratoconus (5–9) post refractive surgery ectasia (10), cross-linking effect (11), measurement of intraocular pressure (12, 13), and glaucoma (14, 15).

Two instruments are commercially available to measure corneal biomechanics, the Ocular Response Analyzer (ORA, Reichert Inc., Depew, NY) (16) which measures corneal deformation during a bi-directional applanation method induced by an air jet, and produces appraisals of corneal hysteresis and corneal resistance factor, together with a set of 36 waveform-derived parameters (17–19). The Corvis ST (OCULUS Optikgeräte GmbH; Wetzlar, Germany) evaluates the reaction of the cornea to an air puff via an ultra-high speed (UHS) Scheimpflug camera, and uses the acquired image sequence to generate estimates of IOP and deformation response parameters (DCRs) (20).

The native software of the Corvis ST includes normative values for each DCRs which were derived from a mixed south American and Caucasian population (21). Very few population studies have been published with regards to DCRs values in other ethnical populations (22–24) and none of them evaluated the difference between two different ethnical groups.

The aim of this study was to assess the difference between Caucasian and Chinese healthy subjects with regards to Corvis ST DCRs.



METHODS

Two thousand eight hundred and eighty-nine healthy Caucasian and Chinese patients were included in this multicenter retrospective study. Caucasian subjects were recruited from Vincieye Clinic in Milan, Italy and from the Department of Ophthalmology, University Hospital Carl Gustav Carus, Technical University, Dresden, Germany. Conversely, Chinese participants were included from Beijing Tongren Eye Center, Beijing Tongren Hospital, Capital Medical University, Beijing; Shenyang Aier Eye Hospital, Shenyang, Zhongshan Ophthalmic Center, Sun Yat-Sen University, Guangzhou; EYE&ENT Hospital of Fudan University, Shanghai; Eye Hospital, Wenzhou Medical University, Zhejiang; BAI JI Ophthalmology, Chongqing, and Tianjin Eye Hospital,Tianjin.

Each Institutional review board (IRB) either ruled that approval was not required for this record review study or specifically approved the study. The research was conducted according to the ethical standards set in the 1964 Declaration of Helsinki, revised in 2000. All patients signed an informed consent before using their data in the study. All subjects underwent to a complete ophthalmic examination, including the Corvis ST and Pentacam exams. The inclusion criteria of this study were the existence in the database of a Corvis ST and Pentacam exam, a Belin Ambrosio Enhanced Ectasia Index total deviation (BAD-D) <1.6 and a signed informed consent. Exclusion criteria were any earlier ocular surgery or disease, any concurrent or previous glaucoma or hypotonic therapies. All exams with the Corvis ST were acquired by the same experienced technicians and captured by automatic release to ensure the absence of user dependency. Only Corvis ST exams with quality score “OK” were included in the analysis. Only 1 eye per subject was randomly included in the database to exclude the bias of the relationship between bilateral eyes that could influence the analysis result.

The parameters that were included in the analysis were the following: Deformation Amplitude Deformation Amplitude (DA, the largest displacement of corneal apex in the anterior-posterior direction at the moment of highest concavity) Applanation 1 velocity (A1v the velocity of corneal apex at first applanation), integrated radius (1/R the amount of the corneal concave state over the time between applanation 1 and applanation 2), deformation amplitude ratio (DAratio, the ratio between the central deformation and the average of peripheral deformation determined at 2.00 mm), stiffness parameter at applanation 1 [SPA1 is defined as the resultant pressure at inward applanation divided by the corneal displacement (25)], ARTh (Ambrósio's Relational Thickness to the horizontal profile), which is based on the thickness profile in the temporal-nasal direction (26) and the novel Stress Strain Index [SSI, which measures biomechanical behavior of the cornea without influence of corneal thickness and intraocular pressure (27)]. Additonally, the bIOP intraocular pressure estimate was included as a corrected value that is less influenced by age, corneal thickness and other DCR parameters (28).


Statistical Analysis

The statistical analysis was performed with SPSS version 27 (IBM Corp. in Armonk, NY, USA). In this study Chinese eyes were matched by age, bIOP, and Central Corneal Thickness (CCT) using a case-control matching algorithm provided by SPSS (29).

Descriptive statistics were calculated for the DCRs described previously, additionally, differences between data were evaluated with analysis of variance (ANOVA). The chosen level of significance was p < 0.05.




RESULTS

After age-, CCT- and bIOP- matching, 503 Chinese were assigned to 452 Caucasians participants. Mean age-, CCT- and bIOP of Chinese were 30.2 ± 6.8 years, 542.7 ± 29.7 μm, and 15.8 ± 2.1 mmHg, respectively, whereas, Caucasians showed 31.1 ± 6.8 years, 547.9 ± 31.8 μm, and 15.6 ± 2.1 mmHg of mean values.

Table 1 shows mean baseline characteristics of the two groups.


Table 1. Baseline and demographic data of the study population.
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Statistical analysis showed a statistical significant difference between Chinese and Caucasian Healthy subjects in the values of SPA1 (Figure 1, p = 0.008), Arth (Figure 2, p = 0.008) and SSI (Figure 3, p < 0.001). Conversely, DA (p = 0.674), A1v (p = 0.373), DAratio (p = 0.656), and 1/R (p = 0.184) were not significantly different between the two ethnical groups. Table 2 provides more details of the results of the ANOVA.


[image: Figure 1]
FIGURE 1. Box and whiskers plot of SP-A1 of Chinese and Caucasian population.



[image: Figure 2]
FIGURE 2. Box and whiskers plot of Arth of Chinese and Caucasian population.



[image: Figure 3]
FIGURE 3. Box and whiskers plot of SSI of Chinese and Caucasian population.



Table 2. Number of cases, mean, standard deviation and p values of Corvis DCRs between Chinese and Caucasian population.
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DISCUSSION

The evaluation of Ethnical variances in ocular metrics is not only important for the pure scientific knowledge but, more importantly, because a difference between two ethnicities could play a role in disease diagnosis.

The main finding of this study was the evidence that there is a significant difference in the values of the DCRs of the Corvis ST between Chinese and Caucasian population, more in details SPA1 and SSI which are pure biomechanical parameters and Arth which measures the thickness profile in the temporal-nasal direction.

It should be noted that these results are not due to the possible variance in age, IOP or corneal thickness between the two groups as they were specifically matched for these confounding factors. We decided not to match the patients for sex and refractive error to avoid decreasing too much the number of patients and we concentrated on age, IOP and CCT which are the most significant confounding factor for corneal biomechanics measurement (26).

It is the first time, to the authors' knowledge, that a large multicenter study was able to show a significant difference in corneal biomechanics (either Corvis ST or ORA) between two ethnical populations.

The importance of these results could be extremely high particularly in the sensitivity and the specificity of the Corvis Biomechanical Index (CBI) which includes all the three indices which were found to be different and was created basing on Caucasian and South American populations (8). We expect that this difference could play a significant role when screening a Chinese patient for refractive surgery that could lead potentially to false positives.

It is worth mentioning though only few studies on Chinese keratoconus patients assessed the sensitivity and specificity values of the CBI when compared to the original publication and they showed similar results (30, 31).

Further work of this group will focus on assessing the sensitivity and the specificity of CBI in Chinese keratoconus and to evaluate whether there is a need to improve the algorithm for this specific ethnic group.

In conclusion, we found significant differences in the values of the DCRs provided by the Corvis ST between Chinese and Caucasian healthy subjects. The presence of a case-control matching confirms this finding and excludes the influence of age, IOP, and CCT as confounding factors.
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Objective: To investigate the associations between the macular microvasculature assessed by optical coherence tomography angiography (OCTA) and subclinical atherosclerosis in patients with type 2 diabetes.

Methods: We included patients with type 2 diabetes who received comprehensive medical and ophthalmic evaluations, such as carotid ultrasonography and OCTA at a hospital-based diabetic clinic in a consecutive manner. Among them, 254 eyes with neither diabetic macular edema (DME) nor history of ophthalmic treatment from 254 patients were included. The presence of increased carotid intima-media thickness (IMT) (>1.0 mm) or carotid plaque was defined as subclinical atherosclerosis. OCTA characteristics focused on foveal avascular zone (FAZ) related parameters and parafoveal vessel density (VD) were compared in terms of subclinical atherosclerosis, and risk factors for subclinical atherosclerosis were identified using a multivariate logistic regression analysis.

Results: Subclinical atherosclerosis was observed in 148 patients (58.3%). The subclinical atherosclerosis group were older (p < 0.001), had a greater portion of patients who were men (p = 0.001) and who had hypertension (p = 0.042), had longer diabetes duration (p = 0.014), and lower VD around FAZ (p = 0.010), and parafoveal VD (all p < 0.05). In the multivariate logistic regression analysis, older age (p ≤ 0.001), male sex (p ≤ 0.001), lower VD around FAZ (p = 0.043), lower parafoveal VD of both superficial capillary plexus (SCP) (p = 0.011), and deep capillary plexus (DCP) (p = 0.046) were significant factors for subclinical atherosclerosis.

Conclusion: The decrease in VD around FAZ, and the VD loss in parafoveal area of both SCP and DCP were significantly associated with subclinical atherosclerosis in patients with type 2 diabetes, suggesting that common pathogenic mechanisms might predispose to diabetic micro- and macrovascular complications.

Keywords: carotid ultrasonography, optical coherence tomography angiography (OCTA), retinal microvasculatures, subclinical atherosclerosis, type 2 diabetes


INTRODUCTION

Carotid artery stenosis, an important, potentially life-threatening consequence of systemic atherosclerotic disease in the aging population, is responsible for 10–20% of the ischemic strokes, which are the second most common cause of death worldwide. Diabetes mellitus (DM), one of the major risk factors of carotid artery stenosis, results in systemic vascular complications: macro- and microvascular complications (1). Therefore, screening for the vascular abnormalities and prevention of irrecoverable damage in the high-risk patients are crucial to reduce the social and financial burden of DM (2). Traditionally, the macro- and microvascular complications of diabetes have been considered as the distinct and independent disorders. Recently, however, pathophysiological evidence and epidemiologic evidence suggest that these vascular complications may share common pathophysiological mechanisms (3).

Optical coherence tomography angiography (OCTA) is a new, non-invasive technology that enables the reproducible, quantitative assessment of the microcirculation of different retinal capillary layers (4–8). Unlike the fluorescein angiography, OCTA does not require intravenous dye to assess the retinal vasculature, and therefore causes less discomfort and pain, and is free from the potential systemic adverse effects (9). Characteristic retinal vascular alterations in OCTA have been well-described in patients with diabetic retinopathy (DR) from their early stage of diseases, and several reports showed that these changes were detectable even before the development of DR (10, 11). Recently, the clinical implications of the OCTA parameters for assessing associations with the carotid stenosis were investigated (12). However, not only carotid intima media thickness (IMT), but carotid plaque burden is also reported as a surrogate of atherosclerosis and predictor of future atherosclerotic cardiovascular diseases (13). Thus, we aimed to compare the retinal microvascular changes measured with OCTA in patients with type 2 diabetes in terms of the presence of carotid artery disease detected by carotid ultrasonography (US), the early indicator of systemic subclinical atherosclerosis (14). In addition, systemic and ophthalmologic factors related to subclinical atherosclerosis were evaluated.



METHODS

The research adhered to the tenets of Declaration of Helsinki. The study was approved by the international research board of Asan Medical Center (IRB No. 2020-0014). Informed consent was waived due to the retrospective nature of the study.


Study Subjects

Patients with type 2 DM who received comprehensive medical and ophthalmic evaluations during the period from January 2017 to December 2019 at a hospital-based diabetic clinic (Asan Medical Center, Seoul, Korea) were selected by medical record review in a consecutive manner. Patients underwent vascular evaluation, such as carotid US, and ophthalmic evaluation, including OCTA at regular intervals based on their medical status, and those who had both carotid US and OCTA within 6 months interval were included in this retrospective observational study. We excluded patients if they had history of ophthalmic treatment, diabetic macular edema (DME), with concomitant ocular disease other than DR, or history of ocular trauma. For image qualities, those with poor OCTA quality, with a scan quality of 6 or less out of 10, were excluded. In addition, to minimize the possible errors in image analysis, proper segmentation without errors, and removal of projection artifact are carefully considered. When both eyes met the inclusion criteria, we included the right eye, and when only one eye of the two eyes satisfied the inclusion criteria, the corresponding eye was included in the study to include one eye for each patient.

At the initial visit of endocrinology, every patient underwent detailed medical and surgical history, such as medication information and duration for diabetes and hypertension, smoking habits, and alcoholic intake. In addition, at baseline and every visit, arterial blood pressure (BP), body weight, and height were measured, and body weight and height were used to calculate the body mass index (BMI), which was used for analysis. After overnight fasting, early morning blood samples were obtained and underwent a central, certified laboratory analysis. Measurements included were hemoglobin A1C (HbA1c), serum glucose level, several lipid parameters, and creatinine. HbA1c was measured using high-performance liquid chromatography (HPLC) of a Variant II Turbo (Bio-Rad Laboratories, Hercules, CA, USA). Fasting total cholesterol, high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), and triglyceride (TG) were measured by using an enzymatic colorimetric method (Toshiba Medical Systems). Creatinine was measured by using the Jaffe method, and estimated glomerular filtration rate (eGFR) was calculated with the modified Modification of Diet in Renal Disease (MDRD) equation. In addition, urine tests were performed and urinary albumin-to-creatinine ratio (UACR) was calculated to determine the severity of albuminuria, using a photometric method of the Integra 800 system (Roche Diagnostics, Indianapolis, IN, USA) in a random spot urine collection.

At their initial visit and at each visit to a retina clinic, all patients underwent a comprehensive ophthalmologic examination that included a review of their ophthalmologic history, measurement of visual acuity, slit lamp biomicroscopy, and funduscopic examinations through dilated pupils by retinal specialists. The severity of DR was classified into 5 grades by the following criteria of the Early Treatment Diabetic Retinopathy Study (ETDRS): (1) no diabetic retinopathy—“no DR”; (2) mild non-proliferative diabetic retinopathy—“mild NPDR”; (3) moderate non-proliferative diabetic retinopathy—“moderate NPDR”; (4) severe non-proliferative diabetic retinopathy—“severe NPDR”; and (5) proliferative diabetic retinopathy—“PDR.”


Optical Coherence Tomography Angiography

The RTVue XR Avanti (Optovue, Fremont, CA, USA) spectral-domain OCT device with phase 7 AngioVue software was used for the OCT and OCT angiography examination. A 3 mm × 3-mm macular scans centered on the fovea were acquired. Each OCTA en face image contains 304 × 304 pixels created from the intersection of the 304 vertical and the 304 horizontal B-scans. AngioVue software automatically segments the B-scan images into four layers: superficial capillary plexus (SCP), deep capillary plexus (DCP), outer retina, and choriocapillaris layer. The SCP layer was segmented with an inner boundary set at 3 μm beneath the internal limiting membrane and an outer boundary at 15 μm beneath the inner plexiform layer. The DCP layer was segmented with an inner boundary set at 15 μm beneath the inner plexiform layer and an outer boundary at 70 μm beneath the inner plexiform layer. Using SCP and DCP images, following parameters were measured with the integrated automated software. For FAZ related parameters, area (mm2) and perimeter (mm) were measured and acircularity was calculated using those two parameters. In addition, vessel density (VD) around 300 μm boundary around FAZ and VD of each selected region (foveal and parafoveal area of four quadrants) were calculated as the percentage of area occupied by flowing blood vessels and was analyzed in both SCP and DCP, respectively.



Carotid Ultrasonography

Carotid artery examination was performed by a single specialized technician with patients in the supine position with the head elevated to 45 degrees and tilted to either side by 30 degrees and the operator seated at the head bed. High resolution ultrasound (HD 11 XE, Philips Healthcare, Andover MA) equipped with a high-frequency (5–12.5 MHz) linear transducer was used to acquire images of the left and right common carotid arteries. Carotid IMT scanning and reading was evaluated with the criteria of Mannheim Carotid Intima-Media Thickness Consensus (15). IMT was measured from the media-adventitia interface to the intima-lumen interface at the level of ~0.5 cm below the carotid-artery bulb, over a 1-cm segment of the artery, and the degree of stenosis was assessed. The value obtained through a QLAB IMT-quantification software measurement plug-in (Philips Healthcare) was used in analysis (16). The upper normal limit of IMT was 1.0 mm, and focal lesions with increased carotid IMT (>1.0 mm) or the presence of carotid plaque was defined as subclinical atherosclerosis (17).



Statistical Analysis

The following variables were analyzed in each patient: (i) demographic variables (i.e., age, sex, comorbidities with hypertension or hyperlipidemia, DM duration, and DM treatment), (ii) laboratory variables (i.e., carotid IMT, presence of carotid plaque, HbA1C, glucose, systolic BP (SBP) and diastolic BP (DBP), total cholesterol, TG, HDL and LDL-cholesterol, UACR, creatinine, and eGFR), (iii) ocular characteristics (i.e., BCVA and DR severity), and (iv) OCTA parameters (FAZ related parameters; area, perimeter, acircularity, and VD around FAZ, foveal and parafoveal VD in SCP and DCP).

Descriptive statistics were demonstrated in numbers and percentages for categorical variables and mean ± SD of continuous variables to present the baseline characteristics of study subjects. For comparison in terms of the presence of subclinical atherosclerosis (the subclinical atherosclerosis group and the non-subclinical atherosclerosis group), independent t-test or Mann–Whitney U-test was used depending on the normality of their distribution. Chi-squared test was used to compare the categorical data. To explore the factors significantly associated with subclinical atherosclerosis, logistic regression analyses were conducted. Univariate analyses were separately performed for each variable and those with p < 0.1 were included in the multivariate analysis with the forward elimination process. Odds ratios (ORs) with 95% CIs were calculated. All statistical analyses were performed using SPSS version 21.0 software (SPSS Inc., Chicago, IL, USA).





RESULTS

Of a total of 254 patients included in this analysis, 148 patients (58.3%) had subclinical atherosclerosis. Patients with subclinical atherosclerosis were older than those without (60.1 ± 9.1 vs. 54.1 ± 11.2 years, p < 0.001). Baseline characteristics in this study are summarized in Table 1. Patients with subclinical atherosclerosis had greater portion of male sex (72.3 vs. 52.9%, p = 0.001), hypertension (50.7 vs. 37.7%, p = 0.041), and longer duration of type 2 DM (19.4 ± 8.3 vs. 16.9 ± 7.6 years, p = 0.013). All the study participants were receiving either oral hypoglycemic agents or insulin injection or both, and the proportion of patients on insulin treatment and smoking status were not significantly different between the two groups. HbA1C, serum glucose, SBP, DBP, UACR, creatinine, and eGFR were not different between the two groups.


Table 1. Baseline demographics and clinical characteristics of patients in this study.
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Regarding the ophthalmologic data, BCVA, DR stage, and OCTA signal strength were not significantly different in terms of subclinical atherosclerosis (Table 2). Whereas, the area, perimeter, and acircularity of FAZ were not different between the two groups, VD around FAZ was significantly more impaired in the subclinical atherosclerosis group (47.1 ± 3.6 vs. 48.3 ± 3.8, p = 0.009). While foveal VD in the SCP and DCP was not different between two groups, parafoveal VD in the SCP (45.7 ± 3.6 vs. 47.2 ± 3.7, P = 0.002) and DCP (49.5 ± 3.6 vs. 50.5 ± 3.5, P = 0.044) was significantly reduced in the subclinical atherosclerosis group. There was no significant difference in scan quality in terms of subclinical atherosclerosis to identify the factors associated with presence of the subclinical atherosclerosis, univariate and multivariate logistic regression analyses were conducted including the baseline variables and OCTA parameters. In the univariate analysis (Table 3), old age [OR = 1.06 (95% CI 1.03–1.09), p < 0.001], male sex [OR = 2.42 (95% CI 1.43–4.09), p = 0.001], longer duration of DM [OR = 1.04 (95% CI 1.01–1.08), p = 0.014], and the presence of hypertension [OR = 1.70 (95% CI 1.02–2.82), p = 0.042] were associated with the presence of subclinical atherosclerosis. When all patients were divided into two groups according to DR severity, marginal association was confirmed in the univariate analysis [OR = 2.16 (95% CI 0.85–5.79), p = 0.075]. Among the OCTA parameters, decrease in foveal VD around FAZ [OR = 0.91 (95% CI 0.85–0.98), p = 0.010] and parafoveal VD in SCP [OR = 0.89 (95% CI 0.83–0.96), p = 0.002] and DCP [OR = 0.93 (95% CI 0.87–1.00), p = 0.045] was associated with subclinical atherosclerosis.


Table 2. Baseline ophthalmologic characteristics and optical coherence tomography angiography (OCTA) parameters of patients.
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Table 3. Factors associated with the presence of subclinical atherosclerosis in patients with type 2 diabetes in univariate logistic analysis.
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We performed three models of multivariate analyses (Table 4) to obviate the confounding effects of the multicollinearity of the OCTA parameters (correlation coefficients >0.8). Old age and male sex were consistently remained as the significant factors for subclinical atherosclerosis (all p < 0.05) in all three models. Low foveal VD around FAZ [OR = 0.92 (95% CI 0.86–1.00), p = 0.043], parafoveal VD in both SCP [OR = 0.91 (95% CI 0.85–0.98), p = 0.011], and DCP [OR = 0.93 (95% CI 0.86–1.00), p = 0.046] were significant factors for subclinical atherosclerosis in each of three models. Figure 1 shows the different averages and distributions in the significant OCTA parameters according to the presence of subclinical atherosclerosis. And Figure 2 demonstrated the difference in the foveal and parafoveal capillary vessel density of an age-sex matched control and a patient with subclinical atherosclerosis.


Table 4. Factors significantly associated with the presence of subclinical atherosclerosis in patients with type 2 diabetes in multivariate logistic analysis.
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FIGURE 1. Bar graphs showing the different averages and 95% distributions of the significantly associated optical coherence tomography angiography (OCTA) parameters (foveal vessel density (VD) around foveal avascular zone (FAZ) and parafoveal VD in superficial and deep capillary plexuses (DCP) according to the presence of subclinical atherosclerosis. An asterisk means a statistical significance (p < 0.05) between two groups in an independent t-test. VD, vessel density; FAZ, foveal avascular zone; SCP, superficial capillary plexus; DCP, deep capillary plexus.



[image: Figure 2]
FIGURE 2. Representative cases of an age-sex matched control (A,B) and a patient with subclinical atherosclerosis (C,D). Each of small and large circles denote foveal and parafoveal area. Control: A 56-year- old male patient with 18-years history of diabetes showed 0.63 mm of carotid intima media thickness (IMT) with plaque-free in carotid ultrasonography (US). He had well-preserved foveal VD around foveal avascular zone FAZ (49.7%), parafoveal VD in superficial capillary plexus (49.3%), and parafoveal VD in deep capillary plexus (50.3%) in OCTA. A patient with subclinical atherosclerosis: a 57-year- old male patient with 5-years history of diabetes showed 1.11 mm of carotid IMT with plaque in carotid US. He had impaired foveal VD around FAZ (45.9%), parafoveal VD in superficial capillary plexus (40.8%), and parafoveal VD in deep capillary plexus (46.5%) in OCTA.




DISCUSSION

This study demonstrates that the decreases in VD of macular microvasculatures were associated and the presence of subclinical atherosclerosis in type 2 DM, suggesting associations between macro- and microvascular diabetes complications. Based on our findings, the alterations of macular microvasculatures in OCTA which are implicative of higher risk of subclinical atherosclerosis, could be used as one of the non-invasive imaging biomarkers for the higher risk of macrovascular diseases which requires careful monitoring.

Our results showing the associations between the carotid disease and retinal vasculatures in diabetes were in line with the previous studies that proved the increased cardiovascular risks in patients with DR. DR is an independent risk factor for carotid plaques, and the severity of carotid atherosclerosis correlates with the severity of microangiopathy. In this study, we could provide stronger evidence for those findings through access to a more sensitive retinal imaging modality than the conventionally used color fundus photography. Morphologic changes assessed by OCTA in DR, i.e., retinal microvasculature abnormalities, such as capillary dropout, reduced capillary VD, tortuous capillary branches, dilated average vascular caliber, FAZ enlargement, and irregular FAZ contour, were present before the beginning of the clinically diagnosed DR and become more obvious as DR progress. As a result, we revealed general reduction in VD in terms of subclinical atherosclerosis.

Interestingly, however, we could not find significant differences in area and contour of FAZ and foveal VD in terms of subclinical atherosclerosis. These differences imply that the overall hemodynamic changes of retinal vasculatures may reflect systemic risk factors related to subclinical atherosclerosis more sensitively, compared with the localized deformation of retinal vessels in FAZ. Moreover, foveal VD which means VD within a fovea centered circle of 1 mm diameter is mostly influenced by the FAZ area. In other words, when the FAZ area is large, the foveal VD is small, and when the FAZ area is small, the foveal VD is large. Therefore, parafoveal VD or VD around FAZ reflects vascular impairment more accurately than foveal VD, which is related to the FAZ area with large individual variability.

Our results showing the close associations between retinal microvasculature obtained by OCTA and diabetic macrovascular complications were in line with those by Drinkwater et al. (12). On the other hand, it is differentiated by the fact that not only carotid stenosis represented by carotid IMT thickening but also carotid plaque, which is a predictor of atherosclerotic cardiovascular diseases. Most of our patients classified as the subclinical atherosclerosis group had carotid plaques without IMT thickening. Moreover, when we evaluated the VD changes of each layer, we noted that parafoveal VDs in both SCP and DCP were all correlated with subclinical atherosclerosis. These results were different from their study which concluded that the decrease VD in only DCP correlates to the increased IMT and the grade of stenosis and VD in SCP did not show significant association with the carotid parameters (17). This difference primarily may be due to the different patient characteristics, particularly in the distribution of DR stages between two studies. While our study included the patients with variable stages of DR (13.1% patients with no DR), the study by Drinkwater et al. (12) mainly included the patients with no DR (83.8% patients with no DR). Since it is widely reported that the vascular changes in DCP occur in the early stage of DR (even before the development of DR) and those in SCP occur in the later stage, patients with no DR or early stage of DR might not have the significant changes in SCP (18). Rather, our data showed that the degree of association between subclinical atherosclerosis and reduction in VD was slightly higher in SCP compared with that of DCP. While metabolic diseases, i.e., diabetes mainly affect DCP with slower blood flow, where toxic materials take longer to contact the blood vessels, arterial diseases, i.e., hypertension, act more on precapillary arterioles where shear stress and oxidative stress work well (19).

The pathogenic mechanism of how carotid diseases associates with retinal microvascular disease is not well-established, although there are several hypotheses. Similar risk factors may contribute to both diseases. In addition, microcirculation damage caused by diabetes serves as the “common soil” for macro- and microangiopathy of diabetes, since diabetic macroangiopathy evolves from the microvascular damage within the major arterial wall (the vasa vasorum) (20). Recent evidence has shown that the vasa vasorum of the major vessels in patients with diabetes undergoes the similar process as the microvascular changes of the DR. Endothelial dysfunction and increase of vascular permeability occur at first, followed by hypoxia, which leads to the angiogenesis and neovascularization. Therefore, this shared vascular pathophysiology proves that microangiopathy and macroangiopathy of the diabetes are not entirely separated entities.

In our analysis, we could not confirm the differences in BP, blood lipid, glucose control level, and treatment thereof, known factors which affect retinal vasculatures, according to the presence of subclinical atherosclerosis. This can be explained by several reasons. First, this study was conducted on patients who had undergone medical treatment for BP, blood lipid, and glucose. The second reason is that the systemic clinical data included in this study were measured on the day of the visit to the internal medicine clinic, not on the exact date of OCTA acquisition. Considering the variability of medical indicators, the possibility that the time difference affected in the lack of associations cannot be excluded.

The present study has some limitations, including its retrospective nature of study design. The other limitation is that our measurements based on a small field of view (3 mm × 3 mm) of OCT angiography, which may not represent the whole retinal circulation. Despite these limitations, this approach could provide the important clinical implications of predicting the systemic status with widely available ocular images captured in a short time. The other strength of this study is that we focused only on patients with no DR or treatment naïve patients with DR to obviate the possible effects of ocular treatments on retinal vasculatures. Since previous studies reported changes in macular vasculatures after laser photocoagulation or intravitreal injections (21, 22), we believe that this point has an importance for the accurate analysis. In addition, to minimize the possible errors in image analysis, we included only patients with good OCTA image quality of scan quality ≥7, proper segmentation without errors, and the removal of projection artifact, which are all major factors that must be carefully considered in an OCTA imaging study. Last, the number of patients was sufficient for the analysis of risk factors for subclinical atherosclerosis.

In conclusion, we found that decreased VD around FAZ and parafoveal VD in OCTA were significantly associated with subclinical atherosclerosis with other risk factors, such as male sex and old age. Non-invasive in vivo retinal vascular imaging captured by OCTA could be used to assess DR but also as the early indicator of macrovascular complications, which suggests that diabetic microangiopathy and macroangiopathy may share the common pathophysiology. Therefore, ophthalmologists should keep in mind such close relationship between ocular changes and systemic diseases and consider evaluations for other comorbidities, such as carotid US, when they examine the patients with impaired macular vasculatures.
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Objective: To assess anterior segment optical coherence tomography angiography (AS-OCTA) imaging of the episcleral vessels before and after trabecular bypass minimally invasive glaucoma surgery (MIGS).

Design: A prospective, clinical, single-centre, single-arm pilot feasibility study conducted at National University Hospital, Singapore.

Subjects: Patients with primary glaucomatous optic neuropathy undergoing Hydrus Microstent (Ivantis Inc., Irvine, CA, USA) implantation, who require at least one intra-ocular pressure-lowering medication. One or two eyes per patient may be enrolled.

Methods: We performed AS-OCTA (Nidek RS-3000 Advance 2, Gamagori, Japan) pre- and up to 6 months post-MIGS implantation using a standard protocol in all cornealimbal quadrants, to derive episcleral vessel densities (VD) using a previously described technique.

Main Outcome Measures: Episcleral VD pre- and post-surgery, in sectors with and without the implant.

Results: We obtained serial AS-OCTA images in 25 eyes undergoing MIGS implantation (23 subjects, mean age 70.3 ± 1.5, 61% female) with mean preoperative intraocular pressure (IOP) of 15.5 mmHg ± 4.0. We observed reductions in postoperative episcleral VD compared to preoperative VD at month 1 (mean difference −3.2, p = 0.001), month 3 (mean difference −2.94, p = 0.004) and month 6 (mean difference −2.19, p = 0.039) in sectors with implants (overall 6 month follow-up, p = 0.011). No significant changes were detected in episcleral VD in the sectors without implants (p = 0.910).

Conclusion: In our pilot study, AS-OCTA was able to detect changes in the episcleral VD following trabecular bypass MIGS, which may be a useful modality to evaluate surgical outcomes if validated in future studies.

Keywords: glaucoma, imaging, intraocular pressure, sclera, cornea, episclera


INTRODUCTION

Glaucoma is one of the leading causes of blindness worldwide (1). Increased intraocular pressure (IOP) is the main risk factor for glaucoma, and the mainstay of glaucoma treatment involves lowering of IOP (2, 3). The most common treatment involves the use of topical medications – however, these may be associated with adverse effects and poor compliance (4). Meanwhile conventional glaucoma surgeries such as trabeculectomy may effectively lower IOP, but can be associated with sight-threatening complications (5). To address these limitations, minimally invasive glaucoma surgery (MIGS) has gained popularity in recent years.

Currently, MIGS include a heterogeneous group of IOP-lowering devices and procedures that are generally less invasive and have a faster recovery time compared to traditional filtration surgery (6, 7). While MIGS is usually associated with a good safety profile, clinical results suggest variable efficacy in IOP reduction (8, 9). Both iStent (Glaukos, San Clemente, CA, USA) and Hydrus Microstent (Ivantis Inc., Irvine, CA, USA) are ab interno trabecular bypass products that increase aqueous outflow, with the latter scaffolding and dilating the Schlemm's canal as well. In a head-to-head study comparing Hydrus to iStent inject, the COMPARE study found Hydrus to have a greater rate of surgical success compared to iStent, with fewer subjects needing repeat glaucoma surgeries or medications (10).

When evaluating trabecular bypass MIGS devices, imaging the aqueous outflow tracts may be useful in understanding its efficacy. Aqueous angiography is a functional imaging technique utilising an ab interno approach with fluorescein or indocyanine green (ICG) as tracers, demonstrated in enucleated animal eyes (11, 12) and in vivo animal studies (13). However, aqueous angiography has limited clinical application as it is an invasive procedure that requires intraocular injection of dye, and is associated with potential complications such as infection and anaphylaxis (14). Recently, optical coherence tomography angiography (OCTA) has emerged as a non-invasive, rapid imaging technique that may be used to delineate vasculature in the anterior segment (15). While the role of anterior segment OCTA (AS-OCTA) has been described for episcleral, scleral and limbal vasculature (16–21), it has not been described specifically for the episcleral venous plexus in relation to MIGS to date (22). Thus, we conducted this pilot feasibility study to evaluate the role of AS-OCTA imaging following Hydrus Microstent implantation, to examine the potential effect of this trabecular bypass MIGS implant on episcleral vessel density.



MATERIALS AND METHODS

This was a prospective single-centre case series of consecutive patients who underwent combined phacoemulsification with Hydrus Microstent implantation at the National University Hospital between May 2019 to Mar 2020. Approval was obtained from the National Healthcare Group Domain Specific Review Board (2016/00125) and the study was conducted in accordance with the tenets of the Declaration of Helsinki. Written informed consent was obtained from all patients prior to surgery.


Study Subjects

We included phakic subjects with primary glaucomatous optic neuropathy, as defined by Foster et al. (23), who required at least one intraocular-pressure lowering medication in this study. Exclusion criteria included advanced primary angle-closure glaucoma (PACG) (24) (as defined by cup-disc ratio ≥0.9 and/or a visual field defect within the central 10° of fixation), >180° of peripheral anterior synechiae, peripheral anterior synechiae in the target quadrant of Hydrus Microstent implantation, prior incisional glaucoma surgery, secondary glaucoma (including uveitic, neovascular, traumatic glaucoma, or glaucoma secondary to raised episcleral venous pressure) and any orbital, corneal, retinal or choroidal disease which may interfere with cataract extraction or Hydrus Microstent implantation.



Study Measures

Complete ophthalmic examination by a fellowship-trained glaucoma specialist (C. A. Sng) was performed pre-operatively and on day 1, week 1, and months 1, 3, and 6. This included the best corrected Snellen visual acuity (BCVA), IOP measurement with Goldmann applanation tonometry, and a detailed slit lamp examination of the anterior and posterior segments. Humphrey perimetry (Swedish Interative Threshold Algorithm Standard 24-2 algorithm, Humphrey Visual Field, HVF Analyzer II, Carl Zeiss Meditec, Inc., Dublin, California, USA) was performed pre-operatively and 6 months post-operatively, and the mean deviation (MD) was recorded.



Surgical Technique

All surgeries were performed under topical anaesthesia or peribulbar block. Phacoemulsification and intraocular lens implantation were performed via a clear corneal incision. To implant the Hydrus Microstent, the surgical microscope was tilted 30° towards the patient and the patient's head was tilted 45° nasally or inferiorly to allow direct visualisation of the angle structures with an intra-operative gonioscopy lens (Ocular Hill Open Access Surgical Gonioscopy [Left-Hand], Ocular Instruments, Bellevue, WA). An ophthalmic viscosurgical device was used to maintain the anterior chamber and widen the anterior chamber angle after phacoemulsification. The Hydrus Microstent was passed into the anterior chamber through a separate clear corneal incision (about 90 to 120° from the target site of Hydrus Microstent implantation) into the anterior chamber. The trabecular meshwork was incised with the tip of the device injector cannula and the Hydrus Microstent was inserted into the Schlemm's canal in the nasal or inferior quadrant over a span of approximately 90°. The targeted quadrants were reported to contain greater aqueous humour outflow (AHO), and selection of quadrants was based on surgical accessibility through a clear corneal temporary incision, and surgical technique of Hydrus Microstent implantation (14, 25). After visual confirmation of correct device positioning with the Schlemm's canal, the device injector was withdrawn and the ophthalmic viscosurgical device was removed. The corneal incisions were hydrated with a balanced salt solution. Vision blue (D.O.R.C. Dutch Ophthalmic Research Center [International] B.V., Zuidland, The Netherlands) was injected into the anterior chamber and the presence of the blue dye in the conjunctival vessels was noted and videoed for manual segmentation and comparison with OCTA vessels.



Anterior Segment Imaging

Anterior segment imaging was performed pre-operatively and post-operatively at week 1, month 1, month 3, and month 6 using a digital slit-lamp camera (Topcon ATE-600, Nikon Corp) with a standard diffuse illumination (×10 magnification, flash power 4) for colour photography. Next, AS-OCTA of the episcleral vessels in all cornealimbal quadrants was conducted using a previously described scan protocol (26), using a spectral domain optical coherence tomography system (Nidek RS-3000 Advance 2, Gamagori, Japan) with a central wavelength of 880 nm, axial resolution of 7 um and transverse resolution of 15 um (anterior segment module). The eye tracker function was deactivated for imaging acquisition. The lens was moved close to the area of interest at the corneal surface before optimisation of the focal length and Z position to focus on the area of interest. The scan areas were divided into six sectors: Superior, superior nasal (right eye), nasal, inferior nasal, inferior, inferior temporal (left eye) and temporal directions i.e., six scans were acquired for each eye (Figure 1).


[image: Figure 1]
FIGURE 1. Example of optical coherence tomography angiography scans of episcleral vessels acquired in sectors with the trabecular bypass minimally invasive glaucoma surgical device (S, superior; SN, superior nasal; N, nasal) and control sectors without the implant (I, inferior; IT, inferior temporal; T, temporal).




AS-OCTA Image Processing

Scans were segmented manually to produce AS-OCTA enface images of (a) episcleral and (b) conjunctival to scleral i.e., full segmentation scans for each eye, before image processing as previously described (27). Essentially, motion artefacts were first removed using Fiji-J (NIH, Bethesda, MD) with a Fast Fourier Transform (FFT) bandpass filter (tolerance of direction 90%). Next, the images were processed with MATLAB (The Mathworks, Inc., Natick, Massachusetts, USA) to segment vessels by removing the speckle noise using a median filter and Gaussian smoothing, then applying Frangi filter to enhance vessel features (Figure 2). Finally, local adaptive thresholding was used to binarize the images. The binary images were used to calculate the vessel densities (equation label) of corneal vessels within each sector. Vessel density is defined as the segmented vessels (in white pixel) divided by the sector area (total pixels) i.e., Vessel density = 100 * P/A; where P = 1 for white pixels representing blood vessels, P = 0 for black pixels representing the background, and A being the sector area. As a higher signal strength improves the reliability of measurement and allows for better reproducibility (28), we compared the sector with the highest OCTA vessel density with the control sectors. For consistent comparison, inferior and temporal sectors were used as controls for superior-nasal implants. Likewise superior and temporal sectors were used as controls for inferior-nasal implants, and superior and nasal sectors for inferior-temporal implants. These same sectors were kept consistent between visits. Thus, for each Hydrus Microstent sector we have 2 opposing sectors as controls. We confirmed that vessels derived from AS-OCTA images corresponded to episcleral outflow veins, we injected trypan blue (VisionBlue®) intra-operatively into the anterior chamber after Hydrus Microstent implantation to highlight episcleral venous vessels. Corresponding AS-OCTA images at 1 month were selected from sectors with and without the implant, and compared to the intra-operative images with highlighted vessels that were manually segmented and overlaid with ImageJ (Figure 3).


[image: Figure 2]
FIGURE 2. Example of (A) episcleral and (B) full layer (conjunctival, episcleral, scleral) segmented optical coherence tomography angiography (AS-OCTA) images. Unprocessed en face AS-OCTA images of the (C) episcleral and (D) full layer vasculature, respectively, and after removal of artefacts [(E,F), respectively].



[image: Figure 3]
FIGURE 3. Example of intraoperative identification of episcleral vessels using trypan blue immediately postimplant (A) with the corresponding optical coherence tomography angiography (OCTA) scan in the sector (B). Trypan blue vessels in the region of interest were highlighted (C) with an overlay on the intraoperative images (D) before vessel density calculations.




Statistical Analysis

Vessel densities obtained from control sectors without implants were compared to vessel densities from sectors with the Hydrus Microstent in the same eye, with serial comparison analysis performed over the follow-up period (Figure 4). Statistical analysis was performed using Statistical Program for Social Sciences version 27.0.1.0 for MacOS© (2020 SPSS© Inc. IBM Corp, USA). Percentage differences in vessel densities were evaluated using Friedman Test (serial measurements over follow-up) and Wilcoxon Signed Rank Test (paired, compared to baseline). All data were expressed as mean ± standard deviation (SD) when applicable, and P < 0.05 were considered statistically significant.


[image: Figure 4]
FIGURE 4. Comparison of OCTA images of inferior temporal episcleral vessels taken (A) pre-operatively, (B) 1 month post-operatively, and (C) 3 months post-operatively, with artefacts removed.





RESULTS

In this pilot study, we included 25 eyes from 23 subjects undergoing Hydrus Microstent implant surgeries. Patients' mean age was 70.3 ± 1.5 years, with 74% Chinese from our predominantly Asian population, while 61% were female. The mean pre-operative intraocular pressure (IOP) was 15.5 ± 4.0 mmHg, with eyes being on an average of 1.2 glaucoma medications pre-operation, and mean HVF MD was −4.9 ± 3.2 dB. We observed a reduction in mean post-operative IOP at 1 week (11.6 ± 3.1 mmHg, P = 0.001), 1 month (12.8 ± 3.1 mmHg, P = 0.002), 3 months (12.3 ± 3.2 mmHg, P = 0.001), and 6 months (12.5 ± 3.1 mmHg, P = 0.002)—none required IOP lowering medications post-operatively during follow-up. There were no significant post-operative complications such as hyphaemia, infection or progression of glaucoma; while no eyes required a repeat surgical procedure during the follow-up period.

All eyes had intra-operative identification of episcleral vessels after Hydrus Microstent implantation to confirm drainage of aqueous humour and intra-operative images were compared with corresponding AS-OCTA images at post-operative day 1 (Figure 3). At baseline, implant sectors have higher vessel densities compared to control sectors for both episcleral images (p = 0.03, mean difference of 2.12, 95% CI [0.13, 4.11]) and full-thickness scans (p = 0.03, mean difference of 2.21, 95% CI [0.19, 4.23]). We analysed the month 1 AS-OCTA images that clearly corresponded with trypan blue labelled vessels (6 sectors) and observed a reduction in VD of trypan blue labelled vessels comparing sectors with the implant vs. control sectors with no implant (mean difference 1.35 ± 0.5 vs. 0.64 ± 0.2 respectively, p = 0.008). We also found that sectors with the Hydrus Microstent implanted showed significant reductions in episcleral vessel density over 6 months (p = 0.011), with specific reductions in VD observed at month 1 (p = 0.001, mean difference of −3.2, 95% CI [−1.14, −5.10]), month 3 (p = 0.004, mean difference of −2.94, 95% CI [−1.12, −4.76]) and month 6 (p = 0.039, mean difference of −2.19, 95% CI [−0.29, −4.08]) compared to pre-operative baseline. Meanwhile, control sectors remained unchanged at all time points compared to pre-operative vessel densities (Table 1).


Table 1. Optical coherence tomography angiography vessel density measurements of episcleral vasculature in sectors with Hydrus Microstent implants and controls comparing pre-operative and post-operative week 1 and month 1, 3, and 6.

[image: Table 1]

Similar analysis for full segmentation of AS-OCTA scans i.e., conjunctival, episcleral and scleral layers showed a similar trend i.e., Hydrus Microstent sectors showed significant reduction in VD month 1 (p = 0.001, mean difference of −3.27, 95% CI −1.12, −5.42), month 3 (p = 0.005, mean difference of −3.24, 95% CI [−1.33, −5.15]) and month 6 (p = 0.046, mean difference of −2.18, 95% CI [−0.12, −4.25]) compared to baseline, while control sectors remained unchanged at all time points (Table 2). Of note, these differences were not significant at week 1 in both episcleral (p = 0.326, 95% CI −1.09, 3.07) and full segmentation scans (p = 0.510, 95% CI −1.45, 2.99).


Table 2. Optical coherence tomography angiography vessel density measurements of overall vasculature (conjunctival, episcleral, scleral) in sectors with Hydrus Microstent implants and controls comparing pre-operative and post-operative week 1 and month 1, 3, and 6.
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DISCUSSION

In this pilot study, AS-OCTA detected a post-operative reduction in episcleral vessel density in sectors with the Hydrus Microstent implant compared to control sectors without implants. We correlated these vessels with intraoperative imaging that highlighted the aqueous outflow tracts using trypan blue. Our observations may seem counterintuitive since trabecular bypass MIGS devices such as the Hydrus Microstent are meant to enhance flow to collector channels (29). We postulate that the apparent reduction in AS-OCTA derived vessel density measurements may be attributed to increased aqueous humour flow in the episcleral veins, thereby reducing the signal intensity or phase differences detected by the AS-OCTA (30). Changes in vessel density in the control sectors could have been a result of cataract surgery itself, which may also increase aqueous flow to a lesser extent (31, 32). It is also possible that the Hydrus Microstent leads to changes in aqueous outflow in a differential manner, i.e., some vessels with greater aqueous flow, while others with decreased flow—leading to an overall AS-OCTA detection of decreased vessel density (33).

The reduction in vessel densities could also be due to the cessation of IOP-lowering medications, many of which are associated with hyperaemia (34). To control for potential confounders, we compared Hydrus Microstent sectors with control quadrants without the implant within the same eye, such that all quadrants were subjected to potential effects of medications and cataract surgery. However, we do recognise this study's limitations and cannot exclude any local quadrant effects of prostaglandin use if applicable (35). Lastly, vessel densities were found to be higher in sectors with Hydrus Microstent compared to control sectors at baseline. One explanation could be that Hydrus Microstent sectors included more inferior-nasal sectors, which were associated with the highest vessel volume of aqueous outflow channels out of all ocular sectors, and hence greater vessel densities (36, 37). Nonetheless, we recognise that AS-OCTA cannot directly detect aqueous outflow, but instead measures episcleral vessel density as a potential surrogate (38). As such, current AS-OCTA technology might not yet be an ideal imaging modality for the detection of conventional aqueous outflow. However, our study was a unique opportunity to confirm the location of the outflow tracts using trypan blue, and allowed us to compare pre- and post-procedure changes in vessel density in the sectors with the implant, vs. control sectors without any implant. Further validation studies using larger sampling sizes and alternative methods for aqueous outflow and episcleral vessel delineation, such as aqueous angiography, are needed to confirm our observations.

Currently, imaging the aqueous outflow tracts are not performed in the clinical setting due to the need to inject a contrast agent into the anterior chamber. Thus, AS-OCTA could provide a non-invasive alternative to imaging the episcleral venous plexus as an adjunctive or surrogate for evaluating the aqueous outflow (39). The AS-OCTA has been previously shown to detect increased episcleral vessel density due to increased episcleral venous flow leading to raised intraocular pressure (40), or reduction in episcleral vessel density following anterior segment ischemia (41). Although a previous report suggested that AS-OCT (non-angiographic) imaging did not detect changes in aqueous outflow after successful trabecular-targeted MIGS (120-degree trabectome or 360-degree suture trabeculotomy) during 3 month follow-up (42), our study specifically examined AS-OCT angiography to delineate the episcleral venous plexus following trabecular bypass MIGS. As AS-OCTA imaging is rapid and non-contact, repeated serial post-operative scans can be taken for comparison (43), and may be useful for pre-operative assessment to guide trabecular bypass device placement.

Though MIGS has been viewed as a safe surgical option for lowering IOP in carefully selected eyes, variable efficacy has been attributed to non-optimal surgical placement (44). Traditionally MIGS devices are placed in the nasal angle (45), but pre-operative imaging assessment using modalities such as AS-OCTA may be able to optimise surgical planning and the location of device implantation. Past studies have demonstrated the non-uniform nature of AHO around the limbus, which may vary over time and differ between eyes (46). Hence it is unclear how these variations might affect the surgical outcomes and decision on the most optimal location for trabecular bypass MIGS. Nonetheless, this highlights the unmet need for an imaging modality to allow for preoperative assessment to individualise MIGS implantation for patients.

Despite the promising observations from our pilot study, we would like to highlight several challenges with using the AS-OCTA to image the episcleral venous plexus. Firstly, scan techniques will have to be adjusted for the anterior segment as these systems were originally designed for the posterior segment, hence anterior segment images are motion-sensitive and regions of interest are more difficult to match in serial scans (21). In our study, we recognise the limitations of manually segmenting the episcleral layers from AS-OCTA imaging to minimise effects from conjunctival vessels on our analysis, and thus correlated our images with intraoperative dye labelled vessels and observed reduction in overall vessel density from fully segmented scans as well. Secondly, AS-OCTA derived vessel density measurements may be underestimated due to limited detection of smaller vessels (47), or overestimated due to projection and motion artefacts (48). Thus, repeated serial measurements were performed to reduce random errors and confirm our observations. Thirdly, the AS-OCTA does not directly image the aqueous outflow tracts such as the Schlemm's canal and collector channels (49). Ideally we should perform aqueous angiography to assess the actual flow through the collector channels—thus the Hydrus implant may not increase the flow in the collector channels. However, we used the AS-OCTA imaging of the episcleral venous plexuses as a surrogate in vivo, as flow may be detected because the vessels are partially filled with both clear aqueous humour and blood; and we had further confirmed increased aqueous outflow using intraoperative imaging with trypan blue. Lastly, although we have excluded patients with advanced PACG, we have included patients with both mild to moderate PACG and primary open-angle glaucoma (POAG). Ideally we would have studies with larger sample sizes that exclude PACG eyes, but as this is a pilot study primarily focused on investigating the feasibility of using AS-OCTA for imaging of episcleral vessels pre- and post-MIGS, we have decided to include PACG eyes to aid in estimation purposes. Despite these limitations, our study suggests that AS-OCTA is a promising non-invasive imaging tool that is readily available in the clinics, that may be useful in assessing changes in episcleral vessel density secondary to trabecular bypass MIGS.

In summary, our pilot study suggests that AS-OCTA detects changes in episcleral vessel density before and after trabecular bypass MIGS implantation in sectors with the implant compared to control sectors. The reduction in episcleral vessel density is observed to occur over 3 to 6 months after surgery, which requires further validation in future studies to examine the potential clinical application of AS-OCTA imaging for this indication.
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Telemedicine has traditionally been applied within remote settings to overcome geographical barriers to healthcare access, providing an alternate means of connecting patients to specialist services. The coronavirus 2019 pandemic has rapidly expanded the use of telemedicine into metropolitan areas and enhanced global telemedicine capabilities. Through our experience of delivering real-time telemedicine over the past decade within a large outreach eye service, we have identified key themes for successful implementation which may be relevant to services facing common challenges. We present our journey toward establishing a comprehensive teleophthalmology model built on the principles of collaborative care, with a focus on delivering practical lessons for service design. Artificial intelligence is an emerging technology that has shown potential to further address resource limitations. We explore the applications of artificial intelligence and the need for targeted research within underserved settings in order to meet growing healthcare demands. Based on our rural telemedicine experience, we make the case that similar models may be adapted to urban settings with the aim of reducing surgical waitlists and improving efficiency.
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INTRODUCTION

The delivery of equitable eye services for rural and remote communities represents a unique challenge to healthcare providers. Within Western Australia (WA), the integration of teleophthalmology into service delivery has played a pivotal role in addressing these challenges. Lions Outback Vision was established in 2010 at the Lions Eye Institute in Perth and now serves 51 communities with visiting optometry and/or ophthalmology. This article presents an overview of our journey toward the development of an integrated teleophthalmology model over the past decade, with a focus on the key lessons for building an effective telemedicine service. Beyond telemedicine, we consider the role of recent advancements in artificial intelligence (AI) and the pathway toward harnessing this technology for more equitable service provision in under-resourced settings. Finally, we make the case that outreach telemedicine models may be translated into urban areas to address the problem of burgeoning surgical waitlists. The coronavirus 2019 (COVID-19) pandemic has accelerated telemedicine capabilities across the globe and catapulted its applications beyond traditional geographic barriers to healthcare.



TELEMEDICINE INTEGRATION FOR OUTREACH EYE CARE

With an area of 2.65 million square kilometers, the state of WA would feature within the top 10 countries by size worldwide. Ninety percent of the population live within the southwest corner of the state, centered around the capital city where all tertiary services are located. The remaining population is scattered sparsely across outback WA, representing a significant challenge for eye care providers. Remote health services are frequently affected by high staff turnover, impacting on long-term stability. Furthermore, rural areas have a high proportion of Indigenous patients compared to metropolitan areas. Patient rurality and Indigenous status are both associated with a higher burden of vision impairment coupled with reduced access to eye care services (1).

Given the unique demography of WA, teleophthalmology has been a key and growing service element within Lions Outback Vision through both real-time videoconferencing and “store and forward” modalities (Figure 1). In 2021, 25% (n = 1,825) of all ophthalmology appointments at our service were conducted though telemedicine. During face-to-face outreach specialist visits, 62% (n = 3,442) of appointments required specialist procedural management, representing a highly efficient clinical triage through collaboration with optometrists. The ability to waitlist surgical patients via videoconference at the time of primary-care assessment eliminates the waiting time for the initial specialist appointment with attendant logistical and cost implications. Moreover, teleophthalmology can also be delivered safely utilizing the correct expertise and case-selection, with a systematic review finding that diagnostic accuracy for real-time teleophthalmology was comparable to face-to-face consultation (2).


[image: Figure 1]
FIGURE 1. Clinical pathway demonstrating the role of teleophthalmology within Lions Outback Vision. Teleophthalmology enables fast-track access (green) for patients to specialist care compared to traditional referral pathways which are congested (red). By diverting referrals from non-eye care professionals via optometry and diabetic retinal screening, specialist clinics can manage well-triaged pathology (brown). ACCHOs, Aboriginal Community Controlled Health Organizations; LOV, Lions Outback Vision.


We believe that our experience in delivering real-time videoconference consults over the last decade may provide useful lessons for similar regions around the world. Through our history of service delivery, we have identified several key lessons in our journey. These include: 1) a focus on coordination of services at both regional and local community levels, 2) engagement with government funding agencies to align telemedicine-related financial incentives with the benefits they deliver, and 3) reducing barriers to telemedicine uptake through a range of service modifications, education, and support initiatives.


Coordination of Eye Services

Coordination between ophthalmology and optometry has been identified as an essential part of delivering effective outreach eye care. A cross-sectional case study of rural eye services in Australia demonstrated that higher levels of integration between optometrists and ophthalmologists led to improved surgical case rates, with trends toward increased clinical activity and reduced wait times (3). The primary screening and triage provided by optometrists funneled more patients with a higher concentration of pathology requiring procedural intervention to the limited number of specialist visits. Important elements of coordination were highlighted including: 1) service integration with optometry services to facilitate primary screening and triage, 2) involvement of local health staff such as Aboriginal Health Workers to support patient attendance, and 3) appointment of a Rural Eye Health Coordinator (REHC) to liaise between primary healthcare, regional hospitals, and visiting eye services.

In 2011, Lions Outback Vision implemented real-time videoconference teleophthalmology services that linked patients to an ophthalmologist and was facilitated by their primary healthcare provider. To build an evidence base, we conducted a series of studies designed to evaluate our service and found that several of the themes highlighted above regarding eye service coordination were also critical for telemedicine. A prospective clinical audit of 100 telemedicine consultations showed that 60% of referrals emanated from optometrists, despite there being no reimbursement for referral at that time, and the remainder of the referrals were generated from general practitioners (4). A survey of 109 patients who took part in telemedicine consultations found a high level of satisfaction, with 94% of patients indicating they were “satisfied” or “very satisfied” (5). Qualitative analysis of the factors contributing to satisfaction revealed that familiarity with staff at the patient-end was important, in part making up for any perceived impersonality due to the absence of face-to-face interaction. This again highlights the essential part that local community staff play in facilitating effective teleophthalmology.

The key role of REHCs has been demonstrated within our diabetic retinopathy screening program, which operates using a store-and-forward model (6). Following a period of declining screening activity in WA's Kimberley region, an REHC was appointed with the aim of providing high-level support for retinal screening and staff training. A retrospective audit comparing the period before and after the REHC's appointment showed an increase in screening coverage from 9 to 30%, with the number of screening sites increasing from 4 to 17 (6). This illustrates the positive impact that regional coordination can have on the effective delivery of teleophthalmology.



Alignment of Funding Incentives

A high degree of engagement with government funding bodies has been critical to the success of our telemedicine program, with the aim of ensuring that reimbursement sustains services and reflects the costs of high-quality service delivery. In 2011, the Commonwealth government introduced Medicare funding for both the referring doctor and specialist, with ~50% loading above equivalent face-to-face visits to reflect the additional resources required for telemedicine consults. Limited reimbursement in the United States is a frequently cited reason for reduced uptake of teleophthalmology (7). In 2019, only 10 of 50 states had payment parity between telemedicine and office visits (7). In response to COVID-19, telemedicine was made more widely available through reimbursement at the same rate as in-person visits regardless of setting. Similarly, in Australia regulations have been temporarily relaxed to include funding for audio-only consultations as well as metropolitan settings.

Despite the introduction of sustainable funding, telemedicine uptake in WA was initially low, falling 74% below government targets in the first year that incentives became available (8). Our group conducted an analysis of structural and economic drivers within WA eye care services with the aim of increasing the impact of teleophthalmology in Australia (9). Based on clinical audits of 5,456 eye visits, an estimated 15% of urgent transfers and 24% of outreach consultations were assessed as being suitable for telemedicine, leading to an estimated annual cost-saving of $1.1 million. Additionally, to determine the initial capital expenditure required to facilitate basic teleophthalmology, we conducted a survey of ocular diagnostic and teleconference equipment available at optometrists, primary-care practices, and hospitals. Setup costs for primary-care practices were estimated at $20,500, compared to negligible costs for already well-equipped optometry practices.

Based on this finding, along with the reduced need for further eye-specific clinical training for optometrists, we concluded that facilitating optometrist-led teleophthalmology provided the most compelling economic case. A strategy document was created with recommendations for teleophthalmology in Australia and submitted to the Royal Australian and New Zealand College of Ophthalmologists and Optometry Australia. Amongst other strategic initiatives, successful advocacy resulted in the approval of new Medicare codes for optometrist-led rural telemedicine referrals in 2015. In the first year following approval, Lions Outback Vision received 709 teleophthalmology referrals facilitated by optometrists (10).



Addressing Barriers to Telemedicine Uptake

Despite the demonstrated benefits of telemedicine, there are numerous barriers that can limit widespread uptake. In addition to the financial barriers previously outlined, there are also a range of technical and logistical obstacles. Taking a proactive approach to addressing these challenges has been critical to developing our service model. We found that introducing a multi-faceted intervention increased teleophthalmology uptake at our service (11). Key elements of this intervention included awareness raising, educational resources, logistical support, an updated online booking system, and a funding mechanism to simulate Medicare payments prior to government implementation.

In the United States, restrictions on permitted videoconferencing software emerged as an important barrier to telemedicine uptake in the context of COVID-19 (7). In response, the Centers for Medicare and Medicaid Services removed penalties for technologies that were previously considered non-compliant, such as Facetime, Skype, and Google Hangout. In contrast, these types of technologies have been used for telemedicine in Australia since 2011. Our existing service remains agnostic to videoconference platforms in order to minimize barriers for the referrer. Multiple audits of our service have shown that freely available voice-over-Internet-Protocol services such as Skype and Facetime are commonly chosen by referrers, supporting the idea that familiarity and useability are critical factors (10, 11).

Scheduling three parties (patient, referrer and specialist) for synchronous telemedicine relies on availability and timeliness of participants to ensure minimal disruption to clinical workflow. In 2017, our service introduced on-call teleophthalmology services to complement the existing online booking system. When an optometrist is visiting a community or a patient has traveled a significant distance for an assessment, there is limited opportunity for a scheduled future telemedicine appointment. This alternative provided immediate access to the ophthalmologist, resulting in improved access for rural and Indigenous patients. A clinical audit showed that the proportion of Indigenous patients in the on-call telemedicine cohort was 51.4%, compared to 8.7% in the online-booking telemedicine group (12). We found similar improvements in access for the most remote regions of WA, with 79.0% in the on-call service compared to 26.1% in the online-booking cohort. Of all telemedicine consultations in 2018, 27.8% made use of the on-call service, demonstrating high demand for the more flexible booking arrangement.




BEYOND TELEMEDICINE: THE ROLE OF AI IN RURAL EYE CARE

Rapid progress in AI technology has attracted interest due to its potential to perform complex medical tasks with supra-human performance. Deep learning is a type of AI utilizing multiple processing layers to learn representation of data with multiple levels of abstraction (13). Deep learning is particularly well-suited to image analysis tasks; hence, image-driven specialties like ophthalmology have become the frontrunners for medical AI. Advances in AI hold promise in helping bridge the widening gap between population eye care needs and trained human resources to meet these needs, particularly for underserved rural communities. A well-known limitation of AI is the tendency for algorithms to generalize poorly outside their research milieu (14). AI systems must therefore be trained on data from diverse populations and then rigorously validated within their intended settings.


Autonomous Diabetic Retinopathy Screening

Ophthalmic AI applications exist for numerous conditions, most commonly for diabetic retinopathy (DR), glaucoma, and age-related macular degeneration (AMD) (13). DR represents a growing burden for outreach eye services due to increasing prevalence, requirement for expensive imaging equipment, and the need for regular specialist intervention for optimal outcomes. It is therefore reassuring that much of the most promising progress toward real-world AI implementation has been for autonomous DR screening. Currently, two autonomous DR screening systems have been approved for use by Food and Drug Administration, following pivotal trials showing strong performance in real-world settings (15, 16). Both studies were conducted in the United States within majority white populations.

Our group was recently involved with a real-world validation study of a separate autonomous DR screening system evaluating 236 diabetic patients from Aboriginal Medical Services and endocrinology outpatient clinics (17). In addition to identifying referable DR, the system was also designed to screen for AMD and glaucoma, although performance was only assessed for DR screening. The system achieved a sensitivity and specificity of 96.9 and 87.7%, respectively, in detecting referable DR. Apart from investigating an at-risk ethnic group, other novel aspects of the study included: 1) the use of an offline AI system rather than a cloud-based system, as the latter is a notable barrier in some rural settings, 2) use of several types of retinal camera, and 3) evaluation of patient and clinician acceptability, which is frequently cited as a major limitation to AI uptake. Of 207 participants who completed a satisfaction questionnaire, 93.7% stated that they were either “satisfied” or “extremely satisfied”. Clinicians most frequently noted that the AI system was easy to use, and that the real-time diagnostic report was helpful.



Research Potential at Australia's First Remote Eye Center

Despite the progress of ophthalmic AI applications, further study is required to ensure that AI technology delivers benefit to patients. In 2021, Lions Outback Vision opened the Northwest Eye Hub in the remote Kimberley town of Broome. As Australia's first permanent dedicated eye center located in a remote region, it holds significant potential for furthering AI research in this high-risk but under-studied population. Our decade-long history of working in partnership with local community leaders and health organizations means we are well-positioned to develop further collaborative research partnerships. The hub is equipped with state-of-the-art diagnostic equipment, which, in many cases, surpasses that of tertiary eye clinics. The center is staffed by two full-time ophthalmologists and a range of other health staff including Aboriginal Health Workers and optometrists. Our team is currently engaged in several AI projects focusing on DR screening, detecting macular edema, (18) and analyzing optical coherence tomography angiography linking systemic risk factors.




TRANSLATIONAL TELEMEDICINE: OUTBACK SOLUTIONS TO BIG CITY PROBLEMS

A significant “hidden” waitlist has been recently highlighted in Australia—the waiting time for initial specialist assessment (19). This pre-specialist assessment waiting time is often not publicly available and yet masks a burden of preventable diseases silently resulting in unknown levels of permanent blindness or unnecessarily prolonged visual impairment. An audit of cataract referrals from two metropolitan public hospitals in New South Wales found that two-thirds of patients were yet to have their initial hospital appointment in the year following referral (20).

The COVID-19 pandemic has elevated telemedicine in the consciousness of all health service providers attempting to bridge barriers to healthcare. The imperative for telemedicine in outback Australia over the last decade and the robust supporting evidence-base can be translated rapidly to urban settings. For eye care in Australia, optometrists represent an accessible, publicly funded, and well-equipped resource to help tackle population eye health needs. Collaborative care models involving community-based optometrists and virtual review by an ophthalmologist using “store-and-forward” telemedicine modalities have been demonstrated for glaucoma and diabetes clinics in Australia, leading to cost-savings and reduced wait times (21, 22). Exploring options for upscaling these models has the potential to further improve the capacity of public eye services.

Synchronous videoconferencing may also be utilized to consent patients for surgical management during their first in-person contact point with the specialist, as shown within Lions Outback Vision. An audit of outreach surgery found that patients assessed through telemedicine waited half the length of time compared to those assessed in traditional outpatient clinics (23). Urban centers in the United Kingdom have explored comparable models involving community optometrists and telemedicine consultations to enable “one stop cataract surgery,” demonstrating similar benefits (24, 25). Adapting these models to the Australian context will require careful consideration to safeguard informed consent, rigorous surgical risk-assessment, and effective use of theater-time, however the benefits warrant further exploration. Telemedicine provides a seamless path from primary care to surgical management, and enables expert medical input where required, establishing a cornerstone to collaborative care.



CONCLUSION

Within WA, integration of teleophthalmology has been a crucial component in enabling Lions Outback Vision to make progress toward equitable eye care delivery. Much of this headway has relied upon establishing collaborative care models with regional optometrists, maximizing the efficiency of in-person specialist visits. Key lessons from our service have the potential to be applied to areas that share similar geographical and logistical challenges. Looking forward, advances in AI have shown promise toward bridging the gap between expanding eye care demands and limited resources; however, further investigation within under-resourced settings is critical to future progress. Finally, following the acceleration of global telemedicine capabilities triggered by COVID-19, lessons from rural services may be applied to urban centers to curb rapidly growing surgical wait lists. There is a clarion call to harness telemedicine advances in collaborative care to preserve sight in both urban and rural settings.
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Objective: A systematic review and meta-analysis of literature-to-date regarding the effects of combined cataract surgery on outcomes of DMEK.

Methods: Multiple electronic databases were searched, including Cochrane Library databases, PubMed, Web of Science, and ClinicalTrials.gov. The final search was updated on 10th February 2022. We included randomized controlled trials (RCTs), non-randomized studies and large case series (≥25 eyes) of DMEK (pseudophakic/phakic) and “triple DMEK”. A total of 36 studies were included in this study. Meta-analyses were done with risk differences (RD) computed for dichotomous data and the mean difference (MD) for continuous data via random-effects model. Primary outcome measure: postoperative re-bubbling rate; secondary outcome measures: complete/partial graft detachment rate, best-corrected visual acuity (BCVA), endothelial cell loss (ECL), primary graft failure, and cystoid macular edema (CMO).

Results: A total of 11,401 eyes were included in this review. Based on non-randomized studies, triple DMEK demonstrated a better BCVA at 1-month postoperative than DMEK alone (MD 0.10 logMAR; 95% CI: 0.07–0.13; p < 0.001), though not statistically significant at 3–6 months postoperative (MD 0.07 logMAR; 95% CI: −0.01 to 0.15; p = 0.08). There was no significant difference in rebubbling, ECL, graft failures, and CMO postoperatively between the two groups (p = 0.07, p = 0.40, 0.06, and 0.54 respectively).

Conclusion: Our review suggests that DMEK has a similar post-operative complication risk compared to “triple DMEK” (low-quality evidence), with comparable visual outcome and graft survival rate at 6 months postoperative. High-quality RCTs specifically studying the outcomes of combined vs. staged DMEK are still warranted.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020173760, identifier: CRD42020173760.

Keywords: DMEK, cataract surgery, systematic review & meta-analysis, staged surgery, combined surgery, Descemet's membrane endothelial keratoplasty


INTRODUCTION

Cataract surgery is the most commonly performed elective surgery in the world, with >10 millions of cases being carried out each year (1). In addition, age-related corneal endothelial diseases (e.g., Fuchs endothelial corneal dystrophy; FECD) are common causes of visual impairment, and represent a leading indication for corneal transplantation (2–4). Therefore, with the aging global population, it is becoming increasingly common for patients to require treatment for co-existing age-related ocular diseases such as cataract and FECD.

FECD can lead to endothelial cell loss (ECL) with resultant corneal edema, ocular discomfort, and visual impairment (5). Once corneal decompensation sets in, corneal transplant serves as the mainstay of treatment for restoring the vision (6). In recent years, selective endothelial keratoplasty (EK) has been the treatment choice for managing corneal endothelial diseases (3, 4, 7). In EKs, the donor corneal tissue is inserted, and positioned against the posterior surface of the host cornea (8–10). In particular, Descemet's membrane endothelial keratoplasty (DMEK) involves the use of a manually prepared partial-thickness donor cornea containing only endothelium and Descemet membrane (11–13). DMEK has been shown to have superior postoperative visual acuity and lower graft rejection rate (14–17). Despite the established benefits, the adoption of DMEK is gaining popularity albeit slowly, owing to its steep surgical learning curve (16, 18–20).

The approach in managing a concomitant cataract with FECD can be done in various ways. One of the commonest approaches is to perform a combined DMEK and cataract surgery (i.e., “triple DMEK”). When compared to a staged DMEK procedure (i.e., cataract surgery followed by DMEK, or DMEK followed by cataract surgery), “triple DMEK” offers advantages such as improved cost-effectiveness, better intraoperative corneal clarity (due to simultaneous removal of the diseased and thickened endothelium and elimination of the risk of post-cataract surgery-induced corneal edema) and comparable clinical outcomes (8, 21). It was however also found that “triple DMEK” may be associated with a higher rate of postoperative complications such as graft detachment requiring postoperative re-bubbling (22–24). Overall, there is no consensus on whether to stage or combine DMEK with cataract surgery in patients who present with visually significant cataracts and FECD.

Thus, we performed a systematic review to appraise and compare the published evidence on the surgical outcomes of DMEK and “triple DMEK” procedures, which could help inform the future clinical practice on managing patients with co-existing corneal endothelial diseases and cataract. As graft detachment requiring postoperative re-bubbling is one of the most complications of DMEK, we have studied this as the main outcome measure of our systematic review.



MATERIALS AND METHODS


Eligibility Criteria for Considering Studies for This Review

We included publications in which the surgical outcomes of DMEK performed for the treatment of corneal endothelial dysfunction were reported. Studies that reported on the outcomes of eyes that had undergone surgeries other than DMEK or “triple DMEK” were excluded from the review. Studies that solely reported on the clinical outcomes of DMEK performed for previous graft failures (including repeat DMEK surgery) or specific high-risk disease groups (e.g., glaucoma, previous glaucoma filtration surgeries, cytomegalovirus retinitis, herpes simplex virus) were excluded. There were no restrictions on age, gender, or ethnic group. To avoid any duplication of the reporting of similar study populations, where the same group of investigators published several studies, earlier smaller studies were excluded if more recent larger studies reporting the same outcome measures were available. We included all randomized controlled trials (RCTs), non-randomized studies, and large prospective and retrospective case series (n ≥ 25 eyes). Small case series (<25 eyes), letter, reviews, published abstracts, and laboratory-based studies were excluded from this review. The main outcome measure was the postoperative re-bubbling rate (at 0–6 months). Secondary outcome measures included graft detachment (including partial and complete detachment at 0–6 months), BCVA (at 1–6 months; in logarithm of the minimum angle of resolution, logMAR), graft failure (at 1–6 months), ECL (at 1–6 months), and cystoid macular edema (CME; at 1–6 months). Analysis of the literature and writing of the manuscript were performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (http://www.prisma-statement.org/).



Search Methods for Identifying Studies

We conducted a literature search in multiple electronic databases, including Cochrane Library databases, PubMed, Web of Science, and ClinicalTrials.gov (www.clinicaltrials.gov). We did not set any restrictions on the date, language, or publication status in our electronic search. The search strategies for the relevant databases can be found in Supplementary Appendix 1. We also performed manual searches by reviewing the reference lists of relevant reports and reviews. The final search was updated on 10th February 2022. The protocol was registered at the Prospective Register for Systematic Reviews (PROSPERO; registration number: CRD42020173760). Distiller Systematic Review (DSR) was used to manage the records identified and eligibility status.



Study Selection

The reviewers (K.Y.T and M.A) independently screened the titles and abstracts. Full reports of all titles that met the inclusion criteria or where there was uncertainty were obtained. Reviewers (K.Y.T and S.Y.T) then screened the full-text reports and additional information from the original investigators were sought after where necessary to resolve questions about the eligibility. We resolved any disagreement through discussion and any unresolved discussion was adjudicated by M.A. Reasons for excluding studies were recorded.



Data Collection and Risk of Bias Assessment

The following details of each study were extracted for this review: study participants' characteristics, location of study, study design, DMEK sub-groups, funding support (if any), and surgical outcome measures. Data on the following surgical outcome measures were included: re-bubbling rate, best-corrected visual acuity (BCVA), postoperative ECL, and complications including graft detachment. If only absolute numbers of the EC count were described, ECL was calculated by the method described by Hwang et al. (25). For descriptive and analytic purposes, visual outcome reported in Snellen visual acuity (VA) was converted to the respective logMAR (26). All outcome measures were ordinal data, except for mean BCVA and mean ECL (continuous data). The preferred unit of analysis was outcomes for eyes rather than individuals as some individuals had unilateral treatment or different treatments in each eye. For results that were reported in median, range and/or interquartile range, the mean and standard deviation were calculated using the method described by Luo et al. (27) and Wan et al. (28). Missing data were dealt per protocol, which is available in Supplementary Appendix 2.

Risk of bias was assessed by two authors (K.Y.T and S.Y.T) independently and any disagreement was adjudicated by M.A. Included randomized controlled trials (RCT) were assessed for risk of bias using Chapter 8 of the Cochrane Handbook for Systematic Reviews of Intervention (29). For non-randomized studies, we utilized the tool—Risk of Bias in non-randomized Studies—of Intervention (ROBINS-I) to evaluate the risk of bias in estimates (30). The study design of each article was also assessed and rated according to its level of evidence using a rating scale adapted from the Oxford Centre for Evidence-based Medicine (31). Funnel plots were analyzed to evaluate publication bias and small-study effects.

RCTs were judged for the selection bias, performance bias, detection bias, attrition bias, reporting bias and other sources of bias. Non-randomized studies were judged for confounding bias, selection bias, bias in classification of interventions, bias in deviation from intended interventions, bias due to missing data, bias in measurement of outcome and bias in selection of the reported results. Non-comparative case series was not assessed for risk of bias in view of the inherent high risk of bias.

Quality of evidence of each study was assessed by one author (K.Y.T) using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) tool (32). Each study was graded as either high, moderate, low or very low based on the study design, study limitations, consistency of results, directness of evidence, precision, treatment effect and reporting bias.



Data Synthesis and Analysis

A meta-analysis was performed if there were sufficient similarities in the reporting of outcome measures in different studies. The meta-analyses for comparison between both “triple DMEK” and DMEK alone were performed using Review Manager (Version 5.3) by Cochrane. Meta-analyses were done by computing the risk differences for dichotomous data and the mean difference for continuous data using a random-effects model. For single-arm studies (i.e., “triple DMEK” or DMEK alone), the overall effect was studied using Open Meta-Analyst [OpenMetaAnalyst for Windows 8 (64-bit) (built 04/06/2015) by Brown University]. Random-effects model was used in view of the anticipated heterogeneity in study design, patient cohort and surgical aspects (including surgeon's experience and surgical technique). Where zeros caused problems with the computation of effects or standard errors, 0.5 was added to all cells for that study. Statistical heterogeneity (I2) was defined as mild (0–40%), moderate (30–60%), substantial (50–90%), and considerable (75–100%) (33).




RESULTS


Literature Search and Study Characteristics

The electronic searches yielded a total of 873 records, and 42 additional records were identified through manual hand searching of bibliography (see Figure 1 for the PRISMA flow diagram). After deduplication, 815 abstracts were screened and a further 683 records were removed. Full-text copies of 132 articles were obtained and reviewed. After excluding 96 ineligible studies, 36 studies (n = 11,401 eyes) were included in this systematic review. These included 17 non-randomized studies comparing DMEK alone to “triple DMEK” (n = 8,304 eyes) with a mean follow-up duration of 12.8 ± 15.9 months (ranged, 6–60 months) (21, 22, 34–48), 14 studies on DMEK (n = 2,609 eyes) with a mean follow-up duration of 20.0 ± 21.9 months (ranged, 3–42 months) (49–62), and five studies on “triple DMEK” (n = 495 eyes) with a mean follow-up duration of 8.0 ± 3.4 months (ranged, 6–12 months) (63–67). Studies included were conducted at The Netherland (12 studies), Germany (nine studies), United States of America (seven studies), Canada (two studies), Egypt (one study), France (one study), Italy (one study), Nepal (one study), Spain (one study), United Kingdom (one study), and a multicenter study (23 countries). The surgical outcomes reported in studies included are summarized in Supplementary Appendix 3. Subgroup analysis comparing “triple DMEK” with phakic DMEK or pseudophakic DMEK alone was not possible due to due to limited numbers and heterogeneous study design (21, 34–36, 44).


[image: Figure 1]
FIGURE 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram.




Level of Evidence, Quality of Evidence and the Risks of Bias of Included Studies

The level of evidence assessed could be found in Supplementary Appendix 3. Of all the 17 studies that compared DMEK alone and “triple DMEK”, eight (47.1%) were rated as level II evidence, three (17.6%) were rated as level III evidence, and six (35.3%) were rated as level IV evidence. Of all the 14 DMEK alone studies, two (14.3%) were rated as level II evidence and 12 (85.7%) were rated as level IV evidence. Of all the five “triple DMEK” studies, all (100%) were rated as level IV evidence.

Similarly, the quality of evidence assessed could be found in Supplementary Appendix 3. Of all the 17 studies that compared DMEK alone and “triple DMEK”, nine (52.9%) were graded as moderate quality of evidence and eight (47.1%) were graded as low quality. Of all the DMEK alone studies, 14 (100%) were graded as low quality evidence, and of all the five “triple DMEK” studies, all (100%) were graded as low quality.

Based on all 17 non-randomized studies, the risk of bias assessment considered one (5.9%) study as low risk, 13 (76.5%) studies as moderate risk, and three (17.6%) studies as high risk. Figure 2 summarizes the judgments of each risk of bias domain presented as overall percentages across all included studies and Figure 3 summarizes the authors' judgments of each risk of bias item for each included comparative study.


[image: Figure 2]
FIGURE 2. Summary of the judgments of each risk of bias domain presented as percentages across all included studies.



[image: Figure 3]
FIGURE 3. Authors' judgments of each risk of bias item for each included comparative study.




Surgical Outcomes

Summary of the outcomes of meta-analysis of various surgical outcomes could be found in Table 1 (for non-randomized studies) and Table 2 (for non-comparative studies).


Table 1. Summary of meta-analysis result of each surgical outcomes in the non-randomized studies (non-randomized studies).

[image: Table 1]


Table 2. Summary of meta-analysis result of each surgical outcomes in the non-comparative studies.
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Postoperative Re-bubbling Rate

Eight comparative studies (n = 2,799 eyes), which included 1,408 DMEK eyes and 1,391 “triple DMEK” eyes, reported the postoperative re-bubbling rate (21, 22, 34, 35, 39, 43, 45, 48), Re-bubbling was reported in 316 (22.4%) DMEK eyes and 381 (27.4%) “triple DMEK” eyes. The meta-analysis demonstrated that there was no statistical difference between DMEK alone and “triple DMEK” in terms of postoperative re-bubbling rate (RD −0.06; 95% CI: −0.13 to 0.00; I2 = 73%; p = 0.07; Figure 4A). Based on the findings of non-comparative studies, the overall re-bubbling rate following DMEK was estimated at 3.9% (95% CI: 1.9–5.8; n = 950 eyes from five studies; Figure 4B) (52, 55, 58, 59, 62). No relevant data was available from “triple DMEK” studies.


[image: Figure 4]
FIGURE 4. Forest plot of (A,B) re-bubbling rates and (C,D) graft detachments (complete and partial) in comparative Descemet's membrane endothelial keratoplasty (DMEK) vs. “Triple DMEK” studies (comparative meta-analysis), and non-comparative DMEK alone studies (single-arm meta-analysis).




Graft Detachment

There was insufficient data regarding graft detachment among the comparative studies for meta-analysis. One study, which included 131 DMEK and 101 “triple DMEK” eyes, reported 12.9 and 10.1% of partial and complete graft detachment following DMEK, respectively, whilst there were 10.7 and 11.9% eyes with partial and complete graft detachment following “triple DMEK”, respectively, with no statistical difference observed between both groups (p = 0.78) (43).

Amongst the non-comparative DMEK studies, four studies (n = 1,085 eyes) and five studies (n = 1,152 eyes) that reported the rate of complete and partial graft detachments postoperatively respectively (52, 58, 59, 61, 62). The overall rate of complete and partial graft detachment was 8.3% (95% CI: 4.2–12.4) and 8.3% (95% CI: 5.1–11.5), respectively (Figures 4C,D). There was no data on graft detachment amongst the non-comparative “triple DMEK” studies.



Best Corrected Visual Acuity

Five comparative studies (n = 822 eyes) reported BCVA at 1–6 months postoperatively (21, 35, 42–44). “Triple DMEK” was shown to have a better BCVA compared to DMEK at 1 month postoperative (MD 0.10 logMAR; 95% CI: 0.07–0.13; I2 = 0%; p < 0.001; Figure 5A). Whilst the MD of BCVA between “triple DMEK” and DMEK at 3–6 months was insignificant, we however found that the result was highly heterogenous (MD 0.07 logMAR; 95% CI: −0.01 to 0.15; I2 = 88%; p = 0.08; Figure 5B).


[image: Figure 5]
FIGURE 5. Forest plot of (A) 1-month and (B) 3–6 month visual outcomes in comparative Descemet's membrane endothelial keratoplasty (DMEK) vs. “Triple DMEK” studies (comparative meta-analysis), and (C) 3-month and (D) 6-month visual outcomes in non-comparative DMEK, and (E) 1-month and (F) 3-month visual outcomes “Triple DMEK” studies (single-arm meta-analysis).


A total of seven DMEK studies (n = 692 eyes) (49, 54, 56, 60, 62, 68), and three “triple DMEK” studies (n = 275 eyes) reported BCVA at 1–6 months postoperative (64, 65, 67). The mean BCVA following DMEK was 0.50 logMAR (reported by one study), 0.14 (95% CI: 0.10–0.20) logMAR, and 0.07 (95% CI: 0.09–0.22) logMAR at 1-, 3-, and 6-month postoperative, respectively (Figures 5C,D), whereas the mean BCVA following “triple DMEK” was 0.19 (95% CI: 0.12–0.29) logMAR, 0.15 (95% CI: 0.11–0.19) logMAR, and 0.19 logMAR (reported by one study) at 1, 3, and 6 months postoperative, respectively (Figures 5E,F).



Endothelial Cell Loss

Three non-randomized studies (n = 394 eyes), which included 191 DMEK eyes and 203 “triple DMEK” eyes, reported the ECL at 3–6 months postoperative (35, 42, 43). Based on non-randomized studies, the rate of ECL was similar between DMEK and “triple DMEK” at 3 months postoperative (MD −3.24%; 95% CI: −9.30 to 2.81; I2 = 78%; p = 0.29) and at 6 months postoperative (MD 2.93%; 95% CI: −3.94 to 9.79; I2 = 49%; p = 0.40; Figures 6A,B).


[image: Figure 6]
FIGURE 6. Forest plot of (A) 3-month, (B) 6-month mean endothelial cell loss (ECL) in comparative Descemet's membrane endothelial keratoplasty (DMEK) vs. “Triple DMEK” studies (comparative meta-analysis), and (C) 6-month mean ECL in non-comparative DMEK studies (single-arm meta-analysis).


A total of three DMEK studies (n = 572 eyes) reported the postoperative ECL at 1–6 months postoperative (49, 51, 58). The mean ECL following DMEK was 37% (reported by one study) and 33.1% (95% CI: 24.9–41.3) at 1 and 6 months postoperative, respectively (Figure 6C). Data regarding mean ECL was not available in the non-comparative “triple DMEK” studies.



Primary Graft Failure

Seven non-randomized studies (n = 1,414 eyes) reported the primary graft failure rate, which was similar between DMEK and “triple DMEK” (RD 0.01; 95% CI: −0.02 to 0.05; I2 = 34%; p = 0.44; Figure 7A) (21, 34, 35, 43–45, 48). There was no data available regarding primary graft failures among non-comparative DMEK and “triple DMEK” studies.


[image: Figure 7]
FIGURE 7. Forest plot of other complications—(A) primary graft failures, (B) cystoid macular edema (CME), and (C) posterior capsular rupture (PCR) in comparative Descemet's membrane endothelial keratoplasty (DMEK) vs. “Triple DMEK” studies (comparative meta-analysis).




Cystoid Macular Edema

Five non-randomized studies reported the development of CME postoperatively (21, 36, 44, 46, 48). The risk of CME was similar between DMEK and “triple DMEK” (RD = −0.00; 95% CI: −0.02 to 0.01; I2 = 0%; p = 0.70; Figure 7B). Data regarding CME was not available in the non-comparative DMEK and “triple DMEK” studies.



Other Complications

Amongst the non-randomized studies, two studies reported the development of posterior capsular rupture (PCR) intraoperatively (36, 44). The risk of PCR was similar between DMEK and “triple DMEK” (RD = −0.03; 95% CI = −0.08 to −0.01; I2 = 0%; p = 0.15; Figure 7C). One study with 11 phakic DMEK eyes and 46 “triple DMEK” eyes reported elevated intraocular pressures in 18.2 and 8.7% of the eyes, respectively (35). In addition, 18.2% of the phakic DMEK eyes developed cataracts by 6 months' postoperative (35). Hyphaema were reported in 31% of the DMEK eyes and 49.8% of the “triple DMEK” eyes, with triple DMEK eyes having a 1.5 times (95% CI = 1.2–1.9) higher risk of developing hyphema (38).

For non-comparative DMEK studies, seven studies (n = 465) phakic eyes reported 68 eyes developed cataracts postoperatively (47, 50–52, 58, 59, 68). The overall risk of cataract development was 13.5% (95% CI = 5.4–21.7; Figure 8A). Specifically, four studies (n = 170 eyes) reported 20 eyes developed cataracts post-operatively within the first year, with an overall risk of 10.0% (95% CI = 0.01–0.20; Figure 8B) (49, 50, 52, 59), two studies (n = 186) reported 27 at 2 years follow-up with an overall risk of 20.5% in developing cataracts postoperatively (95% CI = −0.174 to 0.584; Figure 8C) (47, 58), and one study (n = 124) reported 21 at 5-year follow-up (68).


[image: Figure 8]
FIGURE 8. Forest plot of (A) Overall, (B) 6–12 months, and (C) 24 months cataract development postoperatively.






DISCUSSION

In this systematic review, we aimed to compare the surgical outcomes and safety between DMEK alone and “triple DMEK”, with 36 studies and 11,401 eyes being included in this review. “Triple DMEK” demonstrated a better BCVA at 1-month postoperative (0.10 logMAR better) than DMEK, albeit non-significant at 3–6 months (0.07 logMAR better, p = 0.08). There was no significant difference in the rate of ECL and other postoperative complications such as re-bubbling rate, primary graft failure, CME, and PCR.

Our meta-analysis suggested that DMEK has a comparable rate of postoperative re-bubbling to “triple DMEK” (RD = −0.06; 95% CI: −0.13 to 0.00; p = 0.07). Whilst the difference in re-bubbling rate was statistically insignificant, it is important to highlight that there was a substantial heterogeneity (I2 = 73%) among the included studies. The heterogeneity is likely ascribed to multiple confounding factors such as patient factors (e.g., age, lens status, depth of anterior chamber, and compliance to postoperative management like posturing), indication, surgeon's experience, surgical technique, choice of tamponade agent, and criteria for re-bubbling, amongst others. For instance, Dapena et al. (52) demonstrated that the graft detachment rate of DMEK reduced from 20% in the first 45 cases to 4.4% in the 91–135 cases. In addition, the use of 20% SF6 for intraocular tamponade in DMEK has been reported to reduce the rate of partial graft detachment significantly when compared with air (69).

As direct comparative studies were lacking, we performed a meta-analysis of non-comparative DMEK studies to examine the difference in reported graft detachment comparing combined cataract surgery with DMEK and standalone DMEK. We found that in DMEK alone, the overall total and partial graft detachment rates were both 8.2%. Showail et al. reported no significant difference in graft detachment between both approaches (p = 0.78) (43) and similar observations were made by other studies (34, 39, 41). Contrary to that, Leon et al. (22) and Gundlach et al. (35) have identified triple DMEK as an independent risk factor for early graft detachment. These studies, however, do demonstrate significant heterogeneity with various confounders, e.g., age, surgeons' techniques, indications for DMEK and pre-operative lens status (phakic vs. pseudophakic) which may have led to varying outcomes of the studies. Our meta-analyses are also affected by several outliers which may reflect the learning curve of DMEK—e.g. surgeon 1 from Wubbels et al. (62) demonstrated a much higher rate of re-bubbling compared to other studies as the aim of the study was to establish the learning curve from the first 40 consecutive cases of DMEK performed.

In terms of visual outcome, our meta-analysis of existing literature suggests that “triple DMEK” offered better visual outcomes at 1 month postoperative, though non-statistically significant at 3–6 months postoperative. It is, however, important to note that the visual outcome at 1 month postoperative was based on only two studies, with significant weightage (96%) placed on one study (21). Chaurasia et al. (21) observed that “triple DMEK” resulted in a better BCVA (0.10 logMAR better) than DMEK at 1–6 months postoperative; however their finding was confounded by the higher rate of ocular co-morbidities and non-FECD cases in the latter group. Whilst there was limited long-term BCVA data available, a study by Schlogl et al. (42) evaluated the long-term outcomes of 250 eyes and found no significant difference between both approaches up to 5 years postoperatively. On the other hand, the ECL was shown to be comparable (0.8% difference) between the two approaches at 6 months postoperative, and the similarity was maintained at 5 years postoperative according to one study (42).

It is important to note that of the 17 studies that compared both approaches, four studies did not specify the preoperative lens status of DMEK eyes (39, 41–43), two studies reported a mix of pseudophakic and phakic DMEK surgeries but did not analyze them separately (37, 40). Similarly, Godin et al. (34) have reported a mix of pseudophakic and phakic DMEK surgeries and the group analyzed them independently. Four studies compared “triple DMEK” directly with pseudophakic DMEK surgeries (21, 36, 38, 44), whilst one study compared “triple DMEK” with phakic DMEK (35). These studies concluded that the surgical outcomes are comparable regardless of preoperative lens status and approaches, except for Crew et al. (38) who reported intraoperative hyphema was more common in “triple DMEK” compared to pseudophakic DMEK. Between approaches, both shared similar complication rates in terms of primary graft failure, CME and PCR.

One sequala to phakic DMEK is accelerated cataract progression, which may be secondary to surgical manipulation, air injection and postoperative topical steroid use (35). It was observed that cataract progression occurred in 72% of the phakic eyes post-DMEK and patients above the age of 50 have a higher risk of cataract progression when compared to younger patients (83 vs. 40%) (49). This differs from our meta-analysis where we observed a considerably lower (but highly variable) risk of cataract development in phakic eyes post-DMEK (mean 9.3%, ranged 0.4–72%) (49, 50, 52, 58, 59, 68). This could be attributed to several factors such as patient cohort and follow-up duration. The mean age of included studies reported cataract progression ranged from 50 to 68 years old, and the youngest patient included was 20 years old, whereas the oldest was 96 years old. Furthermore, follow-up duration was highly heterogeneous amongst studies as well, ranging from 6 to 60 months. These factors combined could lead to variable detection rates of cataract post-DMEK. Whilst doing a staged “DMEK followed by cataract surgery” offers several advantages such as more accurate biometry and potential ability to use a wider variety of intraocular lenses, anecdotally, staged “DMEK then cataract surgery” is less commonly performed due to the potential of damaging the in-situ DMEK (70, 71).

We have also attempted to further compare phakic DMEK (i.e., DMEK in phakic eyes) vs. “triple DMEK”, and pseudophakic DMEK (i.e., DMEK in pseudophakic eyes) vs. “triple DMEK”. However, this was not possible due to the lack of data and the heterogeneity in study design. Whilst we did not quantitatively evaluate the accommodation and refractive outcomes of either approach, Gundlach et al. (35) have suggested that phakic DMEK (i.e., DMEK in phakic eyes) may be beneficial in younger patients as accommodation power can be preserved. In addition, a hyperopic shift may occur following triple DMEK (65, 66), and this can be potentially avoided if cataract surgery is performed after DMEK. Given the low incidence of cataract development post-DMEK, the decision to conduct a targeted DMEK surgery or triple/sequential DMEK should consider the patient's age, preferences, refractive need, and social circumstances.

This review has several limitations. There was no RCT available in the literature that directly compared the outcome of DMEK alone and triple DMEK. In addition, the level and quality of the available evidence were mostly level 3 or 4, and low respectively, with a significant number of studies judged as having moderate to high risks of bias (Figures 2, 3). Furthermore, significant heterogeneity existed in the studies, such as study design, study population, surgical techniques, outcome measures, methods of reporting, and duration of follow-up; and we could not study other factors or important complications such as glaucoma (72), which was not routinely reported. Risk of bias is high as the indication for DMEK included not only FECD but also other causes of corneal endothelial dysfunction such as PBK, complex eyes and re-grafts (73), which have been shown to have a prognostic impact on the surgical outcome (21). There were also inadequate longitudinal studies that compared DMEK alone and triple DMEK, hence making it difficult to provide a meaningful comparison regarding the long-term clinical outcomes of both approaches. With the reasons cited above, whilst meta-analysis could be done with the limited literature available at this juncture, it is hard to make a conclusive assessment on these two approaches.

Overall, our review showed that “triple DMEK” and DMEK alone surgeries are largely comparable in surgical outcomes, sharing similar ECL and complication rates, except for re possible graft detachment rates (lower in DMEK only eyes), which are important clinical points that should be discussed with patients prior to surgery. Looking at the existing evidences, sequential DMEK surgery (cataract surgery followed by DMEK) in patients with endothelial disease who are above the age of 50 years old or have concurrent cataracts could potentially avoid graft detachment. Targeted DMEK alone may be considered in younger patients with no evidence of cataract formation. The decision should, however, be guided by other factors such as patient's preference, social circumstances, surgeon's experience, and availability of operating theaters. Finally, there exists gap in current literature and further adequately powered, randomized controlled trials specifically looking at the long-term outcomes of combined and staged DMEK (with cataract surgery) are warranted for a definitive comparison of the two approaches.
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Purpose: To provide a perspective and surgical video demonstration of peripheral corneal ulceration and perforation managed with multilayered amniotic membrane transplantation.

Case Reports: Case 1 describes a 48-year-old female with progressive redness and pain, and an inferonasal corneal thinning and perforation in the left eye from peripheral ulcerative keratitis. She underwent conjunctival recession with amniotic membrane inlay and onlay (Sandwich technique) transplantation. The amniotic membrane integrated well, and her Snellen visual acuity improved from 6/21 preoperatively to 6/9 at 3 months post op. Case 2 describes a 78-year-old male with redness and pain with temporal corneal thinning bilaterally and perforation in the right eye from peripheral ulcerative keratitis. Both eyes underwent similar surgical intervention with smooth integration of the amniotic membrane in the cornea and improvement in the visual acuity. Both patients were also started on systemic immunosuppression in collaboration with the rheumatology team.

Conclusion: We report successful use of multilayered amniotic membrane transplantation for the treatment of corneal ulceration and perforation. The authors believe the simplicity of the surgical technique, easier access to amniotic membrane tissue, and lower induced post-operative astigmatism all provide advantages over alternative treatment modalities.
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INTRODUCTION

Various corneal pathologies can lead to corneal perforation, including infectious keratitis (bacterial, viral, fungal or parasitic), inflammatory keratitis (Mooren's ulcer, rheumatoid arthritis, systemic lupus erythematosus), neurotrophic keratitis, peripheral corneal thinning (pellucid marginal degeneration, Terrien's marginal degeneration), trauma, and chemical injuries (1–3).

The management of corneal perforation varies from non-surgical treatments such as bandage contact lenses or tissue adhesives, to surgical modalities like corneal suturing, conjunctival flaps, amniotic membrane (AM) transplantation and ultimately tectonic corneal patch graft (2, 3). The treatment chosen often depends on the size, location, and etiology of the corneal perforation, as well as the surgeon's experience and availability of donor tissues (amniotic membrane or donor cornea) (3, 4).

AM may be used as a graft (inlay), patch (onlay) or both for the management of corneal ulcers and perforations (5). It is not immunogenic, prevents apoptosis and has antimicrobial, antifibrotic, anti-inflammatory and antiangiogenic properties (3, 6). AM enhances epithelialisation by facilitating migration and differentiation of epithelial cells, reinforcing adhesion of basal epithelial cells, and regulating proliferation of normal corneal, conjunctival, and limbal fibroblasts (3).

In this paper, we present two cases of corneal perforation secondary to peripheral ulcerative keratitis managed with a sandwich technique of AM transplantation demonstrated in the Supplementary Video. Informed consent was obtained from both patients for publication of this case report.



CASE 1

A 48-year-old female presented with progressive pain, redness, and foreign body sensation in the left eye (LE) over the past 6 months. She had a history of peripheral ulcerative keratitis in the right eye (RE) requiring systemic immunosuppression and tectonic lamellar keratoplasty to reconstruct the area of the corneal thinning 15 years ago. Her systemic workup (complete cell blood count, electrolytes, urea, creatinine, liver function test, thyroid function test, C reactive protein (CRP), erythrocyte sedimentation rate (ESR), rheumatoid factor, antinuclear antibodies (ANA), antineutrophil cytoplasmic antibodies (ANCA), extractable nuclear antigens, anti-citrullinated protein antibody, syphilis, herpetic and hepatitis serologies) was negative 15 years prior. Her systems review at that point revealed a chronically inflamed elbow; therefore, she was started on oral cyclosporine up to 100 mg oral BID and Felodipine 2.5 mg oral daily for presumed seronegative rheumatoid arthritis. This systemic management was successfully tapered off 4 years ago with no recurrence of symptoms in the eye or the elbow joint.

On examination, she had uncorrected Snellen visual acuity of 6/30 on the right and 6/21 on the left. RE revealed an uninflamed tectonic lamellar keratoplasty. The LE was acutely inflamed inferonasally adjacent to an area of peripheral corneal ulceration without perforation. The anterior chamber was deep and quiet bilaterally at this point. She had trace nuclear sclerosis in both eyes.

She was commenced on oral ascorbic acid, topical moxifloxacin QID andprednisolone acetate 1% QID in the LE, and advised to use an eye shield at night. The rheumatology team was consulted again, and she was started on oral prednisone 60 mg daily as well as oral mycophenolate mofetil 1 g BID. On repeat assessment a week later, she had not yet started systemic treatment and had not been using her eye shield. She was found to have a perforation within the area of thinning with a flat anterior chamber (Figure 1).


[image: Figure 1]
FIGURE 1. Inferonasal corneal ulceration with adjacent inflammation of the left eye.


A bandage contact lens was put on the LE as a temporizing measure before surgical management. She was continued on topical moxifloxacin and prednisolone acetate in the LE. Two days later, a conjunctival recession, amniotic membrane transplant and a temporary tarsorrhaphy was performed under retrobulbar anesthesia. A single piece of folded, multi-layered, fresh frozen amniotic membrane was packed and sutured into the LE corneal defect and held in place using fibrin glue. An overlying large single layer of amniotic membrane with the epithelial side down was sutured with interrupted sutures of 10.0 nylon with tension over the temporal ocular surface in a bandage fashion (Supplementary Video). A medial temporary tarsorrhaphy was carried out using bolsters and 6-0 nylon. Subconjunctival antibiotics of cefazolin and dexamethasone were injected at the end of the procedure. Postoperatively the patient was commenced on moxifloxacin eye drops QID, prednisolone acetate 1% QID and preservative-free lubricants 2-hourly.

The patient had an uneventful post-operative course without further episodes of ulceration, melt or inflammation. The AM patch integrated well into the corneal stroma at the 1-month postoperative visit with Snellen visual acuity of 6/15 and a quiet ocular surface (Figure 2A). Her uncorrected Snellen visual acuity improved to 6/9 at 3-months post op (Figure 2B).


[image: Figure 2]
FIGURE 2. (A) 1-month post-op image showing integration of the amniotic membrane patch in the inferonasal corneal stroma. (B) 3-month post-op image demonstrating smooth integration and an uninflamed left eye.




CASE 2

A 78-year-old male from rural New South Wales presented to the Sydney Eye Hospital emergency department with a RE corneal perforation following a 4-day history of severe right ocular pain.

Past ocular history included LE pseudophakia and bilateral pterygium excision several years ago as well as bilateral dry age-related macular degeneration. He had a medical history of hypertension and ischemic heart disease with no other systemic complaints.

Examination on presentation revealed Snellen visual acuities of 6/38 in the RE and 6/24 in the LE. Intraocular pressure (IOP) was 13 and 11 mmHg in the right and left eye, respectively. Conjunctiva were bilaterally injected without any scleritic foci or evidence of scleromalacia. Corneas bilaterally were found to have temporal peripheral ulcerative keratitis (PUK) (6.5 mm in the RE and 7 mm in the LE), with RE corneal perforation of 2 mm with iris prolapse and LE thinning of ~80–90% within the area of ulceration (Figures 3A,B). RE Anterior chamber was almost flat with 3+ cells and a fibrinous reaction. LE anterior chamber was deep with 2+ cells. Other examination findings included pseudoexfoliative cataract in the RE and pseudophakia in the LE.


[image: Figure 3]
FIGURE 3. (A) Pre-operative image of the right eye with temporal thinning and perforation, iris prolapse and surrounding inflammation. (B) pre-operative image of the left eye with temporal thinning and surrounding inflammation but no corneal perforation.


A cautious corneal scrape and swab of the RE ulcer bed excluded a superimposed microbial keratitis. Blood tests mentioned above, quantiferon gold test and a chest X-Ray were ordered to exclude infective and inflammatory/autoimmune causes of peripheral ulcerative keratitis. Blood tests were positive for a raised ESR (18 mm/h) and ANA (1:320 speckled); the remaining blood tests were unremarkable.

The patient was admitted on an initial treatment regimen of fortified topical antibiotics (gentamicin 0.9% and Cefazolin 5%) hourly in the RE and QID in the LE, topical prednisolone sodium phosphate preservative free 0.5% twice a day in both eyes, oral anti-collagenolytic agents (ascorbic acid 2 grams daily, doxycycline 100 mg twice a day), oral prednisolone 60 mg daily, oral ciprofloxacin 750 mg twice a day and valacyclovir 500 mg three times a day.

Gluing of the corneal perforation as a temporizing measure was not possible due to the significant area of perforation and degree of iris prolapse. For the RE, a conjunctival recession, amniotic membrane transplants and tarsorrhaphy was performed. A single piece of folded, multi-layered, fresh frozen amniotic membrane was packed and sutured into the RE corneal defect and an overlying large single layer of amniotic membrane with the epithelial side down was sutured with tension over the temporal ocular surface with interrupted sutures of 10.0 nylon. A nasal paracentesis was used to reform the anterior chamber and reposit the iris. A second layer of amniotic membrane was then applied to the entire ocular surface with a purse-string suture.

The LE had conjunctival recession and 3 glue patches applied to the area of melt before a layer of amniotic membrane was glued over the area of thinning incorporating the area of conjunctival recession. Subconjunctival antibiotics of cefazolin and dexamethasone were injected bilaterally at the end of the procedures.

Postoperatively the patient was commenced on preservative-free chloramphenicol 0.5% drops QID, cyclosporine 1% BID and preservative-free lubricants 2-hourly. Topical steroids and fortified antibiotics were ceased. The rheumatology team was consulted as part of the multidisciplinary management of this patient's idiopathic immune-mediated corneal disease. 3 cycles of intravenous methyl prednisolone 500 mg and intravenous cyclophosphamide 650 mg were administered, followed by a tapering dose of the oral prednisone and initiation of long-term immunosuppression with oral mycophenolate 360 mg twice daily.

The patient had an uneventful post-operative course without further episodes of ulceration, melt or inflammation. Snellen visual acuity at the 1-month postoperative visit was 6/90 in RE (with cataract) and 6/9 in LE with normal intraocular pressures and a quiet ocular surface (Figures 4A,B).


[image: Figure 4]
FIGURE 4. 1-month post-op image showing integration of the amniotic membrane patch in the temporal corneal stroma of the right eye (A) and the left eye (B). 3-month post-op image showing uninflamed eyes and a smooth integration of the amniotic membrane patch in the temporal corneal stroma of the right eye (C) and the left eye (D).


Topical and systemic immunosuppressants were reduced as the patient continued on a stable postoperative course. At the 4-month post-operative visit the patient had similar visual acuity, and was maintained on topical preservative free lubricants and Mycophenolate 500 mg BD (Figures 4C,D).



DISCUSSION

In this article, we present two cases of peripheral ulcerative keratitis (3 eyes) with corneal perforation treated with multi-layered amniotic membrane transplantation using cigar technique demonstrated in the Supplementary Video. We found the AM integrated well into the host cornea in all 3 eyes with rapid visual recovery in all eyes but one, in which the reduced vision was attributed to cataract formation.

To replace the corneal tissue defect and fill in the corneal ulceration, the main options are fibrin glue, conjunctival and tenons tissue, donor corneal tissue, and AM (6–8). Fibrin glue, although a valuable tool in small perforations, is often ineffective on its own in filling the entire depth of corneal ulceration in large defects and may prolong wound healing and closure of epithelial defect (7). Conjunctival tissue often leads to neovascularization, scarring and conjunctivilization of the epithelium (7). Donor corneal tissue is often in short supply or may not be immediately available for the treatment of corneal perforation (7). It also has an increased risk of rejection and ongoing melt due to the inflamed host cornea and the underlying rheumatic disease (8). Many studies have reported on the successful use of AM in the treatment of corneal perforation (1–4, 6, 7). Some authors believe AM transplantation to be superior to alternatives due to AM's antifibrotic, anti-inflammatory and antiangiogenic properties that not only fills the defect and restores the globe's integrity, but also prevents further tissue loss (3, 6, 7). This technique does require a tightly “packed” scroll of AM into a “cigar” shape—we find that this contour lends itself well to simultaneously filling in the central “bulk” for the largest portion of the defect alongside tapered “ends” and each pole of the “cigar”, allowing for a gradual filling of crescenteric defects at superior and inferior ends. The initial placement of sutures from the host-AM-host requires replacing with tighter tension as the walls of the crevice become more and more closely apposed.

In our cases, we found the rapid visual rehabilitation and low induced astigmatism to be superior to tectonic corneal graft as well. The first case previously required a tectonic lamellar keratoplasty in the right eye for the same indication with an induced astigmatism of 6.5 diopters, while the left eye of the same patient treated with AM transplantation described above had a cylinder of 0.75 diopters at 3 months (Figure 5). This is consistent with prior studies with some authors reporting declining astigmatism with time as the AM continues to integrate into the host cornea (1, 3).


[image: Figure 5]
FIGURE 5. Topographic map of Case 1 post operatively with tectonic corneal graft in the right eye and AM transplantation in the left eye.


Lastly, the simplicity of the surgical technique (Supplementary Video) and the relative ease of availability of AM compared to donor cornea makes this an attractive choice for the management of corneal ulcers and perforations. This was also highlighted in a study by Ngan and Chau (9) on Mooren ulcers in Vietnam where systemic immunosuppressive medications are not readily available. Indeed, the management of corneal melting and perforation can be complex, and the treatment modality chosen may vary significantly depending on the clinical picture, other ocular comorbidities, and the size, location, and etiology of corneal thinning (Table 1). The authors agree that AM transplantation may not be suitable as the sole treatment of central corneal ulceration, as it leads to corneal opacity once healed and may degrade visual acuity. However, it may be an appropriate temporizing measure to allow for an uninflamed and quiet eye prior to donor corneal graft transplantation, thereby increasing success for visual rehabilitation. Additionally, while there is no absolute perforation size cut-off for the use of AM transplantation, it may be difficult to pack and close large perforation defects and restore the globe's integrity. However, its successful use in large or 360 degrees of corneal thinning has been previously reported (9).


Table 1. A comparison of advantages and preferred utilization of AM transplantation and tectonic corneal graft.

[image: Table 1]



CONCLUSION

Multi-layered amniotic membrane transplantation may be an effective surgical modality in the treatment of corneal ulceration and small to mid-sized perforation from peripheral ulcerative keratitis. The surgical technique is simple and leads to relatively rapid visual recovery with low induced astigmatism.
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Limbal stem cell deficiency (LSCD) can cause significant corneal vascularization and scarring and often results in serious visual morbidity. An early and accurate diagnosis can help prevent the same with a timely and appropriate intervention. This review aims to provide an understanding of the different diagnostic tools and presents an algorithmic approach to the management based on a comprehensive clinical examination. Although the diagnosis of LSCD usually relies on the clinical findings, they can be subjective and non-specific. In such cases, using an investigative modality offers an objective method of confirming the diagnosis. Several diagnostic tools have been described in literature, each having its own advantages and limitations. Impression cytology and in vivo confocal microscopy (IVCM) aid in the diagnosis of LSCD by detecting the presence of goblet cells. With immunohistochemistry, impression cytology can help in confirming the corneal or conjunctival source of epithelium. Both IVCM and anterior segment optical coherence tomography can help supplement the diagnosis of LSCD by characterizing the corneal and limbal epithelial changes. Once the diagnosis is established, one of various surgical techniques can be adopted for the treatment of LSCD. These surgeries aim to provide a new source of corneal epithelial stem cells and help in restoring the stability of the ocular surface. The choice of procedure depends on several factors including the involvement of the ocular adnexa, presence of systemic co-morbidities, status of the fellow eye and the comfort level of the surgeon. In LSCD with wet ocular surfaces, autologous and allogeneic limbal stem cell transplantation is preferred in unilateral and bilateral cases, respectively. Another approach in bilateral LSCD with wet ocular surfaces is the use of an autologous stem cell source of a different epithelial lineage, like oral or nasal mucosa. In eyes with bilateral LSCD with significant adnexal issues, a keratoprosthesis is the only viable option. This review provides an overview on the diagnosis and treatment of LSCD, which will help the clinician choose the best option amongst all the therapeutic modalities currently available and gives a clinical perspective on customizing the treatment for each individual case.

Keywords: Limbal stem cell deficiency (LSCD), simple limbal epithelial transplantation (SLET), limbal stem cell transplantation (LSCT), Keratoprosthesis (KPro), Anterior segment optical coherence tomography (AS-OCT), impression cytology (IC), confocal microscopy, cultivated limbal epithelial transplantation (CLET)


INTRODUCTION

The corneal epithelium is essential for the maintenance of the anatomic integrity and physiological functioning of the transparent cornea. The maintenance of the corneal surface is ensured by the constant turnover of the corneal epithelium from the limbal epithelial stem cells (LESC) (1, 2). These LESC straddle the junction between the cornea and the conjunctiva and reside in the basal epithelial layer of the limbus. The microenvironment surrounding the LESC within the palisades of Vogt, is responsible for ensuring the viability and efficacy of the stem cells. The LESC prevent the migration of the conjunctival epithelial cells over the corneal surface and in the presence of a dysfunction of the LESC themselves or the surrounding niche, there occurs conjunctivalization of the cornea.

Limbal stem cell deficiency (LSCD) can stem from numerous etiologies, resulting in serious visual morbidity (3, 4). And so, early diagnosis of this entity is essential in order to institute the appropriate therapy in a timely manner. Also, the need for diagnosing LSCD is even more essential when a keratoplasty is planned as the graft is unlikely to fair well if the LSCD is not corrected in advance. Although the diagnosis of LSCD is still primarily a clinical one, there are several diseases that can mimic its clinical picture (5, 6). In such scenarios, the clinician can choose from an array of diagnostic tests aimed at detecting LSCD. Similarly, numerous therapeutic options are available in management of LSCD and the choice of one intervention over the other depends upon the severity of ocular and adnexal involvement. This review aims to provide an understanding of the various tools in the diagnostic armamentarium of LSCD in the context of their advantages and limitations. It also endeavors to crystallize the clinical approach to a case of LSCD based on the laterality, severity, and resources available.



ETIOLOGY

Pathologies that affect the LESC or their supporting niche can cause LSCD (3). These can be classified as per Table 1. Understanding the underlying primary disease process often provides an added perspective into the management of LSCD. Several conditions such as chemical or thermal ocular burns, Stevens-Johnson syndrome (SJS), etc. are one-time insults and usually the treatment approaches are limited to the sequalae that ensue (7). On the other hand, in autoimmune disorders such as mucous membrane pemphigoid (MMP), there is a constant disruption of the systemic and ocular milieu occurring via inflammatory mediators (8). In such cases, addressing the LSCD in isolation invariably has very poor outcomes and so it must be done in conjunction with the management of the systemic pathology. Furthermore, in case of congenital causes of LSCD, treatment options include specific gene targeted therapy which is possible only if a particular type of limbal stem cell transplant (LSCT) is performed. Therefore, it is essential for the treating physician to know the primary disease process in order to make an informed decision and choose the appropriate therapeutic modality on a case-to-case basis.


Table 1. Causes of limbal stem cell deficiency.

[image: Table 1]



CLINICAL FEATURES


Symptoms

Patients with LSCD present with non-specific symptoms such as ocular redness, discomfort, pain, watering, and photophobia. When the disease is severe enough to involve the visual axis, the complaints extend to blurring or decreased vision (2, 7).



Signs

The diagnosis of LSCD is primarily clinical but needs to be confirmed by one or more objective methods. The clinical findings vary depending upon the severity of the disease. In early cases of LSCD, there may be focal areas of the corneal epithelium which take up the characteristic stippled staining pattern (7). There is loss of clarity within the epithelium, creating a lackluster appearance. The limbal palisades of Vogt, which are usually most easily visible superiorly and inferiorly, may be difficult to discern or may become flattened (Figure 1). With the progression of the disease there occurs conjunctivalization of the cornea and superficial corneal vascularization (Figure 2) (7, 8). Due to patches of irregular epithelial thinning, a whorl pattern is noted which is better picked up as areas of pooling up of fluorescein(Figure 3). These zones also exhibit late staining (7, 8). A sharp demarcation between the abnormal and normal corneal epithelium may also be seen in cases of sectoral involvement (7–9). Epithelial instability is a hallmark of the disease process which manifests as repeated breakdown of the epithelium and in advanced cases this can progress to form a persistent epithelial defect (PED) (7). Recurrent episodes of PEDs can affect the underlying stroma leading to scarring or sterile melts in non-resolving cases (7).


[image: Figure 1]
FIGURE 1. Collage of images depicting the normal ocular surface and limbus (arrows) in pigmented (A, B) and hypopigmented (C, D) eyes.



[image: Figure 2]
FIGURE 2. Collage of images illustrating different grades and etiologies of limbal stem cell deficiency (LSCD). Top row: LSCD due to chemical injury which is partial and sparing the visual axis (A), involving the visual axis (B,C). (D,E) Total LSCD in chemical injury. (F) LSCD in chronic vernal keratoconjunctivitis. Superior cornea shows Horner-Trantas dots (black arrowheads). (G) LSCD in Epidermolysis Bullosa (H) LSCD in mucous membrane pemphigoid.



[image: Figure 3]
FIGURE 3. A representative collage of various diagnostic modalities in limbal stem cell deficiency (LSCD). (A) Fluorescein-stained image showing characteristic stippled staining (yellow arrowheads). (B) Optical coherence tomography line scan showing hyperreflective epithelium indicative of LSCD (white arrowheads). (C) Impression cytology depicting Periodic acid-Schiff positive goblet cells (black arrowheads) and CK19 positive cells on immunohistochemistry (D,E) in vivo confocal microscopy showing decreased sub-basal nerve density.





DIAGNOSTIC INVESTIGATIONS

In cases of severe ocular burns or advanced cicatricial conjunctivitis following SJS, the diagnosis of LSCD can be straightforward. However, in several cases the clinical presentation is subtle and establishing the diagnosis may be challenging. In such cases the ancillary tests mentioned below help supplementing the diagnosis. In addition to confirming the diagnosis, these tests may facilitate the quantification of the disease and provide an understanding of its progression. They also help to confirm the epithelial phenotype following a stem cell transplant and in monitoring the postoperative recovery (10–13).


Impression Cytology

This test involves sampling of the superficial epithelial cells of the ocular surface and subjecting them to histopathological and immunohistochemistry tests. The sample can be obtained from the cornea or the conjunctiva and is usually acquired using a nitrocellulose or cellulose acetate filter paper (14). Although the test typically acquires the superficial corneal and conjunctival cells, repeated sampling in a particular area will facilitate access to the deeper layers as well (14). Following a standardized sampling technique is recommended as this will affect the quantity and quality of tissue obtained (7, 9, 14). Ensuring that the ocular surface is not too wet and that the pore size of the paper is adequate to collect the epithelial cells will also help in improving the yield (9, 15).


Histopathology

The cytology specimen procured undergoes histopathological processing with various stains such as hematoxylin and eosin (H&E), Giemsa, Periodic acid-Schiff, etc (14). These stains detect the presence of goblets cells which indicates the invasion of conjunctival epithelial cells over the surface of the cornea (14). Although the detection of goblet cells is considered the sine qua non of LSCD (Figure 3), its absence does not imply a healthy limbus. Also, there may be a decrease in the concentration of goblet cells due to the underlying disease process itself as is the case in SJS (16, 17). As mentioned earlier the sensitivity of the test is largely dependent on the sampling procedure. And so, assessment of the epithelial cells which are also concurrently sampled can enhance the detection rate of LSCD. However, the differentiation of corneal from conjunctival epithelial cells is not possible with the routine stains used and requires immunohistochemistry.



Immunohistochemistry

Several markers have been investigated and of these cytokeratin 12 has been found to be specific for the mature corneal epithelium (7, 18). Although cytokeratin 3 was also considered to be cornea specific, recent studies have found this marker in the conjunctiva also (19, 20). Cytokeratin 7, 13 and 19 are markers which are specifically expressed in conjunctival epithelial cells while mucin 5AC(MUC5AC) is used for the detection of goblet cells (Figure 3) (18, 20–22). However, negative MUC5AC staining has been noted despite positive conjunctival marker staining, signifying the low sensitivity of this marker (18). This fallacy has been subverted with the use of reverse transcriptase polymerase chain reaction test for the detection of MUC5AC which increases the test sensitivity to 98% (23).

Obtaining normal corneal cells through impression cytology is challenging because of the inherent adherence of the cells to each other and the underlying basement membrane. This is in contrast to the conjunctival cells which freely desquamate and so, the presence of an abundance of cellularity can itself indicate the presence of conjunctival cells (18, 20) Since conjunctivalization of the cornea is considered a hallmark of LSCD, the confirmation of conjunctival epithelial cells from a corneal cytology specimen has been deemed sufficient to diagnosis LSCD (Figure 3) (20). The subsequent presence of the cytokeratin 12 marker is used to quantify the disease which is considered mild or partial if the corneal marker can still be detected (20). The degree of the fluorescence exhibited by these markers has also been used to quantify the severity of the disease (19, 24).




In-Vivo Confocal Microscopy (IVCM)

IVCM is a non-invasive tool that provides an in vivo picture of the microstructures within the cornea. Of the various parameters measured by the device, presence of goblet cells, the basal epithelial measurements of the cornea and limbus along with the changes of the sub-basal nerve plexus are used in the diagnosis of LSCD (Figure 3).


Goblet Cells

The presence of goblet cells in a corneal IVCM scan is confirmatory of the diagnosis of LSCD. The detection rate of goblet cells with IVCM closely correlates with that of impression cytology (25). However, as mentioned previously, several factors may affect the detection of goblet cells in a case of LSCD and with an IVCM this is further confounded by the small area that is scanned. Also, the described morphology of a goblet cell is variable with descriptions of both a hypo and hyper-reflective cytoplasm (26–28). Thus, although the detection of goblet cells is feasible with an IVCM, the test has low sensitivity.



Corneal and Limbal Epithelial Changes

A decrease in basal cell density (BCD) with an increase in the size of the cells is noted in patients with LSCD (29–31). This decrease corresponds with the severity of the disease and in advanced cases, there is significant alteration in the morphology of the cells with an increased number of visible hyperreflective cell nuclei (31, 32). Deng et al. found that a BCD value of <7930 cells/mm2 for basal cell density diagnosed LSCD with a 95.5% sensitivity and 100% specificity (31). In cases of partial LSCD, the epithelium in the clinically normal areas maintains the normal pattern on IVCM although there is often an increase in the number of dendritic cells in the underlying stroma (25, 33, 34). A clear demarcation is noted at the junction between the corneal and conjunctival epithelial cells as the two have very distinct morphological features on IVCM (33). Corneal basal cells have a dark cytoplasm with well-defined borders and are much smaller than the conjunctival cells. Intraepithelial cystic lesions with surrounding goblet cells have also been described in cases of LSCD (33). Overall thinning of the epithelium is seen in LSCD (35). A similar pattern of change is noted in the limbal epithelium as well with a decreased BCD which correlates with disease severity (34–36). In cases of partial LSCD, the clinically unaffected areas also exhibit the same changes indicating a pre-clinical method of detection of LSCD (34, 36).



Corneal Nerves Changes

A progressive decrease in the density of the sub-basal plexus of nerves is noted with increasing severity of the disease until a complete nerve drop out occurs (Figure 3) (29, 34, 37). Additionally, several other changes have also been reported which include decreased branch length, increased angulation of branching, increased tortuosity, etc (31, 37). A cut off for sub-basal nerve density of 53 nerves/mm2 resulted in an 87% sensitivity and 91.7% specificity for the diagnosis of LSCD (31). Caro-Magdaleno et al. found that the sub basal nerve density had an inverse association with conjunctivalization and a value of <17,215 μm/mm2 diagnosed LSCD with a 95.5% sensitivity and specificity of 90.6% (38).




Anterior Segment Optical Coherence Tomography (AS-OCT)

AS-OCT is a non-invasive imaging tool that has low operator dependence and yields repeatable results. It has been used to augment the diagnosis of LSCD with its corneal and limbal epithelial measurements. Additionally, with the help of image processing software, the reflectivity from these measurements have been quantified. The role of the angiography feature of OCT for detecting LSCD has also been investigated.


Epithelial Changes

Similar to the IVCM findings, a decrease in both the corneal and limbal epithelial thickness has been observed with AS-OCT in eyes with LSCD (Figure 3) (30, 39). Although epithelial thinning is not specific to LSCD and is seen in disease entities such as keratoconus, dry eye, etc.; the degree to which the thinning occurs is different. A 20–30% thinning has been reported in eyes with LSCD, while in other disorders the thinning is <10% (35, 39, 40). Liang et al. proposed a new parameter measured as a mean of the central epithelial thickness and thickness measured at two points, 1 mm on either side of the central thickness (39). Values <46.6 μm for this parameter were considered diagnostic for LSCD with a sensitivity and specificity of 61.7% and 100% respectively (39).

In addition to measuring the limbal epithelium, the OCT can also provide an in vivo visualization of the palisades of Vogt. This is possible even in eyes where the palisades are not visualized clinically (41). Although the IVCM can also image the palisades, the image procurement takes time and requires a skilled and experienced operator whereas the process is much simpler in case of an OCT. Also, as seen with IVCM, in eyes with partial LSCD the thinning of the limbal epithelium is similar in the affected and unaffected areas (39). This epithelial thickness correlates with the presence of the palisades with significant thinning manifesting when the palisades are absent (42). Volumetric scans of the limbus provide a three dimensional image which can further help quantify the severity of LSCD (43, 44).

Scans from an AS-OCT can be subjected to image processing and thus the epithelial and stromal reflectivity is derived. Varma et al. found the epithelial reflectivity value to be a better indicator of the presence of LSCD than stromal reflectivity (45). They also studied the ratio of these two reflectivities (ES ratio) and proposed a cut off 1.29 to be diagnostic of LSCD with good sensitivity and specificity. Furthermore, a reversal of this ratio following SLET was noted by Kate et al. (12). However the values at the end of one year follow up did not reach the ES ratio seen in normal eyes (12).



OCT Angiography (OCT-A)

The use of the angiography feature of the OCT has been explored in quantifying the changes seen in the limbal vasculature as well as in corneal neovascularization (Figure 4) (46, 47). A progressive increase in the density of vascularization and its extent into the cornea has been reported with increasing severity of LSCD (48). Also, OCT-A has been used to differentiate true LSCD from its mimickers which also have corneal vascularization. A significant reduction in vascular density is noted after segmentation of the superficial layers in non-LSCD cases as in these eyes the vessels are usually located within the deep stromal layers (45). When this superficial vascular density values are >0.38, the diagnosis of LSCD can be confirmed with a sensitivity and specificity of 97.9% and 73.8% respectively (45).


[image: Figure 4]
FIGURE 4. (A) Optical coherence tomography-angiography (OCT-A) illustrating a normal limbal vasculature with hairpin looped limbal vessels (yellow arrowheads) and surrounding normal perilimbal conjunctival and episcleral vessels. (B) OCT-A in in limbal stem cell deficiency with vascular invasion of the peripheral corneal and distortion of the annular ring of hairpin looped limbal vessels (pink arrowheads).






CLASSIFICATION

Several classifications have been proposed to grade the severity of LSCD (1, 2, 31, 49). These are based on corneal epithelial thinning, fluorescein staining patterns, presence of neovascularization, fibrovascular pannus, etc. The grading proposed by the Limbal Stem Cell Working Group has divided the corneal involvement into three groups depending on involvement of the central 5 mm of the cornea and these groups have further been subcategorized based on the percentage of limbal involvement (7). These gradations which are based on corneal findings help understand disease severity and assess progression. This is particularly helpful for uniform and standardized documentation for research and monitoring progression or response to therapy. However, the classification does not include adnexal involvement, and this is vital in the decision-making process for the management of these eyes. Hence, classification systems that incorporate the eyelid and conjunctival changes in addition to the corneal ones may better help in delivering appropriate therapy based on the composite disease severity (50).



MANAGEMENT

The management of LSCD includes several surgical and non-surgical options and for each patient the treatment plan has to be tailored to suit the involved eye. However, LSCD rarely occurs in isolation and so the concurrent management of the systemic and ocular comorbidities is vital and often has to precede the surgical management of the disease. This includes systemic immunosuppression in cases of MMP, ocular anti-inflammatory therapy in cases of vernal keratoconjunctivitis, SJS, etc. A component of aqueous deficiency dry eye (ADDE) is usually present in most of these eyes and addressing the same with preservative free lubricants, punctal occlusion, etc. will aid in stabilizing the tear film prior to the surgical intervention.

Several of the comorbidities present with LSCD also require surgical intervention and the sequence of these surgeries often determines the final functional outcome. Ideally, lid and other adnexal issues are addressed prior to the stem cell deficiency. In the presence of significant corneal scarring there is often need for a keratoplasty for visual rehabilitation (Figure 5). Although LSCT contributes to stromal remodeling and eventually a decrease in the density of the scar is noted, the degree to which this happens may vary. And so, several of these cases ultimately require a partial or full thickness corneal transplantation to restore an optically clear visual axis.


[image: Figure 5]
FIGURE 5. (A) Partial limbal stem cell deficiency (LSCD) following chemical injury managed with conjunctival limbal autograft (CLAu). (B) Restoration of a stable ocular surface is noted. (C) Total LSCD with leucomatous corneal scarring. (D) Reestablishment of an optically clear visual axis and a stable corneal epithelium with deep anterior lamellar keratoplasty and CLAu.


The management of LSCD can be surgical or non-surgical depending upon the severity of damage to the LESC and the underlying pathology. Based on the clinical presentation, an algorithmic approach can be considered in most of the cases of LSCD (Figure 6).


[image: Figure 6]
FIGURE 6. Algorithmic approach of management of limbal stem cell deficiency (LSCD). LSCT: limbal stem cell transplantation, KPro: keratoprosthesis, MOOKP: modified osteo-odontokeratoprosthesis.



Partial LSCD

In cases of partial LSCD, the decision of surgical intervention is dictated by the involvement of the visual axis (Figures 2A-C). If the visual axis is affected, a surgical therapy is required is most cases. However, if the axis is clear, the patient can be followed up at regular intervals to determine if the disease is progressive or stationary. In case of the former, again the eye will require a surgical procedure while in case of the latter the same can be deferred.


Non-surgical Intervention

Eyes with partial LSCD with sparing of the visual axis and documented non-progression of the disease can be observed with regular follow ups. These cases can be visually rehabilitated with glasses or with rigid contact lenses when significant irregular astigmatism is present. Scleral lenses with large vaults are particularly beneficial in such eyes as they provide a fluid layer which addresses the dry eye component in addition to improving the visual acuity (51–53). Lenses which vault over the limbus are preferred as mechanical compression and trauma to the limbal epithelium is prevented (53). Optimizing the fit of the lenses in eyes with LSCD is vital as the resultant hypoxia in eyes with a compromised fit can exacerbate the severity of the LSCD (54).



Surgical Intervention

When partial LSCD is progressive or involving the visual axis, a surgical procedure is usually carried out to correct the same. The choice of procedure depends upon the involvement of the fellow eye. In unilateral cases an autologous LSCT is preferred where the LESC can be harvested from the contralateral eye or from the uninvolved areas of the same eye. In a comparative series with 70 patients, the outcome in eyes where the LESC were harvested from the same eye was similar to the outcome of eyes with stem cells from the contralateral eye (55). In bilateral cases also an autologous LSCT can be considered if the involved areas are limited to 3-4 clock hours in both eyes (56). Several studies have described the use of an amniotic membrane (AM) alone in the treatment of partial LSCD (57–62). Most of these reports have combined a superficial keratectomy to remove the conjunctival epithelium prior to placing the AM. Although the initial corneal epithelialization rates are good, the ability of the AM to maintain a stable epithelial surface in the long run is poor (58–61, 63). And so, an AM can be used for the temporary restoration of the ocular surface, until a LSCT can be performed. The use of only conjunctival autografts (CAG) has also been described in the treatment of partial LSCD. Shanbhag et al. found a better anatomical success rate with CAG when compared to LSCT in eyes with partial unilateral LSCD (64). Following the treatment of the LSCD, these patients may eventually require rigid contact lenses for visual rehabilitation.




Total LSCD

In eyes with total LSCD, the initial step to determine the therapeutic approach would be to assess the presence of visual potential (Figure 6). In eyes with no visual potential, no further intervention is carried out unless there is a need to restore cosmesis in which case a contact lens trial is given, or an ocular prosthesis is implanted. In the presence of visual potential, the status of the fellow eye determines the next course of treatment.


Unilateral Total LSCD

In unilateral cases, if the surrounding adnexa is relatively uninvolved and the ocular surface is wet with a fairly clear corneal stroma, an autologous LSCT is performed. If there are significant cicatricial changes of the conjunctiva, a combined or staged procedure with a conjunctival autograft (in unilateral cases) or mucous membrane graft (in bilateral cases) can be planned (65). Similarly if a lamellar or penetrating keratoplasty (LK or PK) is planned for visual rehabilitation, it can carried out as a one or two step procedure (66–69). Although the grafts maintain clarity in the initial postoperative period after a combined procedure, the rate of rejection is usually higher in these cases and so a staged procedure is preferred (67–70). Whenever possible a LK is favored over a PK as the former lacks a transplanted endothelium and so is associated with lower rates of rejection.



Bilateral Total LSCD

The treatment algorithm for bilateral cases is similar to that of unilateral cases (71). If no dry eye is detected and the conjunctiva and lids are relatively uninvolved, then an allogeneic LSCT is the chosen procedure. In the presence of significant symblephara with adnexal pathologies the choice of LSCT over keratoprosthesis (KPro) depends upon the surgeon's preference. The former will require multiple procedures to correct the co-morbid pathologies before the LSCD is addressed. Systemic immunosuppression will also be necessary in view of the allogeneic nature of the transplant. A keratoprosthesis will circumvent these issues and offers a one-step procedure with early visual rehabilitation (72). Nevertheless, this technique is associated with several serious sight threatening complications such as glaucoma, retinal detachment, implant extrusion, endophthalmitis, etc (73–75). Thus, KPros are usually reserved for eyes with end stage corneal pathologies or in eyes where prior LSCTs have failed (76).

There are different types of KPros and the choice of one KPro over the other is determined by the presence or absence of ADDE. Table 2 lists different types of KPros that have been utilized in the management of LSCD. If the surface is wet, a Boston KPro type 1 or Aurolab KPro (auroKPro) is carried out and if the eye has ADDE, then a Boston KPro type 2, LV Prasad KPro (LVP KPro) or modified osteo-odontokeratoprosthesis (MOOKP) is performed (Figure 7). The Boston KPro type 1 is the most commonly used prosthesis and has an optical cylinder with a skirt of donor cornea (Figures 7A,B). It has good visual outcomes and retention rates especially in eyes with non-autoimmune underlying diseases (74, 75, 77, 92–94) Since the cost of the device is a major inhibitory factor for its use, the auroKPro, its cheaper alternative is a more viable option in low resource settings. Both prosthesis have similar outcomes in terms of visual function, retention rates, and other secondary complications (95, 96).


Table 2. Brief description of various KPros employed in the management of limbal stem cell deficiency.
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FIGURE 7. (A) Left eye in a case of bilateral total limbal stem cell deficiency (LSCD) with a wet surface due to Stevens-Johnson syndrome (SJS). A superior conjunctival hooding (yellow arrows) was carried out previously for microbial keratitis with a corneal perforation. (B) A Boston keratoprosthesis in the same eye. (C) Modified osteo-odontokeratoprosthesis in an eye with total LSCD and a dry ocular surface. (D) LVP KPro in an eye with SJS.


In case of dry eyes or dermalised ocular surfaces with lid changes, both Boston KPro type 2 and the MOOKP have good functional and anatomical outcomes (90, 97–99). The former is similar to its type 1 counterpart and has a longer cylinder which is exteriorized through lid while the latter has a cylinder embedded in an osteo-dental lamina (Figure 7C). However, the surgical procedure for both devices is cumbersome, time consuming and has a steep learning curve. The LVP KPro, which is similar to the Boston KPro with a longer optical cylinder, is implanted as a two staged procedure under a mucous membrane graft used to reconstruct the ocular surface (Figure 7D) (78, 100). Its anatomical outcomes are better than those of Boston KPro type 2 but they are not superior than those of MOOKP (78). Table 3 compares the outcomes of the most commonly used KPros in LSCD.


Table 3. Comparison of the most commonly used keratoprosthesis in the management of limbal stem cell deficiency.
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Transplantation of cultivated oral mucosal epithelium (COMET) is another alternative in eyes with bilateral LSCD where labial or buccal epithelial cells are cultured on an AM and transplanted over the cornea. Studies have reported a stable ocular surface following the procedure however there is a higher risk of persistent epithelial defects, corneal neovascularization and graft rejection when compared to LSCT (81, 102–104). And so, an allogeneic LSCT is considered superior to and is favored over COMET despite the latter being an autologous transplant with no requirement for systemic immunosuppression (104). In a series comparing the outcomes of cell based therapies (CLET, CLAL, COMET) vs. Boston KPro type 1 in cases of bilateral LSCD without ADDE, the KPro group was found to have the best functional outcome at the end of five years (68, 71). However, a recent meta-analysis revealed that in patients undergoing LSCT, nearly 61% maintained a vision of at least 20/200 at end of 2.5 years which is similar to the 64% of patients who had the same vision in the KPro group (105).

Various modifications of the COMET procedure have been proposed which alter the type of carriers used to transfer the cultivated cells. These include the AM, fibrin glue and temperature sensitive polymers. In case of the latter, the polymer is stable at 37°C, however when the temperature drops to 30°C, the cultivated epithelial sheet detaches spontaneously (106, 107). This is in contrast to traditional methods where a carrier or enzymatic detachment is required. Furthermore, biomaterial free sheets have also been used, wherein the cultivated sheet is directly transplanted from the culture plate onto the eye without a carrier for the cells (108, 109). Establishment of a well epithelialized surface have been reported with the use of the same and these outcomes were found to be better than those of COMET with the use of AM as a substrate (108, 109).

As an alternative to cultivation of oral mucosal epithelial cells, which requires the necessary infrastructure, direct transplantation of the oral mucosa has also been described for the management of LSCD (110, 111). The graft is transplanted directly over the limbal area and can re-establish a stable surface and cause regression of neovascularization (110, 111). An additional benefit that the mucosal graft has over conventional LSCT is that adnexal pathologies such as lid margin keratinization or symblephara can be addressed with the same harvested tissue. As the procedure is autologous, no systemic immunosuppression is required. A similar approach has also been reported with the use of nasal mucosal grafts which primarily aim to replenish the goblet cells in the ocular surface (112).




Technique of LSCT
 
Types

There are two chief types of LSCT: allogeneic and autologous. These can be further divided into different types based on the anatomical source of the graft which includes conjunctival limbal auto or allograft (CLAu and CLAL), allogeneic keratolimbal allograft (KLAL) or pure limbal tissues as in cases of auto and allogeneic cultivated or simple limbal epithelial transplants (CLET and SLET). In cases of allogeneic LSCT, the donor can be a cadaveric or a living related donor. In pure limbal transplants, once the limbal lenticule is harvested it can be directly transplanted as in SLET where the proliferation of epithelial cells occurs in vivo over the corneal surface. Alternatively, the biopsied tissue can be cultivated in vitro and then transplanted as a sheet of epithelium as in case of CLET.



Choice of Procedure

As mentioned previously autologous procedures are performed in unilateral cases while allogeneic transplants are reserved for bilateral LSCD (Figure 8). The major difference between the two lies in the need for long term systemic immunosuppression for allogeneic LSCT. A combination of corticosteroids and steroid sparing agents are usually given initially, and the patients are then maintained only on the steroid sparing immunosuppressive agent (113, 114) Most of these medications are both expensive and associated with a side effect profile necessitating regular systemic monitoring (113, 114).


[image: Figure 8]
FIGURE 8. Algorithm for surgical technique of limbal stem cell transplantation (LSCT) PK, penetrating keratoplasty; LK, lamellar keratoplasty.


The choice of procedure is often determined by the extent of involvement of the surrounding adnexa. A limbal transplant (SLET/CLET for autologous cases, SLET/CLET/KLAL for allogeneic cases) is preferred for LSCD in wet eyes without significant adnexal involvement (Figure 9). Access to a laboratory facility with regulatory approval is required for the practice of cultivated stem cells. CLAu or CLAL is preferred in cases where concurrent correction of cicatricial conjunctival changes is also required as seen in eyes with significant symblephara adjacent to a partial LSCD (Figure 5). The graft can be harvested from the same eye or fellow eye, depending upon the amount of healthy residual limbus. In the traditional CLAu, a large limbal graft is usually harvested (4-6 clock hours) which can result in an iatrogenic LSCD. To avoid this complication, a mini-CLAu with only 1-2 clock hours of limbal tissue is a viable substitute (66, 115). Alternatively conjunctival tissue can be harvested separately as a CAG along with a pure limbal transplant (CLET/SLET). This combination is usually adopted in eyes with total LSCD and symblephara. Tables 4, 5 detail the relative advantages and disadvantages of each of the LSCT procedures.


Table 4. Comparison of different autologous Limbal stem cell transplantation procedures.
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Table 5. Comparison of different allogeneic Limbal stem cell transplantation procedures.
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FIGURE 9. (A) Total LSCD with a thick pannus in a case of chronic vernal keratoconjunctivitis with hyperreflective epithelium (blue arrowheads) on the optical coherence tomography (OCT) line scan (B). (C) A stable ocular surface is observed following allogeneic simple epithelial limbal transplantation. The intact limbal tissues are also visible (pink arrowheads). (D) Restoration of epithelium with a normal reflectivity is noted on the OCT scan (yellow arrowheads).




Comparison of Outcomes

In a systematic review of 1023 eyes, SLET and CLAu were found to have better outcomes than CLET in cases of unilateral LSCD (116). A similar result was seen in a recent meta-analysis where SLET was found to have better functional outcomes when compared to CLET (117). The overall performance of autologous procedures has been deemed to be better than that of allogeneic procedures with the latter having a failure rate of up to 40% (105). The former group of procedures also have a higher percentage of patients with a 2 line improvement in visual acuity following surgery (105).

Ganger et al. found CLET and KLAL to have similar anatomical outcomes, but KLAL fared better than CLET in terms of functional outcomes (117). The cumulative success of KLAL from a systematic review was found to be 63% with 69% of cases having vision better than 20/200 (118). A recent series on allogeneic SLET reported a success rate of 83% and more than 60% of the cases had an improvement in vision which was >20/60 (119). And so, in the context of the expensive nature of CLET with its need for a laboratory set up, KLAL and allogeneic SLET are perhaps the more feasible options in cases of bilateral LSCD. However more studies are required on the long-term outcomes of allogeneic SLET to determine its benefits over other allogeneic procedures. Table 6 compares the outcomes of different modalities of stem cell transplants.


Table 6. Comparison of indications and outcomes of different surgical modalities of management of limbal stem cell deficiency.
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Recent Advances

The search for new therapies for LSCD is always ongoing because of the need for treatment modalities that do not have the risk of rejection, require immunosuppression, etc. And the epitome of such endeavors would be to arrive at a medical therapy for LSCD. One such intervention was identified serendipitously during the treatment of patients with ocular surface neoplasia with interferon α-2b and retinoic acid (120). These cases had partial LSCD which responded to the topical medications. The rationale proposed for the same was that retinoic acid improves corneal wound healing and promotes proliferation of transient amplifying cells while interferon α-2b mediates the healing through its anti-inflammatory function, specifically on macrophages (120).

Another novel technique in the treatment of total LSCD is the amnion-assisted conjunctival epithelial redirection (ACER) which involves the placement of an amniotic membrane over the cornea and limbal explants. The edges of the membrane are tucked under the free edges of the recessed conjunctiva and as a result of this, the conjunctival cells migrate over the membrane (121). This allows the limbal explants under the membrane to proliferate over the surface of the cornea unhindered. Establishment of a stable ocular surface has been reported following this procedure. The use of a modified version of this procedure has also been described for partial LSCD with good outcomes (122).

Novel prosthetic devices such as the Lux and CorNeat keratoprosthesis are being developed as alternatives to LSCT. The former is similar to a traditional Boston KPro with a polymethylmethacrylate cylinder and a titanium backplate (123). This prothesis does not rely on the presence of intact lids which is required for Boston KPro type 2 and has better cosmesis than a MOOKP. Thus the Lux KPro is a viable option for eyes with dry ocular surfaces and LSCD, with good functional vision and retention rates (123). The long term outcomes with this device are awaited. The CorNeat is a true corneal prosthetic device and is structurally different from other KPros. This synthetic cornea has a central PMMA optic and a surrounding porous skirt made of polyurethane fibers (80). The skirt is implanted beneath the conjunctiva where it integrates with the surrounding tissue. Animal models with the CorNeat KPro have shown good retention of the implant while results of human trials are awaited (80).

The use of stems cells obtained from sources other than the LESC is another interesting avenue being explored in the management of LSCD. Of these, limbal mesenchymal stem cells have been best studied and have an established role in corneal wound healing, scar remodeling and angiogenesis (124–127). Its role as a therapeutic option for LSCD is being investigated with a recent clinical trial suggesting that they are as efficacious as CLET in restoring a stable ocular surface (128). Other stem cells that are being studied include those from hair follicles, dental pulp, embryonic stem cells, etc (129–133). Their exact utility and efficacy in LSCD is yet to be determined.




SUMMARY

This review presents an overview of the different diagnostic tests and management modalities in LSCD in order to provide a clinical perspective which will help the physician determine the best course of therapy in cases with LSCD. An in-depth write-up on the pathophysiology of stem cell deficiency is beyond the scope of this review. The diagnosis of limbal stem cell deficiency is often made based on clinical features but can be supplemented by several investigative tools especially when faced with challenging case scenarios. Although both impression cytology and IVCM can confirm the diagnosis of LSCD the expense of the equipment involved, and the skilled personnel required often restrict their use. AS-OCT is a more commonly available device and has several measurable parameters which can be used in the diagnosis of LSCD. However more studies are required to determine the exact diagnostic cut offs. The interpretation of the results of any of these tests must be made in the context of the clinical picture to arrive at the correct diagnosis. Additionally, these investigative modalities have also been used to monitor the response to LSCT and to confirm the restoration of a corneal epithelial phenotype (10, 134–136). Using a combination of clinical and one or more diagnostic tests, a standardized method of validating the outcomes of LSCT can be established.

A comprehensive approach is usually required for the management of LSCD with simultaneous treatment of comorbid ocular and systemic pathologies. Autologous LSCT for unilateral LSCD and allogeneic LSCT for bilateral cases, in the absence of dry eye, are the preferred modalities of therapy which render a stable ocular surface and good visual outcomes. A KPro is favored in more complex cases and provides a rapid visual recovery. The exact choice of procedure is ultimately dependent upon the status of the adnexa, the resources available and the expertise of the surgeon.
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Purpose: Machine learning analysis of factors associated with 10-year graft survival of Descemet stripping automated endothelial keratoplasty (DSAEK) and penetrating keratoplasty (PK) in Asian eyes.

Methods: Prospective study of donor characteristics, clinical outcomes and complications from consecutive patients (n = 1,335) who underwent DSAEK (946 eyes) or PK (389 eyes) for Fuchs’ endothelial dystrophy (FED) or bullous keratopathy (BK) were analyzed. Random survival forests (RSF) analysis using the highest variable importance (VIMP) factors were determined to develop the optimal Cox proportional hazards regression model. Main outcome measure was 10-year graft survival with RSF analysis of factors associated with graft failure.

Results: Mean age was 68 ± 11 years, 47.6% male, in our predominantly Chinese (76.6%) Asian cohort, with more BK compared to FED (62.2 vs. 37.8%, P < 0.001). Overall 10-year survival for DSAEK was superior to PK (73.6 vs. 50.9%, log-rank P < 0.001). RSF based on VIMP (best Harrell C statistic: 0.701) with multivariable modeling revealed that BK (HR:2.84, 95%CI:1.89–4.26; P < 0.001), PK (HR: 1.64, 95%CI:1.19–2.27; P = 0.002), male recipients (HR:1.75, 95%CI:1.31–2.34; P < 0.001) and poor pre-operative visual acuity (HR: 1.60, 95%CI:1.15–2.22, P = 0.005) were associated with graft failure. Ten-year cumulative incidence of complications such as immune-mediated graft rejection (P < 0.001), epitheliopathy (P < 0.001), and wound dehiscence (P = 0.002) were greater in the PK compared to the DSAEK group.

Conclusion: In our study, RSF combined with Cox regression was superior to traditional regression techniques alone in analyzing a large number of high-dimensional factors associated with 10-year corneal graft survival in Asian eyes with cornea endothelial disease.

Keywords: machine learning, keratoplasty, graft survival, endothelial (dys)function, penetrating keratoplasty


INTRODUCTION

Corneal transplantation is currently the most frequently performed type of transplant worldwide (1), with corneal endothelial diseases as the leading surgical indication (2). Today, endothelial keratoplasty (EK) has replaced penetrating keratoplasty (PK) as the corneal transplantation of choice for endothelial disease in the United States (3), and increasingly in the rest of the world (4). Currently, Descemet stripping automated endothelial keratoplasty (DSAEK) is the most popular EK technique, supported by eye banks providing pre-cut donor tissue (5). The short-term advantages of DSAEK over PK are related to its minimally invasive approach—avoiding a full-thickness wound that requires sutures, thereby reducing the risk of intraoperative sight-threatening complications, suture-related problems, graft rejection and potential wound dehiscence (6). Thus, faster visual rehabilitation can be achieved, with reduced post-operative corneal astigmatism and potentially superior visual outcomes (7).

However, long-term outcomes of DSAEK compared to the traditional PK in terms of graft survival and complications such as graft rejection still vary in the published literature. Long-term studies from the Asia-Pacific (8, 9) and Europe (10) support the advantages of DSAEK over PK, but national registries in the United Kingdom (11) and Australia (12), have suggested poorer survival outcomes for DSAEK compared to PK for the same indications. While registries reflect “real-world” data from multiple centers with varying surgical techniques and surgeon experience (12), outcomes from such studies are often confounded by differences in donor characteristics or recipient populations, which may be not well delineated (13). Thus, there is an unmet need for long-term studies that directly compare DSAEK and PK outcomes from a variety of populations (14).

A randomized controlled trial is not always feasible to compare DSAEK and PK, and outcomes from registry studies are valuable in providing representative results by including a large number of cases performed by several surgeons (14). However, cornea graft registries often collect a large number of variables generating enormous datasets over time, which can be difficult to analyze using traditional statistical techniques such as Kaplan-Meier survival and Cox proportional hazards regression analyses. Random forests is a machine-learning technique that is gaining popularity to analyze large datasets with less restrictive assumptions, and random survival forests (RSF) can be used to analyze high-dimensional graft survival data (15, 16). This potentially allows us to study a larger number of factors that influence graft survival outcomes with comparable or even better prediction measures. Thus, we used this machine learning method to examine the large database of outcomes prospectively collected from the Singapore Cornea Transplant Registry over 10 years, to examine factors associated with graft failure comparing PK and DSAEK for corneal endothelial diseases.



MATERIALS AND METHODS

We collated all the data from our ongoing prospective Singapore Corneal Transplant Study (SCTS) cohort, which tracks all patients who have underwent a cornea transplant through an annual audit (17). Our inclusion and exclusion criteria have been previously described (18), and in this study we included all consecutive patients with either FED or BK who underwent either a primary DSAEK or PK for optical indications, excluding re-grafts and patients requiring systemic immunosuppresion (19). All corneal surgeons from the Singapore National Eye Center performed all surgeries over the same time period (1999–2011), which included cases performed or partially performed by numerous local or international corneal fellows in training under direct supervision. All data collected in this registry audit include patient demographics, diagnosis, details of surgeries including intra-operative complications, pre- and post-operative best-corrected LogMar visual acuity (BCVA), clinical outcomes and post-operative complications (18).

Our main outcome measure was graft survival, where graft failure was defined as irreversible loss of optical clarity, sufficient to compromise vision for a minimum of three consecutive months (20). Complications were monitored and recorded such as primary graft failure, graft rejection, and graft-related infections as previously defined (21). Graft rejection was defined as presence of an endothelial rejection line or inflammation (keratic precipitates, cells in the stroma, or an increase in aqueous cells from a previous visit, with or without any clinically apparent change in recipient stromal thickness or clarity) in the absence of an endothelial rejection line in a previously clear graft. Endothelial cell counts were performed by certified ophthalmic technicians using a non-contact specular microscope (Konan Medical Corp, Hyogo, Japan) as previously decribed (22). Our study followed the principles of the Declaration of Helsinki, with ethics approval obtained from our local Institutional Review Board (SingHealth Centralized IRB, R847/42/2011).


Surgical Technique

Essentially, PK surgeries were performed using a standard technique previously described (18), with a Hanna vacuum trephine system (Moria Inc, Antony, France). Briefly, the recipient cornea was first excised using the Hanna trephine system. A 0.25- to 0.50-mm oversized donor cornea then was punched out endothelial side up and sutured on to the recipient with 10-0 nylon, using either 8-bite, 10-0 nylon double continuous running suture or a combination of a single 8-bite 10-0 nylon continuous and 8 interrupted sutures. All DSAEK surgeries were performed using pull-through techniques as previously described (23). Donors were prepared by the surgeon or eye bank technician using an automated lamellar therapeutic keratoplasty system (ALTK, Moria SA, Antony, France). Essentially, after recipient Descemets membrane stripping, insertion of anterior chamber (AC) maintainer and preplaced venting incisions, a DSAEK forceps (ASICO, IL, United States) was used to pull the donor cornea through the scleral incision using a sheets glide (BD Visitec) (23), or a donor inserter device (Endoglide, Network Medical Products, North Yorkshire, United Kingdom) (24). An inferior peripheral iridectomy was performed through a limbal stab incision. Wounds were secured with 10/0 nylon interrupted sutures, and a full air tamponade under slight compression was achieved with a large bubble in the AC for varying periods of time, ranging from 2 to 8 min, while removing interface fluid from the venting incisions. For both PK and DSAEK surgeries a bandage contact lens was placed at the end, and dexamethasone (0.1%) (Merck & Co Inc, Rahway, NJ, United States), gentamicin (14 mg/ml, Schering AG, Berlin-Wedding, Germany), and cefazolin (50 mg/ml, GlaxoSmithKline, NC, United States) was injected subconjunctivally after all surgeries. All PK and DSAEK patients received a standard post-operative regime: topical antibiotic (levofloxacin 0.5%, Santen, Osaka, Japan) and topical prednisolone acetate ophthalmic suspension 1% (Allergan, Marlow, United Kingdom) three hourly for a month, four times daily for 2 months, which was tapered by one drop per 3 month down to 1 drop per day dosing by one year, and thereafter continued indefinitely.



Statistical Analysis

For the current study, 49 variables from SCTS audit were identified by literature review for their potential relevance to the graft failure, including donor and recipient demographics, clinical data (visual acuity, ocular findings, etc.), and operative data (primary procedure, secondary procedure, donor/recipient sizes, surgical complications, etc.) (Supplementary Table 1). We used a RSF machine learning algorithm for multivariate survival analysis to detect important linear, non-linear, and interaction effects among variables (25). These variables were fed into a RSF model consisting of 10,000 trees, where each tree was grown using the log-rank splitting rule on a random sample of 63.2% of the original population by default, with additional RSF parameters (e.g., node size, number of variables to try at each potential split) tuned using a greedy approach to minimize the out-of-bag (OOB) error rate, that is, the error rate using the remaining data not used for model training (25). We then ranked top variables and pair-wise interactions according to their VIMP scores (larger VIMP indicates greater importance for a successful prediction model). Based on VIMP ranking, we then analyzed a sequence of nested Cox regression models using the top 15 variables, among which the model using best variables that achieved the best OOB Harrell C statistic (OOB C-index) will be used. Simply, the OOB C-index is a validation score that estimates the prediction error of random forests (25). Multivariate Cox proportional hazards regression analysis based on this model was used to describe the factors associated with graft failure represented using hazard ratios (HR) and its relative 95% confidence interval (95% CI). Proportional hazard assumption was validated using both individual and global Schoenfeld Test. We used penalized splines from R package survival to assess non-linearity for all continuous variables in the nested Cox regression models. Kaplan–Meier (KM) survival analysis was conducted to compare 10-year survival probabilities of PK and DSAEK groups. Complications were recorded prospectively in our Singapore Cornea Transplant Registry database and represented as a cumulative incidence rate during the follow-up period of 10 years (17). A P-value <0.05 was considered statistically significant. The analysis was conducted using R, version 4.0.2 (R Foundation for Statistical Computing) with the randomForestSRC package (26, 27).




RESULTS

We analyzed 1,335 consecutive patients who underwent either PK (389 eyes) or DSAEK (946 eyes) based on our inclusion criteria. Overall mean age was 68 ± 11 years, 47.6% male, in our predominantly Chinese (76.6%) Asian cohort with no significant differences in these baseline demographics in our PK and DSAEK groups (Table 1). We had a higher proportion of patients with BK compared to FED (62.2 vs. 37.8%, P < 0.001) in our study cohort (Supplementary Table 2). Five-year cumulative graft survival was superior for DSAEK compared to PK (83.1 vs. 64.3%)—log-rank P value < 0.001; while 10-year cumulative graft survival was superior for DSAEK compared to PK (73.6 vs. 50.9%)—log-rank P value < 0.001 in the remaining surviving grafts (n = 78) (Figure 1). Sub-group analysis also revealed significantly superior 10-year survival comparing DSAEK to PK in the BK (57.5 vs. 43.1%, P < 0.001) and FED (89.2 vs. 68.1%, P < 0.001) groups (Figure 2).


TABLE 1. Baseline characteristics of study cohort comparing penetrating keratoplasty (PK) and Descemet stripping automated endothelial keratoplasty (DSAEK) from the Singapore Cornea Transplant Registry.
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FIGURE 1. Kaplan–Meier graft survival curves demonstrated superior 5- and 10-year graft survival comparing Descemet stropping automated endothelial keratoplasty (DSAEK) to penetrating keratoplasty (PK), N = number of grafts analyzed (log-rank P-value < 0.001).
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FIGURE 2. Kaplan Meier graft survival curves demonstrated superior 10-year graft survival comparing Descemet stropping automated endothelial keratoplasty (DSAEK) to penetrating keratoplasty (PK) in eyes (N = number of grafts analyzed) with (A) bullous keratopathy (BK, log-rank P < 0.001) and (B) Fuchs endothelial dystrophy (FED, log-rank P < 0.001).


We ranked top variables and pair-wise interactions according to their VIMP scores (Figure 3) to develop a sequence of nested Cox regression models using the top 15 variables, among which we chose the model with the best variables (diagnosis, procedure, gender, pre-operative visual acuity, and donor endothelial cell count) that achieved the highest OOB C-index of 0.701 on 3,000 bootstrap samples. Using likelihood-ratio tests for nested models, no significant improvement was observed on the model performance after including additional variables (Supplementary Figure 1). Multivariate Cox proportional hazards regression was performed for the top VIMP factors identified by the RSF model that achieved the best OOB Harrell C statistic, i.e., diagnosis (surgical indication, i.e., BK or FED), procedure (surgical technique, i.e., PK or DSAEK), gender, pre-operative visual acuity and donor endothelial cell count was performed (Table 2). We found that BK was a significant factor associated with graft failure (HR: 2.84 95%CI 1.89–4.26; P < 0.001) compared to FED and PK was a significant factor associated with graft failure more likely to fail compared to DSAEK (HR: 1.64 95%CI 1.19–2.27; P = 0.002).
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FIGURE 3. The variable importance (VIMP) plot showing the top 30 variables and interactions for predicting graft failure using Random Survival Forest (RSF) machine learning algorithm. The VIMP score for each candidate variable calculates the difference between the original OOB error rate and the rate after permuting variable values, while VIMP for pair-wise interaction measures the difference between the sum of paired VIMP scores and the VIMP permuting two variables simultaneously. Top-ranked interactions highlight the association between variable pairs that is important for successful prediction in the model.



TABLE 2. Hazard ratios for factors associated with 10-year graft failure using random survival forest to determine optimal multivariate regression model.
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Overall, we observed a greater 10-year cumulative incidence of complications in the PK compared to DSAEK group (Table 3). Five-year endothelial cell loss was greater in PK compared to DSAEK (67.6 ± 10.7% vs. 53.3 ± 21.0%, P = 0.011), as our study was not adequately powered to compare 10-year endothelial cell loss between groups. Complications such as graft rejection (9.5 vs. 4.2%, P < 0.001) and corneal epitheliopathy (11.6 vs. 2.5%, P < 0.001) were significantly greater in PK compared to DSAEK. There was a greater incidence of transient intraocular pressure (IOP) elevation (as previously defined, i.e., short-term IOP readings > 21 mmHg with ≤ 3 months use of anti-glaucoma medications) comparing PK and DSAEK (26.0 vs. 20.8%, P = 0.04). Complications such as wound dehiscence was unique to PK (P < 0.001) and graft detachment was unique to DSAEK (P < 0.001).


TABLE 3. Ten-year cumulative incidence of complications comparing Descemet stripping automated endothelial keratoplasty (DSAEK) and penetrating keratoplasty (PK) in our study cohort.
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DISCUSSION

The Singapore Cornea Transplant Registry prospectively collects a large database of variables and outcomes as an audit of multiple surgeons of various surgical experience, practicing with standardized surgical techniques and post-operative management (28). Traditionally, we have used statistical methods such as Kaplan-Meier survival with the log-rank test to analyze graft outcomes, which is only able to examine only one variable at a time (29). While Cox proportional hazards regression analysis can analyze multiple factors associated with graft survival, the various stepwise (e.g., backward or forward) variable selection methods often lead to well-described limitations (30). Random forests is gaining popularity as a machine learning technique that is able to handle big data with more flexibility in modeling non-linear effects with interactions, for regression and prediction tasks (15, 16). In this current study, we used a RSF model that enabled us to analyze a large number of variables to determine high-importance values, and derive a model with improved prediction performance (OOB C-index of 0.701, compared to traditional Cox regression modeling OOB C-index of 0.576–0.686) (Supplementary Figure 1). However, the advantages of using a machine learning model may come at a cost when it comes to clinical interpretation, due to the complexity of the ensemble tree learning methods. Thus, we presented our results combining features of the robust decision tree ensemble from the random forest, with elements of a Cox proportional hazards regression to explain the factors associated with graft failure in our study (31).

Based on this RSF technique, we found that PK was almost twice as more likely to fail in 10 years compared to DSAEK in the treatment of corneal endothelial diseases, i.e., bullous keratopathy (BK) and Fuchs dystrophy (FED) in our study cohort. Similar to previous studies (32, 33), our 10-year graft survival was superior in DSAEK compared to PK in eyes with BK (57.5 vs. 43.1%, P < 0.001) and FED (89.2 vs. 68.1%, P < 0.001). These long-term graft survival results reflect the higher proportion of BK compared in FED in our Asian population, as BK was almost three times more likely to be associated with graft failure compared to FED, and BK has been shown to have poorer outcomes in both PK (34–36) and DSAEK (37–39). Another advantage of using the RSF is the ability to examine non-linear associations between various factors and graft failure. A Cox proportional hazards regression analysis assumes a linear relationship between any continuous predictors and an outcome, i.e., graft failure, and thus donor endothelial cell count was not a significant factor (HR: 1.0, P = 0.171) after adjusting for other variables. However, the RSF describes a closely associated but non-linear relationship between the donor endothelial cell count and 10-year graft survival in both PK and DSAEK (Supplementary Figure 2).

The RSF analysis also identified recipient gender as an important factor, with the multivariate Cox regression demonstrating that male recipients and those with poorer pre-operative visual acuity are associated with graft failure. A sub-group multivariate Cox regression analysis of our study cohort comparing gender-recipient matched and unmatched subjects revealed a higher risk of 10-year graft failure amongst the gender unmatched (HR: 1.57 95%CI 1.06–2.33, P = 0.024) in the PK group but not in the DSAEK group (HR: 0.82 95%CI 0.53–1.276, P = 0.382) (Supplementary Table 3). While this observation is consistent with previous large studies on gender matching in penetrating keratoplasty (40), we found male recipients to be still an independent factor associated with 10-year graft failure in the multivariate model, which requires further study. A poor pre-operative visual acuity may suggest presence of more severe corneal decompensation with edema, or underlying factors such as glaucoma or inflammation that could lead to a higher risk of graft failure (41). Our RSF machine learning technique took into account these possible confounders to suggest that poor pre-operative visual acuity was an important, independent factor associated with graft failure. This has useful clinical implications as we may use this as a potential surrogate to counsel patients for risk of graft failure based on their pre-morbid visual acuity and ocular condition.

There are currently few studies that have reported 10-year outcomes of DSAEK, and to our knowledge, no reports that directly compare 10-year outcomes and complication rates of DSAEK to PK from the same study cohort. Moreover, our study used a relatively novel machine learning analysis technique to study a large number of variables while accounting for interactions and non-linear associations with a better prediction compared to traditional model development methods. Another strength is the availability of long-term graft outcomes from registry data, which can vary according to surgeon versus center experience as surgical outcomes are improved by using standardized techniques and post-operative management protocols (42). Compared to a post hoc re-analysis of the Cornea Preservation Time Study to specifically examined intra-operative complications, it was reported that surgeon and eye bank factors were the top 2 factors found to be important predictor of graft failure (16). In our study, we found that surgeon experience and surgery performed from earlier years (based on year performed) were not significant factors associated with graft failure on multivariate analysis. Our study also supports the advantages of DSAEK over PK in terms of a lower incidence of complications over a 10-year follow-up, such as epitheliopathy (P < 0.001), graft rejection (P < 0.001), and as such, less incidence of raised IOP from steroid response as the need for post-operative steroids may be reduced in DSAEK (P = 0.04).

However, we recognize the limitations of our study which included the transition of surgical techniques from PK to DSAEK that was introduced in 2006 onward, and the reduction in number of follow-ups at 10 years. We discussed the effect of surgical experience and patient selection in our previous studies, which was mitigated by our standardized protocols and surgical techniques. Thus, we only selected primary grafts for specific corneal endothelial diseases, i.e., Fuchs dystrophy or bullous keratopathy, and previously detailed the transition of proportion of PK toward DSAEK in our study cohort (8). We also acknowledge the differences in our study demographics compared to other reports, in our predominantly Asian population with shallow anterior chambers and a higher proportion of BK compared to FED (5). Despite these limitations common to most registry studies, we believe that our results provide additional evidence to support the trend toward selective lamellar keratoplasty for endothelial diseases. We also recognize the limitations of the RSF analysis used in our study—for example, potentially favoring continuous variables that have more split points (43). Nonetheless, our RSF model selected categorical variables, which further validated these factors’ significance to graft failure. The use of other algorithms such as conditional inference forest may help generate more accurate VIMP scores (43); however, we highlight that the RSF analysis merely serves as a complementary technique to the traditional Cox regression model.

In summary, our study provides long-term graft survival outcomes and cumulative incidence of complications, highlighting the advantages of DSAEK over PK in the treatment of end-stage corneal endothelial decompensation in Asian eyes. We used machine learning techniques to analyze the large registry database collected over a 10-year audit to determine the most important factors associated with graft failure, and used these factors to derive the optimal model for multivariate analysis, which was superior to traditional techniques. A combination of predictive (machine learning) and explanatory (regression) modeling may be a useful way of analyzing large registry datasets to examine cornea graft survival and factors associated with graft failure in future studies, which may then be used to develop a risk prediction model.
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Supplementary Figure 1 | Boxplot showing the out of bag (OOB) Harrell C Statistic (C-index) of nested models using top variables identified by VIMP. Forward and backward step-wise multivariate Cox regression modeling only achieved OOB C-index of 0.576–0.686 (based on age, gender, race, diagnosis, surgery, glaucoma, donor age).

Supplementary Figure 2 | Partial dependence plot showing the adjusted non-linear association between donor endothelial cell count and 10-year graft survival comparing Descemet stripping automated endothelial keratoplasty (DSAEK) and penetrating keratoplasty (PK).
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Background: We evaluated the visual outcomes and complications of “endothelium-out” and “endothelium-in” Descemet membrane endothelial keratoplasty (DMEK) graft insertion techniques.

Materials and Methods: Electronic searches were conducted in CENTRAL, Cochrane databases, PubMed, EMBASE, ClinicalTrials.gov. Study designs included clinical trials, comparative observational studies, and large case series (≥25 eyes). PRISMA guidelines were used for abstracting data and synthesis. Random-effects models were employed for meta-analyses.

Results: 21,323 eyes (95 studies) were included. Eighty-six studies reported on “endothelium-out” techniques; eight studies reported on “endothelium-in” techniques. One study compared “endothelium-out” to “endothelium-in” techniques. Eighteen “endothelium-out” studies reported that 42.5–85% of eyes achieved best-corrected visual acuity (BCVA) ≥20/25 at 6 months; pooled proportion of eyes achieving BCVA ≥20/25 at 6 months was 58.7% (95% CI 49.4–67.7%,15 studies). Three “endothelium-in” studies reported that 44.7–87.5% of eyes achieved BCVA of ≥20/25 at 6 months; pooled proportion of eyes achieving BCVA ≥20/25 at 6 months was 62.4% (95% CI 33.9–86.9%). Pooled mean endothelial cell loss was lower in the “endothelium-in” studies (28.1 ± 1.3%, 7 studies) compared to “endothelium-out” studies (36.3 ± 6.9%,10 studies) at 6 months (p = 0.018). Graft re-bubbling rates were higher in the “endothelium-out” studies (26.2%, 95% CI 21.9–30.9%, 74 studies) compared to “endothelium-in” studies (16.5%, 95% CI 8.5–26.4%, 6 studies), although statistical significance was not reached (p = 0.440). Primary graft failure rates were comparable between the two groups (p = 0.552). Quality of evidence was considered low and significant heterogeneity existed amongst the studies.

Conclusion: Reported rates of endothelial cell loss were lower in “endothelium-in” DMEK studies at 6 months compared to “endothelium-out” studies. Outcomes of “endothelium-in” techniques were otherwise comparable to those reported in “endothelium-out” studies. Given the technical challenges encountered in “endothelium-out” procedures, surgeons may consider “endothelium-in” techniques designed for easier intra-operative DMEK graft unfolding. “Endothelium-in” studies evaluating outcomes at longer time points are required before conclusive comparisons between the two techniques can be drawn.

Keywords: endothelial keratoplasty, Descemet’s membrane endothelial keratoplasty, DMEK, bullous keratopathy, cornea, corneal transplants, outcomes, surgical techniques


INTRODUCTION


Background

Loss of vision from diseases of the corneal endothelium is the predominant indication for corneal transplantations (1, 2). Over the past 20 years, selective replacement of damaged corneal endothelium using lamellar keratoplasty procedures has significantly changed the management of endothelial diseases (3–5). The first posterior lamellar keratoplasty procedure was described in the late 1990s (6). In this report, the surgeon only partially replaced the recipient’s diseased corneal endothelium, avoiding full-thickness or penetrating keratoplasty (PK). Ensuing developments to the procedure have resulted in more advanced techniques of endothelial keratoplasty (EK), which are associated with better visual outcomes, lower graft rejection risks, and improved graft survival rates (5, 7–9). Unlike PK, these EK techniques avoid full-thickness corneal trephination and intra-operative “open sky” situations associated the risks of severe blinding complications such as suprachoroidal hemorrhage. Endothelial keratoplasties also maintain corneal biomechanics and the overall strength of the globe, important in protecting the eye from external trauma. Data from national corneal graft registries have reported that EK procedures have now overtaken full-thickness PK as the leading procedure for treating corneal endothelial diseases in several countries (1, 2, 10).

Currently, there are two predominant techniques of EK performed worldwide: Descemet’s stripping automated endothelial keratoplasty (DSAEK) and Descemet membrane endothelial keratoplasty (DMEK) (3, 4, 11). In DSAEK, the transplanted corneal grafts are comprised of donor endothelium, Descemet’s membrane (DM), and some posterior stroma. Advancement of the DSAEK technique, such as the development of devices for graft insertion and techniques to cut thinner grafts, has greatly simplified DSAEK (12–15). With more predictable visual outcomes and faster visual recovery compared to PK (8, 16, 17), many corneal surgeons are now performing DSAEK as the primary technique to treat end-stage corneal endothelial diseases (18, 19).

Descemet membrane endothelial keratoplasty is the more recent advancement in EK surgery (20). In DMEK, only the DM and the corneal endothelium are harvested from donor corneal tissues and transplanted, rendering them anatomically more accurate. As corneal stroma is not transplanted, changes in corneal profiles are avoided. Faster visual recovery and improved visual outcomes compared to DSAEK can thus be achieved (21–25). Lower rates of graft rejection have also been reported in DMEK compared to DSAEK (26).



Rationale for This Review

Current methods of DMEK graft transfer into the anterior chamber involve inserting the graft through a small clear corneal wound. Different surgical instruments have been described for the insertion of DMEK grafts. Examples of such instruments include glass injectors (27, 28) and intraocular lens cartridges (29, 30). All these instruments are designed to shield the DMEK graft scroll from the surgical wound. Nevertheless, the majority of techniques reported in published literature involves the loading and insertion of the DMEK graft with the endothelium on the outer surface (“endothelium-out”). Thus, the grafts are potentially at risk of endothelial cell loss due to endothelial contact with the walls of the injection devices. Furthermore, “endothelium-out” DMEK techniques all involve the injection of the entire scrolled graft into the anterior chamber. The un-scrolling of the free floating graft, following its insertion, can be difficult and unpredictable (31, 32). Such challenges have hindered corneal surgeons from adopting DMEK as a primary treatment for corneal endothelial failure (2, 3). In a recent eye banking report, DSAEK still accounted for over 55% of EK procedures performed in the United States (2).

“Endothelium-in” DMEK graft insertion techniques have been described more recently (33–37) (Figure 1). In these techniques, the harvested DM is folded and prevented from adopting its natural scroll with its endothelium on the outside. By maintaining the orientation of the DMEK graft during graft insertion, these “endothelium-in” techniques aim to provide more control in graft unscrolling following insertion into the eye. Nevertheless, the differences in surgical outcomes of either technique for DMEK graft insertion, “endothelium-in” or “endothelium-out,” remains unclear.


[image: image]

FIGURE 1. An “endothelium-in” surgical technique of Descemet membrane endothelial keratoplasty (DMEK) using the using the DMEK EndoGlide (Network Medical Products, United Kingdom). (A) DMEK graft is folded into a tri-fold with its endothelium in its inner surface; note the asymmetrical orientation marker (arrow); (inset) intraoperative optical coherence tomography (OCT) image of the tri-folded graft – note that the leaves of the tri-fold do not touch. (B) Graft is pulled and loaded into the EndoGlide; (inset) OCT image showing the tri-folded graft within the DMEK EndoGlide – note that the leaves of the tri-fold do not touch. (C) Customized clip fixed to the back of the EndoGlide; this creates a “closed system” after graft insertion maintaining anterior chamber stability. (D) Graft is drawn into the anterior chamber with micro-forceps with its endothelium facing down. (E) Unfolding of the graft with its orientation maintained whilst air is injected for tamponade. (F) Full air-gas tamponade of graft; (inset) intraoperative OCT showing a fully attached DMEK graft.




Objectives of This Review

This review aims to evaluate the published literature reporting the visual outcomes and complications of both “endothelium-out” and “endothelium-in” graft insertion techniques for DMEK.




MATERIALS AND METHODS

This review was submitted to PROSPERO International prospective register of systematic reviews (reference ID: 160657)1. A study protocol for this systematic review is available in Supplementary Appendix 1.


Criteria for Considering Studies for This Review


Types of Intervention

We included publications in which the visual outcomes and complications of DMEK performed for the treatment of endothelial dysfunction were reported.



Types of Studies

Study designs included controlled clinical trials, prospective or retrospective comparative observational studies, and large case series (≥25 eyes). Small case series (<25 eyes), letters, reviews, published abstracts, and laboratory-based studies were excluded.



Types of Participants (Study Population)

Studies reporting only surgical outcomes of DMEK performed for graft failure (including repeat DMEK surgery) or specific high-risk disease groups (e.g., glaucoma, cytomegalovirus endotheliitis, herpes simplex) were also excluded. To avoid duplicate reporting of similar study populations, where the same group of investigators published several studies, earlier smaller studies were excluded if more recent larger studies reporting the same outcome measures were available.




Information Sources

Information sources included all applicable electronic databases, all relevant articles in the reference list of any relevant articles, and all relevant articles which cite any relevant articles.



Search Methods for Identification of Studies

Electronic literature searches were conducted in the following databases: CENTRAL, Cochrane Library databases2, PubMed, EMBASE, ClinicalTrials.gov.3 No date or language restrictions were set in our electronic searches. Key search terms were the MeSH headings Descemet’s membrane endothelial keratoplasty, Descemet membrane endothelial keratoplasty, and DMEK. The last electronic database search was performed on 30 June 2021. The search strategies for the relevant databases can be found in Supplementary Appendix 2.



Data Collection and Analysis


Selection of Studies

Citations and abstracts obtained from electronic searches were examined. Replicated studies and evidently irrelevant studies were removed. Full text prints of relevant studies were retrieved; they were assessed against our inclusion criteria for this review.



Data Extraction and Management

Only data from eyes that had received DMEK surgeries were included. Where studies reported on the outcomes of eyes that had undergone surgeries other than DMEK, these eyes were excluded from the review. The following details of each study were extracted for this review: study participants’ characteristics, study design, DMEK graft insertion techniques, and surgical outcome measures.



Assessment of Risks of Bias in Included Studies

The study design of each article was assessed and rated according to its level of evidence. A rating scale adapted from the Oxford Centre for Evidence-Based Medicine was used (38) (Table 1).


TABLE 1. Level of evidence used to rate the design of each study (adapted from the Oxford Centre for Evidence-Based Medicine March) (38).

[image: Table 1]
Studies meeting the inclusion criteria were also assessed for risk of bias using Chapter 8 of the Cochrane Handbook for Systematic Reviews of Intervention (39). The following domains for potential risk of bias were considered: (a) selection bias – random sequence generation, (b) selection bias – allocation concealment, (c) performance/detection bias – masking of outcome examiners and participants (to determine whether knowledge of the allocated intervention was adequately prevented during the study), (d) attrition bias incomplete outcome data, and (e) reporting bias – selective outcome reporting. Each study was graded as “low risk” of bias, “high risk” of bias, or “unclear risk.” Any differences between the authors were resolved by discussion.



Outcome Measures

Data on the following surgical outcome measures were obtained: visual outcomes, endothelial cell loss, and complications including graft detachment/re-bubbling, graft rejection, and graft failure. For direct comparison of visual outcomes, measures of visual acuities in Snellen were converted to the respective logarithm of the minimum angle of resolution (LogMAR) equivalents. The proportion of eyes that achieved a best-corrected visual acuity (BCVA) of 20/25 or better at a specific time points were also evaluated.



Measures of Treatment Effect

All outcome measures (proportion of eyes achieving ≥20/25 BCVA, re-bubbling rates for graft detachments, graft rejection rates, and graft failure rates) were discrete data, except mean endothelial cell loss where outcome measures were continuous data. Outcomes for eyes rather than individuals were used as the unit of analysis. Studies where both eyes received the same treatment were included.



Managing Missing Data

All relevant data were extracted from the published studies. These included the details of studies and their quantitative results, without having to request these data from the original investigators.



Data Synthesis

Data analyses were performed according to Chapter 9 of the Cochrane Handbook for Systematic Reviews of Interventions (39). As published studies were performed in different institutions at various times, it is likely that variations exist amongst the patient populations included in this review. We therefore employed a random-effects model for our meta-analyses as the true effect size might differ between studies. Where we could not perform a meta-analysis, narrative syntheses describing the directions, magnitude, and consistencies of effects across the studies has been presented. MedCalc software was used for providing the meta-analyses results (MedCalc® Statistical Software version 20.014; MedCalc Software Ltd., Ostend, Belgium; 2021).4



Assessment of Heterogeneity

We identified dissimilarities between published studies which are expected to introduce heterogeneities. As some degree of heterogeneity would always exist due to the diversities in methodologies of studies, where appropriate, we employed the Chi2 test and I2 statistic to quantify heterogeneities across reports. Significant heterogeneity was defined as an I2 statistic of ≥50% and a Chi2 test p-value of <0.1. If all the effects of an outcome measure were in a similar direction, then we considered data-pooling to be acceptable even in the existence of heterogeneities.





RESULTS


Results of Search

Electronic searches generated a total of 1,603 citations. Publications not relevant to the review were removed. After removal of duplicated publications, abstracts of 579 records were screened and a further 463 records were removed. Full text copies of 116 articles were obtained and reviewed. We included 95 studies in this review; 21 studies that failed to meet the inclusion criteria were excluded. The PRISMA flow diagram is illustrated in Figure 2.
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FIGURE 2. The PRISMA flow diagram.




Characteristics of Included Studies

Studies included in this review are summarized in Supplementary Table 1. A total of 21,323 eyes in 95 studies that had undergone DMEK were included. Eighty-six studies (19,945 eyes) reported on “endothelium-out” insertion techniques; eight studies (624 eyes) reported on “endothelium-in” insertion techniques, respectively. Only one study (36) compared “endothelium-out” to “endothelium-in” DMEK graft insertion techniques; this study was a large comparative series of 754 eyes (36).



Levels of Evidence and the Risks of Bias in Included Studies

Using the Oxford Centre for Evidence-Based Medicine rating (38) of the “endothelium-out” studies included, 4/86 (4.7%) were rated level I, 17/86 (19.8%) were rated level II, 22/86 (25.6%) were rated level III, and 43/86 (50.0%) were rated level IV evidence. Of the eight “endothelium-in” studies included, 5/8 (62.5%) were rated level III evidence and 3/8 (37.5%) were rated level IV evidence. The study that included both “endothelium-out” and “endothelium-in” techniques was rated level III evidence.

Figure 3 summarizes the judgments of each risk of bias domain of all studies included. Five of 95 included studies (5.3%) were assessed as “low risk” and 90/95 (94.7%) as “high risk” of random sequence generation (selection bias). Four of 95 studies (4.2%) were assessed as “low risk” and 91/95 (95.8%) as “high risk” of allocation concealment (selection bias). Two of 95 studies (2.1%) and two studies (2.1%) were assessed as “low risk” of performance bias and detection bias, respectively. Fifty-six of 95 studies (58.9%), 28/95 (29.5%), and 11/76 (11.6%) were assessed as “low risk,” “high risk,” and “unclear risk” of attrition bias, respectively. When assessing selective reporting (reporting bias), it was noted that all included studies reported results on some of the pre-specified outcome measures for this review. No study reported results for every outcome measure. All included studies did not state whether the published methods used in the analysis of outcomes were pre-specified in a protocol. Thus, 55/95 (57.9%) and 40/95 (42.1%) of studies were assessed as “high risk” or “unclear risk” for selective reporting, respectively. The authors’ judgments of each risk of bias item for each included study is found in Supplementary Appendix 3.
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FIGURE 3. Risk of bias graph: review authors’ judgments about each risk of bias domain presented as percentages across all included studies.




Visual Outcomes and Complications Reported in Studies

The visual outcomes and complications reported in studies included are summarized in Supplementary Table 1.


Follow-Up

The reported mean length of follow-up of all studies ranged from 0 to 60 months (mean 12.8 ± 12.2 months).



Visual Outcomes

“Endothelium-out” studies: Thirty-four of the 87 studies (39.1%) reported the mean BCVA at 6 months after DMEK surgery; BCVA ranged from 0.0 to 0.49 LogMAR.

Fifteen studies (17.2%) reported that 42.5–85% of eyes achieved a BCVA of 20/25 or better at 6 months. The random pooled proportion of eyes achieving BCVA of 20/25 or better at 6 months was 58.7% (95% CI 49.4–67.7%) (15 studies).

“Endothelium-in” studies: Two of the nine studies (22.2%) reported the mean BCVA at 6 months after DMEK surgery; BCVA ranged from 0.09 to 0.10 LogMAR. Three studies (33.3%) reported that 44.7–87.5% of eyes achieved a BCVA of 20/25 or better at 6 months. The random pooled proportion of eyes achieving BCVA of 20/25 or better at 6 months was 62.4% (95% CI 33.9–86.9%) (3 studies).



Endothelial Cell Loss

“Endothelium-out” studies: 67/87 (77.0%) studies reported data on percentage endothelial cell loss following DMEK surgery at various time points. The mean endothelial cell loss ranged from 19 to 53%. One study (40), reported a rate of 5.6–6.4% endothelial cell loss per year. The random pooled mean endothelial cell loss was 36.3 ± 6.4% at 6 months (27 studies) and 38.7 ± 7.2% at 12 months (12 studies).

“Endothelium-in” studies: Percentage endothelial cells loss data following DMEK surgery were reported in eight out of the nine studies (88.9%) at various time points. The reported mean endothelial cell loss range from 26.6 to 56.0%. The random pooled mean endothelial cell loss was 28.1 ± 1.3% at 6 months (7 studies) and 29.6 ± 1.2% at 12 months (1 studies).

Comparing outcomes of “endothelium-out” to “endothelium-in” techniques, pooled mean endothelial cell loss was lower in the “endothelium-in” group, compared to “endothelium-out” group at 6 months (p = 0.018). However, this was not statistically computable at 12 months as there was only 1 study for the “endothelium in” group.



Rates of Complications

“Endothelium-out” studies: Re-bubbling rates to treat DMEK graft detachments were reported in 77/87 (88.5%) studies and ranged from 0 to 82%. Fifty-eight (66.7%) studies reported primary graft failure rates which ranged from 0 to 21.0%. Thirty-five (40.2%) studies reported secondary graft failure rates which ranged from 0 to 7.0% at 15.3 ± 13.9 months. Fifty (57.5%) studies reported graft rejection rates; rates ranged from 0 to 7.0%.

“Endothelium-in” studies: Re-bubbling rates to treat DMEK graft detachments were reported in all nine studies and ranged from 4.7 to 45.7%. Six of the nine studies (66.7%) reported primary graft failure rates which ranged from 0 to 3.0%. Three of the nine studies (33.3%) reported on secondary graft failures rates which ranged from 0 to 6.5%.

The random pooled graft re-bubbling rates for “endothelium-out” and “endothelium-in” techniques were 26.2% (95% CI 21.9–30.9%) (74 studies) and 16.5% (95% CI 8.5–26.4%) (6 studies), respectively. Comparing outcomes of “endothelium-out” to “endothelium-in” techniques, graft re-bubbling rates were not statistically significant in the “endothelium-out” group (p = 0.440). The random pooled primary graft failure rates for “endothelium-out” and “endothelium-in” techniques were 2.9% (95% CI 2.03–4.02%) (58 studies) and 1.5% (95% CI 0.6–2.7%) (5 studies), respectively. Comparing outcomes of “endothelium-out” to “endothelium-in” techniques, there was no significant difference in primary graft failure rates between the two groups (p = 0.552).





DISCUSSION

Although DMEK offers the advantages of faster visual rehabilitation, better visual and refractive outcomes (21–25), and lower risks of graft rejection compared to DSAEK (26), many transplant surgeons have been slow to adopt DMEK as procedure of choice for the management of endothelial diseases (2, 3). Indeed, DSAEK still accounts for approximately 57% of EK surgeries performed in the United States (2). This has been ascribed to: the technical difficulties in DMEK donor preparation and surgical technique, with the reported higher risks of early complications, namely graft detachment and iatrogenic graft failure due to inadvertent up-side-down graft (25, 26, 31, 41–45) (Figure 4). The insertion and un-scrolling of the DMEK graft, once inside the anterior chamber, are indeed the most demanding steps in DMEK. The challenges occur as the DM, once detached from the cornea stromal surface, has an intrinsic propensity to adopt a scrolled configuration with the endothelial surface on its outside (46, 47). This is particularly the case for DMEK grafts harvested from young donors (46). Unlike conventional DSAEK, an alternative surgical skill set is needed by the corneal surgeon (42). The surgeon should understand the different described techniques to unscroll the DMEK graft once in the eye (48–50). Such techniques include methodological approaches to unfolding a double scrolled graft by tapping the cornea in a shallow anterior chamber, and the use of air bubbles to assist in tight or single scrolls (49, 50). In situations, for example tight scrolls or deep anterior chambers, the unscrolling of the graft can be technically demanding (46). Consequently, many corneal surgeons still reserve DMEK for more straightforward cases of endothelial diseases and DSAEK for more challenging cases (e.g., advanced bullous keratopathy, aphakia, large iris defects, vitrectomized eyes, previous glaucoma filtration surgery) (51–54).
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FIGURE 4. Complications of Descemet membrane endothelial keratoplasty (DMEK). (a) Slit lamp image of graft detachment (arrow) at post-operative day 7 and corresponding anterior segment optical coherence tomography (ASOCT) (Optovue, Oculus, CA, United States). Images (b,c) showing detached graft. (d) Iatrogenic graft failure likely a result of inadvertent graft eversion showing a hazy and thick cornea. (e) Repeated DMEK surgery with correct graft orientation showing rapid clearance of cornea and reduction in corneal thickness.


In current clinical practice, the vast majority of DMEK surgeries performed are “endothelium-out” techniques. This was reflected in this systematic review. Of the 21,323 included eyes that underwent DMEK, 19,945 (93.5%) received their grafts through various “endothelium-out” insertion techniques. In these techniques, the DMEK graft is loaded into an injector and inserted into the anterior chamber as a scroll, with the endothelium on its outer surface. Injectors used included modified intraocular lens cartridges, implantable contact lens cartridges, intravenous tubing, or glass injectors (Supplementary Table 1). Direct contact of the endothelium of the DMEK graft to the walls of the injectors can potentially cause endothelial cell damage and loss. Studies have indicated that plastic graft injectors are associated with higher rates of post-operative graft detachments, compared to glass devices (55, 56). Such observations have been explained by more damage to the corneal endothelium with plastic materials, and intra-operative alterations in the morphologies of the grafts during insertion and un-scrolling, which may be caused by electro-static forces produced by plastic (55). Nonetheless, not all reports have found similar effects (57).

Moreover, in “endothelium-out” techniques, there is often no control of the scrolled graft during insertion. Despite the use of intraoperative imaging (58), orientation markers such as S-stamps (59) or other asymmetrical indicators (60), determining the orientation of the graft in the anterior chamber can sometimes be difficult. Especially in cases of prolonged surgery, DMEK grafts in the eye can lose their pre-stained trypan blue stains, making visualization of graft orientation even more difficult. This is especially so in patients with dark irides (Figure 5).
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FIGURE 5. Complex Descemet membrane endothelial keratoplasty (DMEK) surgery performed in an eye with previously failed penetrating keratoplasty graft and iridocorneal endothelial (ICE) syndrome. (a) DMEK graft pre-stained with Membrane Blue Dual (D.O.R.C., Netherlands) and inserted into the eye. (b) Prolonged surgery has resulted in the loss of the blue stain making visualization of graft orientation and attachment difficult; (c) this is made more difficult given the patient’s dark iris (d) full air-gas tamponade of graft and the use of an external light pipe to assist the surgeon in graft orientation and attachment.


The unfolding of a scrolled DMEK graft and its central positioning on the recipient’s posterior stromal surface can also be problematic and time-consuming. To unfold the DMEK scroll after insertion into the anterior chamber, numerous approaches such as using air bubbles or jets of balanced salt solution in the presence of a shallow anterior chamber and the stroking of the corneal surface have been described (48). To overcome these difficulties of intracameral DMEK graft unfolding, different groups have investigated various alternative techniques. An example of such alternative techniques is the transplantation of DMEK tissue of various shapes (61). Authors have showed that certain DMEK graft shapes, such as the Maltese cross graft design, may be less prone to tight scrolling.

The concept of “endothelium-in” DMEK insertion techniques have been recently introduced (33–37, 44, 45). The grafts are folded, usually in a trifold, with the endothelium on the inside. These “endothelium-in” techniques prevent the DMEK grafts from adopting their natural scrolls with the endothelium on the outside. These “endothelium-in” techniques are believed to have the benefits of minimizing endothelial cell damage from the mechanical stress of the endothelial cells on the walls of the injectors. Moreover, in “endothelium-in” techniques, the grafts are pulled into the eyes with the endothelium facing downward. Once in the eye, the graft begins to unfold to acquire its physiological “endothelium-out” configuration, effectively “aiding” the surgeon in graft unfolding. Pre-clinical laboratory studies have also reported significantly shorter graft unfolding times for “endothelium-in” compared to “endothelium-out” techniques (62). These factors in “endothelium-in” techniques reduce the technical difficulties of intracameral graft orientation and unscrolling, making DMEK procedures more controlled and predictable. Some of these “endothelium-in” techniques also use devices created to mimic DSAEK techniques, which many corneal surgeons are accustomed to (33, 44, 45). Various laboratory studies have reported no significant differences in endothelial cell loss when DMEK grafts were loaded “endothelium-in” and pulled-through or loaded “endothelium-out” and injected-through different graft insertion devices (62–64). In this review, the surgical outcomes of both “endothelium-out” and “endothelium-in” techniques were evaluated.


Summary of Evidence

This review included a total of 95 studies (Supplementary Table 1). Eighty-six studies using “endothelium-out” insertion techniques, eight studies using “endothelium-in” insertion techniques, and one study comparing “endothelium-out” to “endothelium-in” techniques. The majority of studies, 73/95 (76.8%), were rated as level III or level IV evidence. Only 4/95 (4.2%) studies were rated as level I evidence.

Evaluating the outcomes of “endothelium-out” techniques, the mean BCVA at 6 months after DMEK surgery ranged from 0.0 to 0.49 LogMAR (34 studies); 42.5–85% of eyes (15 studies) achieved a best-corrected visual acuity (BCVA) of 20/25 or better at 6 months. The mean endothelial cell loss ranged from 19 to 53%. The random pooled mean endothelial cell loss was 36.3 ± 6.4% at 6 months (27 studies) and 38.7 ± 7.2% at 12 months (12 studies). Rates of re-bubbling for graft detachments, primary graft failure rates, secondary graft failure rates, and graft rejection rates ranged from 0 to 82%, 0 to 21.0%, 0 to 7.0%, and 0 to 7.0%, respectively. The random pooled graft re-bubbling rates for “endothelium-out” techniques were 26.2% (95% CI 21.9–30.9%) (74 studies). The random pooled primary graft failure rates for “endothelium-out” techniques was 2.9% (95% CI 2.03–4.02%) (58 studies).

Of the eight “endothelium-in” studies reporting visual acuity data, the mean BCVA at 6 months after DMEK surgery ranged from 0.09 to 0.10 LogMAR (2 studies); 44.7–87.5% of eyes (3 studies) achieved a best-corrected visual acuity (BCVA) of 20/25 or better at 6 months. The mean endothelial cell loss ranged from 26.6 to 56.0% (7 studies). The random pooled mean endothelial cell loss was 28.1 ± 1.3% at 6 months (7 studies) and 29.6 ± 1.2% at 12 months (1 study). Graft detachment re-bubbling rates and primary graft failure rates ranged from 4.7 to 45.7% (nine studies) and 0 to 3.0% (six studies), respectively. Only one study reported on secondary graft failure rates in which there were none. None of the studies reporting on “endothelium-in” techniques reported the graft rejection rates. The random pooled graft re-bubbling rates for “endothelium-in” techniques was 16.5% (95% CI 8.5–26.4%) (6 studies). The random pooled primary graft failure rates for “endothelium-in” techniques was 1.5% (95% CI 0.6–2.7%) (six studies).

Comparing outcomes of “endothelium-out” to “endothelium-in” techniques, pooled mean endothelial cell loss was lower in the “endothelium-in” studies compared to “endothelium-out” studies at 6 months (p = 0.018); this was not statistically computable at 12 months as there was only 1 study for “endothelium in” group. Although re-bubbling rates for graft detachments were higher in the “endothelium-out” studies compared to “endothelium-in” studies, statistical significance was not achieved (p = 0.440). There was no significant difference in primary graft failure rates between the two groups (p = 0.552).



Limitations of This Review

This review has several limitations. The quality of available evidence was considered low (grade III and IV) with a significant number of studies judged as having high risks of bias (Figure 3 and Supplementary Appendix 3). Significant heterogeneity existed in the studies, such as study designs, study population, surgical techniques, surgeon experience, outcome measures, and duration of follow-up. Studies published after the date of the pre-defined search strategy have also not been included. Furthermore, there was a smaller number of studies that reported on outcomes using “endothelium-in” DMEK surgeries that met the inclusion criteria for this review. This makes it difficult to provide any definitive conclusions through a comparative meta-analysis, especially in longer post-operative time points. Thus, the evidence to compare “endothelium-out” to “endothelium-in” techniques cannot be considered complete with this review.




CONCLUSION

The rates of endothelial cell loss were reported to be significantly lower in “endothelium-in” DMEK surgeries at 6 months following surgery compared to “endothelium-out” surgeries. Despite the above-mentioned limitations, visual outcomes and rates of complications of “endothelium-in” techniques from the small number of studies were noted to be comparable to those reported in “endothelium-out” studies. Given the intra-operative challenges following graft insertion encountered using “endothelium-out” techniques, surgeons may consider “endothelium-in” techniques designed for easier intra-operative DMEK graft unfolding after graft insertion. However, further well-conducted, adequately powered, randomized controlled trials and studies with longer duration of follow-up are needed before conclusive comparisons between the two techniques can be made.
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Sight is arguably the most important sense in human. Being constantly exposed to the environmental stress, irritants and pathogens, the ocular surface – a specialized functional and anatomical unit composed of tear film, conjunctival and corneal epithelium, lacrimal glands, meibomian glands, and nasolacrimal drainage apparatus – serves as a crucial front-line defense of the eye. Host defense peptides (HDPs), also known as antimicrobial peptides, are evolutionarily conserved molecular components of innate immunity that are found in all classes of life. Since the first discovery of lysozyme in 1922, a wide range of HDPs have been identified at the ocular surface. In addition to their antimicrobial activity, HDPs are increasingly recognized for their wide array of biological functions, including anti-biofilm, immunomodulation, wound healing, and anti-cancer properties. In this review, we provide an updated review on: (1) spectrum and expression of HDPs at the ocular surface; (2) participation of HDPs in ocular surface diseases/conditions such as infectious keratitis, conjunctivitis, dry eye disease, keratoconus, allergic eye disease, rosacea keratitis, and post-ocular surgery; (3) HDPs that are currently in the development pipeline for treatment of ocular diseases and infections; and (4) future potential of HDP-based clinical pharmacotherapy for ocular diseases.

Keywords: antimicrobial peptide, cathelicidin, defensin, dry eye, host defense peptide, infection, keratitis, ocular surface


INTRODUCTION

The ocular surface (OS) is a specialized anatomical and functional system composed of various structures and components, including the tear film, conjunctival and corneal epithelium, lacrimal glands, meibomian glands, and nasolacrimal drainage apparatus. Originating embryologically from the surface ectoderm, all these OS structures are linked anatomically via the epithelium and functionally via the regulation of neuronal, vascular, endocrinological, and immunological systems (1). Together, they maintain the homeostasis of the OS which has critical roles in the optical quality of the eye to focus light at the retina and serving as the most front-line defense system of the eye against a wide array of pathogens as well as physical and chemical insults (2). In addition, the periocular skin, which is in close vicinity to the eye, has important influences on the health of OS. Inflammatory diseases of the periocular skin such as atopic dermatitis and rosacea often result in the manifestation of OS damage (3–5).

Being constantly exposed to pathogens, environmental irritants and stress, the OS relies on a highly functional innate immunity. Innate immunity mechanisms for the OS are composed of three major components, including the physical barrier (e.g., epithelial layers of conjunctiva and cornea), chemical barriers (e.g., tears), and cellular responses (e.g., macrophages, neutrophils, and others), for which the host defense peptides (HDPs) play important roles in the latter two.

Antimicrobial peptides (AMPs) are a group of evolutionarily conserved molecules of the innate immunity (6). To better capture the increasingly recognized multi-faceted roles of AMPs, a broader term “host defense peptides (HDPs)” has been subsequently introduced (7). They are ubiquitously expressed at epithelial surfaces (e.g., eye, skin, respiratory, gastrointestinal linings, etc.) and secreted by immune cells (e.g., polymorphonuclear leukocytes and macrophages) (8, 9). So far more than 3,000 naturally occurring and synthetic HDPs have been discovered across six life kingdoms (10, 11). These HDPs are usually cationic (due to the relative excess of arginine, lysine and/or histidine residues) and amphiphilic, with 30%−50% hydrophobicity (12). They exhibit high structural plasticity and can exist in the form of alpha-helical, beta-sheet, linear extension or mixed a-helical and beta-sheet structures (Figure 1) (13). They have recently shown promise as potential therapeutic agents due to their broad-spectrum antimicrobial properties against a wide array of infection, including drug-resistant bacteria, fungi, acanthamoeba, and viruses, with minimal risk of inducing antimicrobial resistance (11). In principle, HDPs are shown to primarily exert their broad-spectrum and rapid antimicrobial action through three main mechanisms of action, namely the barrel-stave, toroidal pore, and carpet models (Figure 2) (14, 15). The positively charged amino acid residues are responsible for the adsorption of AMPs onto the anionic bacterial membrane (via electrostatic interaction) and the hydrophobic residues interact with the lipid tail region of the membrane, culminating in membrane permeation, leakage of fluid into the bacterial cytoplasm and subsequent bacterial cell death (14). In addition to the membrane-targeting action, emerging evidence has highlighted that HDPs can kill microorganisms through several non-membrane perturbing mechanisms, such as biosynthesis of disorganized bacterial membranes and direct intercalation into the membrane, interfering with the intracellular DNA and RNA molecules, and others (7). HDPs are also shown to participate in chemotaxis, immunomodulation, wound healing, anti-biofilm and anti-cancer activities (16–19), offering a wide range of potential therapeutic applications.
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FIGURE 1. Illustrations of the 3-dimensional secondary structures of the important host defense peptides (HDPs) at the ocular surface. The structures are obtained from the RCSB Protein Data Bank. Cathelicidin, psoriasin, and dermcidin are primarily made of alpha-helical helixes whereas human alpha- and beta-defensins are composed of triple beta-sheets. Lysozyme, lactoferrin and ribonuclease-7 (or RNase-7) are made of mixed alpha-helixes and beta-sheets.
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FIGURE 2. Illustrations of the common membrane-permeabilizing mechanisms of host defense peptides (HDPs) against bacteria (and other microbes), namely: (1) barrel-stave; (2) toroidal pore; and (3) carpet (detergent-like) mechanisms. In the barrel-stave model, the HDPs act as a stave and penetrate vertically into the negatively charged, lipid bilayer bacterial membrane, creating permanent “barrel-shaped” pores. In the toroidal pore model, the HDPs interact with the negatively charged phosphate head groups electrostatically, distort the arrangement of the lipid bilayer, and create a transient membrane pore, with HDPs lining and stabilizing the internal part of the pore. In the carpet (detergent-like) model, the HDPs interact with the bacterial membrane electrostatically, and, upon reaching the critical concentration on the bacterial membrane, they result in membrane fragmentation / aggregation. These mechanisms result in destabilization of the membrane integrity, which leads to influx of fluid and efflux of intracellular content, culminating in cell lysis. Although less common (not shown in this figure), HDPs may also exert their antimicrobial action via binding to microbial intracellular targets (i.e., non-membrane-permeabilizing mechanisms), inhibiting DNA/RNA synthesis, protein synthesis and protein folding).


The history of HDPs (or AMPs) dates back to 1922 when lysozyme was first discovered in various human tissues and body secretions, including the tear fluids (20). Since then, a wide spectrum of human HDPs have been identified and reported at the OS. These include lactoferrin, alpha- and beta-defensins, cathelicidin (LL-37), ribonuclease, psoriasin and dermcidin, amongst others (9, 21, 22). The expressions and actions of HDPs in several OS diseases have been previously summarized by Kolar and McDermott (23). Since then, there is a growing body of evidence underlining the roles and therapeutic potential of HDPs at the OS, ranging from novel observations at the molecular level (e.g., upregulation of defensins and LL-37 in ocular rosacea) (24) to the advancement of designed HDPs toward human clinical trials (e.g., development of Mel4 as an antimicrobial coating for contact lens) (25). In view of the rapid evolution of this field, this review article aimed to provide an up-to-date, focused review of the spectrum and expression of HDPs at the OS, the roles in major OS diseases, and the therapeutic potential for OS diseases.



METHOD OF LITERATURE SEARCH

Electronic databases, including MEDLINE and EMBASE, were searched to identify relevant studies on HDPs at the OS. Only English articles were included in this review article. Key words used were “antimicrobial peptide,” “defense peptide,” “ocular surface,” “tear fluid,” “defensins,” “cathelicidin,” “keratitis,” “dry eye,” “atopic keratoconjunctivitis/atopic dermatitis,” “ocular rosacea.” The bibliographies of included articles were manually screened to identify further relevant studies. The final search was last updated in November 2021.



SPECTRUM AND CHARACTERISTICS OF HDPs AT OCULAR SURFACE

A wide array of HDPs have been identified and reported at the OS. In this section, we summarize the sources, characteristics, and functions of important HDPs, including lysozyme, lactoferrin, alpha- and beta-defensins, cathelicidin, ribonucleases, psoriasin, dermcidin, and histatin (Table 1).


Table 1. Characteristics and functions of common HDPs at the ocular surface (OS).
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Lysozyme

In 1922, lysozyme was discovered by Sir Alexander Fleming during the investigation of his patient with acute coryza. The nasal secretion of the patient was found to completely inhibit the growth of Micrococcus spp. (a Gram-positive bacteria). This striking observation prompted a series of experiments, which led to the discovery of lysozyme in various human tissues and body secretions, including tear fluids, saliva, blood, semen, respiratory tract linings, and connective tissues, amongst others (20). Interestingly, the antibacterial potency of lysozyme was influenced by the location of the tissues and types of microbes (e.g., lysozyme in tears was very active against micrococci, but was much less effective against other cocci in other parts of the body), highlighting the specific adaptation of the human immune system against specific pathogens at defined sties (20).

Lysozyme is primarily secreted in the tear fluid by the tubuloacinar cells of the main and accessory lacrimal glands (82) and, to a lesser extent, expressed by corneal epithelium and meibomian glands (83). It constitutes around 20%−30% of the total protein in tear fluids (82). Lysozyme exhibits its broad-spectrum antimicrobial activity via dual mechanisms of action (26). First, it hydrolyzes the bacterial cell wall by breaking down the β-1,4 glycosidic linkages between the disaccharides, N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG), which forms the backbone of peptidoglycan in the bacterial membrane. Second, the cationic property of lysozyme enables pore formation in the anionic bacterial membrane, which is responsible for its rapid and broad-spectrum antimicrobial activity against a wide range of organisms.

In addition to its antimicrobial activity, lysozyme plays an important immunomodulatory role in host defense. Particularly, it activates lysozyme-dependent degradation of the engulfed bacteria within the phagolysosomes of macrophages and releases pathogen associated molecular patterns (PAMPs) from the lysed bacteria, resulting in a pro-inflammatory response via interaction with various pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), nucleotide-binding oligomerization domain-like receptors (NLRs), and inflammasomes (26). Lysozyme may decrease systemic inflammation by restricting bacterial growth (27). In view of the ubiquitous presence and inherent antimicrobial and immunomodulatory activities of host lysozyme, bacteria have evolved several ingenious resistant mechanisms to survive against lysozyme. These include modification of membrane peptidoglycan, alteration of the membrane charges, and production of protein inhibitors against lysozyme (26). The understanding of the mechanisms of antimicrobial resistance (AMR) related to lysozyme (and potentially other naturally occurring HDPs) is unequivocally pivotal for development of the next generation of synthetic peptide-based therapeutics for tackling AMR.



Lactoferrin

Lactoferrin, belongs to the transferrin family, is an 80 kDa iron-sequestering HDP. It consists of a polypeptide chain that is folded into two highly symmetrical lobes (N- and C-lobes), which are capable of binding a variety of metal ions including ferric and ferrous ions (28). It is found abundantly in milk and in many other body tissues and secretions, including tears, saliva, sweat, nasal secretion, bronchial mucus, hepatic bile and others (84). Similar to lysozyme, lactoferrin is also primarily synthesized by the acinar cells of the main and accessory lacrimal glands (85). Some evidence has suggested the expression of lactoferrin in meibomian glands (83) and epithelium of conjunctiva and cornea (83, 86). It constitutes around 25% of the total protein in tear fluids, with a concentration of ~2.2 mg/ml (29).

Lactoferrin has been shown to play multi-functional roles in host defense, armed with antimicrobial, anti-biofilm, anti-inflammatory, anti-cancer and anti-complement functions (28, 87). The antimicrobial activity of lactoferrin is attributed to its underlying dual mechanisms of action: (a) binding to free iron, an essential element for microbial growth; and (b) interaction and permeabilization of the anionic bacterial membrane through its positively charged N-terminal, which accounts for its rapid antimicrobial action (28). At the OS, it has been shown to exert broad-spectrum antimicrobial activity against Gram-positive and Gram-negative bacteria, fungi, and viruses (29). It has a strong affinity toward the lipopolysaccharides (LPS) of the Gram-negative bacterial membrane, resulting in increased permeability. Studies have also shown that lysozyme and lactoferrin work in synergy where lactoferrin binds to the lipotechoic acid (LTA) of staphylococcal membrane and enables a greater access of lysozyme to the peptidoglycan (30). Another recent study by Avery et al. (31) showed that lactoferrin exhibits strong antimicrobial and antibiofilm activities against Acinetobacter baumannii, which is an important member of the ESKAPE pathogens commonly responsible for multidrug resistance in clinical setting. Interestingly, lactoferrin is ineffective against Acanthamoeba trophozoites and this is attributed to the effect of proteases released by Acanthamoeba (88).

Lactoferrin has been shown to play an important role in corneal wound closure where it regulates the anti-inflammatory and pro-inflammatory responses (32, 89). Pattamatta et al. (32, 33) demonstrated that lactoferrin stimulates corneal wound healing via upregulation of plate-derived growth factor and IL-6, downregulation of IL-1, and reduction of infiltrating inflammatory cells. Lactoferrin also acts as an antioxidant via inhibition of iron-dependent formation of hydroxyl radicals, thereby protecting corneal epithelium from oxidation-mediated tissue injury (34). This may have an implication on the pathogenesis of keratoconus (refer to Section Keratoconus). Furthermore, reduced levels of lactoferrin have been associated with systemic mucosal immunity incompetence. Hanstock et al. (90) observed that patients affected by upper respiratory tract infection had a significantly lower concentration of tear lysozyme and/or lactoferrin compared to healthy volunteers, suggesting that lysozyme and lactoferrin may serve as clinically relevant biomarkers for mucosal immune competence.



Defensins

Defensins are a large family of cysteine-rich HDPs that consist of a predominantly triple-stranded beta-sheet core structure stabilized with three pairs of intramolecular disulfide bridges (91). Depending on the pattern of the disulfide linkage, human defensins can be broadly divided into two groups, namely the alpha- and beta-defensins. Alpha-defensins have a cysteine pairing motif of Cys1–Cys6, Cys2–Cys4, and Cys3–Cys5 whereas beta-defensins form disulfide bridges at Cys1–Cys5, Cys2–Cys4, and Cys3–Cys6 (35, 91). Interestingly, this evolutionarily conserved disulphide bridge motif is similarly observed in defensins found in plants and invertebrates (92, 93).

Human alpha-defensins, also known as human neutrophil peptide (HNP) due to their abundant presence in neutrophils, can be subclassified into 6 main subtypes (HNP-1 to−6). HNP-1 to−4 are found primarily in the azurophil granules of neutrophils (35). HNP-1 to−3 sequences are highly homologous with only difference in a single N-terminal residue; removal of the alanine (the first amino acid of HNP-1 at the N-terminal) gives rise to HNP-2 and substitution of the alanine with aspartic acid yields HNP-3. HNP-5 and−6 are primarily located in the epithelium of Paneth cells of small intestines (35). On the other hand, more than 30 types of human beta-defensins (HBDs) have been described in the literature (94). HBD are mainly synthesized by the epithelial cells, including the conjunctiva, cornea, skin, oral mucosa, lining of respiratory and gastrointestinal tracts, and others (95). As described by McIntosh et al. (96), about 28 novel beta defensins were identified in human genome using the hidden Markov model. Thus far, only few, namely the HBD-1 to−4 and HBD-9 were shown to be involved in host immunity at the OS.

In view of the diverse function of defensins, it is not surprising that a plethora of HNPs and HBDs are abundantly present at a variety of bodily surfaces. At the OS, HNP-1 to−3, but not HNP-4 to−6, have been identified in normal human tears, conjunctival and corneal epithelium, lacrimal gland, and inflamed conjunctiva (in relation to infiltrating polymorphonuclear cells) (22, 97, 98). Similarly, McIntosh et al. (96) discovered an array of HBDs, including HBD-1 to−4, at the corneal and conjunctival epithelium, though the level of HBD-4 was relatively low. Another novel HDP, HBD-9, was discovered at the ocular surface epithelia and corneal stroma by our research group (99, 100). Further studies from our group and others have also shown that the expressions of HBDs are modulated by various PRRs, including TLRs and NLRs (99, 101, 102).

Defensins have been shown to exhibit broad-spectrum antimicrobial activity against bacteria, fungi, enveloped viruses, and parasites (35, 41). Similar to most cationic HDPs, the defensins also perturb the microbial membrane through direct interaction with the anionic and lipid microbial membrane. The antimicrobial efficacy of defensins is likely related to their inherent physicochemical characteristics such as cationicity, hydrophobicity, and amphiphilicity (35). It has been shown that cationicity plays a more important role in Gram-negative infections, whereas increased hydrophobicity enhances the antimicrobial action against Gram-positive infections (103, 104). In addition, synergy between different families of HDPs have been reported; for instance, HBD-2 and LL-37 exhibit synergistic antimicrobial killing of Staphylococcus aureus, which is likely accountable for the minimal risk of S. aureus infection in inflamed psoriatic skin (105).

In addition to the antimicrobial function, defensins are endowed with a wide range of functions, including immunomodulatory (pro-inflammatory and anti-inflammatory), wound healing, maintenance of skin barrier, and anti-cancer (Figure 3) (17, 36, 39–41, 43–46, 106). HBD has been shown to orchestrate the cross-talk between innate and adaptive immunity by recruiting T cells and dendritic cells to the infection site through interaction with chemokine (CCR6) receptor (43). HNP-1 regulates inflammation by inhibiting macrophage mRNA translation and secretion of proinflammatory cytokines and nitric oxide, enabling clearance of pathogen and resolution of inflammation with minimal collateral tissue damage (37, 38). Moreover, HBD-3 has been shown to promote wound closure in S. aureus infected diabetic wounds (44).
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FIGURE 3. Schematic representation of key signaling mechanisms involved in host defense peptides (HDPs) production in response to bacterial infection. Multiple intracellular signaling pathways are activated downstream of toll-like receptors (TLRs) in response to a variety of pathogen-associated molecular pattern (PAMPs), resulting in production of HDPs and cytokines/chemokines. TLR2/1 and TLR2/6 are shown to recognize diacylated (DAL) and triacylated (TAL) lipopeptides, respectively. TLR4 is present both on cell-surface and intracellularly on endosomes specifically recognizes lipopolysaccharide (LPS). LPS is recognized by LPS binding protein (LBP) and presented to CD14 (present in a soluble form in tear fluid), which transports LPS to myeloid differentiation-2 (MD-2)/TLR4 complex. Flagellin (Flag), a flagellar protein of Gram-negative bacteria, is recognized by TLR5. TLR9 present on endosomes recognizes CpG containing bacterial DNA; however, its role in production of HDPs and associated signaling mechanisms in corneal epithelial cells remain unclear. A pleiotropic cytokine, interleukin-1β (IL-1β) is recognized by IL-1R on cell surface. Activation of toll/IL-1-receptor (TIR) domain of both TLR and IL-1R triggers recruitment of the adaptor molecule myeloid differentiation primary response protein 88 (MyD88). TLR4 signaling can be activated via MyD88 and TIR-domain-containing adaptor protein inducing interferon-β (TRIF). Both MyD88 and TRIF initiate phosphorylation and ubiquitylation of several other molecules (not shown) leading to activation of transforming growth-factor-β activated kinase-1 (TAK1). In the cytosol, TAK-1 triggers activation of mitogen-activated protein kinases (MAPKs) and nuclear-factor-κ-B (NF-κB) pathways. This allows nuclear translocation of NF-κB and activator protein 1 (AP-1; complex of Jun and Fos protein) transcription factors and modulates expression of target HDPs. The scheme was adapted from Mohammed et al. paper (9).


To gain a better understanding of the structure-activity relationship, many research groups have investigated the functional role of the evolutionarily conserved cysteine disulfide bridge moiety of defensins. Although this moiety is widely observed in vertebrate and invertebrate defensins, Wu et al. (42) demonstrated that removal of this structure has no influence on their inherent antibacterial activity against Escherichia coli. On the other hand, the chemotactic function (e.g., HBD-3) (42), anti-tumor necrosis factor (TNF)-alpha (e.g., HNP-1) (38), and antiviral activity (e.g., HNP-1 to−3) (107) are abolished when this disulfide moiety is destabilized or removed, suggesting that the disulfide bridges play important immunomodulatory and antiviral roles in innate immunity. These observations provide invaluable insight into the design and development of antimicrobial HDPs that are based on cysteine-rich native templates (108).



Cathelicidin

Cathelicidins are a large family of AMPs widely found in vertebrates (93, 109). The hallmark of cathelicidin is the presence of highly conserved cathelin domain, which was first identified in pig leukocytes as a cathepsin-L inhibitor and termed “cathelin” based on this property. Cathelicidin proteins comprised of a conserved 14 kDa cathelin domain flanked by a signal peptide (up to 30 residues) on N-terminus and an antimicrobial peptide region on its C-terminus. hCAP18, an 18 kDa preprotein, is the lone member of cathelicidin found in humans (110, 111). Its derivative, hCAP18(104–140), was shown to neutralize lipopolysaccharide (LPS) activity both in vitro and in vivo (112). Proteinase-3, a proteolytic enzyme in human neutrophils can cleave hCAP18 into an active 37 amino-acid AMP, known as LL-37 (110, 113, 114). Moreover, another serum protease, gastricsin, at low vaginal pH was shown to cleave hCAP18 into a slightly longer active peptide, termed ALL-38 (115).

Since its first discovery in 1988 (116), cathelicidin is the most studied cationic HDP due to its wide-spectrum of activity, including anti-infective, anti-biofilm, anti-cancer, immunomodulatory, chemotactic, and wound healing properties (47, 53, 54, 57, 104, 117–120). The protective function of LL-37 against OS has been widely established (48, 49, 121, 122). LL-37 is constitutively expressed in OS epithelial specimens from healthy living patients and donor cadaveric tissues, including conjunctival and corneal epithelium (96, 123). It has been shown to play an important role in corneal wound healing and protection against various types of microbes at the OS (48, 123). In addition to its antimicrobial activity, Torres-Juarez et al. (55) demonstrated the immunomodulatory effects of LL-37 during mycobacterial infection, including reduction of tumor necrosis factor (TNF)-alpha and IL-17, and promoting the production of transforming growth factor (TGF-beta) and anti-inflammatory IL-10. Furthermore, LL-37 promotes wound healing via keratinocyte migration, which occurs via epidermal growth factor receptor transactivation (56).

Biochemical studies have elegantly demonstrated that smaller synthetic fragments derived from the parent LL-37 sequence were as effective as the full-length LL-37 (124–128). Studies have revealed that the middle region of LL-3717−29 (i.e., FK13) and/or LL-3718−29 (i.e., KR12) is largely responsible for the antimicrobial activity of LL-37 and has the ability to form amphipathic helix rich in positive charge, which enables effective interaction with the anionic membrane and subsequent microbial killing (126, 127, 129). In view of its therapeutic promise, a variety of strategies have been adopted to enhance the safety and efficacy of LL-37 and its derivatives (104, 130). Similar to LL-37, its smaller derivatives have shown considerable activity against a range of pathogens, including ESKAPE bacteria, fungi and viruses (47, 50–52). Our group has recently demonstrated that LL-3717−32 (FK16 peptide with free N- and C-termini) could also be utilized to improve the activity of conventional antibiotics such as vancomycin against Pseudomonas aeruginosa, as a strategy to repurpose the antibiotics and tackle AMR (131).



Ribonucleases (RNases)

Human ribonucleases (RNases) have an inherent ability to hydrolyze polymeric RNA and share a unique structural similarity to bovine pancreatic RNase A, therefore, also referred to as RNase A superfamily (132, 133). Similar to defensins, members of RNase A superfamily are comprised of six to eight conserved cysteine residues forming disulfide bridges. Genes encoding for human RNases 1 to 13 are clustered on chromosome 14q11.2 (133, 134). RNases are highly cationic and exhibit strong cytotoxic and microbicidal properties. Human RNase-2 (eosinophil derived neurotoxin) and RNase-3 (eosinophil cationic protein) are the first members of RNase A superfamily to show a strong role in host defense against an RNA virus, respiratory syncytial virus (RSV) (58, 59). Further studies have demonstrated that RNase-2 and−3 also have an ability to activate adaptive immunity (67, 68) and possess potent bactericidal and anti-helminthic properties (60–63). RNase-4 and−5 are shown to display potent angiogenic and neurogenic properties (69, 70). RNase-5, also known as angiogenin, has been widely studied due to its immunomodulatory properties. It is shown to be produced by skin keratinocytes and mast cells and has been detected in lacrimal secretions. RNase-5 has been shown to promote corneal endothelial wound healing via activation of PI3-kinase/Akt pathway (71), highlighting its therapeutic potential for corneal endothelial diseases. RNase-6 is ubiquitously expressed in immune cells including neutrophils and monocytes. Similar to RNase-3, it also exhibits bactericidal effect through agglutination and membrane disruption (64). Against Mycobacterium spp., it has been shown to induce autophagy in the infected macrophages leading to intracellular growth inhibition (135).

RNase-7 and−8 despite being structurally similar, their expression in different bodily tissues is greatly varied. On the OS, RNase-7 is constitutively expressed in healthy corneal epithelium and stroma (65). Further studies have demonstrated elevated levels of RNase-7 in samples collected from patients with bacterial, viral and Acanthamoeba keratitis as well as in CECs treated with cytokines, live bacteria and different pathogenic proteins that activates innate immune receptor signaling (65, 66). Specifically, the signaling mechanisms that are involved in elevation of RNase-7 levels in CECs in response to activation of interleukin 1β (IL-1β)/IL-1 receptor (IL-1R) axis was mapped by our group (65). Notably, the canonical nuclear factor κB (NFκB) transcription factor which mediates transcription of most HDPs in OS epithelium was found to be non-redundant in regulation of RNase-7. It was shown that IL-1b/IL-1R triggered mitogen activated protein kinases (MAPKs) signaling was responsible for RNase-7 regulation in CECs. Further analysis showed that the transcription factors, c-JUN and ATF, are involved in transcription of RNase-7 in CECs. This suggested that a biomarker or protein that directly activates these transcription factors could elicit HDPs in CECs during infection.



Psoriasin

Psoriasin, or S100A7, represents one of the main members of the S100 family of calcium-binding proteins (136). It is a low molecular weight protein (~11 kDa) which consists of five alpha-helices and the structure relies on the binding of calcium (137). The term “psoriasin” was first coined in 1991 by Madsen et al. (138), who observed the upregulation of this novel HDP in psoriatic skin. Subsequently, its immunomodulatory role in psoriasis was shown to be related to the downstream stimulation of interleukin-1a (IL-1a) expression in human epidermal keratinocytes via the receptor for advanced glycation endproducts (RAGE)-p38 MAPK and calpain-1 pathways (139). At the OS, psoriasin was also found to be constitutively present various structures, including the conjunctiva, cornea, lacrimal gland and nasolacrimal ducts (72, 140), highlighting its protective role at the OS.

Psoriasin has been shown to exhibit strong antimicrobial activity against E. coli and S. aureus, likely via a zinc-dependent mechanism (72, 73). The upregulation of psoriasin against E. coli was found to be mediated via TLR5 (141). Interestingly, studies have shown that the antibacterial efficacy of psoriasin is likely conferred by the central region of the protein (amino acids at 35–80) (73). In addition to its antimicrobial activity, psoriasin has been shown to play essential important immunomodulatory roles, including chemotaxis for CD4+ and neutrophils, production of cytokines and chemokines by neutrophils, generation of reactive oxygen species, and release of HNP-1 to−3 (74, 75).



Dermcidin

Dermcidin (DCD) is an important 110-residue HDP that is constitutively present in the golgi complex and the secretory granules of eccrine sweat. After being proteolytically processed, it is secreted into the sweat and transported onto the epidermal surface of skin as DCD-1L (which constitutes the N-terminal 48 residues of DCD) (76, 142, 143). It has been shown to adopt a unique high-conductance transmembrane hexameric channel architecture comprising trimers of antiparallel helical pairs, which is responsible for its membrane-disruptive antimicrobial mechanism (144).

The presence of DCD was first discovered in 2001 by Schittek et al. (145) and was found to possess broad-spectrum antimicrobial activity that is maintained over a broad pH range and in high salt concentrations, which resembles the human sweat. At the OS, McIntosh et al. (96) observed that dermcidin may be present at the corneal epithelium but this was only detected in one of the nine corneal samples. The presence of dermcidin in tear fluid was further confirmed by You et al. (146). Unlike most HDPs (which are cationic and kill bacteria via pore formation), dermcidin is an anionic peptide (147). It exerts its antimicrobial killing through interaction with the anionic bacterial phospholipids with subsequent zinc-dependent formation of oligomeric complexes in the bacterial membrane, resulting in formation of ion channels, membrane depolarization and cell death (76).



Histatin

Histatin belongs to a family of histidine-rich, cationic HDPs that are produced by the salivary gland into the saliva. They were first identified in 1988 by Oppenheim et al. (77) in human parotid secretion. Within the family, histatin-1,−3 and−5 are the major and most widely studied members and have been shown to exhibit antibacterial, antifungal and wound healing properties (77, 78). Histatin-1 and−3 are encoded by HTN1 and HTN3 genes, respectively, and histatin-5 is a proteolytic product of histatin-3 (148).

The first evidence of the presence of histatin at the ocular surface was demonstrated by Kalmodia et al. (149) in 2019. Histatin-1 was found to be present in normal human tears and reduced in aqueous-deficient dry eye disease by around 10-fold, suggesting the potential diagnostic value in evaluating dry eye disease. Based on in vitro studies, histatin-1 has been shown to enhance human corneal epithelial wound healing (80). In addition, histatin-1 can significantly reduce lipopolysaccharide-induced inflammatory signaling and production of nitric oxide and inflammatory cytokines via the JNK and NF-kB pathways in RAW264.7 macrophages (79). The multi-faceted properties of histatin, including antimicrobial, anti-inflammatory and wound healing properties, are particularly attractive for ocular surface diseases, especially infectious keratitis where inflammation overdrive and persistent epithelial wound are common sequelae of the infection (81, 150, 151).




ROLES OF HDPs IN MAJOR OCULAR SURFACE DISEASES

It is evident that HDPs play important roles in innate immunity and crosstalk between innate and adaptive immunity. In this section, we aim to provide a concise overview of the roles of HDPs in major OS diseases.


Infectious Keratitis

Infectious keratitis (IK) represents a major cause of corneal blindness worldwide (152). It has been estimated to cause 1.5–2 million new cases of monocular blindness every year, highlighting its significant burden on human health, healthcare resources and economy (152–154). Subject to geographical, temporal and seasonal variations, bacteria and fungi are the most common culprits for IK globally (150, 155–161). Broad-spectrum topical antimicrobials are currently the mainstay of treatment for IK but adjuvant therapy such as amniotic membrane transplant, therapeutic corneal cross-linking treatment (i.e., PACK-CXL) and therapeutic keratoplasty are often required to manage refractory cases of IK (162–166).

The pivotal roles of HDPs in IK are supported by a number of in vitro and in vivo observations and experiments (9). McIntosh et al. (96) investigated differential gene expression of HDPs in non-infected and infected eyes and demonstrated that some HDPs, notably HBD-3 and LL-37, were significantly elevated during OS infection. In addition, HBD-2 and−3, LL-37, MIP-3α, and thymosin β-4 were shown to exhibit moderate to strong in vitro antimicrobial activity against a range of ocular pathogens, including S. aureus, P. aeruginosa, adenovirus and HSV-1 (49, 123). Furthermore, cathelicidin-deficient/knockout mice were found to be more susceptible to P. aeruginosa corneal infection when compared to the wild type mice, underlining the antimicrobial function of cathelicidin at the OS (122). Synergistic antimicrobial action among different HDPs has also been reported in several studies (167, 168). For instance, Chen et al. (167) demonstrated that various combinations of HDPs, including HBD-1 to−3, LL-37 and lysozyme, exhibited synergistic or additive antimicrobial effect against S. aureus and E. coli.

The role of HDPs has also been implicated in other types of IK such as fungal and Acanthamoeba keratitis (9). Our recent study demonstrated that a range of HDPs, including HBD-1,−2,−3 and−9, LL-37 and S100A7, were upregulated during the active phase of fungal keratitis and returned to the baseline level upon resolution of the infection (169). Interestingly, there was a preferential increase in mRNA expression of different types of HDPs, with HBD-1 and−2 being most commonly upregulated (90% of the cases) and LL-37 being least commonly upregulated (35% of the cases), highlighting the pathogen-specificity of HDPs. Similarly in Acanthamoeba keratitis, a wide range of HDPs such as HBD-2 and−3, LL-37, LEAP-1 and−2, and RNase-7 (but not HBD-1), were shown to be upregulated (66). Interestingly, HBD-1 and HBD-9 were significantly downregulated in Acanthamoeba keratitis (66, 170). Taken together, it is evident that HDPs serve as an integral component of the innate immunity of the OS, via their broad-spectrum and rapid antimicrobial activity against a wide range of ocular pathogens. These unique characteristics also render HDPs (usually those that are membrane-active) an attractive class of antimicrobial agent for managing IK, particularly in the face of polymicrobial keratitis and emerging antimicrobial resistance (152, 158, 171, 172).



Dry Eye Disease and Sjogren's Syndrome

Dry eye disease (DED) is one of the most common ocular surface morbidities with severe impact on vision and quality of life of affected individuals (173, 174). According to the recent TFOS DEWS II report, DED is defined as “a multifactorial disease of the ocular surface characterized by a loss of homeostasis of the tear film, and accompanied by ocular symptoms, in which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities play etiological roles” (173). Sjogren's syndrome is a systemic autoimmune disease that primarily affects the lacrimal and salivary exocrine glands, leading to dry eyes and dry mouth (175). It is caused by lymphocytic infiltration of the exocrine glands secondary to the abnormal B- and T-cell autoimmune response against the auto-antigens, particularly SSA and SSB (175).

Several studies have demonstrated the dysregulation of HDPs in the DED. A range of HDPs, particularly lysozyme and/or lactoferrin, have been shown to be reduced in various types of DED, including SS and non-SS-related DED (176), evaporative DED (177), graft versus host disease (GvHD)-related DED (178), and others. Furthermore, HBD-2 and HBD-9 are found to be upregulated and downregulated, respectively, whereas HBD-1 and−3 remain unchanged in DED (100, 179). In addition, tear HDPs may also serve as useful biomarkers in DED. Studies have shown that tear lactoferrin was significantly reduced in various types of DED, including SS-related and non-SS-related DED, Steven–Johnson syndrome and evaporative DED secondary to meibomian gland dysfunction (177, 180). Sonobe et al. (176) recently demonstrated an inverse correlation between reduced lactoferrin concentration in tears and increased severity of DED using a novel and innovative microfluidic paper-based analytical device (μPAD). It has been shown that reduced level of lactoferrin serves as a good biomarker for distinguishing SS-related DED from non-SS-related DED (181), and for diagnosing DED in postmenopausal patients (182). The reduction of these tear HDPs in DED, in addition to the breakdown of corneal epithelium and increased bacterial load associated with DED, may potentially account for the increased risk of IK (though lack of strong evidence) (183, 184).



Keratoconus

Keratoconus is a bilateral, non-inflammatory corneal condition characterized by progressive corneal thinning and protrusion with resultant myopia and irregular astigmatism. It is the most common corneal ectatic disorder with an estimated prevalence of 1:2,000 to 1:400 people (185, 186). Depending on the severity and stability of keratoconus, it can be managed with glasses, soft and rigid contact lens, corneal cross-linking, intrastromal corneal ring segments, and corneal transplantation if all other measures fail (187–189). Although uncommon, keratoconus still remains a leading indication for corneal transplantation in many countries (190, 191).

The pathogenesis of keratoconus is likely to be multifactorial, contributed by genetic predisposition, environmental factors, proteolytic degradation of collagen, and mechanical trauma such as eye rubbing (192). Several molecular and proteomics studies (193–196) have also demonstrated the upregulation of certain tear proteins and inflammatory molecules in keratoconus, including interleukin-6, TNF-alpha, matrix metalloproteinases (MMP)-1,−3,−7,−9, and−13, lipocalin-1, neutrophil-defensin 1 precursor, mammaglobulin-B precursor, and keratin types 1 and 2, suggesting that inflammation plays a role in the pathogenesis of keratoconus. A recent proteomic study by Yam et al. (197) demonstrated that the epithelial and stromal proteins in keratoconic corneas were altered. The proteomic changes were primarily related to developmental and metabolic disorders (particularly in relation to mitochondria), cellular assembly, tissue organization and connective tissue disorders (particularly in relation to endoplasmic reticulum protein folding). Interestingly, the changes were not limited to the “cone area” but also involved the peripheral non-cone region of the keratoconic corneas. In addition, patients with keratoconus were found to have a significantly lower level of tear lactoferrin and the amount of reduction correlated with the severity of keratoconus (198). It is postulated that reduced lactoferrin results in accumulation of free iron in the tear fluids and iron deposition on the cornea (“Fleischer's ring”), thereby increasing cytotoxicity to the corneal epithelial cells (199). Based on these observations, Pastori et al. (199) have demonstrated that the oxidative stress induced by the tears in keratoconic patients, due to increased free iron, may be dampened by lactoferrin-loaded contact lens, potentially deterring the progression of keratoconus.



Pterygium

Pterygium is a common inflammatory ocular surface disease that is commonly encountered in tropical countries, with an estimated prevalence of 12% (200). It is characterized by fibrovascular growth of the conjunctiva into the cornea, resulting in ocular surface discomfort, pain, visual disturbance and impairment (if visual axis is encroached upon) (201). The pathogenesis of pterygium is likely attributed to a number of factors, including chronic ultraviolet radiation, human papillomavirus infection, oxidative stress, and genetic predisposition (202). So far, few groups have examined the role of HDPs in patients with pterygium. Ikeda et al. (98) observed the presence of HBD-2 in one of two conjunctival tissues of pterygium but in none of all eight normal conjunctival samples. In addition, Zhou et al. (203) reported an upregulated expression of HNP-1 to−3, and calcium-binding proteins S100A8 and S100A9 in the tear fluids of eyes affected with pterygium. Another demonstrated the upregulation of HBD-1 and−2 along with a downregulation of HBD-9 in pterygium (204). These observations may be related to the underlying fibrovascular proliferative changes or inflammation. It was also suggested that the dysregulation of these HDPs may play an important contributory role to the pathogenesis of pterygium and may serve as useful biomarkers for predicting the recurrence of pterygium (203).



Post-ocular Surface Surgery and Wound Healing

The integrity of corneal epithelium is of utmost importance for ocular surface defense. Corneal wound healing relies on the regenerative capability of limbal stem cells and involves a complex process of cell death, migration, proliferation, differentiation, and remodeling of extracellular matrix (205). The integral role of HDPs for ocular surface wound healing has been evidently demonstrated in many studies. Zhou et al. (206) observed that the level of HNP-1 to−3 in tear fluids increased significantly after surgical removal of ocular surface neoplasm and returned to the baseline level after complete healing. Moreover, the concentration of HNP-1 and−2 reached a therapeutic level at day 3 postoperative (206). In addition, upregulation of HBD-2 mRNA expression was observed during the phase of corneal re-epithelialization (207).

Similarly, Huang et al. (48) previously demonstrated that LL-37 was increased in injured corneal epithelial cells (CEC), and recombinant LL-37 was capable of increasing the pro-inflammatory cytokines from CECs through the activation of G-protein coupled receptors (i.e., formyl peptide receptor-like 1). Application of vitamin D on wounded mouse corneas was shown to delay the normal wound healing process and increase the production of cathelin-related antimicrobial peptide (CRAMP) (208). However, the cause-effect relationship between CRAMP and corneal wound healing remains unknown but it was suggested that the increase levels of HDPs during epithelial defect would protect the cornea from infection during the healing phase. Recent studies have demonstrated that a deficiency of vitamin D receptors significantly delays the corneal wound healing and decreases the nerve density (209, 210). These findings suggest that HDPs play a crucial role in wound healing and protection against ocular surface infection.



Atopic Dermatitis and Allergic Keratoconjunctivitis

Atopic dermatitis (AD) is the most common inflammatory skin condition characterized by intense pruritus and chronic, relapsing eczematous lesions (211). The lifetime prevalence has been estimated at 20% (211). The pathogenesis of AD is multifactorial, with loss-of-function of the filaggrin gene (which regulates the epidermal barrier function), overgrowth of S. aureus (which may be caused by the dysregulation of HBD), IgE-mediated sensitization, and neuroinflammation playing important contributory roles (105, 211). Patients with AD may also suffer concurrently from atopic keratoconjunctivitis (AKC), which is a potentially sight-threatening ocular surface disease. Vernal keratoconjunctivitis (VKC) is another severe form of allergic eye disease that primarily affects the children and young adults (212).

Several studies have implicated the roles of HDPs in AD, AKC and VKC. Both HBD-2 and LL-37 are known to possess good antimicrobial activity against S. aureus and they work in synergy (105). Patients with AD are found to have substantially lower expressions of HBD-2 and−3, LL-37, and dermcidin, which may explain their increased susceptibility to staphylococcal skin infection compared to patients with psoriasis (105, 213). Similarly, patients with AKC are at risk of developing staphylococcal and herpetic infectious keratitis (214), which may be linked to the downregulation of mBD-2 mRNA at the ocular surface based on in vivo murine allergic eye conjunctivitis studies (215). Hida et al. (216) observed significantly higher levels of HNP-1 to−3 in the tears of patients with AKC complicated by allergic corneal epithelial disease compared to healthy patients or AKC patients with no corneal disease, suggesting a potentially protective role of HDP in corneal complications related to allergic eye disease. In addition, tear lactoferrin is reduced in VKC and the underlying mechanism is likely not related to lacrimal gland dysfunction but other factors since the level of tear lysozyme is unaffected (217).



Rosacea

Rosacea is a chronic, relapsing inflammatory skin disease that affects around 5% of the population (218). The risk of ocular surface involvement may develop in up to 70% of the rosacea patients and may occur with or without concurrent facial/skin rosacea (3). It can result in a wide array of ocular symptoms and signs, ranging from grittiness, visual blurring, and pain to sight-threatening complications such as corneal infection and perforation. The pathogenesis of rosacea remains to be fully elucidated; however dysregulation of the innate immunity (e.g., dysfunctional expression of HDPs) has been implicated, in addition to a number of environmental factors, genetic predisposition, and neurovascular dysregulation (219). The level of LL-37 is significantly increased in the skin epidermis in rosacea, which promotes skin inflammation via leukocyte chemotaxis and angiogenesis (220, 221). Gokcinar et al. (24) recently examined the role of HDPs in ocular rosacea and observed that the gene expressions of a wide range of HDPs, including tear HNP-1 to−3 and HBD-2, and conjunctival LL-37, were upregulated. On the other hand, tear lactoferrin was found to be reduced in rosacea (222).




THERAPEUTIC POTENTIALS OF HDPs FOR OCULAR SURFACE DISEASES

Despite their promising potential as effective antimicrobial and immunomodulatory therapies, several issues have impeded the successful translation of HDPs into clinical use. Complex structure-activity relationship, susceptibility to host/bacterial proteases and physiological conditions, pro-inflammatory properties, discrepancy between in vitro and in vivo efficacies, and toxicity to the host tissues are the main barriers (14, 23, 223, 224)Furthermore the lack of interest and investment from the pharmaceutical companies, stemming from limited life-span of antimicrobial therapy and low profits, poses another significant hurdle for the development of new antimicrobial agents (225). Herein, we present some of the key HDP-based molecules that have completed in vivo animal studies and are in the developmental pipeline for treating ocular surface diseases. These include B2088 branched peptide, Esculentin1–21(NH2), RP444, melimine/Mel4 antimicrobial coating for contact lens, epsilon-lysylated melittin (MEL-4), CaD23, histatin-5, and endogenous LL-37 (Table 2).


Table 2. A summary of host defense peptide (HDP)-based molecules that are in the development pipeline for ocular surface diseases.
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B2088 Branched Peptide

B2088 is a covalent dimeric peptide that is derived from the C-terminal of HBD-3 [peptide sequence: (RGRKVVRR)2KK] (226). The development of this branched peptide was started in 2007 where Liu et al. (236) demonstrated that the linear form of HBD3 maintained similar antimicrobial efficacy and exhibited lower cytotoxicity and haemolytic activity compared to the native form of HBD3, after refining the hydrophobicity and substituting the cysteine residues with various amino acids. Such properties were postulated to be related to the removal of the disulfide bridges and the loss of secondary structure. Bai et al. (237) further enhanced the antimicrobial activity and reduced the host toxicity of linear HBD3 analogs by shortening the HBD3 to 10 amino acids from the C-terminal end. Taking it further, the antimicrobial efficacy of the truncated HBD3 was further optimized via dimerization at the lysine, which yielded the final lead compound of B2088 (108, 226).

B2088 has been shown to demonstrate strong antimicrobial activity against Gram-negative bacteria, particularly P. aeruginosa (108, 226). It exerts its bacterial killing through the binding of lipid A and disruption of supramolecular organization of lipopolysaccharides, a major component of the outer membrane of Gram-negative bacteria. In addition, B2088 strong synergism with various antibiotics through time-kill and checkerboard assays. This was further validated in an in vivo murine P. aeruginosa keratitis study where B2088 0.05%-gatifloxacin 0.15% combination treatment reduced the bacterial burden of corneal infection by an additional 1 LogCFU compared to gatifloxacin 0.3% alone (108).



Esculentin-1a(1–21)NH2

The skin of amphibians contains a rich source of HDPs (238). Esculentin-1a is a type of frog-derived HDP isolated from the skin of Rana esculenta, or now known as Pelophylax lessonae/ridibundus. The modified version, Esculentin-1a(1–21)NH2, is composed of the first 20 amino acids of esculentin-1a with a glycinamide residue at the C-terminal end (peptide sequence: GIFSKLAGKKIKNLLISGLKG-NH2) (227). It has been shown to demonstrate strong in vitro antimicrobial activity against various P. aeruginosa laboratory strains (both invasive and cytotoxic strains) and clinical strains (isolated from eyes with keratitis and conjunctivitis), and Staphylococci species (with a MIC range of 1–16 μM) (227). In an in vivo murine bacterial IK model infected with cytotoxic P. aeruginosa strain, topical treatment of esculentin-1a(1–21)NH2 significantly reduces the bacterial load, clinical severity and recruitment of inflammatory cells to the infected corneas measured by the relative myeloperoxidase activity (227). In addition, it was shown to exhibit anti-biofilm activity against P. aeruginosa (228, 229) and prolong the survival of PAO1-infected mice in both sepsis and pneumonia models (228). The potent activity against both planktonic and sessile forms of P. aeruginosa was ascribed to its underlying membrane perturbation activity (228).



RP444

The development of RP444 was inspired by the “freedom from infection” observed in Cecropia moth and African clawed frog, which is attributed to the cecropins and magainins peptides, respectively (113). RP444 is a 23-amino acid designed HDP primarily composed of phenylalanine, alanine and ornithine, which is an unnatural amino acid used to replace lysine residue to enhance antimicrobial activity and proteolytic stability (peptide sequence: FAOOFAOOFOOFAOOFAOFAFAF) (230). This designed HDP possesses a broad-spectrum antimicrobial activity against a range of Gram-positive and Gram-negative bacteria (MIC ranges between 4 and 64 μg/ml) and anti-biofilm efficacy. Similar to other natural and synthetic HDPs, RP444 exhibits rapid bacterial killing within 30–60 min with no risk of developing resistance. Further in vivo murine bacterial keratitis study showed that RP444 was able to significantly reduce the bacterial load and clinical severity of P. aeruginosa keratitis and reduce inflammatory cell infiltration toward the infected site (230).



Melimine and Mel4 Antimicrobial Coating for Contact Lenses

Melimine is a 29-amino acid cationic synthetic HDP derived from melittin (from honeybee venom) and protamine (from salmon sperm) (239). This hybrid HDP combines the C-terminals of both melittin and protamine, yielding a total cationic charge of +14 (peptide sequence: TLISWIKNKRKQRPRVSRRRRRRGGRRRR). When attached to contact lenses, either through adsorption or covalent binding, melimine demonstrates higher antimicrobial activities against both Gram-positive and Gram-negative bacteria than melittin or protamine alone (239). In addition, the hemolytic activity of melimine is significantly lower than melittin. Furthermore, in vivo rabbit models successfully showed that melimine-coated lenses were safe to wear and they prevented bacterial growth on contact lenses, which consequently reduced the rate and severity of adverse reactions such as contact lens-induced acute red eye (CLARE), contact lens-induced peripheral ulcers (CLPUs) and IK (240–242). This suggests that hybridization of two different HDPs serves as a novel strategy to enhance antimicrobial efficacy and reduce toxicity.

However, when the melimine-coated contact lenses were tested in a human clinical trial, these lenses were paradoxically associated with significantly higher corneal staining compared to uncoated lenses at day 1 (241). To overcome this unforeseen corneal toxicity, the same research group has further refined the hybrid HDP, which has led to the creation of Mel4 – a truncated version of melimine with +14 net charge (peptide sequence: KNKRKRRRRRRGGRRRR) (231). This modified HDP exhibits modest antimicrobial activity against a broad range of Gram-positive and Gram-negative bacteria, with good in vivo safety demonstrated in rabbit and human trials (231). The mechanism of action of Mel4 against P. aeruginosa was found to be related to the neutralization of lipopolysaccharide and disruption of cytoplasmic membrane whereas its action against S. aureus was likely attributed to the release of autolysins with resultant cell death instead of pore formation (232, 243). A recent randomized controlled trial demonstrated that Mel4-coated antimicrobial contact lens was able to reduce corneal infiltrative events by at least 50% when compared to uncoated control lens during extended wear over 3 months (233).



Epsilon Lysylated Melittin (MEL-4)

Being as one of the main basic and cationic amino acids, lysine serves as a major constituent of many naturally occurring and synthetic HDPs (244, 245). In addition to the L- and D-form, lysine can also exist in epsilon form (ε-) where the NH2 group at the side chain of L-lysine is linked to the alpha-carbon. ε-Poly-L-lysine (EPL) is a basic polyamide consisting of 25–30 ε-lysine that is naturally produced by Streptomycetaceae and Ergot fungi (246). It is commonly used as a food preservative with strong antimicrobial activity (247, 248). Compared to alpha-poly-L-lysine, EPL exhibits enhanced antimicrobial efficacy against a range of Gram-positive and Gram-negative bacteria (248, 249). Employing the similar strategy, Mayandi et al. (234) explored the selective incorporation of ε-lysine in melittin, which is a potent yet toxic HDP that is found in honeybee venom. They showed that ε-lysylation of melittin, in particular MEL-4 (different from the Mel4 described in the above Pterygium Section), improved the cell selectivity of the synthetic HDP toward a range of Gram-positive and Gram-negative bacteria with reduced host cytotoxic and hemolytic activities, whilst maintaining the in vivo efficacy of melittin (234). This suggests that ε-lysylation may serve as a novel strategy for improving the cell selectivity in lysine-rich HDPs.



Hybridized LL-37 and HBD-2 (CaD23)

LL-37 and HBDs are major groups of HDP that have been shown to play vital roles in various ocular surface diseases, particularly infectious keratitis. Inspired by these observations, our group recently developed a novel molecule, CaD23, via rationale hybridization of LL-37 and HBD-2 (peptide sequence: KRIVQRIKDWLRKLCKKW), and demonstrated good antimicrobial activity against a range of organisms commonly responsible for infectious keratitis, including S. aureus, MRSA and P. aeruginosa (104). The therapeutic potential of CaD23 was further substantiated by the strong in vivo antimicrobial activity against S. aureus in a pre-clinical murine model with good safety profile.

In addition, CaD23 demonstrates eight times faster antimicrobial action when compared to amikacin, a commonly used antibiotics for infectious keratitis (104). CaD23 also demonstrates a strong additive effect when used in combination with amikacin and levofloxacin against S. aureus and MRSA, underscoring the translational potential of peptide-antibiotic combined therapy in clinic (235). More importantly, when S. aureus was exposed to 10 consecutive sub-lethal concentration of treatment, the bacteria did not develop any antimicrobial resistance against CaD23 whereas it developed significant antimicrobial resistance against amikacin by 32-fold (104). The rapid antimicrobial action (thence low risk of AMR) is likely attributed to its membrane-permeabilizing properties, evidenced by a combination of experimental and computational studies. Moreover, the molecular dynamics (MD) simulations study revealed the importance of alpha-helicity, cationicity, hydrophobicity and amphiphilicity in contributing to the antimicrobial action of CaD23 (235).



Histatin-5

Histatin peptides have been shown to demonstrate antimicrobial activity and wound healing properties. Based on a combination of in vitro and in vivo murine studies, Shah et al. (81) demonstrated that histatin-5 was able to promote corneal wound healing, and the effect pro-migratory effect was extracellular signal-regulated kinase 1/2 (ERK1/2) dependent. The authors were also able to determine that the C-terminal of histatin-5 (i.e., SHRGY) was the critical functional domain responsible for the wound healing property. These findings highlighting the potential of histatin-5 and/or the SHRGY pentapeptide for further development into clinical therapeutics for ocular surface diseases such as neurotrophic keratopathy or persistent corneal epithelial defect following infection or injury.



Endogenous LL-37 for Atopic Dermatitis

Understanding of the dysregulated expression of HDPs provides a unique opportunity to explore new therapeutic avenue in managing atopic dermatitis and potentially allergic eye diseases. As mentioned, a number of HDPs, including defensins and LL-37, are downregulated in the AD skin lesions (250). It has also been shown that the expression of LL-37 at the skin can be induced by the active 1,25 dihydroxy-vitamin D, which is regulated by the TLR-2 in keratinocytes and monocytes (251). In addition, the severity of AD is inversely proportionate to the level of LL-37 (252). Leveraging on these observations, several research groups have investigated and demonstrated that administration of oral vitamin D may improve the clinical severity of AD (253, 254), accompanied by an increased level of LL-37 (252). Similar strategy can potentially be employed for treating OS diseases, including allergic eye disease.




FUTURE DIRECTIONS

Currently there are a few clinical trials underway investigating the potential translation of HDPs from bench to clinics. Learning from the previous experience of other trials, particularly those that had reached but failed phase 3 trials (255, 256), it is important to select clinical areas and diseases that are likely to benefit from HDP treatment; for instance, comparing the efficacy between HDPs and antibiotic treatment for diseases caused by multi-drug resistant infection instead of routine and mild infection (which can be simply managed by current antibiotic treatment) is more likely to yield significant and clinically relevant results (130). In addition, based on the synergistic effect and benefit of reducing dose-related toxicity and AMR, researchers are exploring the use of HDP as adjuvant therapy in addition to antibiotic instead of monotherapy (108, 235). Furthermore, the increasingly recognized multi-faceted biological functions of HDPs, including anti-biofilm, immunomodulatory, wound healing, and anti-cancer properties, have yet to be fully capitalized in the clinic. For instance, HDPs such as defensins and lactoferricin have been shown to exert strong anti-cancer activity against various types of cancer, including colorectal, bladder, neuroblastoma, melanoma, and cutaneous squamous cell carcinoma (257). Nonetheless, the effect of HDP on OS neoplasia (e.g., squamous cell papilloma / carcinoma) has never been investigated or reported, highlighting a potential area for future research.

As there is no one set rule or principle to predict the efficacy and toxicity of designed HDPs, the infinite chemical space renders the design of HDPs a formidable task (7). With the rapid advancement in bioinformatics study (including molecular dynamic simulation), artificial intelligence and drug delivery technologies, efficient design and development of more effective HDPs are more likely to be achieved (130, 258). Integrating synthetic HDPs with novel delivery systems (e.g., nanoparticles, liposomes) may serve as a useful strategy to enhance the proteolytic stability and reduce toxicity of HDPs in the future (130, 259). Stimulation of the production of endogenous HDP using FDA-approved drugs or supplements, for instance using 4-phenylbutyrate and/or vitamin D to increase the level of LL-37, may also serve as a useful strategy in exploiting the benefits of HDP (251, 260, 261). Such an approach helps overcome the significant hurdles encountered during the bench-to-bedside translational process, including the regulatory barriers, for synthetic HDP-based molecules. In addition, the advancement in proteomics and whole genome sequencing technologies could facilitate the mining of previously unknown and undetected natural gene-encoded HDP sequences (262, 263), which can be utilized for therapeutic use in the future.
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Medical specialties with access to a large amount of imaging data, such as ophthalmology, have been at the forefront of the artificial intelligence (AI) revolution in medicine, driven by deep learning (DL) and big data. With the rise of AI and big data, there has also been increasing concern on the issues of bias and privacy, which can be partially addressed by low-shot learning, generative DL, federated learning and a “model-to-data” approach, as demonstrated by various groups of investigators in ophthalmology. However, to adequately tackle the ethical and societal challenges associated with the rise of AI in ophthalmology, a more comprehensive approach is preferable. Specifically, AI should be viewed as sociotechnical, meaning this technology shapes, and is shaped by social phenomena.
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INTRODUCTION

The rise of artificial intelligence (AI) and big data has been hailed as the 4th Industrial Revolution. Recent advancement in AI, in the form of deep learning (DL) which is a subtype of machine learning (ML), and improvement in hardware such as graphic processing units (GPU), have propelled medical AI applications to the forefront of the public discourse. This is because DL has been shown to be on par with human experts in analyzing medical images across different specialties, especially in medical specialties that interact with and have access to a large number of images, such as dermatology, radiology, and ophthalmology (1–10). In addition, “super-human” feats achieved by DL, such as the robust prediction of age, gender, blood pressure and smoking status of a person from a color fundus photograph alone (11), have captured the public's imagination and sparked a debate on the role and impact of AI on medicine.

Ophthalmology, being at the forefront of this AI revolution in medicine, is well-positioned to actively participate in and be a thought-leader on the societal implications for the rise of AI and big data in medicine. In the following perspective piece, we will highlight the ethical controversies and considerations from an ophthalmological perspective. The two major concerns regarding the rise of AI in medicine and ophthalmology center on bias and privacy.



DISCUSSION


Bias and Fairness

AI has the potential to entrench, or even exacerbate, existing biases in the healthcare system via unfair recommendations or decision-making. Fairness can be defined as “the absence of any prejudice or favoritism toward an individual or a group based on their inherent or acquired characteristics” (12). A prominent example of a medical AI algorithm providing unfair recommendations and exacerbating biases was highlighted by a study by Obermeyer at al. (13) showing that an AI algorithm systematically biased against Black patients, by erroneously using previous health costs as a proxy for predicting health needs and illness severity.

Bias in the training data is one of the most common reasons for a ML algorithm to produce unfair downstream predictions or recommendations. Many types of bias in ML exist. A comprehensive discussion of the different kinds of bias is beyond the scope of the current paper, but is nicely summarized here (14, 15). Specifically, within the context of ophthalmology DL studies, imbalance in training images is a common, yet addressable, reason that can lead to biases against a patient subgroup, such as patients of a certain race. For example, the AREDS image dataset (16), generated from a landmark longitudinal clinical trial and used in numerous important ophthalmology DL studies, was derived primarily from Caucasian patients (about 96% of participants). While age-related macular degeneration (AMD) is more prevalent in Caucasian patients (prevalence of 5.4% vs. 4.2% in Hispanic, 2.4% in Black and 4.6% in Asian) (17–19), the difference in prevalence on a population level does not explain fully the extreme imbalance in the AREDS dataset. Additional factors, such as unequal access to or interest in participating in clinical trials, likely also played a role.

However, such imbalance in training data can be addressed in three different ways. First, patient recruitment in prospective studies can be planned to ensure equal enrollment numbers for different pre-specified patient subgroups, e.g., based on sex, age, race, ethnicity, socioeconomic status and disease severity, etc. Second, if the recruitment of a certain patient subgroup is limited by practicality or natural prevalence of the disease, e.g., Black patients with AMD, then low-shot DL can be attempted. Low-shot DL, in contrast to traditional DL which requires a large amount of data for training, can be trained with relatively few samples (20), and can outperform traditional DL approaches when the available training dataset is small (5). Third, the patient subgroup that is under-represented in the training samples can be augmented by generative DL, a DL technique that can generate synthetic data. It has been shown that retinal images, created by generative DL, can be used to train a robust DL system for AMD classification (21). Specifically, in the context of DL-based detection of referable diabetic retinopathy, generative DL has been used to increase the training image samples of an under-represented patient subgroup and has been shown to decrease the bias against that particular under-represented patient subgroup during testing (22).

In addition to addressing the data distribution, the model itself can be fine-tuned to improve fairness. For example, instead of minimizing the average error across all statistics, we could aim to minimize the maximum error of a subset of statistics as evaluated across different demographic groups of interest.

A recent scoping review on digital health solutions (23) found that AI health applications generally lacked vigorous pragmatic prospective real-world validations. Addressing training data imbalance during model development should produce more generalizable ophthalmic AI applications that perform more robustly in real-world validations.



Privacy

DL models typically require a large amount of data for training, and the rise of DL in ophthalmology coincided with the rise of big data, both in the form of images and tabular data. The training and testing of DL models often involve combining ophthalmic images from different sources, and there is increasing concern that such transfer of data represents an unacceptable risk of privacy breach, especially since fundus images are now considered protected health information.

Such concerns can be addressed in two ways: federated learning and differential privacy. The training of DL models can be facilitated by federated learning, which allows model training in a decentralized fashion, takes advantage of the data heterogeneity from disparate sources, and does not require actual transfer of data between the sources (24). This approach has been successfully implemented in the context of retinal microvasculature segmentation and referable diabetic retinopathy detection on optical coherence tomography (OCT) and OCT angiography images. The authors demonstrated that a federated learning approach achieved similar results as a traditional centralized learning approach (25). Similarly, instead of transferring data to train a DL model, the model itself can be “brought” to the data for retraining. This concept has been successfully demonstrated in the context of DL-based intraretinal fluid segmentation on OCT images, in which the parameters of a pre-trained DL model were frozen, transferred to and retrained at a different institution. The authors showed that such a “model-to-data” work flow could update a model and improve the model's performance, without the transfer of actual data (26).

Besides image databases, ophthalmology is also at the forefront of establishing massive tabular databases. The Intelligent Research in Sight (IRIS) Registry, spearheaded by the American Academy of Ophthalmology, is the largest specialty database in all of medicine in the world. The data collected to date has been invaluable, and led to numerous new insights and publications. Without a question, the IRIS Registry will be indispensable in developing the next-generation predictive ML algorithms. The data collected in IRIS is first de-identified, before being distributed to researchers. Traditional data de-identification methods include complete removal of all unique identifiers or coarsening of the original dataset. Data coarsening is achieved by providing the exact values of only a subset of the original sample and thus creating an incomplete dataset (27, 28). What remains to be seen is whether traditional data de-identification methods will be sufficient for protecting the privacy of data in the IRIS registry or similar tabular databases. Traditional de-identification methods are vulnerable to linkage and other re-identification attacks, in which third parties correlate the supposedly anonymized data with unanticipated sources of auxiliary information to learn sensitive information about data participants. Examples of de-identification failure include the re-identification of “anonymized” hospital records released by Massachusetts' Group Insurance Commission and the re-identification of Netflix users' movie reviews from a dataset released as part of a ML challenge that Netflix hosted in 2006. A promising avenue of research is the application of differential privacy to large ophthalmic databases, such as IRIS.

Differential privacy is the only principled solution for releasing aggregate information about a statistical database, with provable guarantees that no information attributable to any individual in the dataset will be revealed. Briefly, differential privacy employs randomization to guarantee that the log odds ratio of any output of the analysis is bounded by and compared to a counterfactual world, in which any given participant has been entirely removed from the dataset, thereby formally limiting what inferences an arbitrarily well-informed observer can make about the data of any single participant (29). By definition, differential privacy prevents membership inference attacks as discussed above and provides a general umbrella of protection. However, the exact methods to create a differentially private dataset of unstructured data, e.g., ophthalmic images, are not currently available. This a major limitation of differential privacy as most recent advances in ML applications to ophthalmology have been in DL applications to ophthalmic images.

Finally, next-generation data infrastructure, specifically geared toward big data, ML and data privacy, is being developed, and a cutting-edge example is swarm learning. Swarm learning (30) is a decentralized data infrastructure that uses blockchain technology to ensure peer-to-peer data security. In contrast to federated learning which still requires a central parameter server, swarm learning is completely decentralized and, in addition, could inherit and be compatible with aforementioned differential privacy algorithms.




CONCLUSION

We are in the midst of the 4th Industrial Revolution, and ophthalmology has been at the forefront of the rise in AI/ML/DL and big data in medicine, and encountered various ethical and societal implications of this trend. While the concerns surrounding bias, fairness and privacy can be partially addressed by the strategies outlined above, a more comprehensive approach is preferable. This shift in mentality is best demonstrated by a recently announced special funding opportunity that was offered by the National Institute of Health as part of the Bridge2AI Common Fund1. The funding opportunity aims to produce Data Generation Projects that prospectively curate AI/ML ready data based on ethical principles. Multi-disciplinary teams, comprised of physicians, computer scientists and ethicists, are expected to promote a culture of ethical inquiry and consider ethical issues throughout the entire lifecycle of the project. Such an approach is grounded in the emerging view that AI is a sociotechnical issue: that is, AI shapes, and is shaped by social phenomena. The acknowledgment that the successful application of AI to medicine hinges on the holistic tackling of the associated ethical and societal implications is indeed a huge step forward, and we predict ophthalmologists in particular will play an important role in this regard in the years to come.
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Optical coherence tomography (OCT) has changed the standard of care for diagnosis and management of macular diseases in adults. Current commercially available OCT systems, including handheld OCT for pediatric use, have a relatively narrow field of view (FOV), which has limited the potential application of OCT to retinal diseases with primarily peripheral pathology, including many of the most common pediatric retinal conditions. More broadly, diagnosis of all types of retinal detachment (exudative, tractional, and rhegmatogenous) may be improved with OCT-based assessment of retinal breaks, identification of proliferative vitreoretinopathy (PVR) membranes, and the pattern of subretinal fluid. Intraocular tumors both benign and malignant often occur outside of the central macula and may be associated with exudation, subretinal and intraretinal fluid, and vitreoretinal traction. The development of wider field OCT systems thus has the potential to improve the diagnosis and management of myriad diseases in both adult and pediatric retina. In this paper, we present a case series of pediatric patients with complex vitreoretinal pathology undergoing examinations under anesthesia (EUA) using a portable widefield (WF) swept-source (SS)-OCT device.

Keywords: retina, pediatric retina, optical coherence tomography, handheld optical coherence tomography, optical coherence tomography with angiography


INTRODUCTION

Optical coherence tomography (OCT) is an essential diagnostic tool in the management of retinal disease. There are trade-offs in the acquisition of OCT images between speed of acquisition, field of view (FOV), and image resolution and quality. Over the last two decades, despite significant advances in imaging speed and the transition from time-domain to spectral domain (SD)-OCT, the vast majority of OCT applications are for macular diseases in adults. OCT has proven ability to detect subclinical disease, often resulting in new disease classifications and earlier treatment, facilitate objective assessment of macular thickness and pathologic fluid, and improve visualization of the vitreoretinal interface. As a result, it is not possible to provide the standard of care for many adult retinal diseases without OCT.

These same advances in clinical diagnosis and management would likely benefit pediatric retina patients. In retinopathy of prematurity (ROP), the most common pediatric retinal disease, OCT has revealed the normal spectrum of macular development in prematurely born infants (1, 2), identified the presence of intraretinal fluid (3, 4), and demonstrated the ability to objectively assess changes at the vitreoretinal interface (5). However, early work has been limited by the specifications of commercially available devices. Over the past few years, a number of groups have explored the advantages of arm-mounted SD-OCT (6) and prototype swept-source (SS)-OCT in pediatric retinal diseases (7–10). With the versatility of a handheld probe and faster image acquisition times, SS-OCT has improved the ease of imaging in both awake and sedated children.

We have developed a handheld SS-OCT device with two imaging configurations, one with a 55° FOV and higher resolution for OCTA imaging (11), and one with a 105° FOV for OCT structural imaging only (12). Our 55° FOV system generates OCTA volumes concurrently with OCT, and both imaging configurations allow for real time en face visualization to allow the physician to position the probe optimally for image acquisition. The 105° FOV system has potential to provide objective diagnosis in pediatric retinal diseases with predominantly extramacular pathology, like ROP, and contribute to new insight in these disease processes. We recently described our experience using these devices for ROP screening in the neonatal intensive care unit (NICU) in awake infants (13, 14). Here, we present a review of the potential clinical benefits and applications of widefield (WF) and ultra-widefield (UWF) handheld OCT in pediatric retina patients undergoing examinations under anesthesia (EUA) for a variety of conditions.



MATERIALS AND METHODS

This study was approved by the Institutional Review Board (IRB) at Oregon Health and Science University (OHSU) and adheres to all tenets of the Declaration of Helsinki. Consent for imaging was obtained from parents. Pupils were pharmacologically dilated per routine clinical care. Infants were imaged in the operating room (OR) after the induction of general anesthesia and placement of an eyelid speculum with a 400-kHz portable handheld SS-OCT system, shown in Figure 1, using a modular lens system providing up to a 105° FOV. A display screen on the probe provides real-time en face visualization of the retina and allows for efficient positioning of the probe (15–17). The probe was operated by the examining ophthalmologist, whilst another operator controlled the software. Image acquisition time was 1.5 s per volume. Patients were imaged between November of 2020 to October 2021.


[image: image]

FIGURE 1. Handheld, SS-OCT device. From left: portable prototype device, imaging probe with real-time en face display, and process of obtaining OCT volumes of an infant in the NICU.


Optical coherence tomography volumes were processed and presented in linear scale. Mean-intensity en face projections were calculated with custom software coded in MATLAB (18). B-scans presented in this manuscript were produced via image registration and averaging of adjacent B-scans. Three-dimensional image rendering was performed via the Volume Viewer plugin of Fiji, a distribution of ImageJ after pre-processing using a combination of thresholding and manual image segmentation (19). OCTA images were generated using a novel phase-stabilized complex-decorrelation methodology (20), with automated segmentation performed using a guided bidirectional graph search method (21), both of which were designed specifically for use in swept-source, widefield applications.



RESULTS

During the study period, we obtained images in 20 patients undergoing EUA in the operating room, as seen in Table 1. Here, we present a variety of pathologies and examples to illustrate some potential applications in pediatric retina.


TABLE 1. Patient ages and diagnoses.
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Retinal Detachments

Portable widefield OCT facilitates the evaluation of tractional, exudative, rhegmatogenous (and combined mechanism) retinal detachments (RDs) in children. The most common visualization of OCT is the cross-sectional scan (B-scan) that reveals axial anatomy within a single imaging slice. However, SS-OCT can facilitate real-time en-face visualization of the entire imaging range. Figure 2 reveals en face and selected B-scans from several children with tractional retinal detachment (TRD). TRDs are most commonly related to peripheral epiretinal neovascularization with fibrosis, with the resulting vitreoretinal traction leading to macular dragging (as seen in Figure 2A), distortion of the normal retinal architecture, and if there is sufficient anterior-posterior traction, separation of the retina from the retinal pigment epithelium (RPE). OCT is more sensitive for detection of this spectrum of changes, as seen in Figure 2C which reveals an early stage 4a detachment in ROP with the selected B-scan demonstrating tractional schisis but no subretinal fluid. It is important to note that the transverse resolution of these B-scans is relatively low, the result of expanding FOV while maintaining efficient imaging time (1.5 s). Resolution can be improved with either longer imaging time, which is challenging in children, or narrower FOV, as previously seen with our 55° FOV prototype (11). Figure 3 demonstrates a rhegmatogenous retinal detachment (RRD) with a large temporal retinal break in a 5-year-old girl. Exudative retinal detachments (ERDs) may be relatively more common in pediatric retinal diseases such as in ROP after laser treatment or in severe Coats’ disease, which means they are often diagnosed clinically rather than with OCT imaging due to the limitations of existing commercially available devices. Yet accurate diagnosis is critical because the management of exudative detachments is often different than if the primary mechanism is tractional or rhegmatogenous. Figure 4 provides several examples ERDs and combined tractional and exudative RDs in children.


[image: image]

FIGURE 2. Tractional retinal disease evaluated via OCT. (A) Tractional retinal fold secondary to FEVR in a 3-year-old patient. (B) Tractional fold with peripheral detachment secondary to IP in a 1-year-old patient. For (A,B), top left is the FA, top right is the mean-intensity en face projection taken with the 55° FOV configuration, and bottom is the B-scan corresponding to the dotted line. (C) Stage 4a ROP in a 4-month-old born at 24 weeks gestation. Top left image is a montage of fundus photographs. Top right is a 105° FOV OCT en face with dotted lines indicating the locations of the color-coded B-scans in the bottom row. Vitreoretinal traction is indicated by white arrows, and areas of schisis are indicated by black arrows.



[image: image]

FIGURE 3. Rhegmatogenous retinal detachment (RRD) in a 5-year-old girl, evaluated using widefield OCT. (Top left) Image is an ultra-widefield fundus photograph, with white arrows indicating a large temporal break. (Top right) Image is the 105° FOV OCT en face, with dotted lines indicating the locations of the color-coded B-scans shown below.
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FIGURE 4. Tractional and exudative retinal detachments. (A) ERD in a 15-year-old girl in the setting of a vasoproliferative lesion. (B) Chronic exudative retinopathy in a 16-year-old girl. For (A,B), top left image is fluorescein angiography (FA), top right is the mean-intensity en face projection [105° FOV for panel (A) and 40° FOV for panel (B)], with dotted lines indicating the locations of the color-coded B-scans shown below. (C) ERD in a 5-month-old patient with ROP. From left: fundus photograph, 105° FOV OCT en face, and three-dimensional rendering of the same OCT volume.




Macular Exudation

While WF-OCT is critical for visualization of the retinal periphery, it can still be used to diagnose and monitor exudation in the macula in many diseases. Figure 5 demonstrates several examples of the visualization of subretinal exudative in Coats’ disease, including the potential benefit of en face visualization with topographic volume rendering. There are many previous publications focusing on the role of OCT in pediatric macular disease (2, 3, 22).
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FIGURE 5. Macular exudation in a 2-year-old with Coats disease. (Left) Image shows 55° FOV OCT en face projection, with dotted lines indicating the locations of the color-coded B-scans shown on the (right). White arrows point to the area of subretinal exudation.




Intraocular Tumors

A number of retinal tumors can present in childhood including retinoblastoma (RB), retinal hemangioblastoma as part of Von-Hippel Lindau (VHL) disease, vasoproliferative tumor, and a variety of benign hamartomas such as choroidal hemangioma and congenital hypertrophy of the retina and RPE. The most serious of these is RB, which is both vision- and life-threatening. The current standard of care requires careful documentation of all tumors in the retina, including their size, location and the presence of any associated vitreous seeding, and subretinal fluid. Fundus photos are used to document these findings. Commercially available OCT systems are also widely used in retinoblastoma care, but have significant limitations due to their narrow field of view and narrow depth of focus (23–26). Retinoblastoma tumors are often highly elevated, multifocal and arise in the peripheral retina as well as the posterior pole. There is considerable potential for the use of WF-OCT in retinoblastoma care. Figure 6 demonstrates several examples of RB documented with our device during routine RB EUAs. The WF-OCT system was successful in capturing three dimensional images of elevated tumors, including those in the far periphery, and provided better images than traditional fundus photography in the setting of diffuse vitreous seeding (Figure 6C). WF-OCT was also able to identify very small subclinical tumors (27), indicating that it may prove useful in surveillance for new tumors in children with known RB or in those being screened due to family history of the disease.
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FIGURE 6. Retinoblastoma evaluated with OCT in three patients with bilateral disease. (A) 3-year-old with multifocal RB in the left eye who has completed therapy. Left image is the fundus photograph, middle image is the 105° FOV OCT en face projection showing multiple regressed tumors, with dashed purple line corresponding to the location of the B-scan on the bottom right. White arrows point toward a vitreous band, while black arrows point to an area of retinal atrophy. Top right image shows three-dimensional rendering of the same volume shown in the middle panel. (B) Large partially calcified retinoblastoma in a 5-month-old patient undergoing systemic chemotherapy. Fundus photograph is shown on the left, and three-dimensional rendering of 40° FOV, high-resolution OCT volume is shown on the right. (C) 7-month-old undergoing systemic chemotherapy with active RB including diffuse vitreous seeding and multifocal tumors in the left eye. Top left image shows the fundus photograph, top right shows the 105° FOV OCT en face projection, with dashed purple line corresponding to the B-scan below.




Vitreoretinal Interface Disorders

Changes at the vitreoretinal interface are better diagnosed with OCT than ophthalmoscopy and are common in pediatric proliferative retinopathies, some inherited retinal degenerations, and disorders of ocular development. Figure 7A shows an example of X-linked retinoschisis (XLRS), in which retinoschisis may manifest both in the macula and periphery. Many conditions demonstrate an abnormally adherent vitreoretinal interface. An abnormal vitreoretinal interface may be associated with prior trauma, as in Figure 7B, and regressed neovascularization in ROP, as in Figure 7C. Finally, in persistent fetal vasculature (PFV), there is a cellular connection through the vitreous cavity that connects the retina to the anterior segment, which can be associated with traction at the nerve or in an extramacular location, as seen in Figure 7D.
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FIGURE 7. Peripheral retinal and vitreoretinal interface abnormalities. (A) OCT evaluation in an 8-year-old patient with XLRS. Top left shows the 55° FOV en face projection, with corresponding volume rendering shown below. White arrows denote a blood vessel extending into the area of vitreoschisis (vitreous veils) and black arrows denote the area of foveoschisis. Top right images show high-resolution scans of an area of retinoschisis taken with 40° FOV. The inset in the bottom-right corner of the purple B-scan shows the locations of the cross-sections in dotted lines. (B) OCT evaluation of 7-month-old patient with history of non-accidental trauma, displaying disorganization of the retinal architecture, as well as vitreoretinal traction in region of prior breakthrough vitreous hemorrhage. Left image shows a 40° FOV en face projection, with dashed yellow and purple lines denoting the location of the corresponding B-scans on the right. White arrows denote vitreoretinal traction. (C) Vitreoretinal traction in a 2-month-old at site of regressed stage 3 extraretinal neovascularization in ROP. Left image shows 105° FOV en face view with dashed line indicating the location of the cross-sectional B-scan pictured on the right. White arrows denote vitreoretinal traction. (D) 1-month-old with ectopic PFV. Top left image shows the 105° FOV en face projection with complex oval-shaped vitreoschisis. Dotted lines correspond to B-scan locations demonstrating retinal fold through the macula.




Vascular Disorders

Obtaining high quality OCTA is challenging even in cooperative adults, more so in children, and even more so with wider field of view. Nontheless, particularly under anesthesia, it is possible to explore the potential role OCTA may play in the diagnosis of pediatric retinal diseases when used in conjunction with structural OCT (Figure 8A). Figure 8B demonstrates an OCTA taken during an EUA for a child with incontinentia pigmenti (IP), revealing both non-perfusion and neovascularization without the need for fluorescein dye. Figure 9 demonstrates several VHL tumors visualized with en face OCT and OCTA.
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FIGURE 8. Incontinentia pigmenti (IP). (A) OCT volume of a 1-year-old with IP. Top left image is the OCT 55° FOV en face projection. Corresponding color-coded B-scans at top right show irregularities in the nerve fiber layer and retinal surface. Bottom image in teal shows the retina after laser treatment, with en face view on the left, and corresponding B-scan on the right. (B) OCTA evaluation of a 2-year-old patient with IP. Top left image shows the OCTA en face projection with 55° FOV, while top right image shows the same volume with extraretinal neovascularization highlighted in bright yellow. Bottom image is the B-scan corresponding to the dashed yellow line above, showing automated segmentation of capillary plexus layers.
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FIGURE 9. Retinal hemangioblastomas in the setting of Von Hippel Lindau (VHL) syndrome. (A) Volume rendering of retinal hemangioblastomas in a 15-year-old. Left image shows an en face of a three-dimensional volume rendering of the tumors taken with a 40° FOV, while image on the right shows an angled view of the same volume. (B) Three-dimensional visualization of vessels generated from OCTA of the same volume as in panel (A). The image on the left shows a three-dimensional rendering of the OCTA volume, showing flow signal within the tumors. Image on the right shows the same volume with higher contrast between vessels and surrounding tissue.




Anterior Segment Optical Coherence Tomography

Anterior segment (AS)-OCT has demonstrated a number of potential uses in adults, including evaluation of corneal curvature and pathology, angle structures, and iris and lens abnormalities (28). We have included a few examples of AS-OCT obtained in our practice, but believe that the most significant potential application of this imaging may be in the evaluation and management of pediatric glaucoma in which anterior segment dysgenesis is typical (29). Figure 10 reveals en face and cross-sectional AS-OCT in several patients with both preoperative and post-operative abnormalities of the anterior segment.
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FIGURE 10. Anterior segment (AS)-OCT. (A) AS-OCT in a 6-month-old with PFV. Leftmost en face OCT demonstrates good pupillary dilation and central cataract. Middle image shows en face of AS-OCT, with corresponding color-coded B-scans on the right. The scan outlined in yellow was taken at the limbus, providing visualization of the ciliary body. The scan outlined in purple shows the iris, with a reflection artifact affecting the cornea. (B) Silicone oil in the anterior chamber on AS-OCT in a 14-year-old. Leftmost image shows three-dimensional rendering of the iris and anterior chamber, while rightmost image shows a close up of retained oil above the lens. Both (A,B) were captured with a 105° FOV.





DISCUSSION

In this paper, we reviewed our experience using WF-OCT in the management of patients with a variety of pediatric retinal diseases undergoing EUA. Compared to the highest resolution commercially available adult OCT devices, our prototype uses a faster, swept-source laser, which facilitates efficient imaging of the retina even in awake neonates and children. These results demonstrate the tradeoff between FOV and resolution, which is necessary when trying to keep imaging time to a minimum.


Retinopathy of Prematurity

The diagnosis of ROP relies on subjective assessment of clinical features on ophthalmoscopic exam or fundus photography, despite significant inter-observer variability in diagnosis, practice, and outcomes. Most of the early work using OCT work has focused on macular manifestations of ROP, such as the presence of macular edema, vitreous opacities, and the presence of retinoschisis posterior to the ridge (3, 4, 30). Widefield OCT has demonstrated the potential to provide real-time en face visualization, objective assessment of the peripheral stage, longitudinal monitoring of disease progression and regression, and detection of early vitreoretinal interface abnormalities (13, 14, 31).



Tractional, Exudative, and Rhegmatogenous Retinal Detachments

Differentiating the cause of retinal detachment is key for proper management of retinal detachments in children, and OCT may be a pivotal tool. RRD repair depends on accurate identification of breaks, and the identification and management of proliferative vitreoretinopathy (PVR) membranes, which may be above or below the retinal surface. The standard of care is to carefully observe the entire retina with ophthalmoscopy and scleral depression for the presence of breaks. However, clinical diagnosis is not perfect and OCT may be superior for identification of peripheral pathology (32, 33). In this paper, we have presented several examples of tractional, rhegmatogenous, and exudative detachments and highlighted ways in which WF-OCT may be utilized in the diagnosis and monitoring of these diseases in the future. One example of a potential use of WF-OCT is in monitoring the resolution of subretinal fluid following RD surgery. Figure 11 reveals pre- and post-operative en face OCT and B-scans for a child with familial exudative vitreoretinopathy (FEVR) who presented shortly after birth with bilateral retinal folds and tractional-exudative RDs. Post-operative scans reveal improved exudation and subretinal fluid.
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FIGURE 11. Longitudinal monitoring of a patient with familial exudative vitreoretinopathy (FEVR). (A) Pre-surgical repair of bilateral tractional retinal detachments secondary to FEVR in a 4-month-old patient taken with 55° FOV device. (B) Post-surgical repair images, with OCT en face taken 1 week after surgery, and fundus photographs taken 3 months after surgery. For panels (A,B), left column are OCT en face projections, whilst right column are color fundus photographs.




Intraocular Tumors

In retinoblastoma (RB), the most common primary intraocular malignancy in children, the value of OCT has been demonstrated, however, there are known challenges with commercially available OCT systems (23–26). The potential value for WF-OCT to image and document tumor location and size, to monitor treatment response to laser, cryotherapy and chemotherapy, and to evaluate for newly emerging tumors is clear. A system which could combine structural images with OCTA would be of particular interest. House et al. (34) utilized OCTA to evaluate irregular tumor vasculature, with the advantage of depth resolution compared to fluorescein angiography (FA). As tumor vascular density in RB has been found to correlate significantly with a greater risk of metastasis (35), OCTA imaging could be useful in providing prognostic information. Beyond RB, there is considerable potential for WF-OCTA in the management of a wide variety of elevated and/or peripheral tumors involving the choroid and retina. In retinal hemangioblastomas, which may be associated with Von Hippel Lindau (VHL) syndrome, OCTA has been useful to differentiate non-vascular lesions from the vascular tumors, but the limited FOV has been a comparative disadvantage versus FA (36).



Inherited Retinal Dystrophies and Congenital Anomalies

In the realm of inherited retinal dystrophies (IRDs), OCT has been useful in identifying prognostic indicators, such as foveal cavitation (37), and the extent of photoreceptor atrophy. Spectral-domain (SD-OCT) technology has provided adequate axial resolution to evaluate X-linked retinoschisis in greater detail, elucidating the precise layers where retinal separation tends to occur (38). OCTA has also been utilized to evaluate choroidal neovascularization in IRDs, with advances in automated image segmentation capable of accurately delineating vascular plexuses even in the setting of distorted retinal architecture (39). In FEVR, OCTA has shown vascular abnormalities in the deep and superficial vascular complexes (40), and for both FEVR and PFV, handheld OCT has been used to detect optic nerve head dragging and associated vitreous bands (41, 42). In IP, OCT has illustrated subclinical change to foveal structure, including inner and outer retinal thinning associated with retinal ischemia in IP (43–46).



Limitations of Widefield Optical Coherence Tomography Imaging

As mentioned throughout, there is a tradeoff between FOV, resolution, and acquisition speed, therefore the transverse resolution is lower for a given laser when expanding the FOV for a given amount of imaging time. Practically speaking, that means that individual B-scans may be lower resolution using this approach compared to commercially available systems with narrower FOV, such as the Heidelberg Flex system, although the acquisition time is faster (6). Other limitations to this approach overlap with those found in comparable commercial OCT systems, and include motion artifacts and shadow which often necessitate the capture of multiple redundant volumes per region of interest. Current OCT systems are also limited by the potential axial imaging range, which limits the ability to obtain UWF imaging in larger eyes.




CONCLUSION

In summary, the use of WF-OCT has several potential advantages compared to the clinical exam and fundus photography in the setting of pediatric retinal diseases. As in adults, the axial resolution is superior to what our eyes can see, enabling earlier detection of retinal abnormalities in multiple diseases. En face visualization can provide the same benefit as fundus photography, but with volumetric structural and angiographic information as well. Finally, OCT facilitates objective assessment of retinal structures that can be used to monitor disease stability. The challenges to widespread adoption of this technology remain the lack of commercially available OCT devices of sufficient speed and FOV to be effective in capturing images outside of the macula. As the costs of lasers come down with time, our hope is that the market will facilitate the routine use of this technology in the care of children with retinal disease.
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Type

Lysozyme

Lactoferrin

Human
alpha-defensins
(or HNP)-1 to—4

Human
beta-defensins.
(HBD)-1 to-3

Cathelicidin

Ribonucleases
- (RNases)

Psoriasin

Dermcidin

Histatin

Source

- Tear flid (secreted by tubuloacinar
cells of lacrimal glands)

- Corneal epithelium

- Meibornian glands

- Tear fluid (secreted by acinar cells
of lacrimal glands)

- Conjunctival epithelium

- Corneal epithelium

- Meiborian glands

- Azurophil granules of neutrophils

- Conjunctival and comeal epithelium

- Conjunctival epithelium
- Corneal epithelium

- RNase-5: Tear fluid and comeal
endothelium

- RNase-7: Corneal epithelium
and stroma

- Conjunctiva

- Comea

- Lacrimal gland

- Nasolacrimal duct

- Corneal epithelium

- Tear fluid

- Tear fluid

Functions

- Antimicrobial property (via hydrolysis and pore formation of cell wal (20, 26)
- Immunomodulatory function via interaction with various pattern recognition receptors (26, 27)

- Antimicrobial activity (via binding to free iron and membrane permeabilization) (28-30) and anti-biofiim
@1

- Immunomodulatory function (anti- and pro-inflammatory) (32, 33)

- Antioxidant (via inhibition of iron-dependent formation of hydroxyl radicals) (34)

- Wound healing (32, 33)

- All: antimicrobial activity (via membrane perturbation) (35)

- HNP-1 to—3: immunomodulatory (Pro-inflammatory and anti-inflammatory) (36-38)

- HNP-1 to—3: anti-cancer (39, 40)

- All: antimicrobial activity (via membrane perturbation) (41, 42)
- All-immunomodulatory function (pro-inffammatory and anti-inflammatory) (42, 43)
- HBD-3: wound healing (44)

- All: anti-cancer (45, 46)

- Antimicrobial activity (via membrane perturbation) (47-52) and anti-biofiim (47, 53)

- Immunomodulatory function (pro-inflammatory and anti-inflammatory) (54, 55)

- Wound healing (48, 56)

- Anti-cancer (40, 57)

- Antimicrobial activity (via binding to bacterial membrane lipoprotein and membrane perturbation) (58-66)
- Immunomodulatory function (activates adaptive immunity) (67, 68)

- Angiogenic and neurogenic (69, 70)

- Wound healing (71)

- Antimicrobial activity (via zinc-dependent mechanism) (72, 73)

- Immunomodulatory function (chemotaxis, activates adaptive immune system via CD4*) (74, 75)

- Antimicrobial activity (via zinc-dependent mechanism) (76)

- Antimicrobial activity (via membrane perturbation) (77, 78)
- Anti-inflammatory function (79)
- Wound healing property (80, 81)

HNP, human neutrophil peptide/human alpha-defensin; HBD, human beta-defensins.
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Molecules
(sequence)

B2088"
(RGRKVVRR]oKK)
Esculentini-21(NH2)

(GIFSK LAGKK IKNLL ISGLK G-NHy)
RP444

(FAOOF AOOFO OFAQO FAOFA FAF)
Melimine/Meld.

(KNKRK RRRRR RGGRR RR)

MEL-4*

(GIGAV LKVLT TGLPA LISWI KRKRQ Q)
CaD23

(KRIVQ RIKDW LRKLC KKW)

Histatin-5
(DSHAK RHHGY KRKFH EKHHS HRGY)

Primary sources

HBD-3 (C-terminal)

Esculentin (N-terminal)

Cecropin and magainins

Melittin and protamine

Melitin (full-length)

Cathelicidin and HBD-2

Histatin-5.

Current development

Pre-clinical stage

Pre-clinical stage

Pre-clinical stage +
phase 3

Pre-clinical stage

Pre-clinical stage

Pre-clinical stage

Good activity against PA (108, 226)
Synergism with gatifloxacin and tobramycin (108)

Good activity against SA and PA (227, 228)

Good anti-biofiim actvity against PA (228, 229)

Good activity against Gram-positive and Gram-negative
bacteria (230)

Good activity against Gram-positive and Gram-negative
bacteria (231, 232)

Reduces risk of CL-related infection (if CL coated with
Meld) (233)

Good activity against Gram-positive and Gram-negative
bacteria and fungi (234)

Good activity against SA, MRSA and PA (104)

Strong additive effect when used with levofioxacin or
amikacin (235)

Promote corneal wound healing (81)

HBD, human beta-defensin; SA, Staphylococcus aureus; MRSA, methicilln-resistant S. aureus; PA, Pseudomonas aeruginosa; CL, contact lens.
*This is a branched peptide. The duplicating residues are in bracket.

'The italicized “K” residue refers to epsilon-lysylated lysine residue. This MEL-4 molecule is different from the other Meld molecule.
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Odds ratio (95% CI) P-value

Demographics
Age 1.06 (1.08-1.09) <0.001
Sex

Male 2.42 (1.43-4.00) 0.001

Female 1 (Ref)

Hypertension 1.70 (1.02-2.82) 0.042
DM duration 1.04 (1.01-1.08) 0014
DM treatment

OHA only 1 (Ref)

Insulin 0.78 (0.30-2.05) 0613
Hyperlipidemia 1.23 (0.95-1.68) 0.165
Laboratory data
HPAIC 1.07 (0.88-1.30) 0515
Glucose 1.00 (1.00-1.01) 0546
sBP 1.02 (0.99-1.03) 0622
DBP 0.98 (0.95-1.04) 0703
Total cholesterol 0.9 (0.99-1.00) 0,030
Trighyceride 1.00 (1.00-1.00) 0640
HDL-cholesterol 0.98 (0.96-1.01) 0123
LDL-cholesterol 0.9 (0.98-1.00) 0,076
UACR

Normal 1 (Ref)
Microalbuminuria 1.78 0.96-3.27) 0.066
Abuminuria 1.10 (0.44-2.75) 0.836
Creatinine 1.06 (0.70-1.59) 0.800
©GFR 0.99 (0.98-1.01) 0237
Ophthalmologic data
BCVA (LogMAR) 9.03(0.46-175.68) 0.146
DR stage
No DR-mild NPDR 1 (Ref)
Worse than moderate NPDR 216 (0.85-5.79) 0075

OCT angiography parameters
FAZ parameters

Area (mm?) 1.25 (0.61-2.56) 0.547

Perimeter (mm) 0.66 (0.36-1.19) 0.163

VD around FAZ (%) 0.91(0.85-0.98) 0.010

Acircularity 0.02 (0.00-1.88) 0.092
SCP parameters

Fovea VD (%) 1.01 (0.96-1.06) 0816

Parafovea VD (%) 0.89 (0.83-0.96) 0.002
DCP parameters

Fovea VD (%) 1.01 (0.97-1.05) 0721

Parafovea VD (%) 0.93 (0.87-1.00) 0.045
Scan quality 0.92 (0.85-1.06) 0.116

DM, diabetes melltus; OHA, oral hypoglycemic agent; SBR. systolic blood pressure;
DBR, diastolic blood pressure; HOL, high density lipid; LDL, low density pid; UACR,
uine elbumin to creatinine ratio; eGFR, estimated glomerular fitration rate; BCVA,
best corrected visual acuity; DR, diabetic retinopathy; NPDR, non-proliferative diabetic
retinopathy; PDR, prolferative diabetic retinopathy; OCT, optical coherence tomography;
FAZ, foveal avascular zone; VD, vessel density; SCP. superficial capilary plexus; DCP.
deep capilary plexus.
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Model 1 including foveal VD around FAZ Model 2 including SCP Parafovea VD Model 3 including DCP Parafovea VD

Odds ratio (95% CI) P-value 0Odds ratio (95% CI) P-value 0Odds ratio (95% CI) P-value
Age (year) 1.06 (1.08-1.10) <0.001 1.06 (1.03-1.09) 0.001 1.06 (1.03-1.10) <0001
Male sex 2.67 (1.51-4.75) 0.001 2.77 (1.56-4.93) 0.001 2.77 (1.56-4.90) <0.001
DM duration (y1) 1.02 (0.98-1.06) 0.456 1.02(0.98-1.06) 0.425 1.02 (0.98-1.06) 0.409
Hypertension 1.24 (0.71-2.18) 0.448 1.27 (0.72-2.23) 0.412 1.34(0.76-2.35) 0311
Foveal VD around FAZ 0,92 (0.86-1.00) 0043
SCP Parafovea VD 091(0.84-0.98) 0011
DCP Parafovea VD 0.93 (0.86-1.00) 0046

Mode! 1, 2, and 3 contains each of OCTA parameters which showed associations with subcliical atherosclerosis in univariate analyses.
DM, diabetes mellitus; VD, vessel density; FAZ, foveal avascular zone; SCP. superficial capillary plexus; DCP, deep capilary plexus.
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Total (n = 254) Subclinical atherosclerosis (-) Subclinical atherosclerosis P-value

(n=106) () (0 = 148)

Age (year) 576+ 104 544112 60.1:£9.1 <0001
Sex (male: female) 162:92 55:51 107: 41 0.001
Hypertension [n (%)) 115 (45.9) 40 37.7) 75(60.7) 0.041
DM duration (yr) 183:+8.1 168+7.6 19.4+83 0013
DM treatment [n (%)) 0630

OHAonly 166 (65.4) 66 (62.9) 100 (67.6)

Insulin 88 (34.5) 4037.7) 48 (32.4)
Hyperiipidenia [ (%)) 141 (65.5) 52 (49.1) 89(59.7) 0256
Smoking status [n (%)) 0325

Non-smoker 134 (52.8) 61(57.5) 73 (49.3)

Ex-smoker 69(27.2) 27 (25.5) 42 (28.4)

Current smoker 51(20.1) 18(17.0) 33(223)
HOATC (%) 7.7£13 76+12 7714 0517
Glucose (mg/dL) 145.2 £ 46.2 143.1 £ 46.9 1467 £ 458 0547
SBP (mmHg) 1822 + 180 1318+ 17.7 182.4 £ 183 0768
DBP (mmHg) 744+ 119 759+ 107 734+ 123 0088
Total cholesterol (mg/dlL) 1455+ 35.4 15124342 1413:£358 0028
Triglyceride (mg/dL) 182.7 £729 13524 79.1 1309+ 683 0641
HDL-cholesterol (mg/dL) 455+ 10.9 468+ 105 446+ 112 0.122
LDL-cholesterol (mg/dl) 91.3+285 95.0+27.7 886289 0074
UACR [n (%)) 0.149

Normal (<30 meg/mg) 168 (66.1) 76(71.7) 92(62.2)

Microalbuminuria (30~300 63 (24.8) 20(18.9) 43(29.1)
meg/mg)

Alburninuria (>300 meg/mg) 218.3) 9(85) 12(8.1)
Creatinine (mg/dL) 1.0£06 10£0.7 1.0£06 0800
©GFR (%) 825206 843214 812199 0237
Carotid IMT (mrm) 078002 069 0,02 0.75 0,01 0014
Presence of carotid plaque [ 155 (61.0) 15 (14.1) 140 (94.6) <0001
(%))

DM, dlabetes melitus; OHA, oral hypoglycemic agent; SBR systolic blood pressure; DBR, diastolic blood pressure; HDL, high density ipid; LDL, low density lipid; UACR, urine albumin
to creatinine ratio; eGFR, estimated glomerular fitration rate; IMT, intima media thickness.
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Total

(n =254)

BCVA (LogMAR) 007 & 0.09
DR stage [ (%))

No DR 33(13.0)

Mid NPDR 111(43.7)

Moderate NPDR 56 (22.1)

Severe NPDR 42(16.5)

PDR 12 (4.7)
FAZ parameters

Area (mm?) 038 0,59

Perimeter (mm)  2.38+0.43

VD around FAZ (%) 47.6 % 3.7

Acircularity 1.16 4 0.06
SCP parameters

Fovea VD (%) 148£5.1

Parafovea VD (%)  46.3 % 3.7
DCP parameters

Fovea VD (%) 275+65

Parafovea VD (%) 499 % 8.7
Scan quality 83+22

Subclinical Subclinical
atherosclerosis atherosclerosis
() (n = 106) () (n = 148)
006008  008:£009
18(17.0) 15 (10.1)
50 (47.2) 61(41.2)
20(18.9) 36(24.3)
13 (12.3) 29(19.6)
5(4.7) 7(4.7)
035+0.11 0.40 0.7
243045  285+0.41
48338 474£36
147£007  1.16+0.04
14548 14.6+5.4
472£37 45736
27.4+62 27.7+638
50535 49538
82+22 80+20

P-value

0.144
0.159

0.486
0.161
0.009
0.087

0817
0.002

0.722
0.044
0.076

BCVA, best corrected visual acuity; DR, dlabetic retinopathy; NPDR, non-prolferative
dlabetic retinopathy; PDR, prolferative diabetic retinopathy; FAZ, foveal avascular zone;

VD, vessel density; SCR, superficial capilary plexus; DCP, deep capillary plexus.
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Parameter

Age
cet
bIOP
Eye (%Right)

Caucasians

31.1£03
5479+31.8
1565+£22
45.1%

Chinese

302£03
542.7 £29.7
157 £2.1
49.9%
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Parameters

DA

SPA1

DARatio

ARTh

1R

Atv

ss|

Chinese
Caucasian
Chinese
Caucasian
Chinese
Caucasian
Chinese
Caucasian
Chinese
Caucasian
Chinese
Caucasian
Chinese
Caucasian

Bold means significant values.

508
452
508
452
508
452
503
452
503
452
503
452
508
452

Mean

1.08485
1.07484
107.844
108.456
4.5317
4.3025
518.7264
563.2689
8.5621
82790
0.1517
0.1468
0.88984
0.94163

Standard
deviation

0.102870
0.100243
16.0351
18.9433
0.45785
0.46629
100.13527
120.32852
1.05437
1.17436
0.01951
0.01883
0.137459
0.186990

p-value

0.674

0.008

0.656

0.008

0.184

0.793

<0.0001
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Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case 10
Case 11
Case 12
Case 13
Case 14
Case 15
Case 16
Case 17
Case 18
Case 19
Case 20

Diagnosis

Tractional retinal detachment (TRD) secondary to Familial Exudative Vitreoretinopathy (FEVR)
TRD secondary to incontinentia pigmenti (IP)

TRD secondary to retinopathy of prematurity (ROP), Stage 4A

Rhegmatogenous retinal detachment (RRD)

Tractional and exudative retinal detachment (ERD) secondary to vasoproliferative lesion
Chronic exudative retinopathy

ERD secondary to ROP after laser

Coats disease

Retinoblastoma with calcified, partially calcified, and atrophic regressed tumors after completion of therapy
Retinoblastoma with partially calcified tumor in patient undergoing chemotherapy
Retinoblastoma with vitreous seeding and multifocal tumors

X-linked retinoschisis (XLRS)

Chorioretinal scarring with retinal traction secondary to non-accidental trauma (NAT)

ROP with regressed Stage 3 ROP with vitreoretinal traction

Persistent fetal vasculature (PFV)

IP with peripheral avascular retina and neovascularization

Hemangioblastomas in the setting of Von Hippel Lindau syndrome

Central cataract in the setting of PFV

Retained silicone oil in the anterior chamber

TRD secondary to FEVR

Figure Age

2A 3 years, 6 months
2B, 8A 2B: 1 year, 6 months; 8A: 1 year
2C 4 months

3 5 years, 10 months
4A 15 years

4B 16 years

4C 5 months

5 2 years, 3 months
B6A 3 years

6B 5 months

6C 7 months

7A 8 years

B 7 months

7C 2 months

7D 1 year, 7 months
8B 2 years, 7 months
9 15 years

10A, 10B 6 months

10C 14 years

1 4 months

Patient ages are at the time of OCT imaging.
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No  References

1 Ruiz-Moreno and
Roura (27)

2 ZhengYFetal.
(30)

8 VitlleSetal (31)

4 Morgenetal (7)

5 Malecetal. (32)

*Include all types of refractive error (myopia, hyperopia and astigmatism).

Year

2009

2013

2008

2002

2018

Country

Singapore

Singapore

USA

Spain

Iran

Type of
study

Cross-
sectional
study

Cross-
sectional
study

Cross-
‘sectional

Cross-
sectional

Cross-
sectional

Costs

Myopia
correction

Myopia
correction

Myopia
correction

Myopia
correction

Myopia
correction

Treatment of Myopia (Myopia correction)

Sample size  Age (Years)

(n)

113

13211

40 (80%
Myopia)

120
(60.83%
Myopia)

12-17

526+78

Mean 32

=23

Method of  Prevalence of
ascertaining  Myopia (%)
cost

Parentand  NA
Self
questionnaire

Questionnaire  Age
0-4=10%
5-9=30%
10-14 = 60%
15-24 = 80%

2539
40-49
50-59
60-80+ =30%

NHANES and NA

fees schedule

and

expenditure

data

Questionnaire  NA

markov

model

Interview Age < 14.=3.6%
15-19 = 16.5%
20-29 = 22.0%
>60 = 32.8%

Direct cost ($)

Annual direct cost
Mean (Per patient) = $147.8
£209.1 (Cl, $124.3-172.1)
Median (Per patient) =
$83.3

Mean cost per pair of
spectacles

$82.1 + 408 (Cl,
$77.8-86.5)

Mean annual cost of
contact lenses

$378.1 £377.1

(Cl, $281.4-474.6).

Annual direct cost

Mean (Per patient) = $709
Annual direct cost
Singapore = $755 million
Urban Asia = $328 billon
Lifetime per capita cost
(disease of 0-80 years)
$232-17,020

Annual direct cost
Al = $3.9-7.2 billon
Persons age > 65 = $780
milion

Total direct cost* (10, 20
and 30 years)
LASIK = $ 3341.96;

Spectacles = $ 1091.07;
1623.21; 1960.71

Contact lens = $ 3019.64;
4723.21;5779.46

Total annual direct cost*
Spectacles = $3425 +
8.41

Contact lenses = $198.30
+0.12

Refractive surgery = $19.10
£12

Lifetime direct cost™
Spectacles = $9373.5 +
230.1

Contact lenses = $6203.10
+256.3

Refractive surgery = $568.1
+£646

Annual direct cost*

Mean (Per patient) = $309
Annual direct cost

All ages = $4.2 billion
Persons age < 14 = $196
million

Persons age 15-19 = $337
million

Persons age 20-29 =
$3043 million

Persons age > 60 =
$628.55 million

Indirect cost (8)

NA

NA

Total annual indirect cost”
Spectacles = $12112.10
Contact lenses = $3045.20
Refractive surgery =
$113.60

Lifetime indirect cost*
Spectacles = $331380.60
Contact lenses =
$79762.20

Refractive surgery
=$2789.10

Annual and lfetime total costs" (direct
and indirect)

Spectacles = $12454.6; 340754.10,
Contact lenses = $3243.5; 84965.30
Refractive surgery = $132.7; 3357.20
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*Complications Cumulative incidence P

(%) £ 95%ClI value
PK DSAEK
Transient elevated 26.0 (21.7-30.6) 20.8 (18.3-23.6) 0.040
I0OP (>21 mmHg)
Late gratft failure 12.3(9.2-16.0) 4.5(3.3-6.1) <0.001
Epithelial problems 11.6 (8.6-15.2) 2.5(1.6-3.9) <0.001
Graft rejection 9.5(6.8-12.9) 4.2(3.0-6.7) <0.001
episode
Primary graft failure 2.3(1.1-4.3 1.8 (1.1:2.9) 0.535
Anterior synechiae 2.3(1.1-4.3 1.4 (0.7-2.9) 0.221
Microbial keratitis 2.1(0.9-4.0 1.3(0.7-2.2) 0.281
Wound dehiscence 2.1(0.94.0) 0(0-0.4) <0.001
Cytomegalovirus 1.3(0.4-3.0) 1.4(0.72.3) 0.898
infection
Herpes simplex 1.0 (0.3-2.6) 0.8(0.4-1.7) 0.754
virus infection
Endophthalmitis 0.5(0.1-1.8) 0.2 (0-0.8) 0.585
Graft detachment 0(0-0.9) 3.5(2.4-4.9 <0.001

PK, penetrating keratoplasty; DSAEK, Descemet’s stripping automated endothelial
keratoplasty; SD, standard deviation; IOR intraocular pressure.

*Complications as recorded in our prospective Singapore Corneal Transplant
Registry database.
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Eye diseases in Singapore

Diabetic retinopathy (37)
Acute primary angle closure glaucoma (38)
Dry eyes (39)

Wet AMD (40)

Myopia correction (27, 30)

*Singapore National Eye Centre only.

Annual direct cost in Singapore ($)

NA
$0.26-0.29 million
$1.51-1.52 millon*
$96.8-120.7 milion

$755 milion

Mean annual direct cost per patient ($)

$863.65-2660.15
NA
NA
$6902.20
$147.80-709
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Survival - Kaplan Meier Functions

Survival - Kaplan Meier Functions

Procedure 10 Procedure
_MPK M _MpK
—DSAEK 09 n: M DSAEK
— PK-censored o L I PK-censored
—t— DSAEK-censored 08 it —t+— DSAEK-censored
s
0.7 e 3
® =
% g 06
3 3
£ g 05
=3 3
O O 04
0.3 03
0.2 0.2
0.1 0.1
00, 1 2 3 4 5 f 7 9 10 %% 1 2 3 4 2 6 7 - 9 10
Graft survival time (years) Graft survival time (years)
A. BK PK DSAEK B. FED PK DSAEK
Year N % N % Year N % N %
1 282 92.4% 518 95.2% 1 92 95.6% 402 97.5%
2 214 77.2% 376 88.5% 2 82 95.6% 324 96.8%
3 128 65.6% 207 83.3% 3 71 95.6% 205 96.8%
4 87 58.5% 153 78.5% 4 65 90.8% 170 96.1%
] 65 54.6% 100 70.7% 5 56 85.5% 124 96.1%
10 26 43.1% 10 21.9% 10 29 68.1% 7 89.2%
Bullous keratopathy (BK) comparing penetrating keratoplasty (PK) and Descemet Fuchs endothelial dystrophy (FED) comparing penetrating keratoplasty (PK) and
stripping automated endothelial keratoplasty (DSAEK) log-rank P<0.001 Descemet stripping automated endothelial keratoplasty (DSAEK) log-rank P<0.001
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Diagnosis -

Procedure -

Gender -

Pre-op LogMAR VA -

Diagnosis : Pre-op LogMAR VA -
Donor Endothelial Cell Count (_/mm2) 4
VA Fellow Eye 1

Risk Factor - Anterior Synechiae -
Donor Size (mm) -

Recipient Size (mm) 1

Diagnosis : Procedure -

Risk Factor - Active Inflammation
Procedure : Pre-op LogMAR VA -
Pre-op IOP Operative Eye (mmHg) -
Diagnosis : Donor Size (mm) 1

Age of Patient -

Pre-op LogMAR VA : Donor Size (mm) 1
Diagnosis : Donor Endothelial Cell Count -
Diagnosis : Gender 1

Risk Factor - Glaucoma

Procedure : Gender 1

Diagnosis : Recipient Size (mm) 1
Secondary Procedure - ECCE -

Gender : Pre-op LogMAR VA -
Procedure : Donor Endothelial Cell Count 4
Procedure : VA Fellow Eye -

Secondary Procedure - ACIOL -

Pre-op LogMAR VA : VA Fellow Eye
Diagnosis : VA Fellow Eye 1

Diagnosis : Anterior Synechiae 1

Type . Variable - Interaction

0.00

0.01

0.02
Variable Importance

0.03

0.04
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Characteristics

Total
(n =1,335)
Mean age, years 683+ 114
(+ SD)
Gender (%)

Male 635 (47.6)

Female 700 (52.4)
Race (%)

Chinese 1,023 (76.6)

Malay 63 (4.7)

Indian 70(5.2)

Others 179 (13.4)
Surgical indication

Fuchs Dystrophy 504 (37.8)
(FED)

Bullous 831 (62.2)
Keratopathy (BK)
Baseline/preoperative

Visual Acuity 1.24 £0.58
(logMAR) (mean,

SD)
Endothelial cell 2,819 + 281

counts (cells/mm?,
SD)

Corneal Graft P value*
PK DSAEK
(n = 389) (n =946)
67.4+12.0 68.7 £ 11.1 0.212
191 (49.1) 444 (46.9) 0.509
198 (50.9) 502 (53.1)
306 (78.7) 717 (75.8) 0.515
20(6.1) 43 (4.5
8 (4.6) 52 (6.5
45(11.6) 134 (14.2)
93 (23.9) 411 (43.4) <0.001
296 (76.1) 535 (56.6)
1.57 £0.45 1.10+£0.57 <0.001
2,704 + 340 2,865 +£ 237 <0.001

PK, penetrating keratoplasty; DSAEK, Descemet’s stripping automated endothelial

keratoplasty; SD, standard deviation.

*P value from Mann-Whitney test or chi-square test as appropriate.
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Factors N*

(n =1,283)

Diagnosis/Surgical indication

BK 791

FED 492
Procedure/surgical technique

PK 368

DSAEK 915
Gender

Male 608

Female 675
Pre-operative visual acuity 1,283
(logMAR)**
Donor endothelial cell 1,283
count**

Hazard

ratio

2.838

1.643

1.751

1.601

1.000

P>|2

<0.001

0.002

<0.001

0.005

0.171

95% ClI

Lower

1.892

1.192

1.308

1.154

0.999

Upper

4.259

2.265

2.344

2.220

1.000

*N = 1283 after excluding 52 subjects who did not have pre-operative visual

acuity data available.

**For continuous variables, but linear and non-linear associations were also

assessed using penalized splines.

BK, bullous keratopathy; FED, Fuchs endothelial dystrophy, PK, penetrating
keratoplasty; DSAEK, Descemet stripping automated endothelial keratoplasty.
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Procedure  Regulatory approval Laboratory set up Need for Feasibility of a repeat Number of procedures.

immunosuppression procedure required
SLET Not required Not required Yes Yes 1
CLET Required Required Yes Yes 2
CLAL Not required Not required Yes No 2
KLAL Not required Not required Yes Yes 1

SLET, simple limbal epithelial transplant; CLET, cultivated limbal epithelial transplant; CLAu, conjunctival limbal autograft; CLAL, conjunctival limbal allograft; KLAL, keratolimbal allograft.
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Surgical Procedure Tissue transplanted

SLET (120) LESC
CLAu(117) Conjunctiva+LESC
CLAUKLAL (118) Conjunctiva+LESC
CLET (106) Limbus

COMET (102) Oral mucosal epithelium
Oral mucosa transplantation (112) Oral mucosa

Nasal mucosa transplantation (113) Nasal mucosa

Indication

Autologous,
Allogeneic LSCD

Autologous LSCD
Allogeneic LSCD

Autologous,
Allogeneic LSCD

Allogeneic LSCD
Allogeneic LSCD
Allogeneic LSCD

Outcomes*
Anatomical % Functional %

78,83 69, 60

81 74.4

68 51
71,52 65,65

el 64

86 7

NA 18

SLET, simple limbal epithelial transplantation; CLET, Cultivated epithelial limbal transplantation; COMET, Cultivated oral mucosal epithelial transplantation; LSCD, limbal stem

cell deficiency.
* Anatomical outcomes: defined s a stable, avascular surface.
Functional outcome: proportion of eyes with vision better than 20/200.
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Survival - Kaplan Meier Functions

Procedure
—PK
I 1DSAEK

- PK-censored
—+— DSAEK-censored

0.7 W—h
- . :
= U6 %wv‘
. e e ST
e O
-
O o4
0.3}
0.2}
0.1}
0.0
0 2 3 4 5 3) ¢ 8 9
Graft survival time (years)
PK DSAEK
Year N % N %
1 374 93.2% 920 96.2%
2 296 82.5% 700 92.4%
3 199 74.8% 412 89.7%
4 152 68.5% 323 87.0%
5 121 64.3% 224 83.1%
10 51 50.9% . § 73.6%

Kaplan Meier Survival comparing penetrating keratoplasty (PK) with Descemet stripping automated endothelial
keratoplasty (DSAEK) log-rank P<0.001
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Level of evidence Study design

Well-designed and conducted RCT
Cohort studies and low quality RCT (e.g., <80% follow-up)
Case-control studies

~ L N—=

Case-series and poor quality™ cohort studies or
case-control studies

RCT, randomized controlled trials.

TPoor quality cohort study indicate one that failed to clearly define comparison
groups and/or failed to measure exposures and outcomes in the same (preferably
blinded), objective way in both exposed and non-exposed individuals and/or failed
to identify or appropriately control known confounders and/or failed to carry out
a sufficiently long and complete follow-up of patients; poor quality case-control
study indicate one that failed to clearly define comparison groups and/or failed
to measure exposures and outcomes in the same (preferably blinded), objective
way in both cases and controls and/or failed to identify or appropriately control
known confounders.
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Identification

Screening

Eligibility

Included

Records identified through
database searching
(n =1603)

\ 4

Records after duplicates and irrelevant
studies removed
(n =1024)

L 4

Records screened

(n =579)

\ 4

Full-text articles assessed

A 4

Records excluded
(n =463)

for eligibility
(n=116)

Y

Studies included in
qualitative synthesis
(n= 95)

Full-text articles excluded,
with reasons
(h= 21)
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Random sequence generation (selection bias)l

Allocation concealment (selection bias)l

Blinding of participants and personnel (performance bias)l

Blinding of outcome assessment (detection bias)l

Incomplete outcome data (attrition bias)[

Selective outcome reporting (reporting bias)l

[ | | |
[ I I [

0% 25% 50% 75% 100%

|:|Unclear -Low DHigh
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Advantages:

The technique may be
preferred in:

AM transplantation

 Rapid recovery

* Relative availability
and ease of access

* Relative simpiicity of
surgical technique

o Less induced
astigmatism

o Less risk of rejection
and ongoing melt

« Peripheral comeal
melt

* Large areas of
thinning with small or
medium-sized
perforation

o Inflamed eye

« Rheumatic efiology
of comeal melt

Tectonic corneal
graft

« Transparent fissue
* Superior structural
integrity with less

potential
for dislodgement

* Large-sized
perforation
* Central disease
 Intraocular
tissue involvement
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Type of Keratoprosthesis

Biocompatible KPro Boston KPro 1 (77)
Boston KPro 2 (78)
Auro KPro (79)
LUX (80)
LVP KPro (81)

S-KPro (82, 89)
Lucia KPro (84)

Filatov KPro (85)
Fyodorov-Zuev KPro (86)
MICOF KPro (87)

Bio-integrable KPro Pintucei KPro (88)
AlphaCor (Chirila KPro) (89)

Legeais BiokPro-Ill
Biological KPro MOOKP (50)
Osteo-KPro (91)

Structure

PMMA optical cylinder fitted with a titanium back plate. Complex is secured with a titanium locking ring
Similar to Boston KPro 1-has an additional anterior PPMA segment which projects through the lids
Similar to Boston KPro 1 but with a PMMA backplate

PMMA optic, titanium backplate and a ttanium sleeve

Similar to Boston KPro 1 but with a longer optical cylinder which allows tucking of MMG beneath the
front plate

PMMA optic with a polyurethane and polypropylene skit.

Boston KPro with reduced manufacturing cost by altering the design of the backplate
Titanium frame with two flanges with a PMMA cylinder

Similar to MICOF KPro but implanted in a single sitting

Titanium frame with two flanges within which @ PMMA cylinder is threaded. Auricular cartilage is also
used to supplement the implant

Central PMMA optic with a peripheral Dacron skirt

Made of poly-2-hydroxyethyl methacrylate with different water content in the central clear optical zone
and peripheral bio-integrable skirt

Polytetrafiuoroethylene skirt and polyvinylpyrrolidone-coated polydimethyisiloxane optic
Optical cylinder is embedded in the canine tooth and implanted in a bed of MMG over the ocular surface
Similar to MOOKP-tibia is used instead of a tooth

KPro, keratoprosthesis; MOOKP, Modified osteo-odonto keratoprosthesis; S-KPro, Seoul keratoprosthesis; MICOF, Moscow Eye Microsurgery Complex in Russia; LVP KPro, LV

Prasad Keratoprosthesis.
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KPro Prerequisite* Number of surgeries Outcomes**

required
Follow up years Retention rate % Visual Recovery %

Boston KPro Type 1 (95) Wet ocular surface 1 5 74 51

AuroKPro (96) Wet ocular surface 1 5 43 35

Boston KPro Type 2 (78) Intact lids 1 59 50 38

LVP KPro (100) - 2 25 76 36

MOOKP (99, 101) Adults, healthy oral cavity 2 1 96-100 45-83*

“Prerequisites in adition to being suitable for a KPro.

“Visual recovery is proportion of eyes with vision better than 20/200.
*Proportion of eyes with vision better than 20/60.

KPro, keratoprosthesis.
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Procedure  Regulatory approval Laboratory set up Risk of iatrogenic LSCD  Feasibility of a repeat Number of procedures.

in donor eye procedure required
SLET Not required Not required No Yes 1
CLET Required Required No Yes 2
ClAu Not required Not required Yes No 1
Mini-CLAu ~ Not required Not required No Yes 1
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Congenital
Congenital aniridia
Multiple endocrine deficiency
Ectodermal dysplasia
Epidermolysis bullosa
Xeroderma pigmentosum
Traumatic/Acquired
Ocular burns (Chemical/thermal)
Post-surgical
Contact lens wear
Radiation
Drug Induced
Autoimmune
Stevens-Johnson syndrome
Mucous membrane pemphigoid
Sjogren's syndrome (Primary and Secondary)
Vernal keratoconjunctivitis
Graft-vs. host disease
Idiopathic
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Algorithm for Surgical Management of Total LSCD
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Assessment time-points Vessel *P-value

density
Mean (£SD)
Control
Pre-operative (1 = 25) 232(4.9) 0910
Week 1 (0 = 25) 230(3.4) 0.946
Month 1 (1 = 23) 23.3(35) 0.976
Month 3 (1 = 16) 22.8(1.4) 0,538
Month 6 (1 = 13) 24.0(33) 0917
Control
Pre-operative (1 = 24) 24.0 (4.4) 0723
Week 1 (1 = 25) 23.0(3.4) 0.241
Month 1 (1 = 23) 23.3(35) 0114
Month 3 (1 = 16) 232(4.7) 0.836
Month 6 (1 = 13) 23.0(6.1) 0552
Hydrus Microstent sector
Pre-operative (1 = 26) 25.6(3.4) 0011+
Week 1 (1 = 25) 24.7(3.9) 0.326
Month 1 (1 = 23) 225(3.4) 0.001
Month 3 (1 = 16) 227 28) 0.004
Month 6 (1 = 13) 235(3.1) 0.039

‘Wicoxon signed rank test (oaired) comparing baselne VD to  follow-up
VD measurements.

“Friedman test for serial VD measurements over follow-up period (n = 25 eyes at baseline,
1 week and 1 month; n = 16 eyes beyond month 3).
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Assessment time-points Vessel *P-value

density (compared to

Mean (+SD) pre-operative)
Control
Pre-operative (1 = 25) 229 (4.4) 0.699"
Week 1 (1 = 25) 228(32) 0757
Month 1 (n = 23) 231 (4.0) 0.761
Month 3 (n = 16) 23.1(2.1) 0717
Month 6 (n = 13) 24.4(3.0) 0.701
Control
Pre-operative (n = 24) 242 (43) 0.536"
Week 1 (1 = 25) 232(4.2) 0.153
Month 1 (n = 23) 232(3.0) 0.153
Month 3 (0 = 16) 233(4.7) 0301
Month 6 (1 = 13) 24.0(4.5) 0601
Hydrus Microstent sector
Pre-operative (1 = 25) 257 (36) 0.021*
Week 1 (1 = 25) 25.0(4.2) 0510
Month 1 (n = 23) 225(3.8) 0,001
Month 3 (0 = 16) 225 (2.9) 0.005
Month 6 (n = 13) 23.6(3.5) 0.048

“Wicoxon signed rank fest (paired) compering baselne VD to  follow-up
VD measurements.

*Friedman test for serial VD measurements over follow-up period (n = 25 eyes at baseline,
1 week and 1 month; n = 16 eyes beyond month 3).
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Surgical outcomes Number of  DMEK Alone or Number of eyes Overall effect (95% CI) %

studies,n “triple” DMEK included n

Postoperative re-bubbiing rate 6 DMEK Alone 950 3.9% (1.9-5.8) 43
Complete graft detachment 4 DMEK Alone 1,085 8:3% (4.2-12.4) 84
Partial graft detachment 5 DMEK Alone 1,152 83(5.1-11.5) 73
Best corrected visual acity, LogMAR at 3-month 3 DMEK Alone 107 0.1 (0.10-0.20) 54
Best corrected visual acuity, LogMAR at 6- month 4 DMEK Alone 833 0.15 (0.09-0.22) o7
Best corrected visual acuity, LogMAR at 1-month 3 “Triple” DMEK 123 020 (0.12-0.29) %
Best corrected visual acity, LogMAR at 3-month 4 “Triple” DMEK 275 0.15 (0.11-0.19) 87
Endothelial cel loss at 6- month 2 DMEK Alone 549 33.1(24.89-41.25) @
Cataract development postoperative 7 DMEK Alone 465 18.5% (6.4-21.7) ot

DMEK, Descemet’s membrane endothelial keratoplasty.
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