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Editorial on the Research Topic

Reviews in: ophthalmology 2022

Introduction

Welcome to the Research Topic, “Reviews in ophthalmology 2022.” This issue is dedicated

to providing a comprehensive overview of the latest advancements, challenges, and future

directions in the field of ophthalmology. As we navigate through the third decade of the

21st century, it is clear that our understanding of ocular diseases and their management has

significantly evolved, driven by groundbreaking research and technological innovations.

In this Research Topic, we have compiled a series of reviews that delve into various

aspects of ophthalmology, from the surgical management of corneal disorders to the genetic

underpinnings of complex ocular diseases. These reviews provide a snapshot of the current

state of knowledge, highlighting the strides we have made and the challenges that lie ahead.

Each review in this Research Topic offers a unique perspective, reflecting the breadth

and depth of research in ophthalmology. From exploring the effectiveness of different

surgical techniques and treatment modalities to unravelling the genetic complexities of

ocular diseases, these reviews represent the cutting edge of ophthalmic research.

As we present “Reviews in ophthalmology 2022,” we hope to foster a deeper understanding

of the current landscape of ophthalmology, stimulate further research, and ultimately

contribute to improving patient care. We invite you to delve into these insightful reviews,

gain new knowledge, and join us in the ongoing quest to unravel the complexities of the

human eye.

Cornea and ocular surface

The field of ophthalmology has witnessed significant advancements in understanding

and managing ocular surface diseases. This Research Topic summarises recent research on

various ocular conditions, including ocular graft-vs.-host disease (oGVHD), Dry Eye Disease

(DED), Keratoconus (KC), paediatric keratoconus, pterygium, and Fuchs’ endothelial

corneal dystrophy (FECD).

Salari et al. highlighted the effectiveness of superficial keratectomy (SK), a surgical

procedure involving the manual dissection of the superficial layers of the cornea. The review

emphasised the versatility of SK in addressing various ocular conditions, including corneal
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degenerations, dystrophies, scarring, recurrent corneal erosions,

and retained corneal foreign bodies.

Tappeiner et al. focused on the challenges and concepts in

diagnosing and managing oGVHD, a condition characterised

by tissue inflammation following allogeneic hematopoietic cell

transplantation. The review underscored the importance of

interdisciplinary treatment approaches to improve patients’ quality

of life and prevent potentially irreversible visual loss.

Ling et al. discussed the increasing incidence of DED and

the role of immune regulation defects in its pathogenesis. The

review emphasised the need for anti-inflammatory drugs in

treating moderate-to-severe DED and highlighted the potential of

Traditional Chinese Medicine in managing the condition.

Hao et al. provided a comprehensive analysis of the

pathogenesis of KC, an aetiologically heterogeneous corneal ectatic

disorder. The study identified several genes and pathways involved

in the disease’s development, offering an integrated insight into the

gene-based aetiology and pathogenesis of KC.

Li et al. conducted a meta-analysis comparing the efficacy

of different corneal collagen cross linking (CXL) methods

for paediatric keratoconus. The study concluded that standard

epithelium-off CXL and accelerated epithelium-off CXL appear to

be comparable in efficacy, with standard CXL providing greater

changes in visual and pachymetric outcomes.

Taher, Alnabihi et al. performed a systematic review and meta-

analysis on the management of primary pterygium, a common

ocular surface disease. The study confirmed the effectiveness of

a single intraoperative topical application of 0.02% mitomycin C

during excision of pterygium followed by conjunctival autograft in

reducing the rate of pterygium recurrence.

Lastly, Tsedilina et al. conducted a systematic review of the role

of variants in the genes SLC4A11, ZEB1, LOXHD1, and AGBL1

in the development of FECD. The study confirmed the causal role

of SLC4A11 variants in FECD, but further evidence is needed to

confirm the roles of ZEB1, LOXHD1, and AGBL1 variants.

Retina

In this Research Topic, we, also, explore the latest technological

advancements, delve into the complex pathophysiological

mechanisms, and discuss innovative therapeutic strategies that are

shaping the future of retinal treatments.

Starting with Ladha et al.’s exploration of subretinal therapy,

we are introduced to the potential of robotic technology in

enhancing the precision and standardisation of ocular gene and

cellular therapy delivery. The authors highlight the limitations

of manual delivery, including the risk of iatrogenic damage and

variability in delivery. They also underscore the importance of

understanding the immune response elicited by the introduction

of exogenous viral vectors or transplanted cells to the eye. The

use of microprecision medical robotic technology is proposed as a

solution to these challenges, offering reproducible and standardised

delivery independent of injection speed.

Next, Tang et al. provide a comprehensive review of the

development of risk factors and cytokines in Retinal Vein

Occlusion (RVO), the second most prevalent retinal disease. The

authors emphasise the complexity of RVO mechanisms due to

the interrelated nature of risk factors. They also highlight the

role of cytokines as powerful mediators of pathological conditions

such as inflammation, neovascularisation, and macular oedema.

This review underscores the need for continued research into the

mechanisms and treatment targets of RVO.

Casciano et al. then delve into the role of the mammalian

target of rapamycin (mTOR) pathway in diabetic retinopathy (DR).

They outline how chronic hyperglycaemia can lead to retinal

neurodegeneration through overactivation or inhibition of the

mTOR pathway. The authors highlight the mTOR pathway’s role

in coordinating multiple anabolic and catabolic processes, such

as autophagy, oxidative stress, cell death, and the release of pro-

inflammatory cytokines. This review provides valuable insights into

the potential of targeting the mTOR pathway in the management

of DR.

Finally, Haydinger et al. provide a clinical overview of macular

oedema, a complication of many retinal diseases that can lead

to severe and permanent visual impairment and blindness. The

authors discuss the mechanisms of disease, highlighting the

dysregulation of the blood-retinal barrier as a key factor driving

fluid accumulation in the central retina. They also discuss current

treatments, including vascular endothelial growth factor blockers,

corticosteroids, and non-steroidal anti-inflammatory drugs, and

identify areas of opportunity for future research.

Paediatric ophthalmology

In the realm of paediatric ophthalmology, two papers have

made significant strides in understanding and treating conditions

that affect the eyes of children.

The first paper, led by Gan et al., conducted a meta-analysis

to evaluate the efficacy and safety of varying doses of atropine

in slowing myopia progression in children. Myopia, or short-

sightedness, is a common condition that affects a significant

number of children worldwide. The study found that the efficacy

and adverse effects of atropine are dose-dependent. High-dose

atropine was found to be effective in slowing myopia progression,

but its efficacy reduced after the first year of treatment. On the

other hand, low-dose atropine showed better efficacy over a longer

follow-up period. However, the higher the dose of atropine, the

higher the incidence of adverse effects, such as photophobia.

This meta-analysis provides valuable insights for clinicians in

determining the appropriate dosage of atropine for treating myopia

in children.

The second paper, by Taher, Ghaddaf et al., conducted a

systematic review and meta-analysis to assess the efficacy and

safety of intravitreal anti-vascular endothelial growth factor (anti-

VEGF) injections for the treatment of retinopathy of prematurity

(ROP). ROP is a potentially blinding eye disorder that primarily

affects premature infants. The study found that anti-VEGF

monotherapy was associated with fewer adverse events than laser

therapy. However, there was no significant difference between

the two treatments in terms of recurrence rate, treatment

switching, retreatment, and mortality rate. This study provides a

comprehensive review of the current standard treatment for ROP

and offers valuable insights for future research and clinical practice.
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Ocular inflammations, infections, and
COVID-19

The recent studies on the ocular implications of COVID-19

and other viral infections, as well as the effects of their respective

vaccines, have shed light on a critical aspect of these pandemics that

often goes unnoticed.

Zauli et al. highlighted the potential therapeutic role of the

MDM2 inhibitor Nutlin-3 in protecting the eye from SARS-CoV-

2 infection. The study suggests that the protein p53, present in

high levels in the cornea, conjunctiva, and tear film, could play

a protective role against the virus. The authors propose that the

topical use of Nutlin-3 might protect the anterior surface of the

eye from SARS-CoV-2 infection, thereby reducing the spread of

the virus.

Akbari and Dourandeesh provided an updated overview of

the ocular manifestations of COVID-19. The study emphasises the

importance of paying attention to ocular manifestations during

COVID-19, as they can be a presentation of life-threatening events

such as stroke. Conjunctivitis is the most common presentation,

which can develop at any stage of COVID-19, and there are also

reports of life-threatening complications, such as rhino-orbital

cerebral mucormycosis.

Taha et al. conducted a literature review highlighting the ocular

complications of recent viral pandemics, including Monkeypox,

SARS-CoV-2, MERS, Ebola, H1N1, and Zika viruses. The review

also discusses the ocular complications of the vaccines and

treatments used during these pandemics, and the role of the eye

as a significant route of viral transmission.

Scalabrin et al. provided an overview of the ocular effects caused

by viral infections and their corresponding vaccines, focusing on

varicella zoster virus, measles virus, influenza viruses, hepatitis B

virus, and SARS-CoV-2. The study aimed to establish a risk-benefit

relationship from an ophthalmological point of view, comparing

the pathological effects on the eye due to these viral infections with

the possible ocular adverse effects of their respective vaccines.

Lastly, Abu-Ismail et al. discussed the impact of the COVID-

19 pandemic and the wearing of face masks on ophthalmology

practice. The study found that wearing face masks for long

periods increases the chances of dry eyes and other ocular

issues. The pandemic has also affected ophthalmology practices

in managing patients, with new factors to consider, such as

the risk of endophthalmitis, tests and symptoms of patients

with glaucoma, and the emerging symptoms associated with the

COVID-19 vaccination.

In conclusion, the reviews presented in this Research Topic

provide a comprehensive overview of the current state of

ophthalmology, highlighting the significant strides made in

understanding and treating various ocular conditions. The reviews

underscore the importance of continued research and innovation

in addressing the challenges that lie ahead. The impact of the

COVID-19 pandemic on ophthalmology, particularly the effects

of prolonged face mask use, has emerged as a critical area of

study. As we continue to navigate through these unprecedented

times, it is crucial to adapt our practices and explore new

avenues to ensure the best possible care for our patients.

We hope that the insights provided in these reviews will

stimulate further research and contribute to the advancement

of ophthalmology.
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Purpose: To evaluate the efficacy and safety of atropine for slowing myopia

progression and to investigate whether the treatment effect remains constant with

continuing treatment.

Method: Studies were retrieved from MEDLINE, EMBASE, and the Cochrane Library

from their inception to May 2021, and the language was limited to English. Randomized

controlled trials (RCTs) and cohort studies involving atropine in at least one intervention

and placebo/non-atropine treatment in another as the control were included and

subgroup analysis based on low dose (0.01%), moderate dose (0.01%–<0.5%), and high

dose (0.5–1.0%) were conducted. The Cochrane Collaboration and Newcastle-Ottawa

Scale were used to evaluate the quality of RCTs and cohort studies, respectively.

Results: Twelve RCTs and fifteen cohort studies involving 5,069 children aged 5 to 15

years were included. The weighted mean differences in myopia progression between

the atropine and control groups were 0.73 diopters (D), 0.67 D, and 0.35 D per year

for high-dose, moderate-dose, and low-dose atropine, respectively (χ2 = 13.76; P =

0.001, I2 = 85.5%). After removing studies that provided extreme findings, atropine

demonstrated a significant dose-dependent effect on both refractive change and axial

elongation, with higher dosages of atropine resulting in less myopia progression (r= 0.85;

P = 0.004) and less axial elongation (r = −0.94; P = 0.005). Low-dose atropine showed

less myopia progression (−0.23 D; P = 0.005) and less axial elongation (0.09mm, P

< 0.001) in the second year than in the first year, whereas in high-dose atropine more

axial elongation (−0.15mm, P = 0.003) was observed. The higher dose of atropine was

associated with a higher incidence of adverse effects, such as photophobia with an odds

ratio (OR) of 163.57, compared with an OR of 6.04 for low-dose atropine and 8.63 for

moderate-dose atropine (P = 0.03).

Conclusion: Both the efficacy and adverse effects of atropine are dose-dependent in

slowing myopia progression in children. The efficacy of high-dose atropine was reduced

after the first year of treatment, whereas low-dose atropine had better efficacy in a longer

follow-up period.
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INTRODUCTION

Myopia has emerged as a serious public health issue with
a rapidly increasing prevalence worldwide (1, 2), especially
in some Asian areas (3–6). The myopia prevalence reached
52.7% in 2020 among Chinese adolescents, which prompted
Chinese governments to implement nationwide myopia control
policies including increasing the engagement of children
in outdoor activities. However, the deadly outbreak of the
coronavirus disease 2019 (COVID-19) pandemic largely reduced
opportunities for children to spend time outdoors (7). Prolonged
home confinement has brought excessive time for near work
and insufficient time outdoors, both of which have been
recognized as major environmental risk factors for myopia
development (8–10).

Therefore, solutions for myopia management are of great
social concern. In recent years, the treatment with different
doses of topical atropine has been recognized as currently one
of the most effective treatments for myopia (11), and has been
applied to more than 60% of children with myopia in Taiwan
(12). However, it is still pending approval by the FDA and has
remained an off-label treatment in mainland China and most of
the western countries since high doses (0.5–1%) of atropine have
inevitable ocular side effects, such as cycloplegia, photophobia,
allergic reaction, blurred near vision, and accelerated progression
on cessation (rebound effect) (13, 14). Therefore, moderate
doses (0.01–0.5%) and low doses of atropine (0.01%) have been
widely applied in clinical treatment for children with myopia in
recent years.

In our previous meta-analysis, we found a difference in
efficacy of atropine among different ethnicities, with greater
effects in Asians than in white children (15). Then, we conducted
the first randomized clinical trials (RCTs) on low-dose atropine
in mainland China and found a 34.2% reduction in myopia
progression within 1 year (16). However, there are still some
uncertainties and controversies. Some studies reported that the
efficacy of atropine was dose-related (17), whereas others found
that efficacy of atropine was dose-independent within the range
of 0.01–1% (13, 18). Most RCTs and cohort studies reported a
first-year protective effect on myopia, whereas the Atropine for
the Treatment of Myopia 2 (ATOM 2) study showed a better
effect of 0.01% atropine treatment in the second year than in
the first year, and it is recommended that the initial treatment of
0.01% atropine should last at least 2 years (19). But the evidence
is still lacking on whether continuing eyedrops for a longer
duration of treatment can produce a continued effect (20, 21).
In addition, some eye-care professionals have been concerned
that potential side effects (e.g., photophobia) of atropine may
affect children’s quality of life and reduce compliance, which may
influence the efficacy of myopia control. Therefore, an optimal
dose of atropine with substantial efficacy and acceptable side
effects has remained undetermined. Comparison of different
doses is essential to enable clinicians and parents to choose the
safest and most effective treatment for myopia control.

In this meta-analysis, we aimed to evaluate the overall efficacy
and safety of different doses of atropine with more updated RCTs
and cohort studies and to explore the dose-response relationship

of atropine. We also investigated whether there was an efficacy
difference across different treatment periods.

METHODS

This meta-analysis was performed in compliance with
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (eTable 1 in the
Supplementary Material) (22).

Eligibility Criteria
We included comparative studies (i.e., RCTs, and cohort
studies) according to the following criteria: (1) a human study
investigating the relationship between topical atropine and
myopia in school-aged children (between 6 and 15 years); (2)
using atropine in at least one intervention and placebo or non-
atropine treatment in another as the control; and (3) reporting
at least one outcome of interest, including the annual rate of
myopia progression and any adverse effects. In addition, the
dose of atropine was classified into 3 subgroups: low dose
(0.01%), moderate dose (>0.01% to <0.5%), and high dose
(0.5–1.0%) (23).

Search Methods
Data were obtained from MEDLINE, EMBASE, and the
Cochrane Library from their inception to May 2021 with
language striction in English. We selected RCTs and cohort
studies involving atropine in at least one treatment arm and
placebo or non-atropine treatment in another as the control
that reported myopia progression and/or side effects of atropine
therapy for analysis. Medical Subject Headings (MeSH) and
the following as keywords: myopia, refractive errors, muscarinic
antagonists, cholinergic antagonists, mydriatics, atropine, clinical
trial, and humans, as well as some relevant free terms were
used for search. Boolean operators “AND,” “OR,” “NOT” were
used to combine all search sets. Detailed search strategies are
provided in eTable 2 in the Supplementary Material. We also
screened clinicaltrials.gov and the reference lists of published
reviews to identify additional relevant studies. Exclusion criteria
were (at least one of the following): overlapping population; non-
human studies; lack of data for outcomes of interest; and studies
published as abstracts, reviews, case reports, comments, letters to
the editor, and animal research.

Data Extraction and Quality Assessment
Two investigators (GJH and MDD) independently screened
the titles, abstracts, and full-text articles for inclusion using
standardized data extraction forms. When the same population
was involved in multiple reports, only the latest report was
included to avoid duplicated data. Both investigators extracted
the study characteristics from each trial: (1) first author, (2)
year of publication, (3) study design, (4) country or area, (5)
intervention and control, (6) follow-up duration, (7) sample
size, (8) baseline characteristics (sex, age, refraction, axial length,
dropouts from total number), (9) endpoints (mean change in
refraction and axial length), and (10) number of side effects.
All disagreements were reviewed by a third investigator (HX).
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For any missing data, we contacted the authors of the trial
reports or used GetData GraphDigitizer 2.24 (http://getdata-
graph-digitizer.com) to read data from figures. The list of
exclusion studies and reasons for exclusion were shown in
eTable 3 in the Supplementary Material. The quality of the
selected trials was assessed by the following six aspects following
the recommendations of Cochrane collaboration (24) for
RCTs: allocation sequence generation, allocation concealment,
masking of patients and clinicians, masking of outcome
assessors, incomplete outcome data, and selective outcome
reporting. Newcastle-Ottawa Quality Assessment Scale items
(25) with a “star system” were applied to assess the quality
of cohort studies and included 8 items within 3 domains:
selection (representativeness), comparability (because of design
or analysis), and outcomes (assessment and follow-up). A study
can be awarded a maximum of 1 star for each numbered item
within the selection and outcome categories and a maximum of
2 stars can be given for comparability, and the total scores range
from 0 to 9 stars. Stars of 0–3, 4–6, 7–9 were considered as low,
moderate, and high quality, respectively (26).

Outcome
The efficacy outcome were mean annual changes in refraction
[diopters (D)/year], axial length (mm/year), and the number
of children showing myopia progression. The safety outcomes
were the number of adverse events including photophobia,
blurred near vision, and allergy. We also extracted data on
photopic and mesopic pupil diameter (mm) and change in
accommodation (amplitude/year).

Statistical Analysis
Data analyses were conducted using Review Manager (Version
5.4; The Cochrane Collaboration, 2020). We calculated the
weighted mean difference (MD) and 95% confidence intervals
(95% CIs) for different doses of atropine in refractive changes
and axial elongation vs. the control group, as well as the odds
ratios (ORs) for adverse effects between the atropine and control
groups. The effect sizes (ESs) were calculated using the Cohen
d formula. ORs with 95% CIs of proportions with fast (>1.0
diopters (D) per year)/slow (<0.5 D/year) myopia progression
was also calculated. Heterogeneity was assessed using Cochran’s
Q-test and I2 statistics. If the heterogeneity was not significant (p
> 0.1, I2 < 50.0%), a fixed-effects model was used; otherwise, a
random-effects model was used.

Sensitivity analysis was performed by excluding studies with
significantly different characteristics to assess their influence on
the overall estimates. Subgroup analyses were pre-planned to
compare the treatment effects among children with different
doses of atropine [low dose (0.01%), moderate dose (>0.01 to
<0.5%), high dose (0.5–1.0%)], treatments in control groups
(placebo or non-placebo), and ethnicity.Meta-regression analysis
was also conducted to identify potential sources of heterogeneity.
P for interaction was performed using linear mixed effects model,
where we built a product term of doses of atropine × ethnicity,
as well as a product term of doses of atropine × study design
(RCT or cohort study). Publication bias was assessed by visual
inspection of funnel plot if the number of retrieved studies

FIGURE 1 | Flowchart of the literature search and study selection.

was >10. P < 0.05 was considered statistically significant for
all analyses.

RESULTS

The search yielded a total of 826 articles, of which 12 RCTs
(16, 27–36) and 15 cohort studies (37–51) were included for final
analysis (Figure 1). Table 1 details the relevant features of the
27 studies. Briefly, the total sample size of participants included
in our study was 5,069, among which 3,024 were received
atropine treatment and 2,045 participants were received placebo
or non-atropine treatment, with a follow-up period from 12 to
144 months. Concerning geographical location of the studies, 7
studies were conducted in mainland China, 8 in Taiwan, 4 in
the United States, 2 in Singapore, 2 in Hong Kong, 2 in Europe,
1 in Japan, and 1 in India, resulting in most participants being
Asian. All RCTs were conducted in Asia, among which Wei et al.
(16) provided the first placebo-controlled RCT data for low-dose
atropine in mainland China.

Risk of Bias Assessment
Bias for the included RCTs is presented in eTable 4 in
the Supplementary Material. There were two RCTs (30, 35)
assessed as high risk of bias due to unclear randomization,
inadequate loss to follow-up and without blinding. The quality
of the included cohort studies was generally high according
to the Newcastle-Ottawa Scale items (26) (eTable 5 in the
Supplementary Material).

Effect of Atropine on the Annual Rate of
Myopia Progression
Changes in refraction from 12 RCTs and 15 cohort studies
were obtained. Since no difference between RCTs and cohort
studies was observed in low-dose, moderate-dose, and high-dose
subgroups (eFigure 1 in the Supplementary Material; all P >
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TABLE 1 | Characteristics of the studies included in the meta-analysis.

References Country/Area Study

design

Follow-up

(months)

Age

(years)

Intervention Baseline

refraction,

diopter mean

(SD)

Experimental group

(atropine dose, %)

Control group

Yen et al. (35) Taiwan, China RCT 12 6–14 1.00 every other night Placebo −1.52 ± 0.92

Shih et al. (30) Taiwan, China RCT 24 6–13 0.5% + bifocals 0.5% tropicamide

nightly + full

correction

−4.41 ± 1.47

0.25% + partially

undercorrected glasses

0.1% + full eyeglass

correction

Shih et al. (31) Taiwan, China RCT 18 6–13 0.5% + multifocal lenses Multifocal lenses −3.26 ± 0.15

Chua et al. (27) Singapore RCT 24 7–12 1.00 Placebo −3.36 ± 1.38

Chia et al. (28) Singapore RCT 48 6–12 0.5, 0.1, 0.01 – 0.38 ± 0.60

Yi et al. (36) China RCT 12 6–12 1.00 Placebo −1.23 ± 0.32

Wang et al. (32) China RCT 12 5–10 0.50 Placebo −1.30 ± 0.40

Yam et al. (34) China RCT 12 4–12 0.05, 0.025, 0.01 Placebo −1.00 or less

Wei et al. (16) China RCT 12 6–12 0.01 Placebo −2.52 ± 1.33

Zhu et al. (33) China RCT 48 6–12 1 Placebo −3.82 ± 0.44

Saxena et al. (52) India RCT 12 6–14 0.01 Placebo −3.5 ± 1.3

Hieda et al. (53) Japan RCT 24 6–12 0.01 Placebo −1.00 to −6.00

Bedrossian (37) USA Cohort 33 8–12 1 Blank −0.50 or less

Chou et al. (38) Taiwan, China Cohort 38 7–14 0.5 Self-contrast −6.25 to −12.00

Kennedy et al. (45) USA Cohort 144 6–15 1 Blank −1.49

Lee et al. (40) Taiwan, China Cohort 20 6–12 0.05 Blank −1.58 ± 1.37

Fan et al. (39) Hongkong, China Cohort 12 5–10 1 Blank −5.18 ± 2.05

Fang et al. (43) Taiwan, China Cohort 18 6–12 0.025 Blank −0.31 ± 0.45

Wu et al. (50) Taiwan, China Cohort 54 6–12 0.05 Blank −2.45 ± 1.63

Lin et al. (41) China Cohort 12 8–15 1.00 Self-contrast −1.92 ± 0.91

Clark and Clark (42) USA Cohort 13 6–15 0.01 Blank −2.00 ± 1.60

Lee et al. (46) Taiwan, China Cohort 12 5–14 0.125, 0.25 Blank −1.45 ± 0.69

Polling et al. (54) Europe Cohort 12 8–13 0.50 Withdraw

population

−6.70 ± 3.60

Moon and Shin (44) Korea Cohort 12 5–14 0.01, 0.025, 0.05 Self-contrast −3.84 ± 2.47

Larkin et al. (47) USA Cohort 24 6–15 0.01 Blank −3.10 ± 1.90

Sacchi et al. (49) Europe Cohort 12 5–14 0.01 Blank −3.00 ± 2.23

Fu et al. (51) China Cohort 12 6–12 0.01, 0.02 Blank −2.76 ± 1.47

0.05 in the test for subgroup difference), we thus evaluated the
effects of atropine by combining RCTs and cohort studies to
provide larger samples for different doses.

The pooled data revealed significantly less progression in
refraction for low-dose (MD, 0.35D per year; 95% CI, 0.22–0.48D
per year; P < 0.001), moderate-dose (MD, 0.67D per year; 95%
CI, 0.31–1.03D per year; P < 0.001), and high-dose (MD, 0.73D
per year; 95% CI, 0.57–0.98D per year; P < 0.001) atropine
groups than control groups (Figure 2). There was a statistically
significant difference in refraction changes among various doses
of atropine within this range (χ2 = 13.76; P= 0.001 for subgroup
difference; I2 = 85.5%). The effect sizes showed a large treatment
effect in different dose atropine groups (Figure 3). We observed
no correlation between a dose and treatment effect (r = 0.665; P
= 0.051). However, when the study by Moon and Shin (44) was

excluded because of extreme findings due to the dose of atropine
was prescribed according to the myopia progression rate of the
patients, the treatment effect of mean annual refraction change
was significantly correlated with the dose of atropine (r = 0.85; P
= 0.004).

Heterogeneity of the meta-analysis was significant (P <

0.001, I2 = 99%; Figure 2). We did subgroup analysis based
on different treatments in control groups (placebo or non-
placebo) and still observed significant heterogeneity in low-
dose, moderate-dose, and high-dose subgroups (eFigure 2
in the Supplementary Material). In addition, a significant
difference was found between Asian and white individuals in
high dose atropine studies (P < 0.001), suggesting ethnicity
might be a source of additional heterogeneity (eFigure 3 in
the Supplementary Material). And this was supported by our
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FIGURE 2 | Effects of different doses of atropine on slowing myopia progression (diopters/year).

finding that there was a significant interactive effect between
doses of atropine and ethnicity onmean annual refraction change
(Table 2; P-interaction = 0.006). Further analysis found that
there was significant difference in refraction changes among
various doses of atropine in Asian population (P = 0.008).

Effects on Changes in Axial Length
Thirteen studies reported changes in axial length. The analyses
showed that the MD was −0.29mm in high-dose atropine
studies (95% CI, −0.36 to −0.22mm; P < 0.001), −0.23mm in
moderate-dose atropine studies (95% CI, −0.27 to −0.18mm;

P < 0.001) and −0.10mm in low-dose atropine studies (95%
CI, −0.12 to −0.09mm; P < 0.001; Figure 4). A statistically
significant difference in axial elongation across various doses of
atropine within this range (χ2 = 48.81; P < 0.001 for subgroup
difference; I2 = 95.9%) with significant (P < 0.001) heterogeneity
(I2 = 99%). The effect sizes showed a large treatment effect for
annual axial length change in different dose atropine groups
(Figure 3). When the study by Moon and Shin (44) was excluded
because of extreme findings, a significant dose and treatment
effect on annual axial elongation was observed (r = −0.94; P =

0.005; Figure 3).

Frontiers in Medicine | www.frontiersin.org 5 January 2022 | Volume 8 | Article 75639813

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Gan et al. Atropine Slows Myopia Progression

FIGURE 3 | Graphical summary of effect sizes of different doses of atropine

for prevention of myopia progression. (A) Effect sizes of different doses of

atropine for prevention of refraction change. (B) Effect sizes of different doses

of atropine for prevention of axial elongation.

Rapid Myopia Progression (>1.0 D per
Year)
Six RCTs and seven cohort studies reported the number of
children with rapid myopia progression (>1.0 D per year). The
odds ratio (OR) of rapid myopia progression was significantly
lower in atropine compared to control in both RCTs (OR, 0.13;
95% CI, 0.10–0.18; P < 0.001) and cohort studies (OR, 0.19;
95% CI, 0.10–0.3; P < 0.001). The RCTs and cohort studies
were combined in subsequent analyses because no difference
was found between them (χ2 = 0.93; P = 0.33 for subgroup
difference; I2 = 0%). High-dose atropine showed the lowest OR
for rapid myopia progression (95% CI, 0.08–0.13; P < 0.001),
followed by 0.16 in moderate-dose atropine (95% CI, 0.08–0.31;
P < 0.001), and 0.29 in low-dose atropine (95% CI, 0.18–0.47;

TABLE 2 | Test for interaction on mean annual refraction change by doses of

atropine, ethnicity, and study design.

Characteristics No. of studies MD (95% CI) P-interaction

Doses of atropine

High 14 0.73 (0.57, 0.88)

Moderate 12 0.67 (0.31, 1.03)

Low 10 0.35 (0.22, 0.48)

Ethnicity

Asian patients 21 0.65 (0.46, 0.83) 0.006*

White patients 6 0.39 (0.23, 0.54)

Study design

RCT 18 0.55 (0.43, 0.67) 0.4508†

Cohort studies 19 0.68 (0.36, 1.01)

MD, mean difference. Bold type indicates statistically significant. *Test for interaction

between doses of atropine and ethnicity on mean annual refraction change. †Test

for interaction between doses of atropine and study design on mean annual

refraction change.

P < 0.001) (eFigure 4A in the Supplementary Material with
significant difference among three groups (χ2 = 14.88; P < 0.001
for subgroup difference; I2 =86.6%).

Slow Myopia Progression (<0.5 D per Year)
The number of children with slow myopia progression was
assessed in 6 RCTs and 7 cohort studies (<0.5 D per year). All
of the different concentrations of atropine had a higher OR of
slow myopic progression relative to control in both RCTs (OR,
6.84; 95% CI, 4.15–11.29; P < 0.001) and cohort studies (OR,
6.05; 95% CI, 3.09–11.84; P < 0.001). The combined analyses
showed that the OR for atropine slowing myopia progression
was 6.98 in high-dose (95% CI, 0.08–0.13mm; P < 0.001), 7.67
in moderate-dose (95% CI, 3.67–16.00; P < 0.001), and 3.50
in low-dose (95% CI, 2.02–6.06; P < 0.001; eFigure 4B in the
Supplementary Material).

Treatment Efficacy With Different
Treatment Durations
Figure 5 showed the difference in efficacy of atropine between
the second year and the first year. Children treated with low-dose
atropine appeared to benefit more in the second year than in the
first year (refraction change: −0.23 D, 95% CI, −0.39 to −0.07,
P = 0.005; axial elongation: 0.09mm, 95% CI, 0.04–0.14, P =

0.003). However, high-dose atropine showed less efficacy in the
second year with a greater progression of refraction (refraction
change: 0.14 D, 95% CI, −0.05–0.33, P = 0.14) and significantly
more axial elongation (axial length change: −0.15mm, 95% CI,
−0.25 to −0.05, P = 0.003) than in the first year of treatment
(Figure 6).

Side Effects
A total of 17 studies reported the incidence of side effects. Table 3
showed the most frequently reported side effects of topical
atropine, including photophobia [388 of 1,757 (25.1%)], blurred
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FIGURE 4 | Effects of different doses of atropine on slowing axial elongation (mm/year).

near vision [144 of 1,633 (7.5%)], and allergic reaction [49 of
1,387 (2.9%)].

Photophobia

We found that all of the different concentrations of atropine
had a higher OR of photophobia relative to the control
(OR = 16.69, 95% CI = 5.37 to 51.9, eFigure 7A in
the Supplementary Material). Specifically, high-dose atropine
showed the highest OR for photophobia (OR= 163.57, 95% CI=
19.5–1,372.0), followed by moderate-dose atropine (OR = 8.63,
95% CI = 2.19–33.96), and low-dose atropine (OR = 6.04, 95%

CI = 1.39–26.23), showing an increase in the rate of this adverse
effect with dose escalation (χ2 = 6.83; P = 0.03 for subgroup
difference, eFigure 5A in the Supplementary Material). The
incidence of photophobia was statistically significant correlated
with the dose of atropine (r = 0.86; P = 0.001).

Blurred Near Vision

The OR for poor near visual acuity with low-, moderate- and
high-dose atropine was 17.45 (95% CI= 4.04–75.44), 20.52 (95%
CI, 6.12–68.86), and 39.65 (95% CI= 11.39–137.97), respectively
(eFigure 5B in the Supplementary Material).
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FIGURE 5 | Effects of different doses of atropine on refraction changes in the first and second years of treatment (diopters/year).

Allergy

The OR for allergies with low-, moderate, and high-dose atropine
was 1.27 (95% CI = 0.47–3.39), 1.28 (95% CI = 0.63–2.59), and
10.86 (95% CI = 2.95–40.04), respectively (eFigure 5C in the
Supplementary Material), revealing an increase in the rate of
this adverse effect with dose escalation (χ2 = 8.68; P = 0.01 for
subgroup difference).

Effects on Accommodation and Pupil Size
We summarized the effects of atropine on accommodation
amplitude in eFigure 6 in the Supplementary Material. A
significant effect on accommodative amplitudes was found
among groups receiving different doses of atropine, revealing
a smaller decline in accommodation amplitude with low-dose
atropine than with higher-dose atropine (−1.80 D for low-dose,
−2.7 D for moderate-dose, and −5.75 D for high-dose atropine;
P < 0.001).

As exemplified in eFigure 7 in the Supplementary Material,
there was no significant difference in pupillary enlargement
under photopic conditions with low-dose atropine compared
with moderate-dose atropine (P= 0.91). Meanwhile, the number
of studies examining changes in pupil size under mesopic

conditions was too small (only 1 study in each subgroup) to
evaluate the effect of atropine on pupil enlargement.

Evaluation of the Sensitivity, Regression
Analysis, and Publication Bias
We conducted sensitivity analyses on MD in refraction change,
excluding studies (1) published before 2000, (2) with baseline
mean refraction <-4D or (3) with a high risk of bias (eFigure 8
in the Supplementary Material). We noted that the conclusions
on the outcome did not change substantially after omitting
studies with significantly different characteristics. The potential
sources of heterogeneity were further explored through meta-
regression analysis (eTable 6 in the Supplementary Material).
While meta-regression analysis found ethnicity as the only
statistically significant moderator with greater effects on slowing
mypia progression in Asian than in white children (0.37, 95%
CI 0.04–0.70).

A funnel plot for publication bias test for the outcome showed
an asymmetric left-right distribution, indicating the possibility of
publication bias. Factors such as insufficient sample sizes and the
lack of reporting on negative results were the possible causes of
publication biases (eFigure 9 in the Supplementary Material).
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FIGURE 6 | Effects of different doses of atropine on axial elongation in the first and second years of treatment (mm/year).

TABLE 3 | Adverse events in the atropine groups vs control group during the

treatment of myopia in children.

Outcomes No. of

studies

No. of patients Odds Ratio

(95% CI)

I2

Photophobia 5 RCTs 388/1,757 vs.

15/2,325

16.69

(5.37–51.9)

70.7%

9 Cohort

Blurred

near vision

4 RCTs 144/1,633 vs. 0 17.16

(7.97, 36.95)

0

6 Cohort

Allergy 5 RCTs 49/1,387 vs.

21/1,483

2.24

(1.37–3.64)

77.0%

2 Cohort

DISCUSSION

In this meta-analysis, we compared the results from 12 RCTs and
15 cohort studies and confirmed that there was significantly less
myopia progression (MD = 0.70 D) and slower axial elongation
(MD = −0.21mm) in the atropine group than in the control
group. After excluding the study by Ji-sun et al. (43), we found
that the effectiveness of atropine was related to its dose, and this
was consistent with previous meta-analyses conducted in 2011
and 2020 (17, 55).

Moreover, different doses of atropine had a significantly lower
OR in children with rapid myopia progression (OR = 0.16, 95%
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CI = 0.11–0.23, eFigure 4A in the Supplementary Material)
and a significantly higher OR in children with slow myopia
progression (OR = 5.88, 95% CI = 3.86–8.95, eFigure 4B in the
Supplementary Material), which was consistent with Ha et al.
(18) and our previous meta-analysis published in 2014 (15).

Previous studies have demonstrated that most myopia
interventions, including multifocal lenses, orthokeratology, and
atropine, lost their effectiveness after the first year of treatment
(21, 23, 56). However, the review that concluded that the
treatment efficacy of atropine diminished over time relied on only
a single prospective study of low-dose atropine and moderate-
dose atropine, and therefore, the conclusion was preliminary
(56). Previous studies generally presented the treatment efficacy
of atropine at different time points as a cumulative effect
relative to baseline. Here, we broke down the treatment efficacy
into individual time segments to better illustrate the annual
myopia progression during the first year and the second year of
treatment. Our study suggested for the first time that the effects
of low-dose atropine showed better efficacy in slowing myopia
progression during the second year of treatment in protecting
both refraction and axial elongation, which was consistent with
the conclusion of ATOM2 study (19); moderate-dose atropine
showed no difference in efficacy in the second year compared
with the first year, and high-dose atropine showed less efficacy
during the second year. In addition, ATOM2 study reported that
compared with high-dose atropine, low-dose atropine showed
the smallest rebound effect after ceasing the treatment and ended
with the lowest myopic progression over the entire 3-year period
(19). Therefore, low-dose atropine showed a sustained effect on
inhibiting the progression of myopia in the long-term treatment.
Since axial elongation naturally slows with time, it is reasonable
to believe that the efficacy of high-dose atropine wanes over time.
However, it is difficult to know whether the observed reductions
in axial elongation with low-dose atropine during the second
year were simply a function of this deceleration in growth or a
change in the efficacy of atropine (21, 57). The treatment efficacy
of atropine should be further investigated with longer follow-
up. However, the control groups in many studies of atropine on
myopia control generally given a specific dose for 1–2 years and
then switched to other doses for ethical reasons, which makes
long-term follow-up more difficult.

Previously, few data were available for the quantitative
assessment of adverse effects of topical atropine, except the meta-
analysis conducted by Gong et al. (13) and Ha et al. (18), which
showed that a higher dose of atropine led to an increasing
number of adverse effects. Our results also demonstrated that
the side effects of atropine, such as photophobia was dose-
dependent. Due to the small number of reported literature on
some other side effects, such as systematic symptoms (58), decline
of cognitive function (59), meta-analysis cannot be done yet.
Among these, systematic symptoms and decline of cognitive
function have only been found in oral atropine drugs, whereas
topical atropine eyedrops could hardly enter the systematic
circulation by pressing the inner canthus while applying the
eyedrops. And a few clinical trials have shown that children who
used atropine eyedrops with 1 or 2 year follow-up periods did not
show dry eye symptoms (27, 36, 48), elevated intraocular pressure

(27), retinal photic injury (60, 61), though animal research found
that 1% atropine eyedrops 4 times a day could induce dry eye in
rabbits (62).

There have been several meta-analyses investigating various
doses of atropine treatment in myopia control. A previous meta-
analysis by Song et al. (55), Li et al. (15) and Gong et al. (13)
included only 6, 11, and 19 studies, respectively. Recently, a
network meta-analysis conducted by Ha et al. built up hierarchies
of atropine treatment in terms of efficacy and safety among the
8 concentrations (18). But the analysis included only 16 RCTs,
without comparing the treatment difference during the first year
and second year.

There are some limitations in the present study. First,
although this meta-analysis had established strict inclusion and
exclusion criteria, the heterogeneity was still high after using
the subgroup analysis. Because of insufficient data on some
concentrations, different doses of atropine were combined in
high dose and moderate dose studies in this meta-analysis,
which might be a source of heterogeneity. And RCTs and
cohort studies were combined to investigate the overall effects
of different doses, although cohort studies showed similar effects
to RCTs. Heterogeneity also result from ethnicity, since meta-
regression analysis found that atropine had greater effects on
slowing mypia progression in Asian than in white children.
We then conducted sensitivity analysis by omitting studies with
significantly different characteristics (the year of publication year,
baseline refraction, and quality of studies) and found that the
outcomes remained stable. However, the publication bias analysis
results showed that there might exist publication bias, so the
results should be interpreted with caution. Second, more than
half of the included studies did not report adverse reactions;
thus, the reports on adverse effects in the included studies were
not comprehensive. Third, the efficacy of atropine in our study
was reported during the treatment period, and the follow-up
periods significantly varied among the trials. Fourth, most of
the studies evaluated were conducted among Asians. Differences
between Asian and Caucasian individuals in their response to
interventions for myopia progression were significant (eFigure
3, eTable 6 in the Supplementary Material). Fifth, some of the
results were based on data from limited studies. For example,
the effects of different doses of atropine on refraction changes
in the first and second years of treatment, there were only 2
studies in some subgroups, so the results should be interpreted
with caution.

Despite the limitations mentioned above, the strength of
this study includes a comprehensive quantitative analysis of
both efficacy and safety on varying doses of atropine. This
will provide a valuable reference for the clinical application of
atropine since large clinical trials for comparison of all atropine
doses are unlikely to be carried out. The ideal dose of atropine
in myopia control should balance efficacy and safety with the
best risk/benefit ratios. In this study, low dose atropine (0.01%)
demonstrated valid efficacy in retarding refraction changes and
axial elongation relative to the control group with minimal side
effects and showed better efficacy in a longer follow-up period.
Thus, 0.01% atropine should be advocated in the treatment for
slowing myopia progression.
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CONCLUSIONS

This meta-analysis suggests that both the efficacy and the adverse
effects of atropine eyedrops are dose-dependent and that the
efficacy of high-dose atropine on slowing myopia progression
was reduced after the first year of treatment, whereas low-dose
atropine may have better efficacy in a longer follow-up period.
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Dry eye is currently one of the most common ocular surface disease. It can lead to

ocular discomfort and even cause visual impairment, which greatly affects the work and

quality of life of patients. With the increasing incidence of dry eye disease (DED) in recent

years, the disease is receiving more and more attention, and has become one of the hot

research fields in ophthalmology research. Recently, with the in-depth research on the

etiology, pathogenesis and treatment of DED, it has been shown that defects in immune

regulation is one of the main pathological mechanisms of DED. Since the non-specific

and specific immune response of the ocular surface are jointly regulated, a variety of

immune cells and inflammatory factors are involved in the development of DED. The

conventional treatment of DED is the application of artificial tears for lubricating the ocular

surface. However, for moderate-to-severe DED, treatment with anti-inflammatory drugs

is necessary. In this review, the immunomodulatory mechanisms of DED and the latest

research progress of its related treatments including Chinese medicine will be discussed.

Keywords: inflammation, signaling pathways, immunomodulatory therapy, traditional Chinese medicine, dry eye

disease

INTRODUCTION

The global prevalence of DED is 5 to 50%, and it increases linearly with age, with a higher
prevalence among Asians (1–4). Common symptoms of DED include dryness of eye, foreign
body sensation, burning sensation, itching, photophobia, eye redness, blurred vision, fluctuating
vision and visual fatigue. In severe cases, corneal epithelial peeling, filiform adhesion and
keratoconjunctival lesions can also occur. Traditionally, DED is defined as a disorder of the eye
caused by tear film instability and ocular surface damage due to abnormal tear quality or quantity.
In 2017, the TFOS DEWS II Working Group of the Tear Film and Ocular Surface Society (TFOS
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DEWS II) defined DED as a disorder of the ocular surface with
a loss of tear film homeostasis and ocular symptoms caused
by tear film instability, increased osmolarity, ocular surface
inflammation, damage to the ocular surface and neurosensory
abnormalities (5).

The ocular surface (cornea, conjunctiva and meibomian
glands), the lacrimal gland, and the neural connections between
them together form the Lacrimal Functional Unit (LFU), which
regulates tear secretion, tear film formation and maintains the
health of the ocular surface (6). Structural or functional damage
to any component of the LFU can disrupt the integrity and
function of the tear film, leading to dry eye disease (DED).
Although the pathogenic mechanisms of DED has not been
fully elucidated, ocular surface inflammation in DED becomes
an important focus. Therefore, there have been relatively more
studies investigating the roles of immune factors such as ocular
surface inflammatory cells and inflammatory mediators in DED
in recent years.

IMMUNOMODULATION OF DRY EYE
DISEASE

Immune Response
Both innate and adaptive immunity are tightly regulated in
the ocular surface environment to protect and maintain ocular
surface homeostasis (7). When this immune homoeostasis is
being disrupted, it can lead to DED (8–12). Ocular surface
immune responses, involving the participation of helper T
(Th), memory T and regulatory T (Treg) lymphocytes, usually
occur on the surface of the cornea, including the ocular
tissues and regional lymph nodes (13). Innate immunity, also
known as intrinsic immunity or nonspecific immunity, is
gradually developed by organisms during long-term evolution.
It is the body’s front-line defense against pathogen invasion
and can initiate and interact with adaptive immunity. Innate
immune cells include monocytes, macrophages, neutrophils,
dendritic cells, natural killer cells (NK cells), γδ T lymphocytes,
etc. (14–16). Adaptive immunity, also known as acquired or
specific immunity, is highly specific to a particular pathogenic
microorganism (17). Innate immunity and adaptive immunity
are complementary and inseparable (Table 1) (34). Unlike
other mucosal surfaces, the ocular surface microenvironment is
continuously exposed to the environmental factors and helps to
monitor the invasion ofmicroorganisms, contaminants, allergens
and other harmful substances. The immune system respond

Abbreviations: APC/mAPC, antigen presenting cell/mature antigen presenting

cell; AQP, aquaporin; BUT, break-up time; CsA, cyclosporine A; CCL, CC

chemokine ligand; CXCL, C-X-C motif chemokine ligand; DED, dry eye disease;

ERK, extracellular regulated protein kinase; ICAM-1, intercellular adhesion

molecule 1; IFN-γ, interferon-γ; IL, interleukin; JNK, jun N-terminal kinase; LFA-

1, lymphocyte function associated antigen 1; LFU, lacrimal functional unit; MAPK,

mitogen-activated protein kinase; MGD, meibomian gland dysfunction; MHCII,

major histocompatibility complex class II; MMP, matrix metalloproteinase; NF-

κB, nuclear transcription factor-κB; NK cells, natural killer cells; NLRP3, NLR

family pyrin domain containing 3; NSAIDs, non-steroidal anti-inflammatory

drugs; PRR, pattern recognition receptor; TCM, Traditional Chinese Medicine;

TGF, transforming growth factor; Th, T helper; TLR, Toll-like receptor; TNF-α,

tumor necrosis factor-α; Tβ4, thymosin β4.

TABLE 1 | Cell populations present in innate and adaptive immune responses in

dry eye disease.

Immune

response

Cell type Related indicators that DED

individuals differ from healthy

individuals

Reference

Innate

response

neutrophils IL-1β↑ IL-6↑ MMPs↑ CXCL1↑ (18)

macrophages CD68+ macrophages↑ IL-18↑

iNOS↑

(19–21)

NK Cells IL-4↑ IL-5↑ IL-13↑ IFN-γ↑ (22–24)

eosinophils Infiltration (not exist in normal

eyes)↑ Th2 inflammation↑

(25)

Adaptive

response

CD4+ T cells Intercellular adhesion molecule 1

(ICAM-1)↑ CXCL11↑ CD4+ T

cells infiltration↑

(26, 27)

CD8+ T cells ICAM-1↑ CD8+ T cells↑ (28)

Th17 IL-6↑ IL-23R↑ IL-21↑ IL-22↑

TGFβ2↑ IL-17↑ CCR6↑ CXCR3↑

(29, 30)

B cells Cell population and

numbers—IL-17↑

(31–33)

accordingly to the acute or chronic nature of the invasion process
of the ocular surface in DED (Figure 1).

Innate Immune Response of the Ocular
Surface
Barrier and Inflammatory Signals
A key function of the innate immune system is to provide a
physical barrier between the eye and the external environment,
and thus to prevent the microbial attachment and toxins from
crossing the surface epithelium. Components responsible for this
function include mucins in the tear fluid, glycocalyx, corneal
and conjunctival epithelium, and a series of anti-microbial
defense proteins (lactoferrin, lysozyme, lipid transport proteins,
tripeptides, defensins) (35).

Existing studies have shown that a large number of
lymphocytes infiltration can be seen in the lacrimal gland and
conjunctival tissue of dry eye patients (36). The infiltrated
inflammatory cells produce pro-inflammatory cytokines. The
secretion of natural anti-inflammatory factors (lactoferrin) in the
tear fluid is reduced, and the scope of inflammation is gradually
expanded (37, 38). At present, the pathogenic mechanism of
dry eye has not been fully elucidated, but inflammation is
closely related to the occurrence and development of the dry
eye. Inflammation can affect the stability of the tear film on
the ocular surface, thereby increasing the tear osmotic pressure
(39). These changes further induce damage to the ocular surface
and initiate an inflammatory cascade of innate and adaptive
immune responses.

In 2007, the international dry eye workshop (DEWS)
introduced the increase in tear osmotic pressure into the concept
of dry eye, indicating that the increase in tear osmotic pressure is
an important feature of dry eye pathological damage. Tomlinson
et al. (40) used an osmotic pressure exceeding 316 mOsm/L as
the diagnostic criteria for dry eye, and found that the sensitivity
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FIGURE 1 | The immunoinflammatory response of the ocular surface in dry eye disease. Desiccating, oxidative and hyperosmolarity stress activate cell signaling

pathways at the ocular surface, which leads to the production of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) and matrix metalloproteinase (mainly MMP9).

These factors promote the maturation of antigen-presenting cells and allow mature antigen-presenting cells to migrate to the lymph nodes through the afferent

lymphatic vessels. In the lymph nodes, mAPCs induce effector T cells (Th 1 and Th17) and recruit them to migrate to the ocular surface. Meanwhile, mAPCs activate

the NLRP3 inflammasome, promotes the secretion of IL-1β and IL-18, and further aggravates the ocular surface inflammation. MAPK, mitogen-activated protein

kinase; JNK, Jun N-terminal kinase; ERK, extracellular regulated protein kinase; NF-κB, nuclear transcription factor-κB; MMPs, matrix metalloproteinases; TNF-α,

tumor necrosis factor-α; IL, interleukin; IFN-γ, interferon-γ; NLRP3, NLR family pyrin domain containing 3; TGF-β, transforming growth factor β; Th, T helper; Treg,

regulatory T cell; LFA-1, lymphocyte function associated antigen 1; ICAM-1, intercellular adhesion molecule 1; APC, antigen presenting cell; mAPC, mature antigen

presenting cell; ASC, apoptosis speck-like protein.

and specificity were 59 and 94% respectively. Suzuki et al. (41)
evaluated the symptoms and signs of 19 dry eye patients and
found that the increase in tear osmotic pressure was highly
correlated with the severity of dry eye. Increased tear osmotic
pressure in patients with dry eye can induce ocular surface
inflammation. VanDerMeid et al. (42) found that increased
tear osmotic pressure is positively correlated with cytokines
(IL-1α, IL-6, TNF-α) and matrix metalloproteinase 2, 9 and
10. The hyperosmotic state of DED can disrupt this defense
system by activating various signaling pathways; for instance,
mitogen-activated protein kinase (MAPK), c-Jun N-terminal
kinases (JNKs), extracellular regulated protein kinases (ERKs)
pathways and in particular, the p38 pathway, which in turn
activates nuclear transcription factor-κB (NF-κB), leading to
the release of interleukin (IL)-1 and tumor necrosis factor-
α (TNF-α). This inflammatory mechanism can then induce
the release of other downstream mediators and the activation
of cellular signaling that amplify inflammatory response (43,
44). In addition, the activation of pathogen-related pattern
recognition receptors (PRR) is also involved in the inflammatory

response of DED (45). In innate immune cells, Toll-like receptors
(TLRs)-3,7 & 9 and RNA sensors-mediated signaling can lead
to the activation of inflammatory caspases within signaling
platforms called inflammasomes, with subsequent maturation
and secretion of a variety of pro-inflammatory cytokines such as
IL-1β and IL-18 [38].

Inflammatory Mediators
The expression of inflammatory IL-1β, TNF-α and IL-6 of
the ocular surface epithelium is critical for the inflammatory
response in DED. Knockdown of IL-1 receptors in mice results in
a significant reduction in inflammatory factors produced by the
cornea and conjunctiva (46). In the ocular surface, chemokines
such as CC chemokine ligand (CCL)3, CCL4, CCL5, CXCL9,
C-X-C motif chemokine ligand (CXCL)10 and CX3CL1 can
recruit macrophages, dendritic cells, neutrophils, activate T cells
and upregulate the corresponding chemokine receptors (47, 48).
Another key factor is the expression of intercellular adhesion
molecule 1 (ICAM-1) in corneal and conjunctival epithelium,
which binds to its ligand lymphocyte function associated antigen
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1 (LFA-1) at sites of inflammation and lymph (49). Innate
and adaptive immune responses occur in different regions of
the ocular surface, but they share common key molecular
interactions that promote cell migration. The interaction between
ICAM-1 and LFA-1 is critical for immune cell proliferation and
infiltration, and can be a potential therapeutic target.

The cells involved in the innate immune response in DED
are mainly neutrophils, NK cells and monocytes/macrophages.
Neutrophils constitute the first line of defense for the host
innate immune response. Although they are low in number
in the normal conjunctiva, they are abundant on the ocular
surface of patients with severe aqueous-deficient dry eye (50).
Neutrophil depletion leads to the increased CD4+ Th cell
activation and the increased extent of corneal staining, suggesting
that neutrophils may play certain protective role (51). A recent
study has suggested that NK cells may play an important
role in the pathogenesis of DED (22). The recruitment or
activation of NK cells at the ocular surface enhances the
production of inflammatory cytokines such as interferon-γ (IFN-
γ), IL-6 and Th17-related IL-17, which stimulate macrophages,
antigen presenting cells (APC) and autoreactive T lymphocytes.
IFN-γ is responsible for T helper 1 (Th1) cell activation
and differentiation, and can cause cell-mediated conjunctival
epithelial damage and goblet cell loss (26). Monocytes infiltrated
to the conjunctiva can be differentiated into two subtypes
of macrophages: M1 cells associated with pro-inflammatory
responses and M2 cells responsible for immunoregulation.
Studies have shown that DED mainly induces the differentiation
ofmonocytes toward theM1 phenotype (52). The innate immune
system also includes γδ T cells and the complement system. The
γδ T cells are often present near epithelial cells, and they can
produce IL-17 at the ocular surface, but their specific role for
DED remains unknown. Studies on the role of complement in
ocular surface inflammation in DED have been limited to the
observations in animal models, where nudemice receiving serum
from mice with DED can develop DED with the recruitment
of inflammatory cells and production of cytokines induced by
complement C3a/C5a and C3b/C5b activation (53). In addition
to the above factors, inflammatory mediators associated with
DED include IL-2, IL-4, IL-5, CXCL8, matrix metalloproteinase
3, macrophage inflammatory protein 2, epidermal growth factor,
lactoferrin, transforming growth factor (TGF), mucin MUC5AC
and S100 protein. Changes in these inflammatory factors can be
detected in the ocular surface of DED patients. Most of the above
inflammatory factors are found in dry syndrome type of DED and
the changes are more pronounced on the ocular surface (54).

Adaptive Immune Response of the Ocular
Surface
The presence of CD4+ Th cells on the ocular surface in DED
and the efficacy of topical cyclosporine in treating ocular surface
inflammation provide valid evidence for the involvement of
the adaptive immune response in DED. Adaptive immunity
mainly involves the production and recruitment of effector T
cells (55, 56). The initiation of an adaptive immune response
requires antigens at the site of inflammation to be processed

and presented by APC, which then migrate to the lymphoid
tissue to activate and induce the proliferation of specific effector
T cells (57). Although the antigen that initiates this response
remains unknown, study has suggested that the expression
of autoantigens is critical for triggering the inflammatory
epithelial lesions in DED (58). Since the ocular surface in
inflammatory states is characterized by the upregulation of
major histocompatibility complex class II (MHCII) and other
stimulatory signals (IL-6 and IL-17 etc.), the recruitment of
activated T cells to the conjunctiva and cornea of patients with
DED may be an alternative pathway for antigen presentation
in the adaptive immune response (53). After mature APC and
CD4+ T cells combine in the lymph nodes through immune
synapses (59), they secrete IL-6, IL-12, IL-17, IL-23, TGF-β
and IFN-γ, together with pro-inflammatory cytokines from the
corneal epithelial cells, promote the differentiation of CD4+
T cells into Th1, T helper 2 (Th2), T helper 17 (Th17) and
Treg cells (60). Effector T cells then undergo migration and
recruitment to the conjunctival stroma (61) for the activation
of residual APC, in turn induce the damage to the ocular
surface epithelium and dysfunction through the release of
inflammatory cytokines IL-1β, TNF-α and IL-6 (62–65). Th1
and Th17 are the main Th lymphocyte subsets that account
for ocular surface dysfunction (66, 67). IFN-γ secreted by Th1
cells promotes the apoptosis of ocular surface epithelial cells and
the loss of conjunctival goblet cells (68, 69). IL-17 secreted by
Th17 cells promotes corneal epithelial cells and fibroblasts to
produce matrix metalloproteinases (MMPs), which leads to the
destruction of the corneal epithelial barrier and further damage
of the ocular surface (70–72).

Although the spleen is the primary lymphoid tissue
responsible for intraocular immune regulation, its role in
ocular surface inflammation is not predominant. The role of the
thymus in the regulation of ocular surface immune responses is
unknown. However, animal models of DED and the observation
of the ocular surface status of patients with graft-vs.-host
disease causing thymic damage prior to hematopoietic stem
cell transplantation suggest that the central tolerance regulated
by the thymic environment is important for ocular surface
immunity (73). Conjunctival-associated lymphoid tissue that
reaches the epithelial cell surface will respond according to local
antigen exposure to form germinal centers, which can take part
in mucosal tolerance as well as immune defense against ocular
surface inflammation (74).

Pyroptosis
Pyroptosis, also known as cellular inflammatory necrosis, is
a newly discovered form of cell death that is important to
innate immune response. It is manifested by the continuous
expansion of cells until the cell membrane ruptures, leading to
the release of cellular contents and thus the activation of an
intense inflammatory response (75). Cell death is dependent on
caspase-1 and its PRR, NLR family pyrin domain containing
3 (NLRP3) inflammasome, which cleaves the inactive caspase-
1 precursor to be active caspase-1 (76). Caspase-1 can induce
cell membrane perforation to cause cell lysis and death, with
the subsequent release of intracellular materials through the
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disrupted cell membrane to induce an inflammatory response.
Caspase-1 can also cleave the IL-1β and IL-18 precursors to
produce and secrete the active mature IL-1β and IL-18. IL-18
then induce the synthesis and release of other inflammatory
cytokines and amplify local and systemic inflammatory responses
(77). It has been demonstrated that the expression of mRNA and
protein of NLRP3, caspase-1, IL-1β and IL-18 is elevated in the
ocular surface of patients with DED (78).

The Meibomian Gland and the Immune
Response
A distinguishing feature of the human meibomian gland
is its resistance to inflammation and infection. When
keratoconjunctival epithelial cells are exposed to bacterial
toxins, they cause the significant upregulation of immune-
related genes, cytokine and chemokine expression, TLR signaling
pathways, and inflammatory and immune responses. However,
epithelial cells of the meibomian gland do not upregulate
pro-inflammatory gene expression and TLR signaling upon the
exposure to bacterial toxins (79), leading to the speculation that
the meibomian gland may have inherent anti-inflammatory and
anti-infective factors. The most highly expressed gene in the
meibomian gland is the leukocyte-associated immunoglobulin-
like receptor, an inhibitory receptor that inhibits immune cell
activation and reduces the production of pro-inflammatory
cytokines (80). Moreover, the immunoglobulin-like receptor
gene expression is upregulated upon epithelial cell differentiation
in the human meibomian gland (81). Recently, researchers
have also found that human meibomian gland epithelial cell
lysates inhibit the growth rate of gram-negative bacteria and
pseudomonas aeruginosa (57).

Immunoinflammatory Pathways Induced
by Desiccating Stress
Ocular surface desiccating stress can induce autoreactive T
cells. When the patient has immunodeficiency, it can cause
Sjogren’s syndrome-like inflammation in the lacrimal gland,
cornea and conjunctiva, but it does not interfere with other
organs (82). The desiccating stress acting on the ocular surface
activates intracellular signal transduction pathways as a trigger
condition to release pro-inflammatory factors that promote the
maturation and activation of immature APC. The infiltration of
APC to lymph nodes through lymphatic vessels, together with
the subsequent migration of Th1 and Th17 cells to the ocular
surface. IFN-γ and IL-17 together exert pathogenic properties
and cause squamous metaplasia of ocular surface epithelial cells.
IFN-γ decreases goblet cell differentiation and IL-17 disrupts
corneal epithelial barrier function, while IFN-γ and IL-17
also enhance the production of pro-inflammatory cytokines,
chemokines, MMPs, cell adhesion molecules and vascular
endothelial growth factor. These inflammatory mediators again
promote the maturation and migration of APC. This creates
a vicious cycle of inflammation that ultimately leads to the
destabilization of the ocular surface and tear film, as well as an
increase in tear osmolarity (83, 84).

ANTI-INFLAMMATORY TREATMENT FOR
DRY EYE DISEASE

The complications of dryness in DED may vary from a serious
abnormal feeling sensation to contact lens intolerance (85).
Currently, the methods of treating DED worldwide mainly
include the application of ocular surface lubricants to protect
the mucous membrane and the use of anti-ocular surface
inflammation drugs, punctual plug placement to reduce tear loss,
and physical therapy of the eyelids to restore the meibomian
glands (86). However, various methods can only reduce but not
completely eliminate the symptoms of DED. Artificial tears (87),
silicone eye shields (88), gas lenses (89) and corneal contact lenses
(90) are the basic treatment for DED, but in moderate-to-severe
DED with ocular surface inflammation, anti-inflammatory and
immunosuppressive treatments are essential (Table 2) (128).

Tetracycline and Its Derivatives
Tetracycline and its derivatives are broad-spectrum antibiotics
with anti-inflammatory properties. Tetracycline can reduce the
activity of collagenase and phospholipase A2, inhibit the activity
of MMP-9 in the ocular surface tissues, and downregulate
the expression of inflammatory cytokine IL-1β and TNF-α.
Doxycycline and minocycline are commonly used ocular surface
anti-inflammatory drugs, they are both tetracycline derivatives.
In an experimental mouse model of DED, topical application
of doxycycline has soothing effects, function as a barrier to
the corneal epithelium and reduces ocular surface inflammation
(129). Tetracycline and its derivatives are commonly used in
the treatment of DED caused by meibomian gland dysfunction
(MGD) and blepharitis. There is no consensus standard dosage
at present, but doctors can make adjustments on the dosage
according to the patient’s condition.

Non-steroidal Anti-inflammatory Drugs
(NSAIDs)
Non-steroidal anti-inflammatory drugs overcome the defects
of many adverse reactions and strong drug dependency of
corticosteroid drugs. NSAIDs such as ketorolac tromethamine
can inhibit the activity of cyclooxygenase, block the synthesis
of prostaglandin, reduce the migration and phagocytosis of
granulocytes and monocytes, and achieve the purpose of
controlling ocular surface inflammation. However, for DED
caused by autoimmune diseases such as Sjogren’s syndrome, the
immunomodulatory activity of NSAIDs is much lower than that
of glucocorticoids (130). Moreover, some NSAIDs have reduced
corneal sensitivity in both normal subjects and patients withDED
(131). Therefore, NSAIDs are not recommended for patients with
mild DED dominated by environmental factors (low humidity
and smoke exposure, etc.) (132).

Pranoprofen is a propionic acid-derived NSAID that can
relieve the symptoms of DED. It is currently used widely in
ophthalmology clinics. Liu et al. (99) found that the combination
of pranoprofen and sodium hyaluronate can quickly control
the symptoms of DED, effectively stimulate the secretion of
tears, and achieve significant clinical effects. It may be related
to the fact that pranoprofen reduces the level of inflammatory
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TABLE 2 | Anti-inflammatory and immune-related therapeutics associated with dry eye disease.

Group Drug name Clinic/Trail

dosage

Administration

method

Properties Reference

Antibiotics Azithromycin 1% Topical

administration

good tolerance, alleviate symptoms of dry eye

and restore tear film

(91, 92)

Tetracycline 0.05% Topical

administration

inhibit MMPs, downregulate inflammatory

cytokines, and promote the recovery of

meibomian gland function

(93)

Doxycycline 0.03% Topical

administration

downregulate IL-1β, IL-6 and MMPs

significantly, alleviate symptoms of dry eye,

improve meibomian gland function

(18, 94, 95)

100mg Oral

administration

Minocycline 50mg,

100mg

Oral

administration

inhibit the growth of bacteria, improve the

MGD, but reduce the secretion of tear volume

(94, 96)

Non-steroidal

anti-inflammatory drugs

(NSAIDs)

Ketorolac

tromethamine

0.40% Topical

administration

downregulate inflammation, suitable for ocular

infections caused by allergic conjunctivitis and

inflammation after various ophthalmic

operations

(97, 98)

Pranoprofen 0.10% Topical

administration

relieve dry eye symptoms, reduce inflammatory

factors, good tolerance

(99, 100)

Diclofenac 0.10% Topical

administration

improve dry eye symptoms, reduce

inflammation, good absorption

(101, 102)

Phospho-sulindac

(OXT-328)

0.05%-1.6% Topical

administration

suppress NF-κB pathway, inhibit IL-6, CXCL8

and MMPs activity

(103, 104)

Flurbiprofen 0.03% Topical

administration

reduce inflammation, inhibit the expression of

IFN-γ and TNF-α, and relieve dry eye

symptoms

(105)

Nepafenac 0.10% Topical

administration

inhibits cyclooxygenase 2, has no obvious

effect on the production of inflammatory factors

and tears, and is not suitable for severe dry eye

(106, 107)

Bromfenac 0.10% Topical

administration

reduce inflammation, good tolerance, will not

affect eye sensitivity and tear secretion

(108, 109)

Glucocorticoids Methylprednisolone 0.10% Topical

administration

improve dry eye symptoms, reduce tear

osmotic pressure, and inhibit the expression of

pro-inflammatory cytokines

(110, 111)

Dexamethasone 0.10% Topical

administration

downregulate IL-1β, IL-6 and MMPs

significantly, alleviate the symptoms of dry eye,

stabilize tear film and improve MGD

(18, 112)

Fluorometholone 0.10% Topical

administration

activate glucocorticoid receptors, relieve dry

eye symptoms, reduce the deterioration

caused by desiccating stress and enhance the

expression of mucin

(113–115)

Loteprednol 0.25% Topical

administration

relieve dry eye symptoms, good tolerance,

stabilize tear film

(116, 117)

Immuno-suppressants Cyclosporine A 0.05% Topical

administration

inhibit the expression of pro-inflammatory

cytokines, improve anti-inflammatory activity,

alleviate dry eye symptoms and stabilize tear

film

(118, 119)

Tacrolimus 0.01%,

0.03%

Topical

administration

improve ocular surface condition and tear

secretion, relieve dry eye symptoms, suitable

for dry eyes caused by Sjogren’s syndrome

(120, 121)

Voclosporin 0.20% Topical

administration

inhibit the expression of pro-inflammatory

cytokines, relieve the symptoms of dry eye and

reduce the loss of goblet cells

(122, 123)

LFA-1 antagonists Lifitegrast 5% Topical

administration

inhibit the activation and proliferation of T

lymphocytes, reduce the release of

inflammatory mediators and relieve the

symptoms of dry eye

(124, 125)

Thymosin β4 RGN-259 0.10% Topical

administration

significantly alleviate the symptoms of dry eye,

with a larger safety window, with no side effects

(126, 127)
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mediators and prevents the accumulation of leukocytes in eyes.
Diclofenac sodium is a typical non-steroidal anti-inflammatory
drug, which has antipyretic, analgesic and anti-inflammatory
effects to improve vision, reduce photophobia and alleviate the
clinical symptoms of DED. It can be completely absorbed, with
full infiltration into the eye tissue after 30min of medication
(133). Studies have shown that diclofenac eye drops combined
with sodium hyaluronate in the treatment of DED can improve
eye symptoms significantly, with good safety without irritation
and induction of infection upon long-term use (101). Bromfenac
sodium eye drops have good penetrability, the abilities to
maintain the blood concentration of the ocular surface for a long
time and improve the inflammatory response of patients with
DED (108). It has been shown that while bromfenac sodium eye
drops not only relieve the symptoms of DED but also promote the
improvement of the patient’s lacrimal gland function and prevent
the development of inflammation (134).

Glucocorticoids
Glucocorticoids have a rapid onset of action, including
the inhibition of the inflammatory factor production,
downregulation of pro-inflammatory mediator IL-1 and
TNF-α by inhibiting the NF-kB signal pathway, and induction
of lymphocyte apoptosis. Methylprednisolone is a synthetic
corticosteroid and Methylprednisolone (1%) can inhibit the
expression of MMP-9 and MAPK activity in the corneal
epithelium of mice with DED. The use of glucocorticoids for 2–4
weeks can significantly improve the symptoms of DED, but its
long-term use can cause complications such as high intraocular
pressure and cataracts (135).

Flumetholone is a glucocorticoid drug with a high rate
of clinical use. Flumetholone can effectively neutralize
inflammatory mediators, improve non-infectious inflammatory
symptoms, and decrease lymphocytes and macrophages
activation, thereby enhancing the anti-inflammatory effect.
Fluorometholone eye drops (0.1%) is safe and has low
incidence of adverse effects (136). Loteprednol is a new type of
glucocorticoid drug (137) that has recently been approved by the
FDA for the treatment of short-term DED (138). Loteprednol
can fully exert therapeutic effects in DED by inducing the
inhibition of phospholipase A. Loteprednol has low toxicity with
high fat-solubility and good corneal permeability.

Korenfeld et al. (139) found that loteprednol has a significant
clinical effect in the treatment of moderate-to-severe DED. For
examples, it can effectively improve dry eye symptoms, promote
the recovery of corneal damage and stabilize the tear film of
DED patients.

Immunosuppressants
Cyclosporine A (CsA), an immunosuppressant, is a fungal
metabolite that inhibits Th1-related IL-2 activation. It has
been used in anti-rejection therapy for organ transplantation,
autoimmune diseases, local allergy, corneal limbal stem cell
dysfunction and autoimmune uveitis. CsA (0.05%) was approved
by the FDA in 2003 for the treatment of moderate-to-severe
DED (140), as it can reduce inflammatory cells and inflammatory
mediators on the ocular surface, inhibit the apoptosis of
lacrimal cells and conjunctival goblet cells, promote lymphocyte

apoptosis, and reduce the ocular surface inflammatory response.
It has been shown that CsA eye drops combined with vitamin
A can significantly increase the amount of tear secretion in
dry eye rats, prolong the tear film rupture time, and alleviate
the apoptosis of corneal cells (141). Tacrolimus is a new
type of immunosuppressant with the same action as CsA, but
with stronger anti-inflammatory effects and fewer side effects
than CsA. It has been shown that tacrolimus can effectively
alleviate the pathological changes of conjunctival epithelial
cell hyperplasia and goblet cell reduction caused by Sjogren’s
syndrome in mice (142). Moscovici et al. (120) used tacrolimus
(0.03%) to treat patients with Sjogren’s syndrome, suggesting
that tacrolimus in the form of eye drops may have positive
effects when administered locally for treating severe autoimmune
DED caused by Sjogren’s syndrome. It has also been shown that
tacrolimus is effective in treating dry eyes caused by Sjogren’s
syndrome, Stevens-Johnson syndrome, graft-vs.-host disease and
diabetes (140, 143).

LFA-1 Antagonists
The main ligand of LFA-1 is ICAM-1, which is expressed on the
cell surface of endothelial cells, epithelial cells and APC (144).
The binding of LFA-1 to ICAM-1 is known as the “immune
synapse” and is the key step in T-cell activation. Lifitegrast is
a new type of small molecule T lymphocyte inhibitor, which
can effectively suppress the migration of APC, as well as the
migration and recruitment of T lymphocytes to the ocular
surface by inhibiting the interaction between LFA-1 and ICAM-1
(145). Lifitegrast is structurally similar to ICAM-1 and acts as a
competitive antagonist to block LFA-1 and ICAM-1 binding and
hence reduce the release of inflammatory factors (145). Lifitegrast
(5%) reduces dry eye scores and ocular discomfort with a good
safety and tolerability profile (146). Experimental studies have
shown that Lifitegrast can inhibit the levels of IL-1β, IFN-γ and
IL-10, and can increase the number and spread of conjunctival
goblet cells (147). It was approved by the FDA in 2016 to be a
novel drug for the treatment of DED (146).

Thymosin β4
RGN-259 is a natural polypeptide composed of 43 amino
acids, which is the main protein of wound repairing cells
(platelets, macrophages and polymorphonuclear cells) (148). For
the treatment of DED and neurotrophic keratopathy, RGN-259
is a new preservative-free peptide eye drops with Thymosin β4
(Tβ4) as the active ingredient developed by RegeneRx. Preclinical
studies have shown that Tβ4 can promote the migration of
corneal epithelial cells, increase cell-interstitial contact, reduce
cell apoptosis and reduce corneal inflammation. The Phase II
clinical trial (ARISE-2) ended in October 2017 showed that RGN-
259 (0.1%) provides ocular comfort, is safe and highly tolerable
(149). The symptoms of DED were significantly improved 15
days after treatment, and corneal staining was also significantly
improved 15 days and 29 days after treatment (150).

Biological Agents
In recent years, several biological agents have also been shown to
reduce ocular surface inflammation, improve dry eye symptoms
and corneal staining. These biologicals include lubricating
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agents, recombinant human nerve growth factor, IL-1 receptor
antagonists, anti-TNF-α agents, anti-IL-17 agents, calcitonin
gene-related peptides and neuropeptide Y (140). Although many
biologic agents have been thoroughly studied in animal models,
clinical studies in humans are still scarce and human clinical
trials with randomized, double-blind and placebo-controlled
Good Clinical Practice are needed to further evaluate their
therapeutic effects.

Traditional Chinese Medicine (TCM)
China has a long history of using traditional Chinese medicine
to treat DED. Long-term clinical practice has confirmed that
TCM has a pronounced systemic therapeutic effect on DED.
In recent years, in-depth research has also proven the multi-
targeted efficacy of TCM extracts in treating a variety of DED

endotypes. The reported TCM for the treatment of the dry eye
disease is summarized in the Table 3. Zhang et al. investigated
the effect of extracts of Bidens pilosa L. on tear secretion in dry
eye rats induced by finasteride, they found that Bidens pilosa
L. extracts could increase tear production and prolong breakup
time (BUT). Moreover, Bidens pilosa L. extracts can increase
the tear film stability, inhibit the inflammatory response of the
lacrimal gland and reduce the pro-inflammatory cytokines (151).
A series of animal experiments confirmed that the extract of
Buddleja offcinalis is effective for the treatment of rabbit dry
eye model, and the extract of Buddleja offcinalis has the effect
of inhibiting the expression of inflammatory cytokines TNF-α
and IL-1β. The extract of Buddleja offcinalis can significantly
improve the pathological changes of the lacrimal gland tissue,
increase the production of tears and the stability of the tear film.

TABLE 3 | Traditional Chinese medicines used for the treatment of the dry eye disease.

Scientific name Family Part used Form of extract Properties Reference

Bidens pilosa L. Asteraceae leaves water extract Alleviate the symptoms of dry eye (the BUT and

tear quantity), downregulate the

pro-inflammatory cytokines IL-1β and TNF-α

(151)

Buddleja officinalis Maxim. Scrophulariaceae flower buds ethanol extract Inhibit the apoptosis of lacrimal gland cells,

promote the secretion of tears and maintain the

stability of the tear film, downregulate apoptotic

factors Bax and Fas

(152, 153)

Chrysanthemum ×

morifolium Ramat

Asteraceae flower buds total flavonoids Inhibit the apoptosis of lacrimal gland cells,

promote the secretion of tears and maintain the

stability of the tear film, downregulate apoptotic

factors Bax and Fas

(154, 155)

Cornus officinalis Sieb. et

Zucc.

Cornaceae fruits water extract Alleviate the symptoms of dry eye, increase

tear secretion and promote anti-inflammatory

effect, inhibit expression of IL-1β, IL-6 and

TNF-α in conjunctiva and cornea

(156)

Houttuynia cordata Thunb. Saururaceae cauline leaves water extract Improve the symptoms of dry eye (the BUT and

tear quantity), suitable for mild-to-moderate

MGD-related DED

(157)

Polygonum cuspidatum

Sieb.et Zucc.

Polygonaceae root and

rhizome

polydatin, water

extract

Increase tear secretion, repair corneal damage,

improve BUT, reduce goblet cell loss, inhibit the

expression of pro-inflammatory cytokines and

NLRP3

(158–160)

Prunella vulgaris L. Lamiaceae fruit-spike water extract Inhibit IL-1β, TNF-α and ICAM-1 in conjunctival

epithelial cells, suitable for menopausal women

with dry eye syndrome

(161)

Hippophae rhamnoides L. Elaeagnaceae fruits and seeds oil extract Maintain the tear film osmolarity, promote tear

secretion, inhibit inflammatory cytokines in the

lacrimal gland

(162–164)

Prunus armeniaca L. Rosaceae seeds water extract Promote tear secretion, stabilize the ocular

surface, increase the expression of mucin,

suppress pro-inflammatory cytokines IL-6 and

TNF-α

(165, 166)

Rhynchosia volubilis Lour. Fabaceae seeds ethanol extract Improve the symptoms of dry eye (the BUT),

downregulate Bax

(167)

Lycium barbarum L. Solanaceae fruits water extract Alleviate the symptoms of dry eye (the BUT and

tear quantity), inhibit oxidative stress and

inflammation

(168–170)

Dendrobium officinale

Kimura et Migo

Orchidaceae stems water extract,

polysaccharides

Alleviate the symptoms of dry eye in rats and

inhibit the expression of IL-1β and TNF-α,

upregulate AQP5 and MUC5AC in conjunctival

cells

(171–173)
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The extract of Buddleja offcinalis can also inhibit the apoptosis
of lacrimal gland cells and inhibit the expression of IL-1β and
TNF-α in the lacrimal gland tissue (152). The main component
of Buddleja offcinalis is flavonoids, which have a similar effect
to androgens, so its extracts can improve the ocular surface
symptoms in castrated male rats with dry eyes (153). Yao XL et
al. studied the efficacy of total flavonoids from chrysanthemum
on castration-induced dry eye in male rabbits and its effect on the
expression of Bax and Bcl-2 in lacrimal gland cells and found that
total flavonoids from chrysanthemum can significantly inhibit
the occurrence of the dry eye accompanied with the apoptosis
of lacrimal gland cells and maintain the stability of the tear film
(154). The total flavonoids of chrysanthemum have an effect
on the pro-apoptotic factor Bax in lacrimal gland cells and the
activation of the anti-apoptotic factor Bcl-2, thereby inhibiting
the apoptosis of lacrimal epithelial cells and improving ocular
surface symptoms (155). In a rat model of dry eye induced
by particulate matter 2.5 (PM2.5), Lee et al. found that the
water extract of Corni Fructus can alleviate the decrease in tear
secretion and corneal epithelial damage. In addition, the water
extract of Corni Fructus can inhibit the apoptosis of conjunctival
goblet cells and down-regulate the expression of inflammatory
factors in the lacrimal gland. Corni Fructus water extracts help to
improve retinal function and lipid metabolism disorders (156).
Park et al. (158) used polydatin eye drops to treat dry eye models
in rats with lacrimal gland excision and found that polydatin eye
drops can improve tear reduction and repair corneal damage.
Polydatin eye drops can reduce tear film BUT and reduce goblet
cell loss. In addition, polydatin can reduce the expression of
inflammatory cytokines and NLRP3 in conjunctival tissues (159).
According to Chinese medicine, middle-aged and elderly people
are prone to the symptoms of liver and kidney “Yin” deficiency,
which are manifested as dryness in the eyes and foreign body
sensation. There are many descriptions for middle-aged and
elderly dry eye syndrome, especially in menopausal women.
Prunella vulgaris exerts the effect of lowering blood pressure and
cleaning the liver. It has been shown that the administration
of Prunella vulgaris can significantly improve the diagnostic
indicators of dry eye inmenopausal women. Prunella vulgaris can
reduce the cytokine production of TNF-α and IL-1β, and reduce
ocular surface inflammation (161). Lycium barbarum belongs
to the genus Lycium barbarum of the Solanaceae family which
is the mature fruit of its plant. Chinese medicine believes that
Lycium barbarum has the effects of nourishing “Yin”, repairing
the liver and improving eyesight. Lycium barbarum is rich in
vitamin A and carotene, which are the components of rhodopsin
in the visual cells that sense slight light, and play an important
role in maintaining normal visual function. Liu et al. found
that in human retinal epithelial cells and dry eye rat models,
Lycium barbarum can not only improve the stability of the
tear film, promote tear secretion, but also repair the cornea,
reduce oxidative stress, and improve the secretion function of the
meibomian glands (168, 169).

Based on our previous research findings, the water extract
of Dendrobium officinale can relieve the symptoms of DED in
rats and inhibit the expression of IL-1β and TNF-α (171, 172).

Aquaporins (AQPs) participate in the water transport across
cell membranes driven by osmotic pressure, so as to maintain
the balance of the volume of body cavity fluid and saline.
Various studies have shown that the expression of AQP5 in
ocular tissues was reduced in the state of dry eye. Our results
demonstrated that the water extract of Dendrobium officinale
possess therapeutic effects in treating DED via activating and
upregulating AQP5 and MUC5AC in conjunctival cells (172).
Dry eye disease not only induces symptoms on the ocular surface
but also systemic symptoms. With the continuous in-depth study
of dry eye syndrome in traditional Chinese medicine, besides
monomeric Chinese herbal extracts, Chinese herbal formulas and
decoctions are also commonly used methods. Therefore, when
modern medicine has not achieved a particularly ideal treatment
for dry eye disease, we should give full play to the advantages
of traditional Chinese medicine to assist modern medicine in
the joint treatment of dry eye disease. The combination of
traditional Chinese medicine and Western medicine can often
achieve better results.

CONCLUSION

The pathogenesis of DED is complex and multifactorial.
Currently, inflammation at the ocular surface is the main cause
of DED. The corresponding anti-inflammatory pathways are the
key targets in DED treatment. On the other hand, current animal
models and in vitro studies have confirmed that inflammatory
cells and inflammatory factors are closely associated with
the tear film instability and the elevated tear osmolarity.
Differential activation of distinct intracellular signal transduction
pathways will lead to the release of inflammatory factors from
inflammatory immune cells. These inflammatory mediators will
then promote the infiltration of more pro-inflammatory cells
to the local inflammatory sites, thus forming a vicious cycle of
inflammation. Although a more detailed mechanisms of ocular
surface inflammation requires further investigation, blocking the
vicious cycle of ocular inflammation by suppressing various
signaling pathways, or the application of multi-targeted TCM
could be the tactics in the treatment of DED.
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Keratoconus (KC) is an etiologically heterogeneous corneal ectatic disorder. To

systematically display the pathogenesis of keratoconus (KC), this study reviewed all the

reported genes involved in KC, and performed an enrichment analysis of genes identified

at the genome, transcription, and protein levels respectively. Combined analysis of

multi-level results revealed their shared genes, gene ontology (GO), and pathway terms,

to explore the possible pathogenesis of KC. After an initial search, 80 candidate genes,

2,933 transcriptional differential genes, and 947 differential proteins were collected.

The candidate genes were significantly enriched in extracellular matrix (ECM) related

terms, Wnt signaling pathway and cytokine activities. The enriched GO/pathway terms

of transcription and protein levels highlight the importance of ECM, cell adhesion, and

inflammatory once again. Combined analysis of multi-levels identified 13 genes, 43 GOs,

and 12 pathways. The pathogenic relationships among these overlapping factors maybe

as follows. The gene mutations/variants caused insufficient protein dosage or abnormal

function, together with environmental stimulation, leading to the related functions and

pathways changes in the corneal cells. These included response to the glucocorticoid

and reactive oxygen species; regulation of various signaling (P13K-AKT, MAPK and

NF-kappaB), apoptosis and aging; upregulation of cytokines and collagen-related

enzymes; and downregulation of collagen and other ECM-related proteins. These

undoubtedly lead to a reduction of extracellular components and induction of cell

apoptosis, resulting in the loosening and thinning of corneal tissue structure. This study,

in addition to providing information about the genes involved, also provides an integrated

insight into the gene-based etiology and pathogenesis of KC.
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INTRODUCTION

Keratoconus (KC) is a complex multifactor degenerative disorder
of the cornea, characterized by corneal ectasia, thinning, and
cone-shaped protrusion, leading to reduced vision, irregular
astigmatism, and corneal scarring (1–4). The worldwide
prevalence of KC is approximately 1:2000 (4). KC usually
manifests during puberty, and the clinical manifestation vary
depending on disease severity (3). Myopia and astigmatism in
one or both eyes were the main symptoms in the early stage.With
disease progression, visual acuity of patients is progressive loss,
and cannot be corrected with spectacles. KC at completion stage
often has typical clinical sign, including Munson sign, a V-shape
deformation of the lower eyelid in downward position; Fleischer
ring, a hemosiderin arc or circle line around the cone base; Vogt’s
striae, fine vertical lines produced by Descemet’s membrane
compression (3, 4). In addition, the central or lower temporal
part of the cornea shows obvious conical protrusion, and the
central cornea becomes thinner obviously. In the completion
stage, KC spontaneously or due to external forces such as eye
rubbing, rupture of the posterior elastic layer of the cornea
occurs, resulting in acute corneal edema and significant decline
in visual acuity (3, 4). Because of the unclear pathogenesis and
limited availability of medical treatments, KC has become a
significant clinical problem worldwide and a leading indication
for corneal transplantation (5).

Probing KC’s etiology and pathogenesis and adopting effective
control methods are the fundamentals of prevention and
treatment of KC. KC has a clear genetic tendency. Genetic
factors are involved in the development of KC (2, 6, 7). Until
now, more than 70 candidate genes and regions have been
screened and identified by genome-wide linkage analysis, whole-
exome sequencing (WES), candidate gene sequencing, genome-
wide association study (GWAS), or candidate gene association
study (7–90). Due to the genetic heterogeneity and population
differences among KC patients, the genetic cause of most
cases has not been effectively identified, and the pathogenesis
underlying the genetic mutation remains unclear. This represents
the current bottleneck in KC etiology research, so it is very
important to find a breakthrough point to explore the key related
genes, and the common pathogenesis, of KC.

Traditional genetic studies have typically focused on high-
quality families to map and identify new disease-causing genes or
screen susceptible sites through population association analysis.
However, the pathogenesis caused by mutations or susceptible
sites is obscure, leading to the slow progress of pathogenesis
studies of most genetic diseases, especially complex ones (91).
The combined analysis of multi-levels can achieve the display of
the candidate genes screened at the DNA level at the transcription
level, the analysis of mutations in the genome at the RNA
level for significantly differentially expressed genes, and the
enrichment analysis of key genes in the pathway. Integrated
genomics, transcription, and protein data can be leveraged to
systematically analyze multiple consecutive events occurring in
diseases, including changes in expression levels caused by gene
mutations, and various forms of heterogeneity in transcriptional
regulation, translation, and post-translational regulation body

and feedback regulation. According to the changes in candidate
factors at different levels, the candidate pathogenic factors can
be thoroughly explored and the target of pathogenicity can be
identified. Multiomics analysis can also be used to build a gene
regulatory network in order to clarify the regulatory and causal
relationships between various molecules, so as to gain a deeper
understanding of the molecular mechanism and genetic basis of
complex traits in genetic diseases.

In this analytical study, we examined all the reported genes
involved in KC and performed an enrichment analysis of genes
identified at the genome, transcription, and protein levels,
respectively. In addition, by using gene set enrichment analysis,
we attempted to explore the important mechanisms at different
levels. Combined analysis of multi-level results revealed their
shared genes, GOs, and pathways, allowing us to explore the
possible pathogenesis of KC. The results of this study, in addition
to providing information about the changed genes involved in
the disease, provide an integrated insight into the common
pathogenesis of KC.

MATERIALS AND METHODS

Literature Search to Find Relevant Genes
To find genes associated with KC, the literature was reviewed and
data were collected manually. All the studies describing genome
changes (including pathogenic mutations or susceptible variants)
and differentially expressed encoding genes at the transcription
and protein levels were scrutinized using the following keywords
in the PubMed and Web of Science databases: “keratoconus”
AND (“gene” OR “expression” OR “transcriptome”). We limited
our search to articles published up to search date that were
written in English. The search was conducted in November 2020.
Then, each article was read and classified carefully. For the
genome level, only those studies on patients with keratoconus
were collected, excluding those on other syndromes patients with
keratoconus, central corneal thickness and corneal curvature of
normal person unless their results were confirmed in keratoconus
samples. For the transcription and protein levels, only those
human studies that directly used in situ KC corneal tissue or
primary KC corneal cells were selected. Finally, we identified
and recorded all the reported genes with pathogenic mutations
or susceptible variants, differentially expressed genes at the
transcription level, and differentially expressed or abnormally
distributed genes at the protein level. This study did not search
other databases, such as clinical trials and so. The relevant genes
collected just included the genes published in the PubMed and
Web of Science databases.

Enrichment Analysis
Enrichment analysis is a statistics-based method for classifying
genes that are overrepresented in a specific set of genes. All
the genes associated with KC were classified into three groups
according to changed levels, and gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis were performed via the online Database for Annotation,
Visualization, and Integrated Discovery (DAVID) software,
version 6.8 (92, 93).
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Combined Analysis of Multi-Levels
Combined analysis of multi-level enrichment revealed
their shared GOs and pathways, allowing us to explore the
possible pathogenesis of KC. To further identify the putative
pathogenicity of gene mutations/susceptible variants and to
detect the KC-related gene function and pathway changes,
we conducted a combined analysis of the multi-level results.
Online tools (http://bioinformatics.psb.ugent.be/webtools/
Venn/) were used to calculate and draw custom Venn diagrams
depict the genes, GOs, and KEGG pathways shared by the
multi-level results.

RESULTS

After an extensive review of resources, more than 200 studies
were selected from the published articles and were reviewed in
greater detail. Our study confirmed the 80 candidate genes, 2,933
differentially expressed genes at the transcription level, and 947
differentially expressed genes at the protein level.

Candidate Genes and GO/Pathway
Enrichment at the Genomic Level
KC has a clear genetic tendency (2, 6, 7). In the past 20 years,
scholars have extensively investigated the genetic cause of KC (7–
90). Thus far, more than 40 candidate genes and regions have
been located and screened via genome-wide linkage analysis,
WES, or candidate gene sequencing. In addition, candidate
gene association studies and GWAS have been carried out
successively. Thus far, research has found that SNP (Single
Nucleotide Polymorphism) loci of 30 genes are related to
KC, which can increase or decrease the risk of KC. After an
initial search, 80 candidate genes were collected for further
analysis. As the results show, a few genes were identified by
more than one type of analysis, which represents stronger
evidence of their involvement in KC (Figure 1A). The top seven
genes were COL5A1, MIR184, LOX, ZNF469, VSX1, COL4A3
and COL4A4 (Figure 1A). Detailed literature informations of
reported KC associated genes at the genomic level were shown
in Supplementary Table S1.

On the basis of the DAVID results, we tested whether the genes
associated with KC clustered into certain GO terms and KEGG
pathways. Figures 1B,C shows the significant GO terms and
KEGG pathways with a p < 0.05. We found that the top-ranking
GO terms were proteinaceous extracellular matrix (ECM) (GO:
0005578, p = 6.00 × 10−17), extracellular space (GO: 0005615, p
= 2.10× 10−10) and their related pathways in the cell component
category, including extracellular region, collagen timer, basement
membrane, extracellular exosome, as well as ECM (Figure 1B).
The top five enriched biological processes were collagen catabolic
process (GO: 0010033, p= 5.00× 10−7), Wnt signaling pathway
(GO: 0009611, p = 2.60 × 10−5), ECM organization (GO:
0033554, p = 3.50 × 10−5), canonical Wnt signaling pathway
(GO: 0006916, p = 4.20 × 10−5), and negative regulation of fat
cell differentiation (GO: 0010941, p = 4.20 × 10−5). The top
molecular function terms most were involved in or related to
various binding (frizzled binding, interleukin-1 receptor binding,

collagen binding, transcription regulatory region DNA binding
and ECM binding etc.), and activities of cytokine, receptor
agonist, and metalloendopeptidase inhibitor.

The top-ranking KEGG pathways were associated with certain
complex diseases, including cancer, type 1 diabetes mellitus, and
graft-vs.-host disease (Figure 1C). These results suggested that
KCmight overlap with some of the pathogenesis of these diseases.
The others top-ranking KEGG pathways were Wnt signaling
pathway, Hippo signaling pathway, and Focal adhesion, which
suggest that these pathways may play a role in the pathogenicity
of KC.

Differential Genes and GO/Pathway
Enrichment at the Transcription Level
Detailed literature information of differentially expressed
encoding genes were shown in Supplementary Table S2

(49, 90, 94–136). In addition to many studies that focused on
particular genes or gene families, other studies investigated
the transcriptome. Quantitative real-time PCR (qRT-PCR),
RNA-seq and microarray were the main methods used in
the differential expression studies (49, 90, 94–136). All the
significantly differentially expressed encoding genes were
collected regardless of whether the different corneal tissue types
including corneal tissue, corneal epithelia, corneal stroma and
primary stromal fibroblast.

After an initial search, a total of 2,933 reported differentially
expressed encoding genes between KC corneas and normal
corneas at the transcription level were collected (Figure 2A).
There are 1,948 downregulated genes, 802 upregulated genes,
and 183 genes with opposite results in different studies
(Supplementary Table S2). About two-thirds of differentially
expressed encoding genes were reported only once in single
studies and need to be verified by further research. The remaining
933 genes were reported more than twice in the same or
different corneal tissue types (Figure 2A). Among them, 13
genes, including GPNMB, TIMP3, CA12, CTGF, ID3, IGFBP3,
JUN, PRELP, RGS5, SFRP1, SOD2, TIMP1 and VEGFA were
reported in five or more studies (Figure 2A). All of these
genes were reported significantly down regulated in KC corneal
tissues, except for a few opposite results in individual studies.
The changes in these genes indicate the decrease of growth
factor (CTGF, IGFBP3 and VEGFA), transcription factor (ID3
and JUN), superoxide dismutase (SOD2), and metalloproteinase
inhibitor (TIMP3 and TIMP1) in KC corneas. These results
highlight the importance of these changes in the pathogenicity
of KC.

The GO analysis of differentially expressed genes showed that
there were 497 biological process, 84 cell component, and 127
molecular factor terms with a p < 0.05. The top ten significantly
enriched biological process terms were involved in or related to
ECM organization, regulation of cell proliferation, cell adhesion,
angiogenesis, wound healing, response to drug and inflammatory
(Figure 2B). The top ten significant cell component terms were
involved in or related to proteinaceous ECM, ECM, extracellular
exosome, extracellular space, focal adhesion, cell surface, plasma
membrane, extracellular region, endoplasmic reticulum lumen,
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FIGURE 1 | Reported candidate genes in keratoconus at the DNA level. (A) The associated genes identified by different analysis techniques. (B) Top ten enriched

terms of each GO category at the DNA level. The three colors represent biological process (blue), cell component (green), and molecular function (yellow), respectively.

(C) Top ten enriched KEGG pathways at the DNA level.

and membrane raft (Figure 2B). The top ten significant enriched
molecular function terms were associated with various bindings,
such as protein, heparin, collagen, integrin, extracellular matrix,
fibronectin, actin, calcium ion, and glycoprotein bindings. These
results further highlight the importance of extracellular region
and ECM related proteins in the pathogenicity of KC. In addition,
cell proliferation, cell adhesion angiogenesis and response to drug
and inflammatory may be involved in the process of KC, which
requires further study. The KEGG pathway analysis identified
86 enriched pathways. The top five significantly enriched KEGG
pathways were pathways in cancer (hsa05200, p= 3.20× 10−12),
focal adhesion (hsa04510, p = 6.50 × 10−9), PI3K-Akt signaling
pathway (hsa 04210, p= 1.20× 10−8), MAPK signaling pathway
(hsa04010, p = 3.7 × 10−8), and ECM-receptor interaction
(hsa04512, p = 4.60 × 10−8) (Figure 2C). These results suggest
that these pathways may play a role in the pathogenicity of KC.

Differential Genes and GO/Pathway
Enrichment at the Protein Level
After an initial search, a total of 946 reported differentially
expressed proteins between KC corneas and normal corneas were
collected (98–103, 109, 114, 117, 118, 120, 125, 126, 128, 130, 131,
133, 137–193). Immunohistochemistry, immunofluorescence,
and western blot were used for candidate protein level
detection, and proteomic analysis was performed via mass
spectrometry. All the reported differentially expressed proteins
were collected, including downregulated, upregulated, and
abnormally distributed proteins. There are 427 downregulated
genes, 398 upregulated genes, 14 abnormally distributed proteins,
and 107 genes with opposite results in different studies
(Supplementary Table S3). About half differentially expressed
genes were reported only once. The remaining 466 genes were
reported more than twice in the same or different corneal tissue
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FIGURE 2 | Enriched GO terms and KEGG pathways based on 2933 differential genes at the transcription level. (A) The classification of the 2933 differential genes

according to the number and results of related studies. (B) Top 10 enriched terms of each GO category at the transcription level. The three colors represent biological

process (blue), cell component (green), and molecular function (yellow), respectively. (C) Top ten enriched KEGG pathways at the transcription level.

types (Figure 3A). Among them, 30 genes were reported in four
or more times, including five genes (HSPB1, VIM, HMGA1,
TSTD1, RUVBL2) with upregulation and two genes (BZW1,
LOX) with downregulation in at least four studies. The changes
in these genes indicate the decrease of transcription factor
(BZW1), lysyl oxidase (LOX), and increase of small heat shock
protein (HSPB1), vimentins (VIM), thiosulfate sulfurtransferase
(TSTD1) and ATPase (RUVBL2) in KC corneas. These results
highlight the importance of these changes in the pathogenicity
of KC. The other genes with conflicting results suggest that the
pathogenesis of KC is very complex, and further research is
needed to clarify the role of these genes.

The GO analysis of differentially expressed proteins showed
that there were 344 biological process, 127 cell component,
and 98 molecular factor terms with a p < 0.05. The top ten
significant enriched biological process terms were involved in
or related to ECM disassembly, ECM organization, collagen
catabolic process, proteolysis, cell-cell adhesion, platelet
degranulation, complement activation, retina homeostasis,
protein folding and translational initiation (Figure 3B). The top
ten significant cell component terms were involved in or related
to extracellular exosome, ECM, extracellular space, extracellular
region, cell-cell adherens junction, focal adhesion, cytosol,
membrane, cytoplasm, and blood microparticle (Figure 3B).
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FIGURE 3 | Enriched GO terms and KEGG pathways based on 947 differential genes at the protein level. (A) The classification of the 947 differential proteins

according to the number and results of related studies. (B) Top 10 enriched terms of each GO category at the protein level. The three colors represent biological

process (blue), cell component (green), and molecular function (yellow), respectively. (C) Top ten enriched KEGG pathways at the protein level.

The top 10 significant enriched molecular function terms were
associated various bindings (cadherin, RNA, protein, identical
protein, protease and enzyme bindings), endopeptidase activity,
protein homodimerization activity and electron carrier activity
(Figure 3B). These results once again highlight the importance of
collagen and ECM in the pathogenicity of KC at the protein level.
Except for ECM and its related GO terms, the results showed
that proteolysis, cell-cell adhesion, focal adhesion, protein
binding, and endopeptidase may be involved in the process
of KC (Figure 3B). The top five significant enriched KEGG
pathways were Amoebiasis, Carbon metabolism, ECM-receptor
interaction, Biosynthesis of antibiotics and Biosynthesis of amino
acids (Figure 3C). These results provided further evidence of the

important role of ECM pathways in the pathogenicity of KC at
the protein level.

Combined Analysis of Multi-Levels
To further identify the putative pathogenicity of gene variants
and detect the KC-related gene function and pathway changes, we
conducted a combined analysis of DNA, RNA, and protein level
results. First, we analyzed the genes shared between the different
levels. The results showed that there were 13 overlapping genes
between all three levels (Figure 4A,Table 1). They wereCOL4A3,
COL6A2, MMP9, TIMP1, LOX, TGFBI, TNF, IL1A, IL1RN,
SOD1, CAT, VSX1 and TF. All the genes except TGFBI and
SOD1 were reported to have KC-susceptibility SNPs. Potential
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FIGURE 4 | Overlapping genes, GO terms, and KEGG pathways between multi-levels. (A) Overlapping genes; (B) Overlapping GO terms; (C) Overlapping KEGG

pathways.

pathogenic mutations of seven overlapping genes (LOX, IL1RN,
COL4A3, VSX1, TGFBI, SOD1 and COL6A2) were identified
in KC patients. In addition, LOX and IL1RN were located in
the susceptible loci detected by linkage analysis. Five of the 13
genes (LOX, IL1RN, VSX1, COL4A3, and TGFBI) were identified
by multiple types of analysis at the DNA level. Three of the
13 genes (LOX, TIMP1, and TNF) were verified in multiple
studies with consistent expression changes at the transcription
level. Five of the 13 proteins (LOX, IL1RN, COL6A2, MMP9,
and TNF) were verified in multiple studies with consistent
changes at the protein level. These results suggested that these
overlapping genes might be key genes of KC and might play an
important role in the pathogenesis of KC. As the results show
(Table 1), five genes (TNF, MMP9, IL1A, CAT, and VSX1) had
significant upregulation, and six genes (TIMP1, COL6A2, SOD1,
TGFBI, COL4A3, and LOX) had significant downregulation in

KC at both the transcription and protein levels. The coincident
changes of these genes also indicated the decrease of collagen
(COL4A3 and COL6A2), metallopeptidase inhibitor (TIMP1),
lysyl oxidase (LOX), superoxide dismutase (SOD1), and the
increase ofmetallopeptidase (MMP9), antioxidant enzyme (CAT)
and inflammatory cytokines (TNF and IL1A). These results
highlight the importance of these changes in the pathogenicity
of KC.

Combined analysis of different levels’ enrichment revealed
their shared significant GOs and pathways, allowing the
researchers to explore the possible pathogenesis of KC. The
overlapping significant GOs between all three levels, including 24
biological process, 13 cell component, and six molecular function
terms, are shown in Figure 4B. The shared biological process
terms can divided into four groups, including various response-
related GOs (response to drug, glucocorticoid, hydrogen
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TABLE 1 | Overlapping genes between multi-levels.

Genes Analysis techniques of DNA level Changes of RNA

level (N)

Changes of

protein level (N)

LOX Linkage analysis; candidate gene mutation analysis;

GWAS; candidate gene association studies

down (4) down (4)

IL1RN Linkage analysis; candidate gene association studies down (1) up (2)

COL4A3 Candidate gene mutation analysis; NGS; GWAS;

candidate gene association studies

down (2)/up (1) down (1)

VSX1 Candidate gene mutation analysis; NGS; candidate

gene association studies

up (1) up (1)

TGFBI Candidate gene mutation analysis; NGS down (1) down (2)/up (1)

SOD1 Candidate gene mutation analysis down (1) down (1)/up (2)

COL6A2 NGS down (1)/up (1) down (3)

CAT Candidate gene association studies up (1) up (1)

IL1A Candidate gene association studies down (3)/up (1) up (1)

MMP9 Candidate gene association studies down (1)/up (3) up (2)

TF Candidate gene association studies down (1)/up (1) down (1)/up (3)

TIMP1 Candidate gene association studies down (5) down (1)/up (1)

TNF Candidate gene association studies up (3) up (3)

GWAS, Genome-Wide Association Studies; NGS, Next-Generation Sequencing; N, the number of studies.

The genes with consistent changes in transcription and protein levels are bold.

peroxide, reactive oxygen species, and hypoxia), apoptosis-
related GOs (activation of cysteine-type endopeptidase activity
involved in apoptotic process, negative regulation of apoptotic
process, and extrinsic apoptotic signaling pathway via death
domain receptors), ECM-related GOs (ECM organization,
collagen catabolic process, and collagen fibril organization) and
activation and positive regulation of various signaling (MAPK
activity, NF-kappaB activity, and I-kappaB kinase/NF-kappaB
signaling). For the cell components, most of the overlapping
GOs were ECM related (including basement membrane, ECM,
proteinaceous ECM, collagen type IV trimer, and collagen
trimer), extracellular related (extracellular region, extracellular
space and extracellular exosome) and pinocytosis related (caveola
and cytoplasmic vesicle). For the molecular functions, the
overlapping GOs were ECM related (ECM structural constituent
and collagen binding), and various binding-related GOs (protein,
identical protein, protease and chromatin DNA binding).
The combined analysis of the KEGG pathway showed that
Protein digestion and absorption, Focal adhesion, ECM-receptor
interaction, PI3K-Akt signaling pathway, apoptosis, and various
diseases related pathways (including cancer, Prion diseases,
Malaria, Amoebiasis and Chagas disease) were significantly
enriched at DNA, RNA, and protein levels (Figure 4C). Most
GO and pathway enrichments shared at DNA, RNA, and protein
levels were related to collagen, ECM, extracellular, various
responses and apoptosis, suggesting that these GO and pathway
changes might have been etiological—serving as mechanisms
of KC.

DISCUSSION

KC is an etiologically heterogeneous corneal ectatic disorder,
and both environmental and genetic factors play a role in

its etiopathogenesis (194). Based on results from studies
that have investigated the genetic etiology, expression, and
translation changes in the process of development, it is becoming
increasingly clear that KC is a complex disease with a complex
etiology or convergence of multiple disease pathways. However,
the common pathogenesis underlying the different etiologies
remains unclear. In this study, we reviewed all the studies of KC-
related genes identified at the genome, transcription, and protein
levels. Through multi-level related gene enrichment-based
review, we systematically explored the schematic representing
factors responsible for KC at different levels. The results of this
study, in addition to providing information about the genes
involved in the disease, clearly provide an integrated insight into
the gene-based etiology and pathogenesis of KC.

Genetic changes play an important role in the
etiopathogenesis of KC (2, 6, 7, 194). Many forms of gene
variation, such as inheritance gene mutation, de novo mutation,
and polymorphism, have been reported to be involved in
the etiology of KC (7–90). More than half of the genes
were reported in one type of study or in single studies. A
few genes, encoded chains of collagens (COL5A1, COL4A3,
and COL4A4) (57, 59, 61, 67, 72, 76, 78, 84, 87, 88, 90),
collagen cross-linking enzyme (LOX) (18, 30, 90), factor for
the synthesis or organization of collagen fibers (ZNF469)
(27, 32, 34, 46, 47, 62, 65), and others (MIR184 and VSX1)
(6, 7, 16, 19, 24, 40, 56, 82, 85) were identified in different types
of studies, such as pathogenic mutation analysis, polymorphism
association analysis, and family-based linkage analysis. However,
the occurrence rate of these gene mutations in the population
was relatively low, and in many populations, it could not even
be verified (25, 195–202), which suggested that KC is genetically
heterogeneous. Among the reported KC associated genetic
changes, there were 11 genes responsible for apoptosis related
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process (FAS, FASLG, TNF, BIRC2, SMAD3, WNT5A, CAT,
TIMP1, MMP9, FOXO1, and COL4A3), 14 reported corneal
biomechanics loci (MPDZ, COL6A2, MYOF, LOX, ZNF469,
SMAD3, NFIB, FNDC3B, COL5A1, WNT10A, TGFBI, SLC4A11,
FOXO1 and COL4A3) (203), and five genes responsible for
inflammatory processes (IL1A, IL1B, FAS, TNF and IL17B).
Genetic changes in these genes might lead to the changes
in related functions and pathways in the corneal cells, then
lead to induction of apoptosis, inflammatory and altered
biomechanics of cornea, which have been reported involved in
the etiopathogenesis of KC (204–206), and lead to the occurrence
of KC. The top candidate gene based enrichment, including
ECM and their related pathways (76, 90), Wnt signaling pathway
(60), and cytokine activities (204), have been reported involved
in the etiopathogenesis of KC. The role of negative regulation
of fat cell differentiation in the etiopathogenesis of KC has not
been reported, but body mass index was reported associated with
keratoconus before (207). So, more studies are needed on the
relationship between this functional change in order to clarify its
relationship and mechanism of action in KC.

Differences between the expression of genes in normal and
KC corneas suggested disease pathways. The top 13 verified
differentially expressed genes at RNA level indicated a decrease
of growth factor, transcription factor, superoxide dismutase, and
metalloproteinase inhibitor, which highlights the importance of
these changes in the pathogenicity of KC. The top differentially
expressed genes based enrichment were similar to the GOs at
the genomic level, mainly including ECM and its related GO
terms, response to inflammatory and various bindings. These
results represent further confirmation of the importance of
collagen (61, 67, 75, 78, 84, 87, 88, 113, 117, 125, 163–165),
ECM (76, 90, 97, 158), cell adhesion (72, 97), and inflammatory
(49, 101, 124, 128, 139, 204) in the pathogenicity of KC. In
addition, cell proliferation, angiogenesis, and response to drug
have not been reported before, which may be involved in the
process of KC, and should be investigated further. For reported
differentially expressed proteins, the genes with upregulation or
downregulation in at least four studies highlight the importance
of transcription factor (98, 106, 112, 128, 145, 160), lysyl
oxidase (18, 30, 81, 125, 150, 151), small heat shock protein
(156, 188, 193), vimentins (126, 156, 188, 193), thiosulfate
sulfurtransferase and ATPase (188) in KC corneas. Gene-based
enrichment analysis showed that the differentially expressed
proteins were significantly enriched in ECM and its related GO
terms, proteolysis, and various bindings. These results once again
highlight the importance of these GO terms in the pathogenicity
of KC at the protein level.

Different approaches have been used to investigate and define
the phenotype, mechanisms, and causes of KC. Thousands of
genes were identified at genomic, transcription, and protein
levels. Observations of corneal changes that occur in KC often
do not distinguish between primary changes and secondary
inflammatory or degenerative effects. Although research has
identified many differences that distinguish KC corneas from
normal corneas, it has not been possible to trace these changes
back to primary causes or to identify the triggers that precipitate
the cascade of events that leads to the clinical picture of KC. The

results at different levels were clearly similar. In order to explore
the key points, combined analysis of multi-levels was performed.
Integrated genomics, transcription, and protein data can be
leveraged to systematically analyze multiple consecutive events
occurring in diseases. According to the changes in candidate
factors at different levels, the candidate pathogenic factors can
be thoroughly explored and the target of pathogenicity can be
identified. The consistent changes in these factors at different
levels suggested that these factors play an important role in
the pathogenesis of KC. The DNA, RNA, and protein changes
represented the cause and process changes of KC, respectively.

Based on the results of multi-level combined analysis, we
hypothesized that the pathogenic relationships among these
related factors is as follows. The etiology of KC can be divided
into environmental and genetic factors. The environmental
factors may include endogenous and exogenous factors, such as
glucocorticoid, hydrogen peroxide, and reactive oxygen species
(ROS) (120). The gene mutations or variants involved in collagen
(57, 61, 64, 67, 75, 76, 78, 88), metallopeptidase inhibitor (75, 81,
109, 157), lysyl oxidase (18, 30, 81, 90), metallopeptidase (64),
antioxidant enzyme (16, 25, 81, 199), inflammatory cytokines
(11, 45, 83, 201), and others cause insufficient protein dosage
or abnormal function. These genetic changes, together with
the aforementioned stimulation, lead to the changes in related
functions and pathways in the corneal cells. The related functions
include the response to the stimulation of hormones and reactive
oxygen species (96, 106, 120, 121, 189), activation and positive
regulation of various signaling (MAPK activity, NF-kappaB
activity, and I-kappaB kinase/NF-kappaB signaling) (123, 128),
upregulation of cytokines and collagen-related enzymes (49,
101, 122, 124, 147, 174, 187), and downregulation of collagen,
collagen-crossing, and other ECM-related proteins (97, 103, 117,
163, 164), and regulation of apoptosis (36, 175, 186). These
undoubtedly lead to the reduction of extracellular components
and the induction of apoptosis and aging. The change in
extracellular structure, decrease of extracellular composition, and
apoptosis of corneal cells all lead to the loosening and thinning of
corneal tissue structure, which leads to the occurrence of KC.

In addition to the different levels and combined analysis
results of this paper, our hypothesis was supported by many
other studies of molecular mechanisms and cell events of KC.
A few hormones and substances have been reported to be
associated with KC (208–214). However, the relationship between
glucocorticoid and KC has not been studied before, and should be
investigated further. Chronic inflammatory events were detected
in the tears of KC patients (215–217). A significant increase in
the apoptosis of KC cells has been reported in several studies
(186, 218, 219). Moreover, a decrease of dulfated epitopes of
keratan sulfate KC corneas was also reported (220). The electron
microscope results of KC showed that the content of the stroma
increases, whereas the fibril diameter is reduced, the mean
diameter and interfibrillar spacing of collagen fibrils are reduced,
and the collagen fibrils and proteoglycans number density and
area fractions are significantly increased (138).

Our study has some limitations. All the results were obtained
through multi-level related gene enrichment-based analysis.
More studies are needed on the relationship between these
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functional changes in order to clarify their relationship and
mechanism of action, which could provide a new direction
for the treatment of KC. For the expression studies collected
in this study, there were several different corneal tissue types.
Most of the studies used the corneal tissue, and a few studies
used the corneal epithelia, corneal stroma or primary stromal
fibroblast (see Supplementary Tables S1–S3). In this analysis-
based study, because of the limited space, instead of categorizing
different genes detected in different tissues, we just conducted
a unified analysis in different levels. Analysis that is more
detailed needs to be carried out in the future to find the role
of different corneal cells in KC pathogenesis. Furthermore, the
interaction between genetic factors and environmental factors
in the pathogenesis of KC has not been effectively solved,
and further research is needed. Epigenetic mechanisms might
help explain environmental contributions to the pathogenesis
of KC (221). There are few studies on the relationship between
epigenetic changes and KC (60). Recently, certain epigenetic
changes, such as circle RNA, have been confirmed to play an
important role in other diseases having overlapped pathogenesis
pathway with KC (222–225), suggesting its potential role in KC
pathogenesis. Study the role of these epigenetic changes might be
a new research direction of KC in future.

Conclusions
Keratoconus is an etiologically heterogeneous corneal ectatic
disorder, and both environmental and genetic factors play a
role in its etiopathogenesis. Based on results from studies
that have investigated the genetic etiology, expression, and
translation changes in the process of development, it is
becoming increasingly clear that KC is a complex disease with a
complex etiology or convergence of multiple disease pathways.
The common pathogenesis underlying the different etiologies
remains unclear. In this study, we reviewed all the studies of KC-
related genes identified at the genome, transcription, and protein
levels. Through multi-level related gene enrichment-based
review, we systematically explored the schematic representing
factors responsible for KC at different levels. The results of this
study, in addition to providing information about the genes
involved in the disease, clearly provide an integrated insight into
the gene-based etiology and pathogenesis of KC. Base on the
results, we hypothesized that the pathogenic relationships among
these related factors is as follows. The gene mutations/variants
caused insufficient protein dosage or abnormal function, together
with environmental stimulation, leading to the changes in the
related functions and pathways in the corneal cells. These
included response to the glucocorticoid and reactive oxygen
species; regulation of various signaling (P13K-AKT, MAPK and
NF-kappaB), apoptosis and aging; upregulation of cytokines

and collagen-related enzymes; and downregulation of collagen
and other ECM-related proteins. These undoubtedly lead to
a reduction of extracellular components and induction of cell
apoptosis, resulting in the loosening and thinning of corneal
tissue structure. This hypothesis was supported by many other
studies of molecular mechanisms and cell events of KC. More
studies are needed on the relationship between these functional
changes in order to clarify their relationship and mechanism of
action, which could provide a new direction for the treatment
of KC.
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Purpose: The purpose of the study is to compare the efficacy of standard epithelium-off
CXL (SCXL), accelerated epithelium-off CXL (ACXL), and transepithelial crosslinking CXL
(TECXL) for pediatric keratoconus.

Methods: A literature search on the efficacy of SCXL, ACXL, and TECXL [including
accelerated TECXL (A-TECXL)] for keratoconus patients younger than 18 years was
conducted using PubMed, Cochrane Library, ClinicalTrials.gov, and EMBASE up to
2021. Primary outcomes were changes in uncorrected visual acuity (UCVA) and
maximum keratometry (Kmax) after CXL. Secondary outcomes were changes in best-
corrected visual acuity (BCVA), mean refractive spherical equivalent (MRSE), and central
corneal thickness (CCT). Estimations were analyzed by weighted mean difference
(WMD) and 95% confidence interval (CI).

Results: A number of eleven identified studies enrolled 888 eyes (SCXL: 407 eyes;
ACXL: 297 eyes; TECXL: 28 eyes; A-TECXL: 156 eyes). For pediatric keratoconus,
except for a significant greater improvement in BCVA at 24-month follow-up in SCXL
(WMD = –0.08, 95%CI: –0.14 to –0.01, p = 0.03, I2 = 71%), no significant difference
was observed in other outcomes between the SCXL and ACXL groups. SCXL seems to
provide greater changes in UCVA (WMD = –0.24, 95% CI: –0.34 to –0.13, p < 0.00001,
I2 = 89%), BCVA (WMD = –0.09, 95% CI: –0.15 to –0.04, p = 0.0008, I2 = 94%), and
Kmax (WMD = –1.93, 95% CI: –3.02 to –0.85, p = 0.0005, I2 = 0%) than A-TECXL, with
higher incidence of adverse events.

Conclusion: For pediatric keratoconus, both SCXL and ACXL appear to be comparable
in the efficacy of visual effects and keratometric outcomes; SCXL seems to provide
greater changes in visual and pachymetric outcomes than A-TECXL.

Keywords: pediatric keratoconus, corneal crosslinking, epithelium-off, accelerated epithelium-off,
transepithelial, visual acuity, Kmax
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INTRODUCTION

Keratoconus is a corneal ectatic disorder characterized by
asymmetric progressive conical steepening and thinning (1). The
prevalence of keratoconus varies among populations with an
estimate of 1/2,000 worldwide (2). In pediatric population, the
prevalence of pediatric keratoconus is reported to be higher from
1/375 to 1/2,000 (3). Keratoconus commonly presents in the
second decade and progresses until the third or fourth decade of
life; compared with adults, pediatric keratoconus is more severe
with a higher risk of deterioration and faster progression (4, 5).
The clinical characteristics of keratoconus include progressive
loss of vision and increasing irregular astigmatism, which results
from a more conical shape in thinning and steepening cornea (6).
Vision loss is often caused by myopia and irregular astigmatism,
and in rare cases, the scarring with or without rupture of
Descemet’s membrane and corneal edema. In comparison with
adults, keratoconus in children appears more centrally located
ectatic cornea and often progresses asymmetrically, which leads
to good binocular visual performance until both eyes are affected.
These factors may contribute to a late seeking in medical care
and more deteriorated visual function in pediatric patients (3).
Visual impairment in keratoconus severely affects educational,
economical, and social development, which may decrease
patients’ quality of life. Thus, early and prompt intervention to
halt the progression and improve visual quality is very important.

Multiple factors at cellular, physiological, biomechanical, and
genetic levels contribute to the progression of keratoconus,
and main changes among them are alterations in collagen
fiber, which includes the gradual loss of fibril orientation, and
weaken intra- and interfibrillary collagen crosslinks (7, 8). Based
on an interaction between riboflavin (as a photosensitizer)
and ultraviolet A (UVA) radiation, CXL aims to mitigate the
progression of the disease by strengthening rigidity of corneal
stroma and avoid the need for corneal transplantation (9, 10).

Although previous clinical trials have studied the
postoperative efficacy of CXL in pediatric keratoconus and
several have compared two or three protocols (11, 12), none
of them provided comprehensive comparison of SCXL, ACXL,
and transepithelial CXL (TECXL and A-TECXL). The small
sample sizes in single study cast doubt on the validity of
their conclusions. Meta-analysis of the comparison between
epithelium-off and transepithelial CXL in adult patients has
suggested that SCXL and TECXL might provide comparable
effects on visual and pachymetric outcomes after surgery (13).
A recent meta-analysis of CXL in pediatric patients included 21
studies and determined the efficacy and safety, but did not focus
on the comparison between different protocols (14). Hence, we
conducted a meta-analysis to compare the efficacy of SCXL with
ACXL and transepithelial CXL in pediatric keratoconus.

MATERIALS AND METHODS

Evidence Acquisition
This meta-analysis was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA checklist guidelines) (15).

Search Strategy and Study Selection
A comprehensive literature search was conducted in
several databases that include PubMed, Cochrane Library,
ClinicalTrials.gov, and EMBASE from earliest available dates to
March 2021 with language striction in English. The keywords
“keratoconus,” “pediatric,” and “corneal collagen crosslinking”
OR “CXL” were searched. The related-articles function was
also applied to broaden results from the search engine.
Reference lists from the publications were also checked for
relevant studies. Detailed search strategies are provided in
Supplementary Table 1. Retrieved papers were screened by
two authors (YJL and YY) independently, and duplicated
studies were removed. Using the inclusion and exclusion
criteria described below, the papers were then assessed for
meta-analysis. The literature search and selection are shown as a
flowchart (Figure 1).

Inclusion and Exclusion Criteria
Articles were retained if they met the following inclusion
criteria: (1) observational comparative studies; (2) focused on
keratoconus in patients aged 18 or younger; (3) involved at
least two types of CXL protocols that include SCXL, ACXL, or
transepithelial CXL; (4) outcomes that contain at least UCVA
(transferred to the log minimum angle of resolution, LogMAR),
BCVA, Kmax, and CCT. Articles were excluded if any of
the following conditions existed: (1) studies with inadequate
information for calculating data on outcomes and (2) duplicated
report. If multiple studies by the same research team derived from
different populations were available, all of them were deemed
eligible and included in the meta-analysis.

Data Extraction
Two authors (YLi and YLu) extracted data independently with a
standardized form. The following information was retrieved in all
the included publications: first author name, year of publication,
country, sample size of patients and eyes, mean age, gender, study
design, type of CXL protocol, Amsler–Krumeich stage, follow-up
time, UCVA, BCVA, MRSE, Kmax, and CCT at the observation
point (at specific timepoints or the last follow-up). Changes in the
outcomes before and after CXL were calculated (postoperative
value deducting preoperative value) (16). Any discrepancies in
data extraction or disagreements in the data were resolved by
discussion and reassessment with the senior author (DW).

Quality Assessment
The risk of bias of the included RCTs was evaluated using the
Cochrane risk of bias tool, which contained seven domains:
random sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective reporting, and other sources
of bias (Supplementary Figure 1) (15). The risk of bias in each
domain was labeled as low (green), unclear (yellow), or high risk
(red) for each study by two authors independently. The quality
of the non-RCTs was assessed with the Newcastle–Ottawa Scale
(NOS) from 0 (lowest quality) to 9 (highest) (Supplementary
Table 2) (17).
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FIGURE 1 | Flow diagram of the study selection.

Statistical Analysis
Meta-analysis was performed using Review Manager version
5.3.5 (Cochrane Collaboration, London, United Kingdom).
Continuous variables were compared using the WMD. Pooling
estimates and their 95% confidential intervals (CI) were
calculated. The fixed-effect model was applied, and heterogeneity
was quantified using the I2 value, which represents the percentage
of the total variation among studies. Cochrane Q-test p > 0.1
was considered as no significant heterogeneity, and the random-
effects model was used to calculate pooling estimates and address
within- or between-study variances. For a clear visualization,
forest plots were produced. An I2 value of 25–50%, 50–75%,
>75% was defined as low, moderate, and high heterogeneity,

respectively. Statistically significance was measured by a p< 0.05.
Analyses were stratified by the types of CXL protocol and follow-
up time. Potential publication bias was evaluated by examining
the symmetry of funnel plots.

RESULTS

Study Selection
The flow diagram of the study selection is illustrated in Figure 1.
Initially, a total of 263 articles were retrieved from databases.
After removing the duplicates, 100 potential papers were left,
and the titles and abstracts were reviewed. Among them, 79
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articles were excluded because of irrelevant topics. Full texts
of the remaining 21 papers were assessed in their entirety,
and 10 articles were excluded as no comparative data or not
suitable for analysis. Eventually, 11 articles that provided detailed
quantitative data were included in this meta-analysis.

Characteristics of the Included Studies
Details of characteristics of included 11 studies are summarized
in Table 1. The studies were published between 2013 and 2020,
totally examining 888 eyes from 597 pediatric patients. The
follow-up time of each research was ranging from 6 to 36 months.
Two studies were RCTs (18, 19), whereas the others were CNSs
(20–28). Each study compared the UCVA, BCVA, MRSE, Kmax,
and CCT of different CXL protocols. The surgical procedures
of the included studies were either SCXL, ACXL, TECXL, or
A-TECXL (Supplementary Table 3). There were 11 included
studies that involve the application of SCXL, 7 studies that involve
ACXL, and 5 studies that employ transepithelial CXL. As only
7 studies at most were included in the meta-analysis, potential
publication bias was not examined.

Comparative Effectiveness of SCXL and
ACXL
Primary Outcomes
Uncorrected visual acuity: Overall, there was no significant
difference in the change in UCVA between SCXL and ACXL
through the follow-up (WMD = -0.02, 95% CI: –0.07 to 0.03,
p = 0.46, I2 = 28%, Figure 2).

Maximum keratometry (Kmax): The change in Kmax did
not significantly differ between the two groups (WMD = 0.39,
95% CI: –0.00 to 0.78, p = 0.05, I2 = 0%), but it was likely
that ACXL resulted in a greater decrease of Kmax than SCXL
at 12-, 24-, and 36-month follow-up (p = 0.24, 0.41, and 0.13,
respectively) (Figure 3).

Secondary Outcomes
Best-corrected visual acuity. There were no significant differences
for the change in BCVA (WMD = -0.02, 95% CI: –0.06 to 0.02,
p = 0.30, I2 = 41%) between the two groups, but at the 24-
month visit, the SCXL showed greater change in BCVA than
ACXL (WMD = -0.08, 95% CI: –0.14 to –0.01, p = 0.03, I2 = 71%,
Figure 4).

Manifest refraction: At the 6-, 12-, 36-, and 24-month visits,
the changes in MRSE were comparable in both groups without
significant difference (p = 0.98, 0.61, 0.06, and 0.68, respectively,
Figure 5).

Central corneal thickness (CCT): At both short (6 and
12 months) and long-term (24 and 36 months) follow-ups, the
reducing amounts of CCT in both groups were not significantly
different (p = 0.27, 0.37, 0.62, and 0.93, respectively) (Figure 6).

Complications
The eye complications of CXL in both groups were analyzed.
Common adverse effects include corneal haze, stromal infiltrates,
opacity, persistent epithelial defect, delayed healing and pain,
photophobia, and watery eyes. Haze formation is an important
adverse event that occurs to threaten vision. The incidence of
corneal haze was significantly increased in SCXL compared to

TABLE 1 | Characteristics of all included studies in the meta-analysis.

References Country Inclusion
criteria*

Study
design

Follow-up
(months)

Mean age (SD) in
years

% male Surgery protocols (No. of eyes/patients)

SCXL ACXL TECXL A-TECXL

Baenninger
et al. (21)

Switzerland Stage 1–2 CNS 12 SCXL: 16.31 (1.78)
ACXL: 15.54 (2.15)

77% 39/31 39/30 – –

Eissa and
Yassin (19)

Egypt Stage 1–2 RCT 12, 24, 36 12.3 (2.4) NA 34/34 34/34 – –

Iqbal et al. (18) Egypt Stage 1–3 RCT 6, 12, 24 14.36 (2.11) 49.26% 91/46 92/46 – 88/44

Nicula et al. (20) Romania Stage 1–4 CNS 12, 24, 36, 48 SCXL: 16.43 (1.28)
ACXL: 16.77 (1.53)

SCXL: 64.9%
ACXL: 74.1%

37/37 27/27 – –

Sarac et al. (26) Turkey Stage 1–2 CNS 6, 12, 24 SCXL: 15 (0.30)
ACXL: 14.92 (0.34)

SCXL: 72.5%
ACXL: 71.5%

38/29 49/35 – –

Turhan et al.
(27)

Turkey Stage 1–2 CNS 24 SCXL: 15.7 (1.6)
ACXL: 16 (1.7)

NA 26/17 22/17 – –

Eraslan et al.
(22)

Turkey Stage 1–3 CNS 24 SCXL: 15.5 (1.7)
TECXL: 15.4 (1.7)

48.1% 18/12 – 18/15 –

Henriquez et al.
(24)

Peru Stage 1–2 CNS 6, 12 SCXL: 13.2 (NA)
A-TECXL: 14.9 (NA)

60.8% 25/NA (total 51) – – 36/NA (total 51)

Henriquez et al.
(25)

Peru Stage 1–2 CNS 12, 60 SCXL: 13.2 (2.6)
A-TECXL:14.6 (2.1)

55.38% 46/NA (total 65) – – 32/NA (total 65)

Amer et al. (28) Egypt Stage 1–2 CNS 36 SCXL: 15.3 (2.0)
ACXL: 15.2 (2.5)

SCXL: 38.9%
ACXL: 41.2%

34/18 34/17 – –

Magli et al. (23) Italy Any stage CNS 3, 6, 12 15.2 (1.7) 73.3% 23/19 – 16/11 –

SCXL, standard epithelium-off CXL; ACXL, accelerated epithelium-off CXL; TECXL, transepithelial corneal CXL; A-TECXL, accelerated transepithelial corneal CXL; CNS,
comparative non-randomized study; RCT, randomized controlled trial; NOS, Newcastle-Ottawa Scale. *Amsler–Krumeich stage.
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FIGURE 2 | Forest plot of the change in UCVA (1UCVA) of SCXL and ACXL.

ACXL [odds ratio (OR) 4.17; 95% CI 2.06–8.41, p < 0.0001]
with high heterogeneity in the results (I2 = 73%, p = 0.03)
(Supplementary Figure 2). When removing the source of
heterogeneity (18), the two CXL procedures were comparable in
terms of haze (OR 1.48, 95% CI 0.55–3.97, p = 0.43, I2 = 0%)
(Supplementary Figure 3).

Comparative Effectiveness of SCXL and
Transepithelial CXL
Primary Outcomes
Uncorrected visual acuity: There were totally five publications
that involve the comparison between SCXL and transepithelial
CXL (2 TECXL and 3 A-TECXL). Due to the small number
of transepithelial CXL studies, we analyzed the TECXL and
A-TECXL in subgroups and together. As shown in the Figure 7A,
although in TECXL subgroup, the changes in UCVA after CXL
were comparable between TECXL and SCXL (WMD = 0.05,
95%CI: –0.15 to 0.25, p = 0.62, I2 = 0%), the SCXL seemed to

provide greater UCVA improvement than A-TECXL (WMD = -
0.24, 95% CI: –0.34 to –0.13, p < 0.00001, I2 = 89%).
However, the heterogeneities detected among studies were severe
(p < 0.0001, I2 = 83%), the source of which was mostly from the
A-TECXL subgroup.

Maximum keratometry: At final follow-up, SCXL may result
in a greater change in Kmax after surgery than A-TECXL
(WMD = -1.93, 95%CI: –3.02 to –0.85, p = 0.0005, I2 = 0%),
whereas SCXL and TECXL were comparable in the change in
Kmax post CXL (WMD = -0.38, 95% CI: –4.04 to 3.29, p = 0.84,
I2 = 0%) (Figure 7B).

Secondary Outcomes
Best-corrected visual acuity: Subgroup results showed that
SCXL was associated with better improvement in BCVA when
compared to A-TECXL (WMD = -0.09, 95% CI: –0.15 to
–0.04, p = 0.0008, I2 = 94%), whereas SCXL and TECXL were
comparable in the change in BCVA after CXL (WMD = -0.00,
95% CI: –0.13 to 0.12, p = 0.94, I2 = 0%) (Figure 8A).
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FIGURE 3 | Forest plot of the change in Kmax (1Kmax) of SCXL and ACXL.

Central corneal thickness: Both pooling and subgroup results
showed that changes in CCT before and after procedure in SCXL
group and transepithelial CXL group at final follow-up were not
statistically significant (pooling, WMD = -3.69, 95% CI: –12.7 to
5.32, p = 0.42, I2 = 0%, Figure 8B).

Complications
Among the five studies that compare SCXL and transepithelial
CXL, all the reported corneal haze formation was observed
in SCXL group. No haze was recorded in the TECXL or
A-TECXL group (Supplementary Figure 4). Besides, eye pain
and photophobia mostly occurred in the SCXL group.

Assessment of Study Quality and Publication Bias
The two RCTs were found to be of high quality. The Eissa et al.
(19) study was found to have an unclear risk for the selection and
detection bias, and the Iqbal et al. (18) study had an unclear risk
of selection and performance bias (Supplementary Figure 1).
According to NOS scores, the included non-RCT studies were
of moderate-to-high quality and acceptable in the meta-analysis
(Supplementary Table 2). The cohort studies performed less

well mainly in their case definition of controls, method of
ascertainment for cases and controls, and the non-response rate.
Funnel plots for publication bias test for the outcomes in each
pair of comparisons showed symmetric left-right distribution,
which suggests no evidence of publication bias (Supplementary
Figures 5, 6).

DISCUSSION

This meta-analysis evaluated and compared the efficacy of
SCXL vs. ACXL and SCXL vs. TECXL for the treatment of
keratoconus in pediatric patients. The results suggested that
the changes in UCVA, BCVA, MRSE, Kmax, and CCT after
surgery were not significantly different between SCXL and
ACXL at 6-month, 1-, 2-, and 3-year follow-ups. One exception
was that the change in BCVA after SCXL at 24-month visit
was significantly greater than that after ACXL. The pooling
results suggest that the standard epithelium-off and accelerated
epithelium-off CXL protocols were comparable in the efficacy of
pediatric keratoconus treatment. SCXL might result in greater
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FIGURE 4 | Forest plot of the change in BCVA (1BCVA) of SCXL and ACXL.

improvement in UCVA, BCVA, and Kmax than A-TECXL,
whereas in the comparison of SCXL and transepithelial CXL,
no significant difference in the CCT reduction was found.
Taken together, these indicate that in the treatment of pediatric
keratoconus, SCXL might perform better in improving the visual
outcomes than the transepithelial CXL, whereas SCXL and the
accelerated CXL were similarly efficacious.

The previous researches mainly focused on the adult
population, simply analyzed the postoperative outcomes in each
CXL procedure (29), or only compared two or three CXL
protocols (11, 13). It should be noted that Nath et al. (30)
analyzed data of adult patients with mean age (SD) of 25.12 (8.83)
years for transepithelial and 22.76 (9.06) years for epithelium-
off, whereas our study only focused on the pediatric patients
with keratoconus. Besides, Ng et al. (31) excluded studies that
enrolled participants under the age of 14, and Ng et al. (32)
also analyzed adult patients with mean age ranging from 23 to
30. Other differences between the studies and ours are the types

of outcomes, the follow-up duration, and comparison pairs of
CXL protocols. Indeed, the conclusions from our study show
that for pediatric keratoconus, a significant greater increase
in BCVA at 24-month follow-up in SCXL than ACXL was
observed; SCXL seems to provide better visual and pachymetric
outcomes than A-TECXL, with higher incidence of adverse
events, agree with their results in some degrees. This suggests
that for both adults and young patients, epithelium-off CXL
could be considered as the standard treatment for progressive
keratoconus, with superior efficacy to the safer transepithelial or
perhaps accelerated CXLs.

Although recent prospective observational studies reported
a comparable efficacy of conventional epithelium-off and
accelerated CXL protocols in pediatric keratoconus management,
there were also conflicting results from each study. Furthermore,
small sample size, mild measured effects, and single-center design
might undermine the conclusions. A meta-analysis pooling data
from multiple studies may offer important insights into the

Frontiers in Medicine | www.frontiersin.org 7 March 2022 | Volume 9 | Article 78716758

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-787167 March 11, 2022 Time: 20:13 # 8

Li et al. Meta-Analysis of Corneal Cross-Linking in Pediatric Keratoconus

FIGURE 5 | Forest plot of the change in MRSE (1MRSE) of SCXL and ACXL.

comparison of different CXL techniques. Two meta-analyses
analyzed children’s data and demonstrated the efficacy of SCXL,
ACXL, and TECXL in preventing the progression of keratoconus
(12, 14) and showed that all CXLs could attenuate the disease
progression in the patients with pediatric keratoconus. These
two studies were comprehensive, but not comparative for
different CXL techniques. To our knowledge, the present report
is the first to compare different CXL protocols in pediatric
keratoconus by analyzing the changes in outcomes between pre-
and postoperation.

A multicenter trial by Iqbal et al. showed that standard
epithelium-off was more effective in pediatric keratoconus,
attaining great stability as compared to either accelerated or
transepithelial CXL (18). On the other hand, Eissa et al. reported
that at 12-month follow-up, postoperative LogMAR UCVA,
BCVA, and Kmax of accelerated CXL were statistically less
than those of conventional CXL in pediatric keratoconus eyes
(19). The conflicting results might result from varied follow-
up duration and small sample sizes. Our meta-analysis could

provide pooling data from multiple studies updated to 2020 and
offer potential important insights into the CXL strategy prior to
carrying out a large-scale clinical trial.

The included studies compared the efficacy and stability of
either two or three of the standard epithelium-off, accelerated
epithelium-off, transepithelial, and accelerated transepithelial
CXL in pediatric keratoconus. An earlier meta-analysis by
McAnena et al. has evaluated 13 papers from 2011 to 2014, which
includes 490 eyes of 401 pediatric patients with keratoconus,
which compared the pre- and postoperative CXL outcomes
in standard epithelium-off and transepithelial protocol (22).
However, they only analyzed the outcomes in either protocol but
not between the two groups, likely due to the lack of enough
published data at that time. The McAnena study found that
standard protocol might be effective in halting progression of
pediatric keratoconus, with significant improvement in UCVA
and BCVA at 1 year and statistical reduction in Kmax at
2 years. In their results, no significant vision gain or change in
Kmax was observed in the transepithelial group at 1-year visit.
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FIGURE 6 | Forest plot of the change in CCT (1CCT) of SCXL and ACXL.

Besides, most of the included studies have multiple observing
timepoints, which ranges from 12 to 48 months (Table 1),
which allowed subgroup analysis according to the follow-ups.
This meta-analysis compared postoperative outcomes between
different CXL protocols in both short- and long terms.

Our results indicated that the long-term best spectacle-
corrected visual outcomes (BCVA at 24 months) were in favor
of SCXL as compared to ACXL (Figure 4). Furthermore, the
changes in UCVA and BCVA in SCXL were significantly greater
to those in A-TECXL group (Figures 7 and 8). These results are
similar to those in Kobashi and Tsubota study, which focused
on adult population and showed that ACXL has less effect
on improving corrected visual acuity than SCXL after 1-year
follow-up (33). The improvement in Kmax in SCXL was also
significantly greater than those in A-TECXL group (Figure 7B).
Soeters et al. reported that in adult population, transepithelial
CXL might result in a continued keratoconus progression after
1 year (34). Ng et al. also showed that standard CXL resulted
in a significantly greater reduction in Kmax and Kmean than
its accelerated counterpart (35). Our results in pediatric patients
are in accordance with these previous studies. No significant
difference in UCVA, BCVA, and Kmax was found between the

SCXL and TECXL group (Figures 7 and 8), but the small
sample size suggests further clinical trials that compare that the
two CXLs are required. The results indicated that in terms of
halting progression and improving visual acuity, the standard
epithelium-off CXL might be more efficacious than the others.

Corneal thickness was reported to increase after standard
epithelium-off CXL possibly due to scattering formation, but
stable CCT after CXL was also reported (36), possibly due to
different measurement techniques such as the Orbscan II and
Pentacam HR. Previously, it was shown that for adult patients
with keratoconus, transepithelial CXL provided a more protective
influence on corneal thickness than standard CXL (37). Early
meta-analysis showed that accelerated CXL might lead to a
less reduction in CCT than standard CXL (35), but recent
studies suggest no difference between the ACXL and SCXL when
comparing the CCT (16, 38). In pediatric population, our meta-
analysis also observed no statistical difference in the change on
postoperative CCT among different CXL protocols, regardless of
different follow-up times (Figures 6 and 8).

Demarcation line (DL) is usually measured as a substitute
indicator for the impact of CXL and treatment depth. The depths
of DL typically range from 300 to 380 mm for SCXL and from
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FIGURE 7 | Forest plots of the changes in primary outcomes of SCXL and transepithelial CXL. (A) 1UCVA, (B) 1Kmax.

184 to 350 mm for ACXL (39), whereas for TECXL, the DLs
are of approximately 90 to 110 mm in pediatric patients (37,
40). Although only Eraslan et al. reported the depths of DL
among the included studies, their observation of shallower DLs
after TECXL (137 mm) than those after SCXL (272 mm) was
similar to the previous publications (22). A possible reason is the
shorter soaking time with ACXL and the transepithelial process
with TECXL as compared to SCXL. Our results of greater visual
improvements SCXL than ACXL and A-TECXL suggest that
SCXL might be more efficient than the other procedures, which
is in accordance with the previous reported depths of DLs.

Endothelial cell density (ECD) was also an important factor
that affects the recovery of pediatric patients. This meta-
analysis did not enroll the ECD due to few records in the
included studies. According to the previous reports, there was
no statistically significant change in ECD between SCXL and
ACXL (19) or between SCXL and TECXL in pediatrics (22,
23). Another trial also showed that counting of endothelial cell
did not change significantly during follow-up in iontophoretic
CXL (41). Besides, although being relatively rare, adverse events
such as corneal edema, transient haze, permanent scar, sterile

ulcer, and infectious keratitis should be recorded to provide
more detailed observations of CXL complications in pediatrics.
A recent study showed that 3 of 968 eyes developed infectious
keratitis and seven sterile infiltrates after accelerated CXL over 4-
year follow-up, but the studied population included both children
and adults (42). Maharana et al. reported microbiological test
results of the microbial keratitis after accelerated CXL, which
shows mixed and simple infection in the cases (43). The mixed
infections included coagulase-negative Staphylococcus (CoNS)
with Aspergillus fumigatus, Staphylococcus aureus with Mucor
spp., S. aureus with Acanthamoeba, and simple infection included
S. aureus, CoNS, and Alternaria spp. (43).

There are some limitations in this meta-analysis. First, the
surgical procedures of CXL in each protocol were not exactly
the same. In the epithelium-off groups, the process of epithelium
removal was different in concentration of ethanol and soaking
time, and the riboflavin instilment interval during UVA exposure
was not uniform. In the transepithelial groups, the concentrations
of riboflavin in soaking, the UVA power, and the process of
UVA exposure were varied. Second, Kmax is often measured
with different measurements, such as Pentacam, Precisio, and
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FIGURE 8 | Forest plots of the changes in secondary outcomes of SCXL and transepithelial CXL. (A) 1BCVA, (B) 1CCT.

Sirius. Different measurement system was confounding factor
that might introduce inconsistency in the value of Kmax.
In this meta-analysis, however, we compared the difference
between pre- and postoperative parameters (the “1,” post–pre),
not the absolute value. To some degrees, this would reduce
the confounding brought by different measurements. Third,
due to the scarcely reported RCTs, there were only 2 RCTs
included whereas the others were of retrospective or prospective
comparative design, which would increase the risk of potential
selection and publication bias. Fourth, some outcomes had high
heterogeneity, such as the Kmax in subgroup analysis between
SCXL and ACXL, and the UCVA and BCVA between SCXL
and A-TECXL, which were possibly caused by different baseline
features, surgical techniques, the inclusion of both RCTs and
CNSs, and also the diversity in ethnicity. The evaluated studies
were carried out in Europe, North Africa, Western Asia, and
South America, and thus, effects in other regions such as East
Asian remain unclear. We encourage researchers in different

countries or races to conduct more RCTs to provide specific data
and results in details.

CONCLUSION

In summary, for pediatric keratoconus, except for a significant
greater increase in BCVA at 24-month follow-up in SCXL
than ACXL, both SCXL and ACXL are comparable on visual
effects and keratometric outcomes; the incidence of postoperative
corneal haze may be higher in the SCXL than ACXL, but
the conclusion should be appreciated with caution due to
severe heterogeneity. SCXL seems to provide better visual and
pachymetric outcomes than A-TECXL, with higher incidence
of adverse events. Larger RCTs in longer follow-up terms with
complete panels of parameters including ECD are necessary
to evaluate the efficacy and safety of CXL procedures for
pediatric patients.
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Recent advances in ocular gene and cellular therapy rely on precisely controlled subretinal

delivery. Due to its inherent limitations, manual delivery can lead to iatrogenic damage to

the retina, the retinal pigment epithelium, favor reflux into the vitreous cavity. In addition,

it suffers from lack of standardization, variability in delivery and the need to maintain

proficiency. With or without surgical damage, an eye challenged with an exogenous viral

vector or transplanted cells will illicit an immune response. Understanding how such a

response manifests itself and to what extent immune privilege protects the eye from

a reaction can help in anticipating short- and long-term consequences. Avoidance of

spillover from areas of immune privilege to areas which either lack or have less protection

should be part of any mitigation strategy. In that regard, robotic technology can provide

reproducible, standardized delivery which is not dependent on speed of injection. The

advantages of microprecision medical robotic technology for precise targeted deliveries

are discussed.

Keywords: subretinal delivery, gene therapy, cell therapy, immune response, retina, ocular robotics

INTRODUCTION

There are a growing number of hereditary and degenerative diseases of the retina that are the target
of pre-clinical or clinical research using both genetic vectors or cell based therapies (1, 2).

The use of viral vectors in humans has centered on understanding the mechanisms of disease
leading to a progressive loss of photoreceptors through apoptotic and non-apoptotic mechanisms,
as well as the means to correct the defect (3, 4).

These treatments are dose and volume dependent, somewhat similar to pharmacologic therapy.
Hence, optimizing delivery, devising a reproducible, standardized method to appropriately target
retinal tissues and layers can improve on the experimental and clinical results by reducing the loss
of vectors from the intended target and a reduce risk of an immune response.

It has been assumed that current available surgical techniques are sufficient and reliable in the
hands of surgeons, many of whom, have limited training in performing this type of surgery (5, 6).
Several lines of evidence indicate that this may not be the case (7–9).

Three surgical approaches are currently proposed to reach the retina: direct intravitreal injection
which fills the core of the eye and exposes all intraocular surfaces in contact with the vitreous to the
vectors or cells, or by injecting the suspension under the sensory retina either by a transvitreal route
or reaching the subretinal space via the suprachoroidal space, a virtual space between the sclera
and deeper eye structures (Figure 1) (10, 11). Each approach brings a unique set of advantages
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FIGURE 1 | Surgical approaches for subretinal delivery. Intravitreal injection

(A), subretinal injection (B), and suprachoroidal injection through a microneedle

(C). Intravitreal injection fills the vitreous body and exposes all intraocular

surfaces in contact with the vitreous to the vectors or cells. Subretinal

injection, delivers the therapeutic suspension immediately under the sensory

retina, into the subretinal space, a virtual space between the photoreceptors

and the retinal pigment epithelium (RPE). Suprachoroidal injection by a

microneedle, delivers the therapeutic suspension into to the suprachoroidal

space, a virtual space between choroid and sclera.

and drawbacks which should be considered in the context of the
chosen therapeutic strategy and adapted to each specific disease
being targeted (Table 1).

Accessing the eye by intravitreal injections or via the
suprachoroidal space was proposed to circumvent the difficulties
inherent with a transvitreal approach for subretinal delivery.

This review will address the challenges, advantages, and
limitations of the current methods used to target the subretinal
space. We will explore the role of robotic technology in
understanding, optimizing and delivering gene and cell products
to the subretinal space and propose solutions that make use of
this novel technology.

CHALLENGE OF CONTROLLED
SUBRETINAL DELIVERY

Human Limitations
In contrast to subretinal maneuvers in common usage such as
tPA injections for submacular hemorrhages or the removal of
subretinal fibroproliferative membranes, the specific challenge in
subretinal gene therapy is that delivery should be confined to
this space while avoiding a breach of the external blood ocular
barrier or reflux into the vitreous cavity. Delivering precisely to
the subretinal space without breaching Bruch’s membrane and

entering the choroid is challenging. The retina lacks elasticity
which implies that any lateral movement of the needle tip or
any attempted re-insertion will be associated with a high risk of
widening the retinotomy, leading to reflux. Hence a reflux free
delivery of a defined product to the subretinal space is rarely
achieved using current techniques, even in healthy retina. It is
even less likely in thinned, atrophic or scarred retina.

Physiologic hand tremor challenges surgeons who must
deliver gene/cell solutions over a substantial time period in a
virtual space∼200µmunder the retinal surface of the critical and
fragile macula. Tremor data recorded during eye surgery have
shown that it is present in the order of 100 um when transmitted
to the tip of the instrument (12). Simulations in different settings
come to the same conclusion (13). Thus, the level of ability
required for such surgical procedure are literally at the human
physiologic limit.

Furthermore, static positioning for controlled delivery of
cells/gene vector solutions to the subretinal space as compared
to dynamic motion present additional physiological challenges—
holding static causes the appearance of micro jerks of 250µm
or more (13). All of these physiological constraints: tremor,
jerks and low drifts are accentuated when attempting to remain
stationary or when actuating an instrument (13).

Visual perception is the major source of information for
the surgeon. This provides him with a three- dimensional
representation of the surgical space, allowing him to estimate
distances between instruments and target structures. While
under optimal conditions, a 10µm visual resolution can be
achieved in XY (the planar field). In the Z axis, most important
in depth perception, a particularly crucial element in subretinal
delivery, observed resolutions are much lower (14).

Despite the emergence of intraoperative OCT (iOCT)
technology which enhances a surgeon’s ability to assess tissue
depth, there are still practical limitations in iOCT systems
including restricted OCT fields, shadowing of the operative site
by intravitreal instruments and the inability for surgeons to
operate and observe the iOCT image in real time. As previously
shown, the iOCT is mostly beneficial during interruptions to
assess the progress or completion of a surgical task (15–17).

Reflux From the Subretinal Space Into the
Vitreous Cavity
Subretinal injections using a transvitreal approach are widely
used in clinical studies with viral vectors and cell suspensions
through a 38–41G needle. Currently, a surgeon’s success in
accurately placing and estimating the volume of therapeutics
delivered beneath the retina is based on surgical experience and
en face visualization via the surgical microscope. The accepted
practice for determining the volume of a subretinal bleb is by
injection of a predetermined volume of the target therapeutic
product from a calibrated syringe into the subretinal space. If
the surgeon does not observe any leakage, it is assumed that all
the injected volume is successfully delivered (18–21). However,
based on volumetric estimation using the spherical cap formula
of the detached area, 50% or less of the delivered volume reaches
the target location (22). Direct volumetric measurements using
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TABLE 1 | Advantages and drawbacks of surgical approaches for retinal delivery.

Intraocular location

and approach

Target specific

retinal layer

Area of transfection or

effect

Risk of reflux and

location

Risk of surgical

complication

Risk of immune

response

Subretinal via PPV Yes Limited beyond area of

retinal detachment

Yes into vitreous Yes, area of retinal

manipulation and

related to surgical

technique

Limited unless breech

of barrier or reflux.

Subretinal via choroid Yes Limited effect beyond area

of retinal detachment

Yes into the choroid Intravitreal injection,

choroidal hemorrhage

Systemic immune

response or granuloma

formation possible

Intravitreal No but better reach of

ganglion cells and other

superficial cells of the

inner retinal/ciliary body

surface

All exposed tissues to the

vitreous and some exposure

of anterior chamber

structures

At sclerotomy site Limited—vitreous

hemorrhage

Immune response likely

mostly mild

Suprachoroidal No Limited if viscous fluid

Disseminated to large are of

suprachoroidal space with

non-viscous fluid

External

(subconjunctival).

Cannot judge amount

delivered

Yes, Injection into the

vitreous cavity or

choroidal hemorrhage

Yes—risk of systemic

immune response

FIGURE 2 | Transvitreal subretinal injection without pars plana vitrectomy. Intraoperative OCT picture showing absence of reflux after the subretinal injection in a

non-vitrectomized living porcine eye. Intact vitreous may act as a plug and prevent reflux into the vitreous body, as we have observed in these subretinal injections

experiments carried out in live pigs.

intraoperative OCT showed that subretinal bleb size was on
average 36% smaller than predicted by the surgeon using a dilute
triamcinolone solution (23). In an experimental set-up for cell
delivery to the subretinal space, 100% of cases had some degree
of reflux (24).

We have shown that removal of the needle from the subretinal
space leads to leakage from the retinotomy as well as from
the needle tip (25). The latter occurs as the built-up pressure
in the catheter tubing (leading to the syringe) is released.
Reflux from the retinotomy is reflective of tension within the
bleb. Both phenomena are variable and can be minimized by
prolonged retention of the needle tip in the subretinal space.
Ideally, any reflux should be avoided as release of cells to
the vitreous cavity can induce an immune response or lead
to the formation of epiretinal membranes (20, 26–29). Intact

vitreous can also act as a plug and prevent reflux into overlying
retina, as we have observed in experiments carried out in live
pigs. The necessity of performing a vitrectomy in all cases
may require re-evaluation, even though this goes against the
standard contemporary paradigms associated with vitreo-retinal
surgery (Figure 2).

Breaks in Bruch’s Membrane and Loss of
RPE Cells
Injection protocols dating to 2014 (30, 31) called for a 2-
step procedure, which largely avoids causing a break in Bruch’s
membrane but does not completely eliminate the risk (20, 32).
When breached, there is usually retraction of the underlying
choroidal tissue leading to the formation of a small white
round hole (20, 33). Two-step procedure increases the risk
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of having the retinotomy enlarge leading to more reflux, for
this reason, a one-step approach has been favored in many
clinical trials (34–36). The presence of an opening in Bruch’s
membrane increases the likelihood of transferring viral particles
or exposing cells to the general circulation. Such an exposure
can lead to a transient expression of gene products in blood
or the formation of granulomas where cells are in contact
with choroidal circulation (35, 36). In an experimental model
of xenogeneic cells, transfected transchoroidally, granuloma
formation was observed (though not with allogeneic cells) (33).
A temporary, recordable immune response was noted in a patient
reported by Schwarz et al. treated with cell therapy (20).

IMMUNE CONSEQUENCE OF
SUBRETINAL AND INTRAVITREAL
DELIVERY

Altered, deviant immunity present in the subretinal space
provides a certain degree of protection from inflammation and
rejection but it does not prevent exposure to immunosurveillance
mechanisms. Allogeneic fetal or pluripotent stem cells have both
been known to cause an immunogenic response when injected
intraocularly (37). The immune response varies depending on
the mode of delivery (27). Indeed, clinical trials conducted using
allogenic RPE cells for the treatment of AMD, 2 decades ago,
were all met with graft rejection (38–42). Immune responses are
also commonly observed using viral vectors and with mRNA
transfections (42–44). The clinical features of these rejection
episodes are often subtle and depend on the mode of delivery.
They include inflammation in the anterior chamber and the
vitreous, depigmentation at the site of injection, serous retinal
detachment or retinal edema, mild to moderate cell infiltration
around the cell transplant or in the overlying vitreous (seen
on OCT) as well as mild vasculitis on fluorescein angiography
(Table 2). Following an intravitreal injection, a dose dependent
immune response is observed presenting as cells in either
the anterior chamber and/or the vitreous. Both cellular and
humoral factors have been implicated (45–47). In mice, an
AAV injection into the vitreous leads to a transient mild
spontaneously resolving inflammation but the total number of
CD45+ T cells remains elevated, even weeks after the injection.
Both innate and adaptive immunity play a role regardless of
prior immune status (45). A patient treated for Lebers with a
single intravitreal dose of 9 × 1010 vg and high pre-treatment
titers of IgG neutralizing antibodies to AAV2, developed a
significant post-injection ocular inflammation (46). Similarly,
in April 2021, a patient enrolled in the INFINITY trial using
Adverum’s ADVM-022, an AAV.7m8 vector encoding a sequence
for aflibercept developed hypotony, panuveitis and vision loss, 30
weeks following injection of 6 × 1011 vg (48). While improved
pre-injection screening may reduce the incidence of such events,
they limit the applicability of this approach. The presence of
inflammation also will limit the efficiency of transfection or
the duration of the effect if it leads to the elimination of
transfected cells (45, 49, 50).

TABLE 2 | Ocular manifestations associated with immune activation by RPE

allografts in animal models and in human clinical trials.

Diagnostic modality Observations

Visual acuity

Visual field

Loss of visual function over the treated area

Intraocular pressure Increased or hypotony (depends on severity of

inflammatory response)

Color fundus imaging Disruption of the transplant or targeted

retinal structure Depigmentation Epiretinal

membrane formation (ERM and

macular pucker) Serous retinal detachment in

the underlying RPE or around the

transplanted area Encapsulation of

the transplant Inflammatory vitreous opacity

Inflammatory cell invasion in the treated area

Fluorescein angiography Fluorescent leakage in the treatment area

Retinal vasculitis

Indocyanine green

angiography

Hypofluorescent dark spots in the choroid

Optical coherence

tomography

Serous retinal detachment around the

transplant or treated area Retinal edema

around and over the area treat Sectoral

nflammatory cell infiltration Vitreous

cell infiltration Sectoral retinal disruption or of

the transplant Disappearance of the outer

retinal layers Epiretinal membrane Glial

cell proliferation

Biomicroscopy Anterior chamber cells and keratic precipitates

In contrast to the intravitreal route, transvitreal subretinal
injections elicits less of an inflammatory reaction (51–53). Dose
dependency has been observed both experimentally and clinically
(54). In the Voretigene trials, 8% of patients showed signs of
transient inflammation (52). At higher tiers and volumes, mild
vitritis, optic disc swelling and some sheathing was observed
several weeks after administration, and some focal pigmentary
changes were observed 3.5 years later in the same patient
(54). Hyper reflective foci were observed transiently in the
retina of a patient treated with a low dose of AAV8, while
at the intermediate dose, transient iridocyclitis was seen (55).
Experimental studies confirm the lower immunogenicity of the
transvitreal subretinal route but confirm that at higher doses
(1 × 1012 vg for AAV8), inflammatory cell infiltration in the
retina and choroid are observed in non-human primates (56).
Subretinal injection do not seem to induce antibody production
(57), also confirmed in another study by the group of R Ali,
but only for low dose AAV injections. Indeed, higher doses
lead to the expression of neutralizing antibodies that reduce
the efficacy of repeated vector administration (58). At higher
doses, the risk of a vitreous reflux increases, and a significant
number of viral particles can persist despite flushing of the
vitreous cavity with saline or BSS (59). Subretinal injections using
transcleral micro needles lead to a diffuse peripheral expression
when injected close to the pars plana but was associated with a
localized inflammatory response consisting in the accumulation
of macrophages and causing a localized chorioretinitis (60).
When present, these responses appear 1–3 months after the
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FIGURE 3 | Difference in Precision and Accuracy in a schematic on the right and a dynamic task on the left. Picture and schematic representations of experiments

using a laser vibrometer and video recording to assess the ability of a surgeon to superimpose or maintain the blue line with the tip of an instrument (A) held in hand.

Precision refers to the degree of reproducibility of the motion, while accuracy refers to the contiguousness achieved in reference to an intended target.

therapy was applied (11). In the presence of inflammation,
gene expression was noted to decrease progressively. Of note,
even expression of AAV8 in the suprachoroidal space can be
associated with a mild chorioretinitis and altered photoreceptor
morphology (61).

Subretinal and intravitreal injections appear to lead to
different phenotypes of immune response. With current
vectors, the safest approach from an immune standpoint
appears to be subretinal delivery, though this approach
may not be appropriate if more superficial retinal cells
such as ganglion cells are the targeted cell type. While
the risk for an overall population may be small from an
intravitreal approach, an immune response if induced can
have devastating effects on vision as recently shown. These
risks can be minimized by direct intraretinal targeting which
can avoid priming the immune system and make use of
the deviant immune response inherent to the retina and sub
retinal space.

ROBOTIC ASSISTANCE FOR SUBRETINAL
DELIVERY

Recent advances in imaging and robotics can overcome the
limitations listed above (7, 22). Robotic systems have been

in routine use for more than 20 years in other surgical
specialties. Advances in microrobotics make it now possible
to perform highly delicate and precise surgeries such as the
anastomosis of lymphatic vessels (62, 63). However, in gene
/ cell therapy, the inclusion of precision robotics to deliver
accurately to a target location has only been explored to a
limited extent. In obstetrics an article of 2016 has reported
its successful use of a robot for the transplantation of frozen-
banked ovarian tissue, and a proposal in 2021 suggests the
use of a robotic platform to deliver stem cells into the
brain of patients with Huntington’s disease. The potential use
of robots to treat other degenerative diseases is stimulating
research into novel robotic platforms with for example MRI
guidance of catheters to the spine, or even in cardiac
surgery (64–67).

In ophthalmology, high precision and accuracy are also
required in the delivery of cell or gene products, and robotics
can offer a solution. The terms precision and accuracy are often
misunderstood. Precision refers to the degree of reproducibility
of a motion, while accuracy refers to the contiguousness achieved
in reference to an intended target This is best exemplified
in Figure 3. Accuracy and precision can also be defined as
components of both dynamic and static tasks of which the
latter are more difficult to maintain. They can also be defined
as a function of the axis (XYZ), and as shown in simulation
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TABLE 3 | Advantages and drawbacks of robotics designs for subretinal delivery.

Tremor

filtering

Motion

scaling

Eye

stability

Surgical

automation

Improved static

tasks

Ergonomic

control

Remote control

option

Rapid

exit

Predefined

Boundaries to

movements

Integration

with iOCT

Hand held + +/– – – – + – + – –

Comanipulator + – + – + – – – +/– –

Telemanipulator + + + + + + + + + +

experiments, the Z axis is the most demanding and where
experience makes a difference (14). Unaided, dynamic precision
in XY is about 40µm for experienced and novice surgeons,
and 35 vs. 60µm in Z. Accuracy under the same conditions
is between 68 and 87µm for XY and 58–108µm in Z.
Robotics when self-actuated has an accuracy and precision
between 1 and 3 µm.

Another issue is the location of the center of motion (RCM).
Ideally it is placed at the site of insertion into the eye, but existing
systems often have their RCM at a separate location (68). In
Intuitive’s da Vinci system, the RCM is located away from the eye
making all intraocular movements less controllable and promotes
unnecessary tension at the surface of the eye (69). Adapting
existing robotic systems to ophthalmology is therefore fraught
with problems (70).

Robotic systems specifically designed for intraocular surgery
fall in three main categories: smart surgical tools, comanipulation
and telemanipulation which are described more extensively
in a review from 2018 (71). Table 3 summarizes advantages
and drawbacks of different robotic designs for eye surgery
in regard of subretinal delivery requirements. Master-slave
systems allow a decoupling between the manipulation of an
instrument from the surgeon’s direct grip. Particularly in tele-
manipulated systems, where the movement of the slave is
controlled by a computer, this enables additional functions such
as tremor filtering and an ability to introduce a variety of
other commands that can lead to the precise positioning of
the tip of a catheter at the appropriate depth under the retina.
A catheter placed at the retinal surface, after an appropriate
assessment of retinal thickness on an intraoperative OCT (iOCT),
can be advanced to the exact required distance to place the
tip of the instrument at the retinal RPE interface. It is the
standby functionality the ability to suspend any task carried out
by a robotic system that allows such fine measurements and
provides the surgeon with the ability to carry out these precision
task, uninhibited by time constraints. This independence means
that the advancement of the needle through the retina can
be planned once inside the eye in real time using existing
iOCT machines, and because there is little motion of the
eye, the signal to noise compensation algorithms are fully
functional which allow for a fully optimized image of various
retinal planes (72).

Robotics also gives researchers the ability to fully dissect a
surgical maneuver to determine for subretinal injections for
example the appropriate angle of penetration, depth, retinal
contour and speed of injection that minimizes or prevents

FIGURE 4 | Telemanipulated robotic surgical system. The Preceyes surgical

system (Preceyes bv, Eindhoven, The Netherlands) allows the surgeon to

control a robotic instrument manipulator (A) located on the side of the headrest

via a motion controller (B) held in one hand of the surgeon, while

endoillumination is provided by a light pipe (C) held in the other hand. A

particular advantage is the non-obstructive design of the robot, allowing for

hybrid manual/robotic surgery and natural integration with the regular work

flow of ophthalmic surgery sessions.

the risk of reflux. Such understanding and optimization were
not possible prior to the use of robotics. By automating some
of the steps, limiting the surgeon’s interaction to steps which
require his/her expertise such as choosing the appropriate
location in the posterior pole and an adequate positioning
at the retinal surface, the critical steps for the delivery of
the cells or gene product to the subretinal space can be
standardized (Figure 4).

This ability to reduce variability was clearly shown in an
experiment carried out with retinal surgeons of various skill
levels at a European retinal meeting (Euretina). Vitreoretinal
surgeons, who had never used the PSS were asked to perform
a simulated subretinal injection with and without the robotic
device (7). A bleb was created more frequently with the use
of the PSS (88 vs. 44%) with a reduction in the rate and
severity of reflux (77 vs. 88%) was observed in this model
that lacked any elastic tissue. Tremor was clearly reduced
(Supplementary Video 1) when using the robot. The ability to
hold the instrument steadily at the point of insertion ranged
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FIGURE 5 | Comparison of static stability between manual (A) and robotic assisted (B) simulated subretinal injections. The red and green lines correspond,

respectively, to the beginning and the end of the fluid injection. The ability to hold the instrument steadily at the point of insertion during this maneuver was measured

to deviate around 40–266µm, depending on the individual surgeon, when surgeries were performed manually as compared to a deviation of 1–2µm with robotic

assistance. Note that spikes in the robotic assisted procedure measurement were due to artifacts.

from 40 to 266µm, depending on the individual surgeon, when
surgeries were performed manually as compared to, 1–2µm
with robotic assistance (Figure 5) resulting in a diameter size

reduction of the retinal hole. The use of the robotic arm also
led to a longer “infusion time” ranging from 13 to 108 s, while
the injections performed manually ranged from 18 to 85 s. In
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FIGURE 6 | Reflux and bleb formation as seen by intraoperative OCT in an ex-vivo porcine model using a solution containing a contrast agent. Intraoperative OCT

pictures of subretinal injection using an assistive robotic system (B) reduces the incidence of reflux from 100 to 20% and increases the rate of successful bleb

formation from 40 to 100% in this porcine eye model, as compared to manual subretinal injection (A).

both cases, they had been instructed to inject over 20 s. These
observations confirm studies performed in ex-vivo porcine eyes
and in vivo data (73). In this same ex-vivo model, the use of PSS
lead to the formation of subretinal blebs in 100% of cases, and
reflux limited to 20%while manually, a bleb could only be created
in 40% of cases with 100% reflux as seen on iOCT. Of note, to
enhance visualization of reflux a contrast agent was added to the
injection solution which allowed for the clear identification of
reflux (Figure 6) (25).

NEXT STEPS TO ROBOTIC ASSISTED
SURGERY IN THE SUBRETINAL CELL
THERAPY/GENE THERAPY
ENVIRONMENT

Microprecision robotic systems will require the key
characteristics if they are to be used for ocular gene/cell therapy:

1. Precise positioning of a needle to the appropriate retinal/
subretinal layer.

2. Removal of any time constraints for delivery through
positional stability.

3. Limitation of back flow and enlargement of the retinotomy
by flow control and adaptive positioning.

4. Minimization of back flow on task completion.
5. A surgeon-friendly technique requiring minimal

pre-operative training.
6. Task automation using appropriate software and intelligent

tools.

While many of these points have been demonstrated in a
non “gene therapy” setting (74), it is necessary to demonstrate
the value in gene/cell therapy applications. Optimization of

several functions will require further optimization with regards
to retinal location and thickness. As each application and
delivery location will require its own set of parameters.
In essence for cell type, disease entity, intraocular location,
specific proprietary software and hardware (intelligent devices)
can be created.

The initial step will be to optimize parameters in live animals
(pigs, rabbits, or monkeys) so that each injection achieves 90–
95% of the objectives 1–5 listed above.

In a follow-up stage, incorporation of distant sensing
and later pressure sensing would allow automation of the
procedure. If coupled to an automatic infusion line, it could
dynamically adapt to the degree of retinal stretch or relaxation
as the bleb develops. In healthy retina, this is of course not
needed, but ultimately, not only healthy retina of patients
with genetic diseases will be targeted but also patients with
thinned or scarred retinas, where it is difficult to appreciate
the degree of tissue plasticity. At that stage, these further
refinement in delivery may show that a full vitrectomy
is superfluous.

CONCLUSION

Safe, efficient and reproductible subretinal delivery of gene
vector/cells solutions require skills which are literally at the limit
of human dexterity.

Robotic assistance especially highly versatile telemanipulation
robots can overcome these barriers. Such a tool would
standardize the surgical procedure, increasing accuracy and
precision resulting in a higher efficiency and safety and therefore
better outcomes. It would also reduce the cost of clinical trials
as the variability of drug delivery between surgeons as well

Frontiers in Medicine | www.frontiersin.org 8 March 2022 | Volume 9 | Article 84678272

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Ladha et al. Technological Solution for Subretinal Therapy

as between centers will be significantly reduced. Costs of pre-
clinical in vivo experiments can also be diminished for the
same reasons. A standardized delivery system also facilitates the
adoption of an approved drug as training of surgeons in the
use of this delivery device can be limited in time and space
and can be carried out with phantoms rather than live animals
or ocular tissue.
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Background: Laser photocoagulation and/or intravitreal anti-vascular endothelial
growth factor (anti-VEGF) injections constitute the current standard treatment for
retinopathy of prematurity (ROP). This systematic review and meta-analysis aimed to
assess the efficacy and safety of anti-VEGF monotherapy for ROP treatment using
the Grading of Recommendations Assessment, Development and Evaluation (GRADE)
approach.

Methods: We searched the Medline, Embase, and Cochrane Central Register of
Controlled Trials (CENTRAL) databases. We included randomized controlled trials (RCTs)
that compared intravitreal anti-VEGF monotherapy (e.g., bevacizumab, ranibizumab,
aflibercept, and pegaptanib) with laser photocoagulation in preterm infants with ROP.
We evaluated the rates of recurrence, treatment switching, retreatment, adverse events,
and mortality. The risk ratio (RR) was used to represent dichotomous outcomes. Data
were pooled using the inverse variance weighting method. The quality of evidence was
assessed using the GRADE approach. Risk of bias was assessed using the Revised
Cochrane risk of bias tool for randomized trials.

Results: Seven RCTs (n = 579; 1,158 eyes) were deemed eligible. Three RCTs had
an overall low risk of bias, three had some concerns, and one had an overall high
risk of bias. The pooled effect estimate showed a statistically significant reduction in
adverse events in favor of anti-VEGF monotherapy [RR = 0.17, 95% confidence interval
(CI) 0.07–0.44]. The pooled analysis showed no significant difference between the anti-
VEGF and laser groups in terms of recurrence rate (RR = 1.56, 95% CI 0.23–10.54),
treatment switching (RR = 2.92, 95% CI 0.40–21.05), retreatment (RR = 1.56, 95% CI
0.35–6.96), and mortality rate (RR = 1.28, 95% CI 0.48–3.41).
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Conclusion: Overall, intravitreal anti-VEGF monotherapy was associated with fewer
adverse events than laser therapy, rated as high quality of evidence according to the
GRADE criteria. Pooled analysis revealed no significant difference between the two arms
with respect to the recurrence rate, treatment switching, retreatment, and mortality rate,
with quality of evidence ranging from moderate to very low as per the GRADE approach.

Systematic Review Registration: [https://www.crd.york.ac.uk/prospero/#record
Details], identifier [CRD42021270077].

Keywords: retinopathy of prematurity, anti-vascular endothelial growth factor, bevacizumab, ranibizumab, laser
photocoagulation

INTRODUCTION

Retinopathy of prematurity (ROP), formerly known as retrolental
fibroplasia, is a common cause of preventable blindness in
children (1). ROP is a neovascular disorder caused by reduced
retinal vascularization in premature infants (2). Annually, around
32,000 neonates develop ROP-induced blindness or severe visual
impairment worldwide; ROP mostly occurs in infants with a
gestational age≤ 30 weeks or birth weight≤ 1,500 g (3, 4). Thus,
screening for ROP among premature infants is commenced to
identify ROP that requires therapeutic intervention as early as
possible (5).

In recent decades, the standard treatment for ROP was
cryotherapy. Nowadays, laser photocoagulation and intravitreal
anti-vascular endothelial growth factor (anti-VEGF) injections
have completely replaced cryotherapy and become the new
standard treatment for ROP (1, 6). The treatment choice
mainly relies on the experience and preference of the treating
ophthalmologist and the preference of the patients’ guardians
(7–10).

Despite many studies encouraging the use of anti-VEGF
agents, the long-term outcomes of anti-VEGF therapy, optimal
frequency and duration of follow-up, and optimal management
of recurrence remain unclear (6, 11). Additionally, no previous
systematic review has described the roles of different anti-VEGF
agents or the management of different ROP zones.

This systematic review and meta-analysis aimed to
comprehensively describe the efficacy and safety of intravitreal
anti-VEGF injection with bevacizumab, ranibizumab, aflibercept,
or pegaptanib and compare it with retinal ablative therapy for
ROP management in terms of recurrence, treatment switching,
retreatment, adverse events, and mortality.

METHODS

This systematic review was conducted in accordance
with a pre-specified protocol registered with PROSPERO
(CRD42021270077) and conformed with the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) checklist (12).

Eligibility Criteria
We reviewed randomized controlled trials (RCTs) that included
preterm infants with ROP who underwent either intravitreal

anti-VEGF monotherapy or laser photocoagulation and collected
information on the following pre-specified outcomes: recurrence
rate, treatment switching (i.e., the need for a treatment modality
other than that assigned), retreatment, adverse events, and
mortality rate. We excluded trials that enrolled participants
with previous operative or non-operative management of
ROP and those that included participants with vitreoretinal
conditions other than ROP. The outcomes of retreatment
and treatment switching were investigated as two separate
outcomes instead of combining them as one, named ”additional
treatment”. Such distinction was made due to the reasons
behind each of them. That is, retreatment is usually done in
lack of adequate regression of ROP after treatment (5). Some
RCTs considered retreatment approach once ROP recurrence
occurs (1, 11). On the other hand, treatment switching is done
mostly due to developing complications that are specific to the
assigned treatment modality. For example, anti-VEGF agents are
not injected in participants with signs of conjunctival infection
(5). Additionally, treatment switching is sometimes used for
the sake of trying a different approach in the management of
ROP (1, 11). Nevertheless, there was inconsistency in some
of the enrolled RCTs regarding the reasons for retreatment or
treatment switching as well as a lack of reporting the reasons
behind using an additional treatment. Therefore, by separating
these two outcomes in our review, we aimed to evaluate the
effectiveness of using an additional treatment (e.g., retreatment
and treatment switching) in the cases of ROP persistence or
recurrence as well as see the trends in the additional treatment,
whether using the same treatment modality or switching to
another modality.

Search Strategy
We systematically searched the Medline, Embase, and Cochrane
Central Register of Controlled Trials (CENTRAL) databases from
database inception to July 15, 2021, without any restriction on
date or language. The complete search strategy is provided in the
Supplementary Appendix. We manually searched the references
of the included studies for potentially relevant RCTs that were
missed during the systematic search.

Study Selection and Data Extraction
Two reviewers, independently and together, performed title
and abstract screening against the eligibility criteria, full-text
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assessment, and data extraction from eligible trials. Discrepancies
were resolved through consensus or discussion with a third
reviewer before performing analyses.

Meta-Analysis
Data analysis was performed using RevMan (Review Manager)
version 5.3 (Cochrane Collaboration). All statistical analyses
were performed using the random-effects model. We adopted
95% as a confidence level and P < 0.05 as a threshold. The
statistical heterogeneity was assessed using I2 and the P-value
of the Chi-square test. Dichotomous outcomes (recurrence
rate, treatment switching, retreatment, adverse events, and
mortality rate) were expressed as risk ratios (RRs) and pooled
using the inverse variance weighting method. We performed
subgroup analysis based on the following zones: zone I, zone
II, and undetermined zone. The undetermined zone subgroup
comprised two RCTs (Stahl et al. and O’Keeffe et al.) in which
anti-VEGF monotherapy [e.g., intravitreal ranibizumab (IVR)
and intravitreal bevacizumab (IVB)] were compared with laser
therapy without specifically considering the ROP zone (10, 13).
Instead of excluding these studies, we added an undetermined
zone subgroup. Although these studies do not provide insight
into the effects by the ROP zone, their findings have considerable
weightage in the pooled effect estimate of each outcome and
improve the power of our study. The quality of evidence for each
outcome was assessed using the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) criteria.

Risk of Bias Assessment
Two reviewers, independently and together, used the Revised
Cochrane risk of bias tool to assess the risk of bias in the eligible
RCTs (14). Each study was reviewed and scored as high risk,
low risk, or some concerns. Discrepancies between the reviewers
were resolved through discussion until agreement. We assessed
the potential for publication bias for each outcome via visual
inspection of a funnel plot with the RR and standard error.
Evidence of publication bias was considered possible when the
funnel plot was asymmetrical.

RESULTS

Figure 1 shows the flowchart of study inclusion, with
justifications for excluding studies. From the literature search, we
identified 422 articles, of which 114 duplicates were excluded.
After examining the titles and abstracts, 27 potentially eligible
studies were assessed for inclusion. Eventually, seven RCTs were
deemed eligible and included in the meta-analysis. Five RCTs
assessed IVB and two evaluated IVR. No RCTs were found on
aflibercept or pegaptanib monotherapy.

Trial Characteristics
This meta-analysis included 579 infants (1,158 eyes) (1, 3, 10,
11, 13, 15, 16). Of them, 267 (534 eyes), 213 (426 eyes), and
99 (198 eyes) were randomly assigned to the laser therapy,
IVB monotherapy, and IVR groups, respectively. The mean
gestational age ranged from 24.2 to 28.96 weeks for the arm of

anti-VEGF monotherapy and from 24.3 to 28.50 weeks for the
arm of laser therapy. The mean birth weight ranged from 615.20
to 1,232 g for anti-VEGF group and from 657.90 to 1,273 g for
the laser group. Table 1 shows the detailed characteristics of the
included studies.

Risk of Bias Assessment
Three of the seven RCTs had an overall low risk of bias, three had
some concerns, and one had an overall high risk of bias due to
an issue with the randomization technique. Figures 2, 3 show the
risk of bias assessment of the included RCTs.

Recurrence Rate
Five RCTs (n = 820 eyes) reported data on ROP recurrence
(1, 3, 11, 13, 16). No significant difference was noted between
anti-VEGF monotherapy and laser photocoagulation therapy
in recurrence rate (RR = 1.56, 95% CI 0.23–10.54, P = 0.65,
I2
= 87%). The heterogeneity was 87%, indicating considerable

variability in the data, which was mostly attributed to the Mintz-
Hittner et al. trial (3). Subgroup analysis showed a significantly
higher recurrence rate in the laser group than the anti-VEGF
group at zone I (RR= 0.09, 95% CI 0.02–0.38, P < 0.001, I2

= not
applicable). In contrast, no significant difference was observed
between intravitreal anti-VEGF injections and retinal ablative
therapy in the zone II (RR = 3.34, 95% CI 0.32–34.70, P = 0.31,
I2
= 87%) and the undetermined zone (RR = 3.00, 95% CI

0.35–25.68, P = 0.32, I2
= not applicable) subgroups (Figure 4).

The funnel plot was symmetric upon visual inspection; therefore,
publication bias was unlikely (Figure 5). The GRADE certainty
of evidence was found to be rated as very low for the rate of
recurrence (Figure 6).

Treatment Switching
Five RCTs (n = 816 eyes) reported data on treatment switching
(1, 10, 11, 13, 15). Intravitreal anti-VEGF injections and laser
photocoagulation treatment showed similar treatment switching
rates (RR = 2.92, 95% CI 0.40–21.05, P = 0.29, I2

= 85%).
Subgroup analysis showed a significantly higher treatment
switching rate in the anti-VEGF group than the laser group
at zone II (RR = 13.00, 95% CI 3.26–51.87, P < 0.001,
I2
= not applicable), but the treatment switching rates were

comparable between the groups in the undetermined zone
subgroup (RR = 1.02, 95% CI 0.35–2.95, P = 0.97, I2

= 28%).
None of the included RCTs assessed treatment switching in
patients with zone I ROP (Figure 7). No evidence of asymmetry
was noted upon visual inspection of the funnel plot (Figure 8).
The GRADE certainty of evidence was found to be rated as low
for treatment switching (Figure 6).

Retreatment
Six RCTs (n = 900 eyes) reported data on retreatment (1, 10,
11, 13, 15, 16). Anti-VEGF injection and laser therapy showed
similar retreatment rates (RR= 1.56, 95% CI 0.35–6.96, P= 0.56,
I2
= 59%). No significant differences were noted between anti-

VEGF injection and laser therapy in the zone I (RR = 0.33, 95%
CI 0.01–7.74, P = 0.49, I2

= not applicable) and undetermined
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zone (RR= 0.67, 95% CI 0.42–1.06, P= 0.09, I2
= not applicable)

subgroups. In contrast, the anti-VEGF group had a significantly
higher retreatment rate than the laser group at zone II (RR= 6.83,
95% CI 1.29–36.13, P = 0.02, I2

= 0) (Figure 9). The funnel plot
was symmetric upon visual inspection; therefore, publication bias
was unlikely (Figure 10). The GRADE certainty of evidence was
found to be rated as moderate for retreatment (Figure 6).

Adverse Events
Six RCTs (n = 1,170 eyes) reported data on adverse events (1, 3,
10, 11, 15, 16). Overall, intravitreal anti-VEGF injection showed a
significantly lower adverse event rate than retinal ablative therapy
(RR = 0.17, 95% CI 0.07–0.44, P < 0.001, I2

= 0%); myopic
changes and unfavorable structural outcomes, such as macular
ectopia and retinal folds, vitreous and retinal hemorrhages, and

retinal detachment, were prevalent among the laser group (10, 11,
16). Similarly, a significantly higher adverse event rate was noted
in the laser group than in the anti-VGEF injection group at zone
I (RR = 0.06, 95% CI 0.01–0.43, P = 0.005, I2

= not applicable)
and zone II (RR= 0.28, 95% CI 0.08–0.94, P= 0.04, I2

= 0%), but
there was no significant difference between anti-VEGF injection
and laser therapy in the undetermined zone subgroup (RR= 0.14,
95% CI 0.02–1.13, P = 0.07, I2

= not applicable) (Figure 11). No
evidence of asymmetry was noted upon visual inspection of the
funnel plot (Figure 12). The GRADE certainty of evidence was
found to be rated high for adverse events (Figure 6).

Mortality
Six RCTs reported data on mortality (n = 565 infants) (1, 3,
10, 13, 15, 16). Intravitreal anti-VEGF injection showed similar

FIGURE 1 | Study flow diagram. CENTRAL, Cochrane Central Register of Controlled Trial; RCT, randomized controlled trial.
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TABLE 1 | Characteristics of the included studies.

Gender The definition of
ROP requiring
treatmen

Measured
outcomes

Mean birth
weight (g)

Gestational
age (weeks)

Number of
participants

Number of
eyes

Anti-VEGF
dose

Intervention Author, year

Male Female Anti-VEGF Laser Anti-VEGF Anti-VEGF
dose

Laser Anti-
VEGF

Laser Anti-
VEGF

Laser

39 40 Zone II (stage 2 or 3
ROP with plus
disease).

Recurrence,
treatment switch,
retreatment, adverse
events, and death.

28.37 (±1.96) 1202 (±321) 1133 0.625 mg/
0.025 mL

36 43 72 86 28.50 (±1.99) Intravitreal
bevacizumab
vs. Laser

Karkhaneh (1)

NR NR Zone 1 (stage 3
with/without plus
disease).

Structural changes
and retinal and
choroidal findings on
fluorescein
angiogram and
digital retinal
photographs 9
months and 4 years
after treatment.

4 infants: mean
gestational
age = 25.3
(range
22.7-29.3). 17
infants; mean
gestational
age = 25.6
(range
22.7-29.3).

4 infants: 697
(range 615-755).
17 infants: 667
(range 380-960).

4 infants: 697
(range 615-755).
17 infants: 667
(range 380-960).

0.5mg/
0.02mL

21 21 21 4 infants: mean
gestational
age = 25.3
(range
22.7-29.3). 17
infants; mean
gestational
age = 25.6
(range
22.7-29.3).

Intravitreal
bevacizumab
vs. Laser

Lepore (13)

97 53 Zone I or zone II
posterior (stage 3
with plus disease).

Recurrence, adverse
events, and death.

Zone I ROP:
24.2 Zone II
ROP: 24.5

Zone I ROP:
657.9 Zone II
ROP: 680.7

Zone I ROP:
615.2 Zone II
ROP: 689.2

0.625mg/
0.025 mL

75 75 150 150 Zone I ROP:
24.3 Zone II
ROP: 24.5

Intravitreal
bevacizumab
vs. Laser

Mintz-Hittner
(3)

NR NR Zone I or posterior
zone II with plus
disease.

Recurrence,
treatment switch,
retreatment, and
death.

Median (range):
25 (24-29)

Median (range):
780 (540-1080)

Median (range):
780 (540-1080)

1.25 mg/
0.05mL

15 15 15 Median (range):
25 (24-29)

Intravitreal
bevacizumab
vs. Laser

O’Keeffe (14)

NR NR Zone II (stage 2 or 3
with plus disease).

Regression,
treatment switch
retreatment, adverse
events, and death.

28.75 (±1.86) 1273 (±273) 1232 (±318) 0.625mg/
0.025 mL

39 77 78 154 28.32 (±2.11) Intravitreal
bevacizumab
vs. Laser

Roohipoor
(15)

107 118 Zone I (stage 1, 2 or
3 2 with plus
disease), Zone II
(stage 3 with plus
disease), or
aggressive posterior
retinopathy of
prematurity.

Treatment switch,
retreatment, adverse
events, and death.

0.1 mg median
(range): 26
(23-32) 0.2 mg
median (range):
25 (23-32)

831 (±284) 0.1 mg: 886
(±299) 0.2 mg:
791 (±244)

0.1 mg 0.2
mg

74 74 148 148 Median (range):
26 (23-32)

Intravitreal
ranibizumab
vs. Laser

Stahl (9)

28 22 Zone II (Stage 2 or 3
with plus disease).

Recurrence,
treatment switch,
retreatment, and
adverse events.

28.96 (±1.59) 1.06 (±0.24) (kg) 1.22 (±0.32) (kg) 0.3 mg/ 0.03
mL

25 75 50 50 28.27 (±1.84) Intravitreal
ranibizumab
vs. Laser

Zhang (10)

NR, not reported; ROP, retinopathy of prematurity; VEGF, vascular endothelial growth factor.
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FIGURE 2 | Risk of bias graph.

mortality rates as retinal ablative therapy (RR = 1.28, 95% CI
0.48–3.41, P = 0.62, I2

= 0%). Similarly, there was no significant
difference between the anti-VEGF injections and laser therapy in
the zone I (RR= 1.10, 95% CI 0.17–7.20, P= 0.92, I2

= 0%), zone

FIGURE 3 | Risk of bias summary.

II (RR= 3.08, 95% CI 0.33–28.32, P = 0.32, I2
= not applicable),

and undetermined zone (RR= 1.00, 95% CI 0.26–3.85, P = 1.00,
I2
= not applicable) subgroups (Figure 13). The funnel plot

was symmetric upon visual inspection; therefore, publication bias
was unlikely (Figure 14). The GRADE certainty of evidence was
found to be rated as moderate for mortality (Figure 6).

DISCUSSION

This systematic review and meta-analysis compared the
efficacy and safety of intravitreal anti-VEGF monotherapy
with laser therapy for treating ROP. The pooled effect estimate
showed a statistically significant reduction in adverse events in
favor of treatment with intravitreal anti-VEGF monotherapy.
Nonetheless, no significant difference was found between
the anti-VEGF injections and laser therapy with respect to
recurrence, retreatment, treatment switching, and mortality.

In a retrospective study of 128 preterm infants with type 1
ROP, IVB, IVR, and laser were found to have low recurrence
rates and be equally effective for ROP regression (17). Our
results regarding zone I ROP match those of a recent systematic
review in which anti-VEGF agents showed a lower recurrence
rate than laser therapy in patients with zone I ROP (18). In
another study, 82.9% of 70 eyes with zone I ROP regressed
after a single IVB injection, showing that treatment with IVB
monotherapy is effective for zone I ROP regression (1, 19).
Similarly, ROP regressed after the first IVB injection in 95.4%
of 238 eyes with pre-threshold, threshold, or aggressive posterior
ROP (20). For more clarification, the significant reduction in
recurrence rate in the anti-VEGF group -although this outcome
rated as very low quality of evidence in our systematic review
according to the GRADE criteria-, it goes in accordance with the
guideline of the Royal College of Ophthalmologists (RCOphth),
in which they stated a grade A evidence supporting the use of
intravitreal anti-VEGF injections as a first-line treatment for eyes
with zone I ROP (5). Despite the promising results, including low
recurrence rates and ROP regression following IVB injections,
a recent study reported a case of retinal neovascularization and
ROP reactivation 10 years after successful treatment with IVB
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FIGURE 4 | Forest plot of the recurrence rate. CI, confidence interval; IV, inverse variance; VEGF, vascular endothelial growth factor.

FIGURE 5 | Funnel plot of recurrence rate. SE, standard error; RR: risk ratio.
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FIGURE 6 | Grading of Recommendations Assessment, Development and Evaluation (GRADE) evidence profile. CI, confidence interval; RCT, randomized controlled
trial; ROP, retinopathy of prematurity; RR, risk ratio; VEGF, vascular endothelial growth factor.

monotherapy for type 1 ROP. Therefore, long-term follow-up
data should be considered when evaluating ROP recurrence
(19, 21). A retrospective interventional case series of 12 infants
(23 eyes) with a mean birth weight of 821.58 g (standard

deviation = 297.63) found that a 0.25 mg IVR injection led
to regression in all infants with stage 3 ROP, and none of the
eyes needed additional treatment (22). Although decreasing the
intravitreal VEGF level in ROP eyes is the therapeutic hallmark
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FIGURE 7 | Forest plot of treatment switching. CI, confidence interval; IV, inverse variance; VEGF, vascular endothelial growth factor.

FIGURE 8 | Funnel plot of treatment switching. SE, standard error; RR, risk ratio.

of treating ROP, discrepancies between the findings regarding
recurrence or disease progression could be due to the different
definitions used in staging ROP and discrepancies in defining
ROP recurrence (23).

A meta-analysis of 3,701 eyes with ROP found that laser
therapy was associated with a significantly lower likelihood of
requiring supplementary treatment than anti-VEGF injections.

However, data stratification by ROP zone was limited; hence,
no solid conclusion could be drawn (4). A retrospective
review of infants with type 1 ROP revealed that only 5.7%
of infants required retreatment following IVB (24). This was
also seen in another study, in which most patients who
received retreatment initially had aggressive posterior ROP,
also known as aggressive ROP (4, 25, 26). This could be
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FIGURE 9 | Forest plot of retreatment. CI, confidence interval; IV, inverse variance; VEGF, vascular endothelial growth factor.

FIGURE 10 | Funnel plot of retreatment. SE, standard error; RR: risk ratio.

explained by the fact that aggressive ROP has a severe
nature distinguished by the rapid development of pathologic
neovascularization and severe plus disease (26). In a recent

cohort study, the likelihood of retreatment after laser therapy
was 20.4% compared with 66.7% after anti-VEGF therapy, which
confirms the need for careful and extensive long-term follow-up
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FIGURE 11 | Forest plot of adverse events. CI, confidence interval; IV, inverse variance; VEGF, vascular endothelial growth factor.

after intravitreal injections of VEGF inhibitors because delayed
recurrence has been reported to occur up to 19 weeks or even
2 years after treatment (21, 27, 28). Our review showed no
significant difference in treatment switching and retreatment
rates between anti-VEGF injection and laser therapy in zone
I and undetermined zone subgroups. Nevertheless, at zone II,
treatment switching and retreatment were very prevalent in the
anti-VEGF group. This could explain the recommendations of
the RCOphth in their clinical guideline on the treatment of
ROP, in which they recommended the use of transpupillary
laser over intravitreal anti-VEGF injections for eyes with zone
II ROP (5). Discrepancies between the studies could be due
to different birth weights or differences in the indications for
additional treatment.

Alterations in the anterior segment of the eye, resulting in
very high myopia, were seen in the eyes of infants enrolled
in the BEAT-ROP study who received retinal ablative therapy
(51.4% zone I, 36.4% zone II) (29). Among 13 inborn infants
with type 1 zone I ROP who received 0.5 mg IVB injection for
one eye and laser therapy for the other eye, two eyes that received
laser therapy progressed to retinal detachment, and at 9 months,
all eyes receiving IVB had favorable anatomic outcomes yet
showed some abnormalities on fluorescein angiography (15). In
the RAINBOW study, mortality, adverse effects, and non-serious
systemic adverse events were evenly distributed among those who
received 0.2 mg IVR, 0.1 mg IVR, and laser therapy (10). The
RAINBOW extension study reported the 2-year outcomes of the
patients treated with 0.2 mg IVR and 0.1 mg IVR. The prevalence
of high myopia was lower in the IVR 0.2 mg arm than in the laser

arm. IVR 0.2 mg was found to be effective and safe in infants
up to 2 years of age since no effects on growth, blood pressure,
neurodevelopmental scores, or pulmonary manifestations were
detected (30). Although our review showed that anti-VEGF
agents are better and safer than laser in terms of adverse events,
systemic side effects are difficult to assess. In contrast, another
systematic review revealed that IVB treatment for severe ROP
was associated with an increased risk of cognitive impairment
and low cognitive and language scores in preterm infants (31).

FIGURE 12 | Funnel plot of adverse events. SE, standard error; RR, risk ratio.
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FIGURE 13 | Forest plot of mortality rate. CI, confidence interval; IV, inverse variance; VEGF, vascular endothelial growth factor.

FIGURE 14 | Funnel plot of mortality rate. SE, standard error; RR, risk ratio.

However, no systemic complications of IVR or aflibercept were
reported (32, 33). The systemic complications of intravitreal anti-
VEGF agents in adults are still unclear. Thus, uncertainty remains
about the systemic toxicity of intravitreal VEGF inhibitors in
infants (34, 35). At present, two RCTs (the FIREFLEYE and
BUTTERFLEYE trials) comparing the efficacy and safety of
intravitreal aflibercept and laser therapy are being conducted (36,
37). The binding affinity of aflibercept to the VEGF receptor is

100 times higher than that of ranibizumab and bevacizumab.
Notably, aflibercept alone can inhibit VEGF and placental growth
factors 1 and 2 (38–40). More pronounced suppression of
systemic VEGF has been reported in ROP infants treated with
IVB than in those treated with aflibercept. VEGF is essential
for vascularization and homeostasis in the brain; thus, reduced
VEGF levels would implicate systemic side effects in terms of
intellectual function and neurodevelopment (41). Because of the
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abovementioned advantages, we eagerly await the results of the
FIREFLEYE and BUTTERFLEYE trials as they could provide
reliable data on aflibercept, which could change current practice.
Specifically, aflibercept could become the treatment of choice if
the forthcoming RCTs support the data of the published studies.
Intravitreal aflibercept has been shown to be effective in inducing
complete regression irrespective of ROP type (42). The lowest
effective dose of anti-VEGF agents should be used when treating
ROP to minimize complications. Although there is no consensus
on the optimum dose of anti-VEGF in ROP treatment, the
recommended bevacizumab dose for ROP infants is 0.625 mg.

More RCTs are warranted to determine the lowest sufficient
dose of anti-VEGF for ROP treatment, the anti-VEGF agent to
be used, and the optimal duration of follow-up (2, 9). Although
the effectiveness and safety of intravitreal anti-VEGF agents in
the management of ROP have been investigated, conflicting
results and debate remain. To date, our systematic review and
meta-analysis is the most comprehensive effort to consolidate
published findings of RCTs. Additionally, it had a relatively large
sample size and included RCTs with high levels of evidence.
Most of the included RCTs were well conducted and had an
overall low risk of bias. Furthermore, subgroup analysis of
the ROP zones was performed, which improves the clinical
relevance. Finally, this high-quality systematic review and meta-
analysis provides the GRADE criteria for each of the studied
outcomes. The GRADE criteria take into consideration five
major domains, namely, risk of bias, imprecision, inconsistency,
indirectness, and publication bias, and three other domains,
namely, magnitude of effect, dose response, and confounding.
Outcomes evaluation using such criteria ensures transparent
assessment of the certainty of evidence with an explicit
and comprehensive evaluation of the outcomes pertaining to
alternative management strategies. This enables us to provide
reliable and pragmatic recommendations. Although the GRADE
approach enables confident determination of the quality of
evidence, it does not eliminate the need for clinical judgment.
We believe that no systematic review on the safety and efficacy
of anti-VEGF monotherapy in infants with ROP has used
the GRADE criteria.

The review has some limitations. First, obvious variability was
present in anti-VEGF doses, gestational age, and birth weight
across the included RCTs, which might affect the results drawn
from the studies. Second, the studies included in this meta-
analysis showed lots of heterogeneity, probably secondary to
variability in the patient populations and treatment protocols.
Third, risk of bias was found in some studies, especially related
to the randomization technique, deviation from the intended
intervention, and selection of the reported results. All these
limitations resulted in moderate to very low quality of evidence
in most of the investigated outcomes, except for the adverse event
outcome which was rated as high quality.

CONCLUSION

Overall, intravitreal anti-VEGF monotherapy was associated
with fewer adverse events than laser therapy, rated as high

quality of evidence according to the GRADE criteria.
Pooled analysis revealed no significant difference between
the two arms with respect to the recurrence rate, treatment
switching, retreatment, and mortality, with quality of evidence
ranging from moderate to very low as per the GRADE
approach. As per the ROP zone stratification, anti-VGEF
monotherapy was associated with a significantly lower
recurrence rate and fewer adverse events compared to
laser therapy for eyes with zone I ROP. At zone II, anti-
VEGF monotherapy was associated with significantly higher
retreatment and treatment switching rates, yet fewer adverse
events compared to retinal ablative therapy. Nevertheless,
practice-changing clinical recommendations cannot be
concluded due to the low quality of most of the studied
outcomes evidence per the GRADE criteria. Further high-
quality RCTs are warranted before making formal clinical
recommendations about the superiority of anti-VEGF agents
or laser therapy in the clinical practice in treating ROP.
Additionally, more well-designed studies are required to
examine the long-term systemic side effects of anti-VEGF
agents, investigate the effects of different intravitreal anti-
VEGF agents on different ROP zones and stages, and
examine the efficacy and safety of different doses of anti-
VEGF agents. Moreover, consensus on the definitions of
ROP recurrence and ROP requiring retreatment is needed as
variability hinders the generalization of results corresponding
to each ROP zone.
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intravitreal bevacizumab, intravitreal ranibizumab and laser photocoagulation
for treatment of type 1 retinopathy of prematurity in Turkish preterm
children. Curr Eye Res. (2017) 42:1054–8. doi: 10.1080/02713683.2016.
1264607

18. Xiong Q. Anti-VEGF and laser therapy for type 1 retinopathy of prematurity:
a meta analysis. Int Eye Sci. (2021) 12:285–90.

19. VanderVeen DK, Melia M, Yang MB, Hutchinson AK, Wilson LB, Lambert
SR. Anti-vascular endothelial growth factor therapy for primary treatment
of type 1 retinopathy of prematurity: a report by the American academy
of ophthalmology. Ophthalmology. (2017) 124:619–33. doi: 10.1016/j.ophtha.
2016.12.025

20. Yetik H, Gunay M, Sirop S, Salihoglu Z. Intravitreal bevacizumab
monotherapy for type-1 prethreshold, threshold, and aggressive posterior
retinopathy of prematurity — 27 month follow-up results from Turkey.
Graefes Arch Clin Exp Ophthalmol. (2015) 253:1677–83. doi: 10.1007/s00417-
014-2867-0

21. Taylor K, Ghergherehchi L, Rao P, Harper CA III, Chang E. Very late-
onset reactivation of retinopathy of prematurity post anti-VEGF bevacizumab
treatment for type 1 ROP: a case report. J AAPOS. (2021) 25:180–4. doi:
10.1016/j.jaapos.2021.02.004

22. Lin C-J, Chen S-N, Tseng C-C, Chang Y-C, Hwang J-F. Effects of ranibizumab
on very low birth weight infants with stage 3 retinopathy of prematurity: a
preliminary report. Taiwan J Ophthalmol. (2012) 2:136–9. doi: 10.1016/j.tjo.
2012.10.001

23. Sato T, Kusaka S, Shimojo H, Fujikado T. Simultaneous analyses of vitreous
levels of 27 cytokines in eyes with retinopathy of prematurity. Ophthalmology.
(2009) 116:2165–9. doi: 10.1016/j.ophtha.2009.04.026

24. Helmy YA, Awadein AR, Hassanein DH, ElWaraky SM, Shuaib A, Gomaa
NA, et al. Retreatment of retinopathy of prematurity after primary intravitreal
bevacizumab montherapy. JAAPOS. (2018) 22:e37–8. doi: 10.1016/j.jaapos.
2018.07.132

25. Kong L, Mintz-Hittner HA, Penland RL, Kretzer FL, Chévez-Barrios P.
Intravitreous Bevacizumab as anti-vascular endothelial growth factor therapy
for retinopathy of prematurity: a morphologic study. Arch Ophthalmol. (2008)
126:1161–3. doi: 10.1001/archophthalmol.2008.1

26. Chiang MF, Quinn GE, Fielder AR, Ostmo SR, Paul Chan RV, Berrocal
A. International Classification of Retinopathy of Prematurity. 3rd ed.
(2021). Available online at: https://www.sciencedirect.com/science/article/pii/
S0161642021004164 (accessed March 15, 2022).
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Retinal vein occlusion (RVO) is the second most prevalent retinal disease. Despite this,

the pathogenic mechanisms and risk factors are not entirely clear. In this article, we

review recent publications on the classification, pathogenesis, risk factors, ischemic

changes, cytokines, and vital complications of RVO. Risk factors and cytokines are

important for exploring the mechanisms and new treatment targets. Furthermore, risk

factors are interrelated, making RVO mechanisms more complex. Cytokines act as

powerful mediators of pathological conditions, such as inflammation, neovascularization,

and macular edema. This review aims to summarize the updated knowledge on risk

factors, cytokines of RVO and signaling in order to provide valuable insight on managing

the disease.

Keywords: ischemic-CRVO, risk factors, neovascular glaucoma, VEGF, cytokines

INTRODUCTION

Retinal vein occlusion (RVO) is the second most prevalent retinal disease after diabetic retinopathy
and can lead to vascular blindness (1, 2). The pathogenesis of RVO is not thoroughly understood
and it interacts with many other diseases, but cardiovascular diseases, systemic diseases, and
glaucoma have been identified as crucial risk factors (3). As the risk factors are numerous and
complex, effective treatment of RVO is a major challenge. There are two types of central retinal
vein occlusion (CRVO): ischemic and non-ischemic. About 20% of CRVO cases are ischemic (4).
The conversion from non-ischemic to ischemic CRVO is very rapid and frequently occurs in
the first month. However, it’s intriguing how non-ischemic RVO transforms into ischemic RVO.
Neovascular glaucoma (NVG) is a severe complication of central retinal vein ischemic-CRVO
(4), often associated with vascular endothelial growth factors (VEGF) leakage from blood vessels.
Cytokines and chemokines induce inflammation and neovascular in RVO because of the role of
risk factors and mechanisms. This phenomenon highlights the necessity of better understanding
the pathogenesis of RVO. Therefore, this paper first reviews the pathogenesis and risk factors of
RVO before delving into ischemic CRVO, NVG, and cytokines/chemokines.

CLASSIFICATION

Depending on the anatomical site of occurrence, RVO has two classifications: central retinal
vein occlusion (CRVO) and branch retinal vein occlusion (BRVO) (1). In addition, the clinical
presentation of Hemi-retinal vein occlusion (HRVO) is an intermediary between CRVO and
BRVO. CRVO occurs at lamina cribrosa (2) or behind it and can be subdivided into ischemic
CRVO and non-ischemic CRVO. In comparison, BRVO is mainly found in A/V intersections (2).
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Ischemic CRVO is defined as the presence of more than
ten disc areas of retinal non-perfusion found on retinal
fluorescein angiography (FA) with standard 55◦technology or
revascularization on the surface of the iris (2). On the other hand,
non-ischemic CRVO is characterized by <10 disc areas of retinal
capillary non-perfusion (3). However, the 10-disc areas of retinal
non-perfusion cannot account for regions beyond FA55◦area
(3). Ultra-wide area fluorescein angiography (UWF-FA) shows a
larger retina surface. This detection technique will be explained
in more detail in the following sections.

PATHOGENESIS

Clinical manifestations reflect the disease’s pathogenesis. The
characteristic signs of RVO reported in current literature are:
(1) Flame-shaped bleeding or intraretinal hemorrhages; (2) Optic
nerve head edema, macular edema and cotton-wool spot; (3)
Patients that are aged 50 or younger have a limited disease course
and better final vision than those older than 50 (1, 5). Based on
these characteristics, there are three plausible explanations for the
pathogenesis of CRVO:

1) Mechanical lumen narrowing of thin-walled veins: The
central retinal vein and artery share a common sheath at
arteriovenous crossings posterior to the lamina cribrosa.
Hence, when atherosclerosis thickens the artery wall, it may
compress the vein and cause mechanical stenosis occlusion of
the vessel wall (2).

2) Occlusion of the lamina cribrosa: In adults aged 50 years and
older, the collagen tissue of the lamina is thicker and stiffer,
thus compressing the vessel passing through. Meanwhile,
artery degeneration can also influence the venous wall nearby.
In addition to venous stasis, the narrowed vein is thought
to cause turbulent blood flow and promote thrombosis
formation, leading to an occlusion (6, 7).

3) Local inflammation: Vascular stasis and exudation stimulates
the secretion of inflammatory factors, causing focal phlebitis
and optic nerve head swelling (ONH) in a significant number
of patients (3). Decreasing inflammatory factors and VEGF
could relieve the disc edema and recover damaged visual
acuity (VA) (8). Ischemia and hypoxia increased the oxidative
stress response of the body and stimulated the secretion
of inflammatory markers as well as caspase-9 (9, 10). This
explains that inflammation is involved in the development
of CRVO. The details surrounding involvement of caspase-
9 and VEGF in the blood-retinal barrier requires further
investigation (9).

ISCHEMIC CRVO AND NON-ISCHEMIC
CRVO

Ischemic CRVO (iCRVO) is the more severe form of CRVO.
More prominent manifestations of RVO are cotton-wool patches,
low VA (≤0.1), and relative afferent pupil defect. iCRVO
can cause visual loss and even neovascularization. In the
differentiation of CRVO, initial vision and visual fields are
essential. The initial VA of 99% iCRVO patients is 20/200

or worse, while the figure was 22% among non-ischemic
CRVO (11). The severity of visual field defect was also
more significant in iCRVO patients than in non-ischemic
CRVO patients, especially for central scotoma. The most
common defect was peripheral inferior nasal visual field defect
(11). Meanwhile, central scotoma and peripheral visual defect
are more severe in iCRVO than non-ischemic CRVO (11).
Traditionally, ophthalmologists diagnosed iCRVO by FA. Yet
now, functional test like vision, afferent pupil defect, visual field
and electroretinogram demonstrate superiority (12). Ultra-wide
area fluorescein angiography (UWFA) has been widely adopted
to test iCRVO (13). In the study conducted by Thomas et al.
(13), they used UWFA to measure baseline ischemic index (ISI)
as an indicator of CRVO grading. Ischemic index, calculated on
FA, is defined as the ratio of the non-perfused retina to the total
visible retina (14). The classification of CRVO as ischemic based
on ISI > 35% is sensitive and specific. Thus, UWFA is more
useful in prognosis. A recent study shows that the disc areas and
the incidence of neovascularization are positively related. Eyes
that have >30 DA of retinal non perfusion have 20% increased
neovascular risk (15). Retinal oxygen saturation is a non-invasive
way of diagnosing iCRVO. It’s based on the principle that blood
color is dependent on hemoglobin oxygen saturation, and that
the ischemic retina extracts more oxygen (16).

The transition from non-ischemic to ischemic CRVO is
observed in 10–33% of primary non-ischemic cases. The first
month has the highest risk of non-ischemic CRVO developing
into the ischemic and is dependent on the initial vision and
blood flow status (17). Retinal hemorrhage is greatly associated
with ischemic conversion, and the severity of ischemia is used
to distinguish iCRVO and non-ischemic CRVO (18). Color
Doppler imaging (CDI) helps in differentiating ischemic from
non-ischemic RVO through testing the minimal central retinal
venous velocity (19). The progression from non-ischemic CRVO
to ischemic CRVO is not fully understood but involves visual,
retinociliary, and macular damage (11).

The transition from non-ischemic to ischemic CRVO is
related to risk factors (Figure 1). Old age (20), women (>65
years old) (20), DM (21), hypertension, stroke (22), and obesity
(23) are associated with a higher incidence of iCRVO. Lipocytes
secrete the Adipo which monitors DM and obesity (24).
Adipo plays an important role in RVO and neovascularization
(25) and it might be a new treatment target. Ciliary vessels
perfuse the macular region, optic nerve head and participate
in the circulation of aqueous humor. Along with ciliary vessel
occlusion, non-ischemic CRVO may introduce defects to the
central or peripheral visual field. The non-perfusion of ciliary
vessels damage macular retinal ganglion cells, which are related
to the prognosis of ischemic CRVO (17, 26). When ciliary
vessels are blocked, aqueous humor accumulates and intraocular
tension increases, inducing glaucoma which may finally develop
NVG (27). Furthermore, VEGF is an indicator to evaluate the
degree of iCRVO (28). Macular edema occurs in iCRVO and
non-ischemic CRVO, but ischemic injury of macular retina
cells occurs in ischemic CRVO (29). Macular edema develops
into macular hemorrhage, aggravating microstructure (30). The
process increases VEGF, activating NF-κB and inflammatory
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FIGURE 1 | Possible mechanism of non-ischemic CRVO transforming into iCRVO: Non-ischemic CRVO along with cilioretinal artery occlusion may introduce central

or peripheral visual field defects, similarly to ischemic CRVO; macular hemorrhage leads to an increase in inflammatory factors, which are involved in the occurrence of

iCRVO. The occlusion of ciliary vessels induces hypoxia and VEGF production. Increased VEGF can promote angiogenesis, leading to NVG. Hypertension, advanced

age, and obesity are also related to ischemic CRVO.

factors (IL-8, TNF-α), thus developing into iCRVO and NVG
(30, 31).

While the pathogenesis of iCRVO remains obscure, arterial
hypertension, and thrombotic factors are considered the main
risk factors (32). Central venous occlusion increases hydrostatic
resistance, leading to blood flow stagnation and retinal ischemia
injury which then increases retinal non-perfusion (RNP). There
is positive feedback between VEGF and RNP (28). RNP promotes
VEGF and vein occlusion while the higher VEGF becomes
an important contributor to the disease by worsening retinal
ischemia and thus promoting RNP. Meanwhile, retina ischemia
and RNP induced permanent damage to macular retinal ganglion
cells, which is the reason why VA imperfection is more severe
in iCRVO. Photoreceptors are lost within the macular, leading
to permanent loss of central vision and release of inflammatory
material such as Interleukin 6 (IL-6), Interleukin 8 (IL-8),
placenta growth factor, and VEGF. VEGF promotes new blood
vessel formation in the anterior and/or posterior segments,
resulting in vessel ingrowth into the vitreous cavity, ultimately,
leading to secondary vitreous hemorrhage, macular edema and
even NVG (33).

BRANCH RETINAL VEIN OCCLUSION

BRVO typically occurs at arteriovenous crossings. At these
locations, arterioles and venules share a common adventitial
sheath (34). It is thought that separating arterioles and venules
can restore retinal perfusion through arteriovenous crossing
sheathotomy (34). Many studies have demonstrated that the

underlying cause of BRVO is a mechanical narrowing of the
venous lumen at intersections. Long-term hypertension results
in arteriolosclerosis with thickening and hardening artery walls.
This disorder then leads to further venous wall compression
and narrows the lumen, causing rapid blood flow, damaging
endothelial cells, increasing blood clots, and promoting vein
occlusion (35, 36). BRVO is also influenced by the relative
anatomical position of vessel crossovers (34, 35). Optical
Coherence Tomography Angiography (OCTA) is an advanced
diagnostic tool for BRVO (37). OCT imaging showed that
eyes with intravenous crosses had narrower venous lumens
and larger non-perfusion areas (NPA). Swept-source optical
coherence tomography angiography (SS-OCTA) is sensitive to
deep capillary plexuses, which helps grade the degree of macular
perfusion in ischemic RVO (38–40). Ischemic retinal arteries
have increased NPA of BRVO (41). At intravenous crossings,
the veins anterior to the arteries were more severely compressed
between the inner limiting membrane and the rigid arterial wall
(Figure 2). These veins were stenotic and the NPA of the retina
in BRVO was further enlarged due to venous intersections (42).
Therefore, the location of arteries and veins can greatly influence
BRVO pathogenesis.

RISK FACTORS

Cardiovascular
Cardiovascular conditions are the most common risk factors for
RVO (43) and are more likely to lead to BRVO than CRVO
(44) (Table 1 and Figure 3). Hypertension, stroke, advanced age,
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FIGURE 2 | Fundus photograph and OCTA of ischemic BRVO.

sex, hyperlipidemia are all significant risk factors and their exact
mechanisms for disease contribution are intriguing. CRVO, in
particular, is thought to interact more with the cardiovascular
system as it has increased cardiovascular mortality (69, 70).
Because of undertreated coronary vascular and microvascular
diseases, myocardial infarction (MI) and heart failure (HF) have
increased in RVO (54). Age is a critical factor of RVO, as it has a
positive correlation with the disease, and up to 90% of patients in
the current case studies are over 50 years old (52). For females,
oral contraceptives are risk factors for venous thrombosis, but
prescription oral contraceptives do not increase the risk of RVO
(71). Hypertension is a predominant factor of RVO among the
elderly. Uncontrolled and inadequately controlled hypertension
have varying influences on RVO (3, 71). Recently, ischemic stroke
is also considered to be a risk factor of RVO (22, 66, 72, 73).
The first 30 days after RVO development is when the ischemic or
hemorrhagic stroke is most likely to occur. Thus, extra attention
on preventing ischemic and hemorrhagic stroke is crucial during
the first 30 days (22, 74).

Retinal microangiopathy (stenosis of arterioles, arteriovenous
incisions, and widening of venules) is associated with lacunar
stroke (53) and can cause lesions in the small blood vessels
of the brain. The prevalence of cerebral small vessel disease
in patients with RVO is 54%, and is seen more in the elderly
(≥60 years old) (75). A new study (76) reports the relationship
between Alzheimer’s disease and RVO. The data (76) showed
that the RVO group had increased risk of subsequent all-cause
dementia, Alzheimer’s, and vascular dementia after adjusting for
all confounding variables. Active treatment of RVO improves life
quality of RVO patients. Hyperlipidemia is a risk factor for both
CRVO and BRVO, and hyperlipidemia occurs more often in the
young (≤50 years). The percentage of cases with any form of RVO
attributed to hyperlipidemia was 20.1% (77). Unhealthy smoking
habits cause cardiovascular disease and RVO through systematic
inflammation (78). The Gutenberg RVO study (54) evaluated
the relevance of multiple risk factors in patients with RVO: the

most frequent combination of risk factors were hypertension
with dyslipidemia and hyperhomocysteinemia with high levels
of factor VIII; the risk of RVO increased by 70% with additional
cardiovascular risk factors and by 40% with other types of risk
factors. Hence, further studies in cardiovascular-related RVOwill
be meaningful both in treatment and prognosis.

Age and Sex

Age is an independent risk factor of RVO. Different risk factors
have varying pathogenic effects on the young and the old (45).
In a meta-analysis, by analyzing subgroups of different ages, they
found higher risk of stroke in two groups: ages 50–59 and 60–
69 (53). A study showed that younger patients (<50 years) had
a better baseline and final acuities, a lower incidence of cystoid
macular edema, and required fewer intravitreal injections (13).
The better patient outcomes observed in younger patients can
likely be attributed to less blood stasis and more active lifestyle.
On the other hand, general aging and wear of organs would
also lead to worse outcomes in the elderly. Increased thickness
and hardness of the lamina cribrosa (where the retinal vein and
arterial vein are very close together) and other cardiovascular risk
factors in the elderly may additionally lead to increased risk of
RVO (45). It is clear that CRVO is positively correlated with age,
and it is necessary to check for thrombus factors in young patients
with BRVO (46). For women, the prevalence of RVO is higher
from 55 to 84 years of age (47). This finding may be related to
menopause andunfavorable lipid profiles (79–81). On the other
hand, in men, RVO occurs more frequently amongst those aged
30 to 54 years of age and elder than 85 years (47).

Hypertension

The ARIC and CHS study identified hypertension and related
hypertensive retinal arteriolar changes (such as arteriovenous
notch) as the major risk factors for RVO (20). Hypertension has
a higher impact on BRVO than CRVO (82), and the difference
is related to increased pressure at the intersection of arteries
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TABLE 1 | Characteristics of CRVO and BRVO.

Risk factors CRVO BRVO

Characteristics

Age and sex Positively related. Mechanisms: thicker lamina

cribrosa in the elderly; cooperates with

cardiovascular risk factors (45).

Young patients (<50 years old) (46); it is

necessary to check for thrombus factors and

young patients have better prognosis.

The prevalence of RVO is higher in women aged 55 to 84 years old (47).

Hypertension Uncontrolled hypertension Prevalence in 92% (48)

Major risk factor of RVO (20); non-dipping hypertension is the main one associated with RVO (48); patients need dynamic

monitoring.

Diabetes mellitus 53% of end-organ damage from DM (49), worsened

with cardiovascular risk factors; develop ischemic

CRVO and NVG.

36% of end-organ damage from DM (49),

worsened with cardiovascular risk factors.

Some medications for diabetes increase the risk of RVO: SGLT2 inhibitors (50) .

Stroke and CVA Common (51) Less common (51)

Hemorrhagic stroke risk increased 30 days after RVO onset (52); closely related to ischemic stroke, and carotid artery

plaque (53).

Hyperlipidemia Common; occurs in young patients (≤50 years old) (54, 55); related to PAI-1 (56).

Oxidative stress Common; influences the status of blood; related to DM, cardiovascular diseases and inflammation; detect ROS markers:

MDA, 8-OHdG, PGC-1α, and so forth (57).

Chronic kidney disease Higher prevalence (58) Lower prevalence (58)

ESRD: 1.8% (58)

Kidney transplantation decreased RVO prevalence while dialysis increased the risk (58).

Hyperhomocysteine Most thoroughly investigated thrombosis risk factor (59), influenced by diet (48) and mutations of MTHFR677T (60)

Strongly related to hypertension and ROS.

Antiphospholipid syndrome Multiple Apl positives (61): lupus anticoagulant (LA), anticardiolipin (ACL), and anti-b2-glycoprotein I (b2GPI); check aPL

levels after a minimum of 12 weeks (62). Low-dose aspirin to treat or prevent (61).

Lipoprotein (a) More common in younger patients (≤60 years) (63), related to age, and family history of thrombosis (<45 years) (64).

Test: carotid ultrasound to check for carotid artery plaque and blood lipids.

FV Leiden, PC, PS, AT FV Leiden (65) Deficiency of PC, PS and AT (45)

Controversy: Studies are contradictory

Glaucoma Angle-closure glaucoma is positively related to

CRVO (66, 67); the prevalence of PACG was 1.72%

in CRVO (67).

the prevalence of PACG was 1.72% in BRVO

(67, 68).

Primary glaucoma developed RVO after 1 to 8 years (44); high IOP (66);

Treatment: Anti-VEGF and anti-inflammation.

and veins. Hypertension causes RVO through pro-inflammatory
mechanisms of the renin-angiotensin-aldosterone system (83).
Small arteries are also damaged, leading to arteriolosclerosis
and the compression of venules. This generates turbulence
which causes venous blood flow stasis. In addition, the blood
vessel walls damaged by hypertension changes the hematocrit,
increasing the blood viscosity and thus RVO occurrence
(84). Rao et al. (48) studied the relationship between non-
dipping hypertension and RVO. They found that patients
with RVO had almost a two-fold higher prevalence of non-
dipping patterns (48). More studies are needed to further
support the relationship. Uncontrolled blood pressure may be
hypertension if it is normal during the day but the systolic
blood pressure elevates at night. Ninety two percentage of
RVO patients with hypertension have non-dipping hypertension
(48). These studies on hypertension suggest that dynamic
monitoring and lowering blood pressure may lower the risk
of RVO.

Stroke and CVA

Stroke and CVA (cerebrovascular accident) are risk factors for
RVO. BRVO patients are often observed to have CVA, and CVA
is statistically significant in CRVO (52). Stroke is a common
risk factor for CRVO (51) and the probability of stroke in
RVO patients increased by 45% (73). Furthermore, hemorrhagic
stroke risk increased 30 days after RVO onset (74). Hypertension
retinopathy, diabetes mellitus, chronic kidney diseases are risk
factors for both RVO and stroke. Therefore, it’s convoluted to
diagnose the pathogenesis of RVO caused by stroke. Results of
RVO and stroke-related trials have been inconsistent (22, 85).
One study reported that RVO was related to ischemic stroke and
more frequent in younger patients (<50 years old) (22). While
a study from Taiwan found that stroke patients aged 60–69 were
2.34 times more likely to develop RVO (53, 85).

Ischemia is a complex process in pathology and is regulated
at the transcriptional, post-transcriptional, epigenetic,
translational, or even post-translational levels (86). Circular
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FIGURE 3 | Relationships between risk factors and RVO.

RNAs (circRNAs) upregulate cGLIS3 in ischemic stroke,
which may affect retinal neuronal function and retinal
neurodegenerative processes during RVO (87). Ischemic stroke
is more similar to RVO in terms of underlying mechanisms.
The central nervous system (CNS) is extremely sensitive to
vascular dysfunction and hypoxia as well as ischemia decreased
endothelial barrier function. Dysregulation of the barrier has
been implicated in stroke, Alzheimer’s, RVO, and diabetic
macular edema (9). CNS ischemia activates caspase-9 which
promotes vascular endothelial dysfunction (9). The possible
mechanisms of stroke-causing RVO could be:

1) Firstly, because retinal blood vessels are similar to
cerebrovascular anatomy, physiology, and embryological
features, the retina continues the diencephalon. Long-term
damage to the retinal microvascular system can directly lead
to cerebrovascular disease, characterized by lacunar infarct
and white matter lesions (88, 89). Microvascular pathology
(arteriolar stenosis, arteriovenous incisions, and widening
venules) is also related to lacunar strokes.

2) Secondly, as the mechanistic reason for thrombus formation
in RVO is similar to ischemic stroke, RVO is more closely
associated with ischemic RVO than hemorrhagic stroke (22).
Many thrombotic factors are also risk factors for stroke (53) as

they are prompted to form the carotid artery plaque. Thus, the
carotid artery plaque may be another source of ischemic RVO.

Hyperlipidemia

Hyperlipidemia is a common risk factor, especially in
younger patients (≤50 years old) (54, 55). The prevalence
of hyperlipidemia is about 20.1% (74). Changes in platelet
function, clotting enhancement, and plasma viscosity may be
associated with hyperlipidemia and RVO. In patients with
hyperlipidemia, the activity of plasminogen activator inhibitor
type 1 (PAI-1) is enhanced (56). PAI-1 is also an independent
risk factor for RVO. Further research shows that the genotype of
PAI-1 4G is related to RVO (56). This provides a new direction
for the treatment of thrombotic RVO.

Systematic Disease
Oxidative Stress

Oxidative stress is closely related to a variety of diseases such
as hypertension and diabetes. Hence, its quantitative indicators
lack specificity and are difficult to apply. Currently, it is used
for systemic evaluation as well as evaluation of RVO severity
(Figure 3).
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Vascular oxidative stress is a prethrombotic state, and it
triggers vascular inflammation and thrombosis (10). When
venous occlusion leads to retinal occlusion and hypoxia,
local oxidative stress and RVO occurs (51). Oxidative stress
participates in the production of RVO by altering the state
of the blood, thus checking for oxidative stress markers is an
essential predictor. Reactive oxygen species (ROS) change the
fluidity of red blood cell membranes, while the peroxidation
of polyunsaturated fatty acids by ROS leads to the production
of malondialdehyde, which then increases membrane rigidity
of red blood cells (90). As the fluidity of RBC changes, its
viscosity increases when passing through smaller retinal vessels,
hence increasing RVO occurrence (90). The development of
diabetic RVO can also be caused by oxidative stress due to
increased inner membrane viscosity, the deformability of DM
red blood cells is reduced (90). Superoxide anions are a major
risk factor in cardiovascular conditions such as hypertension
and hyperlipidemia. It is involved in basic life processes
such as vascular regulation, signal transduction, and apoptosis.
Homocysteine can also be oxidized to produce oxygen free
radicals which damage vascular endothelial cells (48), thereby
forming a thrombus. Superoxide dismutase (SOD) has the
effect of anti-thrombomodulin methionine oxidation, promoting
protein C activation and protecting mouse arterial and venous
thrombosis (91). SOD, nerve growth factor Neurotrophin-3
(NFT3), dermal protein, and SRP14 are serum autoantibodies
related to RVO (92). Through in vitro studies, the prethrombotic
effects associated with SOD were observed to increase platelet
activation, tissue factor activity, and anticoagulation disorders
resulting in thrombus (91). SOD1 changes vascular tone and
increases vascular permeability and vascular inflammation.
Increased SOD1 can also cause acute vascular damage, leading
to atherosclerosis (93), which may relate to RVO. However,
SOD1 deficiency was shown to partially inhibit the activation
of thrombomodulin-dependent (TM-dependent) protein C and
form the thrombus. An experiment done by Weiler et al.
(94) demonstrated that the lack of TM increases carotid artery
thrombosis and the formation of carotid artery plaque, ultimately
leading to RVO. Markers of oxidative stress in plasma such
as Malondialdehyde (MDA), 8-hydroxy-2′-deoxyguanosine (8-
OHdG), proliferator-activated receptor-gamma coactivator-1α
(PGC-1α), and so forth are elevated in RVO patients, while the
expression of superoxidase SOD is reduced (57). Hence, it is
necessary to check for thesemarkers and SOD through laboratory
blood examinations. Patients with hypertension, hyperlipidemia,
diabetes and Hhcy should also be treated for the prevention of
oxidative stress.

Diabetes Mellitus

Diabetes mellitus (DM) is a critical reason for vision degradation
and is the primary cause of RVO (95). Sustained high levels
of glucose can lead to excessive accumulation of advanced
glycosylation end products, which alter the function of the
extracellular matrix, basement membrane, and vascular wall
structure. These alterations result in abnormal blood vessels,
including local or global arteriolosclerosis and retinal stenosis
(96). Changes in end-stage diabetes mellitus might be critical to

BRVO (8). Meanwhile, in DM patients who have inflammatory
reactions (95), chronic diseases increase IL-6, IL-8, monocyte
chemoattractant protein 1, andVEGF. Furthermore, these factors
are involved in the formation of NVG, although the mechanism
is not fully understood. RVO-DMpatients face additional worries
in terms of treatment. A recent study (50) showed that sodium-
glucose cotransporter 2 (SGLT2) inhibitors increased the risk
of RVO, as they altered the state of the blood. Adipo, adjusted
obesity and DM, also increases in iCRVO (25). A study proved
that the relationship between body mass index (BMI) and RVO
depends on the severity of DM (97). Adipo might be a reason for
explaining the relationship between BMI and RVO.

Chronic Kidney Disease

Chronic kidney disease (CKD) is an independent risk factor
of RVO (98), despite having the exact pathogenesis as
hypertension. After adjusting for confounders, the incidence
of RVO was statistically significant in patients with end-stage
renal disease (ESRD) in comparison with controls (76, 99).
The prevalence of RVO in ESRD is 1.8%, and CRVO has a
higher prevalence too (58). The hypothesized pathogenesis is that
the retinal and glomerular filtration barriers have homologous
developmental pathways and similar structural characteristics.
Thus, retinal and renal circulation also have similar anatomical
and pathophysiological features (34, 83). The hypercoagulable
state of ERSD is associated with protein C, protein S, and
Hhcy. In contrast, the occurrence of RVO may be related to
the deficiency of protein C, protein S, and FV Leiden factor
(45). In ESRD, the secretion of C-reaction protein, TNF-α, and
IL-6 increased. Plasma tissue factor levels and fibrinogen levels
were also elevated, resulting in renal and retinal coagulation
and inflammation (99). CKD is also related to sclerosis of
coronary arteries, leading to stasis of downstream veins and RVO.
Therefore, ESRD-RVO patients should be cautious in dialysis,
which changes the state of vessels (100). In the Beaver Dam Eye
Study, higher creatinine was found to be a risk factor of RVO (98),
while in the Blue-mountain Eye Study, the creatinine was not
(101). However, patients with higher creatinine levels and renal
dysfunction were indeed more likely to have RVO (102).

Thrombotic Factors
Many thrombotic risk factors such as hyperhomocysteinemia,
MTHFR gene mutation, APL, and Lp (a) were shown to be
independent risk factors of RVO (60) (Table 1 and Figure 3).
RVO mainly occurs in patients with a family history of
thrombosis or ages ≤ 60 (64). However, it remains unknown
whether the FV Leiden and the absence of PC, PS, and anti-
thrombase were risk factors of RVO. The prevalence of inherited
thrombophilia in patients with RVO varies according to the
site of the obstruction and geographical setting (103). Yet, the
mechanism of thrombosis risk factors is still not fully understood.
Generally, they are linked to the process of thrombosis: blockage
of blood vessels and thus triggering pathological changes in
the retina. Some suggest that the investigation of hereditary
thrombosis should only be considered for patients <50 years old
or those without cardiovascular risk factors (104).
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Hyperhomocysteine

Hyperhomocysteine (Hhcy) is the most thoroughly investigated
thrombosis risk factor for RVO (45, 59) and it also happens
to be related to other risk factors. A mild to moderate
increase in serum homocysteine levels is an independent
risk factor for atherosclerosis, peripheral vascular disease, and
cardiovascular diseases (59). Peripheral vascular disease may
then give rise to RVO. Hhcy is the cause of atherosclerosis and
thromboembolism but there are no consistent results in RVO-
atherosclerosis research (60, 105). Hhcy usually damages the
arterial endothelium, causing aggregation of platelets, and lipids
followed by thrombus formation. Furthermore, Hhcy produces
free radicals because of oxidative stress, which also damages
the endothelium and promotes the formation of thrombus. As
a result, the thrombus causes RVO. Hhcy is a complication
of hypertension, another crucial risk factor of RVO, thus it’s
necessary for Hhcy-RVO patients to detect hypertension for
treatment. Special attention should be paid to the influence
of diet on Hhcy. Hhcy can be absorbed from food, which
may affect the validity of results investigating Hhcy as a
risk factor for RVO (48). And Vitamins B12, Vitamins B6,
and folic acid consume the serum Hhcy (59). The serum
concentration of Vitamins B12, Vitamins B6, and folic may
be related to the prevalence of RVO. Mutation of the 5,1-
methylenetetrahydrofolate reductase (MTHFR677T) gene can
affect Hhcy, which is another independent risk factor of RVO
(60). The mutation rate of MTHFR677T varies from country
to country (106). 5-methyltetrahydrofolate is involved in the
remethylation of homocysteine to methionine. The activation of
normal MTHFR can prevent the rise of Hhcy, which is also a
risk factor for venous thrombosis and arterial diseases. Studies
have shown that in young patients without cardiovascular risk
factors, screening forMTHFR polymorphism can have diagnostic
significance (48).

Antiphospholipid Syndrome

Antiphospholipid syndrome (APS) is an acquired autoimmune
disease with thrombosis-related characteristics due to mistakenly
created antiphospholipid (APL) antibodies. APS is related
to ocular ischemia and retinal vascular occlusion caused
by thrombosis of arterioles or venules. The mechanism of
APS thrombosis is still unclear. The current view (46) is
that antiphospholipid antibodies bind to β-2-glycoprotein-1,
inducing the up-regulation of adhesion molecules, cytokines,
and prostacyclin metabolism; oxidative LDL then damages
blood vessels and binds to antiphospholipid antibodies.
APL may interfere with prothrombin, factor X, protein C,
protein S, plasminogen, and other proteins involved in the
coagulation cascade process. This then affects the balance
between coagulation factors and anticoagulation factors,
hindering fibrinolysis (107). Pek- Ang et al. (108) first discovered
the connection between APL and RVO which has recently
been supported by more and more studies. A study showed
that the prevalence of RVO in APS patients was higher than
that of the control group, and the prevalence of APA in RVO
patients was significantly higher too (62). There are three APLs:

lupus anticoagulant (LA), anticardiolipin (ACL), and anti-
b2-glycoprotein I (b2GPI). Patients with primary APS ocular
vascular occlusion had high titers of IgG ACL antibody (109).
Whereas, patients with multiple positives have a significantly
increased likelihood of thromboembolic events (110). In the
experiment conducted by Hernández et al. (61) patients with
RVO-APS showed high-risk APL profiles, with a significant
increase in LA and triple positive APL. Serum vitamin B12 levels
of RVO-APS patients were lower than that of RVO patients
without APS (61). The mechanism is unclear but may be related
to Hhcy. APL and high homocysteine may be associated with an
increased risk of venous thrombosis and arterial vascular diseases
(64). Thus, RVO is proposed to be related to atherosclerosis but
further investigation is required. Patients with RVO should be
examined for primary APS (111) and in a more recent study by
Rehak et al. (62), it was suggested that RVO patients should check
aPL levels after a minimum of 12 weeks. Close attention should
be paid to patients with a higher correlation of LA and multiple
positives. There are fewer studies on pregnant women with
APS hence, APL and retina testing should also be performed.
Pregnancy is considered as a risk factor of RVO and pregnant
women are susceptible to APS (47, 112) but there are also few
studies on pregnant-APS women with RVO.

Lipoprotein (a)

Lipoprotein (a) [Lp(a)] (>300 mg/L) is an independent risk
factor (64, 113) and the incidence is higher in younger patients
(≤60 years) and those with a history of thrombosis (63). Lp
(a) consists of a low beta lipoprotein core connected with
apolipoprotein (a) and is an emerging vascular risk factor. Lp (a)
affects hemolysis and promotes thrombosis, leading to increased
vascular oxidative stress. Lp (a) is also an independent risk factor
of cardiovascular disease. It’s regarded as a threshold marker
at 30 mg/dl for atherosclerosis and venous thromboembolism.
Additionally, Lp (a) can enter into atherosclerotic plaque-
forming foam cells resulting in apo activation and increase
risk of thrombus formation (114, 115). Elevated fibrinogen
promotes the migration and proliferation of smooth muscle
and is related to platelet aggregation, blood viscosity, as
well as directly contributing to atherosclerosis (113). Due to
similarities with plasminogen structure, Lp (a) inhibits the
binding of plasminogen to fibrin and endothelial cells, promoting
thrombosis and atherosclerosis. It also increases oxidative stress
through the production of reactive oxygen species. Furthermore,
Lp (a) relates to age and family history of thrombosis. Elevated
Lp (a) level is an independent risk factor in patients≤60 years,
patients with a history of thromboembolism, and those with
family history of thromboembolism before the age of 45 (64). Lp
(a) provides a lipid perspective on the prevention and treatment
of RVO.

Factor V Leiden, Protein C, Protein S, and

Antithrombin

The role of Factor V Leiden, PC, PS, antithrombin (AT) in RVO is
controversial (92, 109). Kuhli-Hattenbach et al. (116) found that
AT, PC, PS, and Heparin Cofactor II levels were significantly less
in control groups than in patients ≤45 years old. On the other
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hand, Janssen et al. (60) found that the Anticoagulant system
had nothing to do with RVO. In some studies, the difference
between FV Leiden and the control group was insignificant
(45, 60). While in others, FV Leiden was indeed found to be a
risk factor of RVO (6). Most of these studies have limitations
in that they did not adjust for confounding factors. Among
RVO patients without other risk factors, the incidence of FV
Leiden was significantly higher (65). The absence of PC, PS, AT
is more relevant with BRVO (45), whereas FV Leiden is related
to CRVO. The anticoagulant system and FV factors may be
related to age, race, and family history of thrombosis. Screening
for hemophilia is more valuable in RVO patients without the
traditional risk factors (116). At the same time, RVOpatients with
hemophilia are associated with high platelet aggregation, but this
only appears in a few reports (117). Whether antiplatelet therapy
is effective requires more research.

Glaucoma
Glaucoma is the leading risk factor for RVO development. Open-
angle glaucoma (OAG) has a significantly correlation with CRVO
(67, 118), but not with BRVO. Data shows (66, 67) that angle-
closure glaucoma has a high degree of correlation with CRVO,
yet the correlation with BRVO is insignificant. This may be due
to the higher incidence of glaucoma in patients with optic nerve
cup RVO and optic nerve RVO without nerve head swelling
than in patients with arteriovenous crossover RVO. Despite the
confusion about the relationship between glaucoma and RVO,
Yin et al. (67) determined that glaucoma was indeed a RVO
risk factor after excluding the influence of age and sex. The
mechanism of glaucoma has traditionally included two theories,
namely the mechanical theory and the vascular theory. Elevated
intraocular pressure (IOP) (66) works on the lamina cribrosa,
compressing optic nerve fibers directly. On the other hand,
glaucoma compresses the retinal vein, injures the retinal vascular
intima, and subsequently causes venous intimal hyperplasia.
When blood runs through the lamina cribrosa, high IOP causes
the retinal vein to be compressed. Unstable blood flow at the
distal end of the contraction results in ischemic changes or
thrombus. Anatomically, the optic nerve cup can cause the trunk
of the vein to shift backwards, narrowing the capillaries. The
stress due to increased IOP may be distributed within the optic
nerve head through connective lamina cribrosa and cause the loss
of retinal ganglion cells. The optic nerve lacks protection, which
can cause venous stasis and papilledema (119, 120). Furthermore,
optic disc hemorrhage (ODH) may be an important mechanism
linking glaucoma and RVO. ODH is a fragmented or flame-
like hemorrhage that occurs at the edge of the optic nerve or
on the optic disc and is also an independent risk factor for
glaucoma (105, 121). Long-term bleeding causes glaucoma which
then affects the blood supply within the retina, leading to RVO.
A study found that 4–5% of patients with primary glaucoma
developed RVO after following up 1 to 8 years later (43).
Similarly, flame-shaped hemorrhage of the optic nerve head can
also be seen in RVO (3). ODH affects retinal blood flow around
the papilla.WhenODHoccurs, retinal blood flow decreases (105)
thus, ODH may cause RVO. A plausible cause of ODH is the
release of vascular endothelin-1 and matrix metalloproteinases

into the peripheral retinal blood vessels. When endothelin-1 and
matrix metalloproteinases combined with endothelial cells, the
leakage of plasma and red blood cells leads to the destruction
of the blood-retinal barrier. When the blood-retinal barrier has
been damaged, the innate immune system participates in RVO
through release of inflammatory factors. In inflammatory retinal
diseases, caveolin-1 (CAV-1) protein deficiency has been found
to decrease the response of pro-inflammatory factors (IL-6, IL-
8). CAV-1 increases the recruitment of immune cells, and cave-
1-deficient white blood cells can enter the tight blood-retinal
barrier, participating in retinal inflammation (122). CAV-1 and
CAV-2 genes may be related to primary open-angle glaucoma
(123). How the innate immune system is affected by RVO needs
further investigation.

Other Diseases
Instead of glaucoma, there are other diseases which might
be risk factors of RVO. Retinal vasculitis may be a more
relevant risk factor in young CRVO patients (124). Central
Serous Chorioretinopathy (CSCR) is idiopathic and often recurs.
However, the mechanism of CSCR is unclear and it’s reported
that CSCR patients (>40 years) increased the risk of RVO
(125, 126). Regular review of CSCR patients may be the main
approach to prevent the occurrence of RVO. Pseudoexfoliation
syndrome (PXF) is the dominating risk factor of glaucoma and
has a relationship with RVO but whether PXF is an independent
risk factor of RVO requires more evidence (127). Autoimmune
diseases such as psoriasis and systemic lupus erythematosus can
also increase the risk of RVO (128, 129).

COMPLICATION OF iCRVO:
NEOVASCULAR GLAUCOMA

Neovascular glaucoma (NVG) is an important complication
secondary to CRVO (130) and it is related to the increase
of VEGF and inflammation. The ending is eye pain, reduced
vision, or even complete loss of vision. The incidence of
neovascular glaucoma in iCRVO is 22–50% (131). In CRVO, the
anterior segment of neovascularization is dominant, including
iris, angular and neovascular glaucoma. Conversely in BRVO,
neovascularization mainly occurs in the retina and optic disc
(132). Nine percentage of NV developed within 9 months
from BRVO onset, and 15% within 36 months (133, 134).
For eyes initially categorized as non-perfused or indeterminate,
35% developed iris neovascularization/angle neovascularization
(INV/ANV) (135). Usually, when INV/ANV occurs, it is treated
promptly with pan-retinal photocoagulation (135). Thirty five
percentage of CRVO develops neovascularization of the iris
(NVI) and undergoes photocoagulation, after which 80% of
eyes develop NVG (49). In BRVO laser treatment, 64% of non-
perfused eyes do not have neovascularization and in eyes with
neovascularization, vitreous hemorrhage was reduced from 61
to 29% (136). NVG is the neovascularization of the iris and
cornea, which ultimately obstructs aqueous humor outflow and
increases intraocular pressure, resulting in poor vision (27). The
ischemic retina is more prone to increased vascular permeability
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and blood leakage. Thus, large-area optic disc non-perfusion is an
important predictor of NVG. In SCORE-CRVO (137), 10 non-
perfusion areas of the optic disc is the critical value for NVG.
Each additional optic disc increases the risk of neovascularization
by 1%. In SCORE-BRVO, 5.5 non-perfusion optic disks can
trigger NVG (137). The onset time of NVG secondary to RVO is
unclear and may be influenced by the severity of retinal ischemia
patient status. However, the results of a retrospective study (138)
indicated that the cumulative probability of NVG after RVO was
13%. The average onset time was 421 or 221 days after the final
anti-VEGF injection.

One of the reasons for the formation of new blood vessels
is the imbalance between VEGF and anti-angiogenic factors.
Studies have shown that hypoxic retinal cells are the main source
of VEGF (139). VEGF accumulated in aqueous humor promotes
iris and anterior horn angiogenesis, fibrous tube infiltration,
and synechiae angle closure. The outflow of aqueous humor is
restricted and IOP increases, causing NVG, secondary vitreous
hemorrhage, and traction retinal detachment (27, 140).

Arginyl-glycyl-aspartic acid (Arg-Gly-Asp; RGD)-binding
integrins exist in the retina and are related to retinal vascular
diseases. Neutralizing RGD-binding integrins weakens the
penetration of the retina and choroidal vessels of VEGF (141).
RGD influences retina function through the Angiopoietin/Tie
(Ang/Tie) pathway, transforming growth factor-β (TGF-β), and
basic fibroblast growth factor (bFGF) (141). Insulin growth
factor-1 is consistent with the induction of VEGF. Inflammatory
factors are also involved in the occurrence of NVG, including
basic fibroblast growth factor, platelet-derived growth factor,
interferon-α, IL-6, IL-8, and so on (33). Studies have found that
IL-6 is involved in choroidal neovascularization (132, 137) and
IL-6 levels correlate with NVG. When CRVO is combined with
NVI, IL-6 in the eyes of patients increases before decreasing when
the iris blood vessels recede (142). The synchronized changes in
IL-6 and VEGF levels indicate that there is a causal relationship
between IL-6 and VEGF (143, 144). Intercellular Adhesion
Molecule-1 (ICAM-1) is a transmembrane protein related to
endothelial cells and white blood cells and has predictive value
for the treatment response of a variety of macular diseases. After
the injection of anti-VEGF, the VEGF in the aqueous humor was
significantly reduced, but the levels of ICAM-1 and IL-6 did not
change. The angiogenic pathways involving ICAM-1 and IL-6
need further investigation (138). Anti-VEGF therapy can only
delay the occurrence of NVG, not prevent it (17, 142). Thismeans
the simultaneous use of both anti-VEGF and anti-inflammatory
factors may be more effective in treating NVG.

Age is an important risk factor that affects the development of
NVG but its mechanism is unclear (33, 131). Rong et al. (131)
found that age was not significant when sorting patients into
two groups: those over 50 and those under. In Tam’s experiment
(33), it was pointed out that the degeneration of photoreceptors
was due to old age. As age leads to worse vision this also
helps explain the higher incidence of iCRVO among the elderly.
Systemic hypertension and free radicals in aqueous humor also
have a strong correlation with NVG. Although macular edema is
also an important manifestation of iCRVO, it has been proved
to be independent, unrelated sequelae of CRVO. DM is a risk

factor for RVO and promotes NVG. DM is also closely related
to carotid plaque formation and long-term hyperglycemia which
leads to microvascular disorders, increasing the risk of vascular
occlusion. ICRVO follows resulting in vascular leakage. Increased
VEGF exudation causes neovascularization, and NVG happens
secondary to iCRVO (145).

CYTOKINES AND CHEMOKINES

Much research has demonstrated that cytokines and chemokines
in the aqueous humor and vitreous were significantly correlated
with RVO, including the Interleukin family, VEGF, Matrix
metalloproteinase, and LPA. We reviewed these factors in detail
(Table 2 and Figure 4).

Interleukin Family
Interleukin is involved in the inflammation process of RVO.
Especially, IL-1, IL-6, IL-8, IL-12, IL-15, IL-18 which are all seen
to be up-regulated in RVO (31, 151, 165).

As a pro-inflammatory factor, Interleukin-6 was up-regulated
in RVO, especially in CRVO but decreased in macular edema
secondary to RVO (31). In the retina, IL-6 is related to ischemia
and vessel injury. In BRVO, IL-6 is significantly related to
NPA (166) and caused macular edema secondary to BRVO
(146). During inflammation, IL-6 binds with IL-6R forming a
compound which then combines with gp130 and activates the
downstream STAT3 and JAK-MAPK pathways. STAT3 induces
the transduction of SOCS1 and SOCS2, inhibiting the activation
of IL-6 (147). Meanwhile, IL-6 stimulates NF-κB and VEGF,
which are directly relevant to macular edema (148).

IL-8 is also a pro-inflammatory factor and it can promote
neovascularization. It has a chemotactic effect on neutrophils and
lymphocytes (149). Research shows that IL-8 is more sensitive
to ischemic and macular edema (31). IL-8 is also linked with
IFN-γ which induces proteins IP-10, MCP-1, and VEGF (150)
in RVO aqueous humor. In view of these mechanisms, IL-8 plays
an important role in BRVO and ischemic RVO, thus deserving
research and clinical attention.

IL-17 is a proinflammatory cytokine, including Il-17A, IL-
17B, IL-17C, IL-17D, IL-18E, IL-17F. It’s proved that IL-17could
trigger NF-κB and MAPK signal pathways (152). In BRVO, IL-
17E engaged in ME together with MCP-1 (151). Meanwhile,
IL-17A could destroy BRB and provoke ROS in hypoxic and
ischemia conditions (153). The blood-brain-barrier (BBB) is
anatomically similar to BRB, thus IL-17 may also play a role in
damaging the BBB.

IL-18 and S100A12 might be the cause for ischemic
inflammation. During inflammation, IL-18 promotes ICAM,
NO, and chemokines (154). Monocytes, glia and dendritic cells
all produce IL-18 (167) and in the retina, IL-18 can be secreted
by muller cells. The rise of IL-18 is especially pertinent to
damage by muller cells and proliferation of retinal capillaries
in the inner layer of the retina (155). S100A12 plays an
important role in leukocyte adhesion, migration, and chemokine
and cytokine production (168, 169). S100A12 is abundant in
retinal ganglion cells (167), which promotes inflammation in the
posterior segment.

Frontiers in Medicine | www.frontiersin.org 10 June 2022 | Volume 9 | Article 910600100

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tang et al. Retinal Vein Occlusion

TABLE 2 | Cytokines and chemokines in RVO.

Cytokines/chemokines Generation Major activities

IL-6 Ischemia, vessel injury IL-6 causes macular edema secondary to BRVO. IL-6 combines with IL-6R and gp130,

stimulating STAT3, MAPK, NF-κB and VEGF. (146–148).

IL-8 Ischemic and macular edema IL-8 promotes neovascularization, chemotactic neutrophils and lymphocytes. IL-8 is

sensitive to ischemic and macular edema is linked with IP-10, MCP-1, and VEGF.

(31, 149, 150).

IL-17 Inflammation IL-17 engages in ME and destroys BRB. IL-17 provokes ROS in hypoxia and ischemia

and triggers NF-κB and MAPK signal pathways (151–153).

IL-18 Destroyed muller cells and

proliferated retinal capillaries

IL-18 promotes ICAM, NO, and chemokines. The rise of IL-18 is especially pertinent in

damaging muller cells and proliferation of inner layer retinal capillaries (154, 155).

VEGF hypoxia and ischemia VEGF-VEGFR stimulates PI3K/Akt and mTOR, and mTOR promotes the secretion of VEGF.

VEGF changes the vascular permeability: occludin damaging, MMP-9 activates, and VEGF

induces ICAM-1 causing leukocytes stasis.

VEGF activates NOX in the endothelium and promotes ROS (156–160).

MMP In the RVO inflammation model

and vascular hyperpermeability,

leukocytes secrete MMP-9.

MMP is aroused when clotting forms in RVO. MMP-9 is downstream of NF-κB and

degrades the basement membrane (158).

LPA-ATX Inflammation LPA-ATX activates IL-6, IL-8, VEGF, MMP-9 and MCP-1. It may be linked with BBB

breakdown (29, 161).

PDGF Generated by retinal ganglion

cells

PDGF-A prevents ischemic retinopathy by promoting retinal glial proliferation. PDGF-A

reinforced VEGF to induce neovascularization (162–164).

VEGF
In hypoxia and ischemia, VEGF increases to form
neovascularization and counter hypoxic-ischemic conditions.
During RVO, VEGF is the main cytokine that induces ischemia
and neovascularization (170, 171). Because of hypoxia, ischemia
or blood stasis, vascular permeability increases and VEGF
exudes. VEGF binds to VEGF-R stimulating PI3K/Akt which
then induces a mechanistic target of rapamycin (mTOR). mTOR
curbs the migration of APRE cells, and mTOR triggers VEGF
and PDGF secretion (156). VEGF induces ICAM-1 to cause
the stasis of leukocytes and alters vascular permeability (157).
In macular edema secondary to BRVO, VEGF cooperates with
ICAM-1, IL-6, and MCP-1 to impair the BRB (146, 148). In
NVG secondary to RVO, VEGF-VEGFR2 suppresses occludin
to damage intercellular tight junctions and activates MMP-9
to destroy BRB (158). Furthermore, VEGF is an essential
exudation factor and can promote atrial adhesion hyperplasia
and angiogenesis, resulting in NVG induced by high IOP
(27, 140). VEGF also increases oxidative stress. NOX1 and
NOX4 proteins dominate ROS generation in RVO (159). and
upregulate VEGF. However, VEGF activates NOX in endothelial
and ROS accumulation (160).

Matrix Metalloproteinase
MMP promotes BRB degradation and thrombosis. It is
a downstream target of NF-κB/TNF-α which degrades the
basement membrane (172). In a RVO inflammation model and
vascular hyperpermeability model, leukocytes secrete TNF-α and
MMP-9 (158). Moreover, MMP and coagulation factor activities
are aroused when clotting occurs in RVO. At the same time,
elevated heparinase levels activate TLR and trigger the release
of MMP-9, promoting the generation of Xa (173). Additionally,

MMP-2 and MMP-7 were proved to be involved in the migration
of vessel endothelial cells (174). Thus, the MMP family may play
an important role in inflammation and angiogenesis of RVO.

LPA-ATX Signal Pathway
Lysophosphatidic acid (LPA) interacts with 6 specific G protein-
coupled receptors to transmit extracellular signals (172). LPA
mediates inflammation, apoptosis, cell migration, angiogenesis,
and secretion of cytokines and chemokines. Studies showed that
the LPA signal pathway affected neovasculature in the CNS
and changed the permeability of the endothelial layer, thus,
breaking the BBB (173, 174). ATX is the main source of LPA, and
there is an ATX-dependent and independent way to synthesize
LPA (173). BRB is analogous to BBB in anatomical structure
and physiological function. Experiments showed that a broken
BBB caused elevated ATX levels in serum (175). LPA-ATX may
mediate inflammation in RVO (29) as it activates IL-6, IL-8,
VEGF, MMP-9, and MCP-1 (29). The LPA-ATX signal pathway
is convoluted and involves the Hippo pathway (176). Further
analysis of LPA-ATX signaling is necessary.

Platelet-Derived Growth Factor
Platelet-derived growth factor (PDGF) is generated by retinal
ganglion cells, protecting the BRB and endothelial layer (177).
PDGF-A prevents ischemic retinopathy by promoting retinal
glial proliferation (177). However, PDGF-A cooperated with
VEGF to induce neovasculature hence it could be a new target
for angiogenesis in combination with VEGF (161, 178).
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FIGURE 4 | The cytokine and chemokine pathways involved in RVO. Interleukin-6 (IL-6) promotes Janus-activated kinase/MAP kinase pathway (JAK/MAPK) and

induces NF-κB, causing retina inflammation; Interleukin-6 (IL-8) induces VEGF and leads to neovascular (NV); in ischemia and hypoxia, VEGF and PDGF promotes NV;

NOX combines with VEGF, inducing PI3K/AKT and ROS; VEGF-VEGFR-2 inhibits occludin damaging the basal membrane of endothelial cells; Intercellular Adhesion

Molecule-1 (ICAM-1) cooperates with VEGF, MCP-1 and IL-6 induces BRB; LPA- ATX may participate in RVO.

TREATMENT AND MANAGEMENT

The current treatments of RVO include macular mesh laser

therapy, cortisol and anti-VEGF. Anti-VEGF is the most

common treatment and includes drugs such as Conbercept,
Ranibizumab and Bevacizumab which generally demonstrates
safety and efficacy in clinical treatment (160, 162–164). Anti-
VEGF is also the standard therapy of ME secondary to RVO
and can help improve choroid thickness too (179). However,
the timing and frequency of anti-VEGF greatly impacts RVO
prognosis (180–182). Early and long-term therapy with 6
injections of ranibizumab monthly or every 2 months has

shown to be effective in treating ME secondary to RVO
and BCVA (180). Post-anti-VEGF injections, the visual acuity
appears peaks and subsequently decreases (183). The mechanism
of RVO is complex includes VEGF and inflammation, as a
consequence, anti-VEGF is not effective on all patients. Patients
who do not respond to anti-VEGF therapy are recommended
other therapies such as: Intravitreal injection of cortisol (184–
188); anti-adiponectin improves angiogenesis in vivo (25);
Laser photocoagulation combined with anti-VEGF intravitreal
injections (184). Alternatively, another important approach is
to improve risk factors such as through ambulatory blood
pressure monitoring and metformin blood glucose control (189).

Frontiers in Medicine | www.frontiersin.org 12 June 2022 | Volume 9 | Article 910600102

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tang et al. Retinal Vein Occlusion

At present, more attention should be put on the therapeutic
regimen, prognosis and the dire issue of how RVO patients can
improve their intraocular status (190) when they cannot continue
treatment during COVID-19.

CONCLUSION AND PROSPECT

The article reviews the following: (1) the classification of RVO;
(2) the transition from non-ischemic to ischemic CRVO; (3) the
influence of risk factors on RVO (Table 1); (4) the mechanisms
of RVO: (4.1) Ischemia and hypoxia; (4.2) inflammation in local
retina; (4.3) the state of blood and vessel damage; (5) NVG
secondary to RVO: Ischemia and hypoxia induce neovascular
formation and inflammation in NVG through VEGF and ICAM-
1; (6) cytokines and chemokines: IL-6, IL-8, IL-17, IL-18 are
pro-inflammatory factors; VEGF, PDGF, MMP family, and
LPA-ATX cause the BRB breakdown in RVO; (7) treatment
and management.

Even with abundant research into the risk factors of RVO the
exact mechanisms are still obscure, especially since these risk
factors are heavily interrelated. There are still many challenges
to be overcome in regards to management and treatment of the
disease. It is necessary to study the cooperation of cytokines that
activate both relevant risk factors and RVO itself. These cytokines
play crucial roles in uncovering the disease mechanism and could
prove to be promising treatment targets. For example, hypoxic-
ischemia in the CNS triggers caspase-9 to damage the endothelial
layer. Based on the consequences, a study (9) proved that caspase-
9 also damaged the optic nerve cell in iCRVO. Further studies
of other factors such as LPA, carotid plaque, irisin and Circular

RNAs all show involvement in the occurrence of RVO (29, 53,
87, 191). The study of etiological factors behind RVO is also
extremely important in bettering treatment, prognosis as well
as prevention.

METHOD OF LITERATURE SEARCH

Two databases were searched including Pubmed and Web
of Science with no year limitations. Keywords included
retinal vein occlusion, ischemic, treatment, risk factors; these
were then combined with cardiovascular diseases, chronic
kidney disease, or thrombotic factors. Further searches were
conducted combining the stated keywords with epidemiology,
prevalence, incidence, cytokines and chemokines; mechanisms,
pathogenesis, neovascularization, diagnose technologies, and the
different therapies for the management section.
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Superficial keratectomy (SK) is the manual dissection of the superficial corneal layers

(epithelium, Bowman’s layer, and sometimes superficial stroma). SK is done using a

surgical blade or diamond burr. Some surgeons use intraoperative mitomycin C 0.02% or

amniotic membrane transplantation to improve surgical outcomes. This literature review

shows that SK remains an effective method for different indications, including tissue

diagnosis, excision of corneal degenerations, dystrophies, scarring, recurrent corneal

erosions, and retained corneal foreign body.
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INTRODUCTION

Superficial keratectomy (SK) was one of the first methods to treat corneal opacity and diagnose
corneal lesions after its introduction in 1952 (1). SK is defined as the manual dissection of
superficial corneal layers (epithelium, Bowman’s layer, and sometimes superficial stroma) without
tissue replacement (2). Superficial keratectomy, epithelial basement debridement and epithelial
debridement are often incorrectly interchangeably used in literature. Epithelial debridement is
the surgical excision of the epithelium without the scraping of the basement membrane with a
sponge or blade. Alcohol delamination is a type of epithelial debridement in which the loosening
of epithelium is done using alcohol. Epithelial basement debridement is the surgical removal of the
epithelium and the scraping of the epithelial basement membrane using a blade or sponge (3).

In this study, we consider epithelial basement membrane debridement as a type of superficial
keratectomy. Despite excimer laser associated techniques like phototherapeutic keratectomy (PTK)
being introduced over the past decades for treatment and evaluation of corneal lesions, SK still
remains a powerful method for various indications, including tissue diagnosis, excision of corneal
degenerations, dystrophies, scarring, recurrent corneal erosions and retained corneal foreign body.
Herein, we narratively review the literature to illustrate indications, surgical techniques, and
outcomes of superficial keratectomy.

METHODS

We searched Pubmed, Embase, and Medline databases using “superficial keratectomy”, “manual
keratectomy”, “epithelial debridement”, and “diamond burr polishing” in July 2021. In addition,
we reviewed references from extracted papers. After deduplication, two reviewers (FS, SM)
independently screened the titles and abstracts (Appendix 1).
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All studies that reported technique, indication, and outcomes
of superficial keratectomy were included. In this study, we
consider epithelial basement membrane debridement as a type
of superficial keratectomy, but we don’t consider alcohol
delamination and epithelial debridement as a subtype of SK
(Figure 1). Some studies used superficial keratectomy and
epithelial debridement interchangeably. We decided to contain
or exclude them based on the reported method of surgery.
Studies that only evaluated phototherapeutic keratectomy (PTK)
were excluded.

SURGICAL TECHNIQUE AND
POSTOPERATIVE MANAGEMENT

SK is a safe procedure as none of the reports and series in
the literature reported intraoperative complications. However,
patients should be informed that discomfort due to epithelial
debridement might persist for several days. There are some
contraindications for SK. Although in SK, we remove superficial
corneal layers, there is a small risk of corneal haze. Thus, for
indications like bullous keratopathy in patients with a good
visual prognosis, SK without endothelial keratoplasty may be
considered a relative contraindication. SK in patients with
ocular surface diseases like severe dry eye syndrome or lid
problems that endanger normal healing of epithelium may also
persuade surgeons to choose a substitute method or postpone the
operation after optimization of the ocular surface.

The surgeon may choose topical, peri, or retrobulbar
anesthesia based on the level of cooperation. The procedure
usually is done by a microscope in the operating theater.
Performing SK at the slit lamp is also possible but depends on
patients’ cooperation and the type of technique surgeons choose.
The eye is prepared with povidone-iodine, and a lid speculum is
inserted. Then, the superficial corneal layers are debrided with a
sterile sponge or surgical blade. Some authors apply 20% alcohol
for 40 s to debride the epithelium before scraping the cornea with
a blade or sponge. Sayegh et al. suggested using cocaine 4% for 3–
5min to loosen the epithelium. They hypothesized the anesthetic
effect of cocaine lessens the discomfort during the procedure
(4). Furthermore, some surgeons remove the loose epithelium
and then polish Bowman’s layer with a diamond burr. Manual
or automated diamond burr polishing helps debride persistent
abnormalities. Additionally, there is another study that reports
the application of Amoils epithelial scrubber to polish Bowman’s
layer (5). The following steps differ regarding the etiology that
necessitated SK. Forceps may be utilized to grasp the nodule’s
edge and raise this edge firmly, to remove nodules, such as in
Salzmann nodular degeneration (SND). If there is dystrophic
tissue, the lesion is peeled off from Bowman’s layer using a blunt
blade or cellulose microsponge in one continuous plane. Sharp
dissection may be performed if it is not possible to shave off the
peripheral membrane from the limbus or if the surgeon finds
making a smooth surface under the lesion is not possible without
using sharp dissection (5, 6).

The surgeon may choose some adjuvant treatments based
on the indication for SK. For example, in patients with

band keratopathy, applying Ethylene diamine tetra-acetic acid
(EDTA) helps dissolve calcific deposits (7). Another adjunctive
medication is the use of a sponge soaked with mitomycin
C 0.02% (MMC). MMC is an antimetabolite that decreases
activated fibrocytes and keratocytes. It may subsequently prevent
the recurrence of pathologies such as Salzmann nodular
degeneration and lessens the chance of corneal haze following SK
(8). Although MMC is toxic to the cornea, Teus et al. reported
0.02% MMC for <2min of exposure time was not toxic (9).

After the procedure, a therapeutic contact lens should
be placed, and the patient discharged with artificial tears,
topical antibiotics and cycloplegic drops. Some ophthalmologists
prescribe corticosteroid eye drops to suppress inflammation.
In addition, topical non-steroidal anti-inflammatory drugs like
ketorolac may alleviate pain. Patients are revisited in the first
week postoperatively to ensure healing of the epithelial defect.
After healing of the epithelial defects is confirmed, topical
antibiotics are ceased, and topical steroids can be tapered.

INDICATIONS FOR SUPERFICIAL
KERATECTOMY

SK is an available and effective method for various indications,
including tissue diagnosis, excision of corneal degenerations,
dystrophies, scarring, recurrent corneal erosions and retained
corneal foreign body (Table 1). This part briefly explains the
indication and outcomes, complications, and adjunct treatments
for each indication separately.

Recurrent Corneal Erosion Syndrome
Recurrent corneal erosion syndrome (RCES) is a relapsing
breakdown of the corneal epithelium and the Bowman’s layer.
Trauma and corneal dystrophies are considered themain etiology
(10). Many patients respond to conservative therapy with a
combination of lubrication with drops or gels and bandage
contact lenses. However, some people experience symptoms that
are refractory to conservative topical therapy and require surgery.
Many treatment options are available for the treatment of RCES,
but there is no consensus on which is the best. Options include
epithelial debridement (ED), SK, anterior stromal puncture
(ASP), Nd: YAG laser treatment, alcohol delamination, and PTK
(11). SK is one of the most common interventions in patients
with RCES. SK is a procedure that can be easily performed in
an office, imposes a lesser cost to the healthcare system, and
requires a lower skill level than PTK (5). A Cochrane review
on interventions for RCES showed that performing diamond
burr polishing in addition to the epithelial debridement decreases
the recurrence significantly. Moreover, PTK may have a higher
recurrence rate (373 per 1,000 vs. 294 per 1,000 in mean 24
months follow up) and lower symptom relief (378 per 1,000 vs.
590 per 1,000 in 3 months of follow up) in comparison with
epithelial debridement (11).

The literature review revealed that most authors prefer SK
with diamond burr polishing over simple SK. The recurrence
rate ranged from 0 to 24% (Table 2). Most studies reported
that best-corrected visual acuity (BCVA) was unchanged after
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FIGURE 1 | Schematic portraying the region of corneal tissue excised for various keratectomy techniques. (A) epithelial debridement or simple alcohol delamination;

(B) epithelial basement membrane debridement; (C,D) Superficial keratectomy with diamond burr polishing or blade.

TABLE 1 | Indications for superficial keratectomy.

Common Rare

Band Keratopathy Fuchs’ Superficial Marginal Keratitis infectious crystalline keratopathy corneal haze after PRK

Keratitis Corneal Neovascularization diagnosis of “Contact Lens-Related Keratoschisis”

Pterygium excision Climatic droplet keratopathy

Amniotic membrane transplantation Reis Buckler dystrophy

Squamous cell carcinoma of the cornea Superficial Juvenile Granular Dystrophy map-dot-fingerprint basement membrane dystrophy

Anterior basement membrane dystrophy peripheral hypertrophic

subepithelial corneal degeneration

Neurotrophic epithelial defect

Corneal foreign body removal Mooren’s ulcer

Bullous keratopathy Secondary Gelatinous-Like Keratopathy

Salzmann’s nodular degeneration Corneal keloid

Recurrent epithelial erosion Posterior polymorphous corneal dystrophy

SK. Unfortunately, there are sparse data regarding the change
in corneal and refractive astigmatism after SK due to RCES.
Wong et al. conducted a randomized trial to compare epithelial
debridement (ED) with diamond burr superficial keratectomy
(DBSK). They reported a significant reduction of astigmatism for
the DBSK group but not for the ED group. They showed fewer
major and minor recurrences and less need for reoperation in the
DBSK group compared with the ED group; hence they concluded
DBSK is a better option for RCES. Additionally, Sayegh et al.
reported a reduction in the corneal surface irregularity after
simple SK in epithelial basement membrane dystrophy patients
(4). However, Yoo and Choi described a case of induced
astigmatism after treating a 54-year-old man with DBSK (47).
Another prevalent complication after SK is the subepithelial
corneal haze. The incidence of corneal haze ranged from 14.3
to 26% (Table 2). Nonetheless, subepithelial corneal haziness
mostly appears early postoperatively and does not persist (19).
Activation of herpetic keratitis and corneal infiltration are rare
complications of SK. In a series reported by Suri et al., the chance
of corneal haziness was lower in the SK group compared to
PTK (15).

SK effectively ameliorates ocular pain due to RCES. Current
evidence suggests both simple SK and DBSK are safe and don’t
induce significant astigmatism. It seems DBSK is superior to ED
for patients with RCES regarding its effectiveness in the reduction

of corneal irregularity. However, there is no study directly
comparing DBSK with SK. Considering its safety, availability,
effectiveness, and skill level requirement, SK should be regarded
as an effective treatment modality for treating RCES.

Epithelial basementmembrane dystrophy (EBMD) is themost
common anterior corneal dystrophy in which the basement
membrane extends to the epithelium (map-dot-fingerprint
appearance on slit lamp). This dystrophy is frequently reported
as a reason for RCES or vision reduction, both leading to
surgical interventions. The two main available interventions
for EBMD are SK and PTK. Despite the prevalence of this
dystrophy, there are sparse high-quality studies to compare
these two surgical procedures. Sirdhar et al. performed a case-
control study to compare results of PTK and SK with or without
concomitant diamond burr polishing in patients with EBMD.
After seven months of follow-up, there was no statistically
significant difference in recurrence of symptoms or changes in
BCVA among the two groups (20).

The review of papers on SK for EBMD showed that most
of the studies reported BCVA significantly improved after SK.
However, postoperative subepithelial haziness is not infrequent
following SK for EBMD. Incidences of haziness ranged from 0 to
26% (Table 2). As SK had similar efficiency but at a lower cost
than PTK, it should be considered the treatment of choice for
clinically significant EBMD.
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TABLE 2 | Outcomes of superficial keratectomy for different indications.

Authors Year

of

publication

Indication Additional

Techniques

Eyes:

N

Follow up:

mean (range

in months)

Changes in BCVA Changes in RA Changes in CA Recurrence:

N (%)

Complications

Bae et al. (12) 2018 RCES ASP in 11

patients

21 6.5 20/36 to 20/32

(p = 0.29)

N/A N/A 24 N/A

Vo et al. (13) 2015 RCES DBSK 55 25.2 N/A N/A N/A 4 14.3%

(Subepithelial haze)

Rac et al. (14) 2015 RCES DBSK 8 18 N/A N/A N/A 0 N/A

Sayegh et al. (4) 2013 RCES Topical cocaine 17 60 20/45 to 20/38

(P = 0.5)

N/A SRI = 1.35 ± 0.42 to

0.79 ± 0.48

11 35% (Subepithelial

haze)

Suri et al. (15) 2013 RCES DBSK 68 23 (7-53) N/A N/A N/A 14.8 22.2%

(Subepithelial haze)

1% (Corneal

infiltration)

Ryan et al. (16) 2013 RCES DBSK 35 17.7 N/A N/A N/A 11 0

Reidy et al. (17) 2010 RCES DBSK 4 N/A N/A N/A N/A N/A N/A

Aldave et al.

(18)

2009 RCES DBSK 25 18.9 N/A N/A N/A 11 26% (Subepithelial

haze) 1% (HSV

keratitis) 1%

(Corneal irregularity)

Wong et al. (19) 2009 RCES DBSK 25 6 0.84 to 0.95 (P > 0.05) 0.70 to 0.44 (P = 0.04) N/A 4 majors 20

minors

26% (Mild

subepithelial haze)

4% (moderate

subepithelial

persistent haze)

Hodkin and

Jackson (5)

2004 RCES Amoils epithelial

scrubber

26 21.2 20/43 to20/29

(p < 0.05)

N/A N/A 12 0

Sridhar et al.

(20)

2002 RCES DBSK in 1 ASP

in 1 patient

27 6.7 ± 1 3 Better 17 unchanged

1 Worsen

N/A N/A 11. 25.9%

(subepithelial haze)

Soong et al.

(21)

2002 RCES DBSK 54 >3 20/26 to 20/22

(p = 0.002)

N/A N/A 6 20%

He at al. (22) 2019 SND - 3 N/A Unchanged 2.7 ± 0.7 to 0.7 ± 0.5 6.1 ± 2.1 to 0.3 ± 0.9 0 N/A

Bae et al. (12) 2018 SND - 42 4.6 ± 7

(1–31.75)

20/54 to 20/59

(p = 0.22)

3.99 to 2.82 D

(p = 0.050)

2.95 to 2.65 D

(p = 0.37)

0 N/A

Khaireddin et al.

(23)

2011 SND PTK + MMC 8 23.13 (12-31) 20/80 to 20/32

(p < 0.001)

SE change= +1.906 to

−2.41

N/A N/A N/A

Graue-

Hernández et

al. (24)

2010 SND - 41 61.2 (0–357) 20/37 to 20/34

(p = 0.57)

2.1 D (post-op N/A) N/A 22 N/A

Malta et al. (25) 2008 SND DBSK 4 (3-11) 3 Improved 1

Unchanged

N/A N/A 0 No

Brown et al.

(26)

2003 SND MMC 30 28 (0.13–50) 20/100 to 20/40 2.33 to 1.94 D N/A 0 N/A

Bae et al. (12) 2018 BK EDTA 12 13.2 ± 15.7 20/159 to 20/107 N/A N/A 17 No

(Continued)
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TABLE 2 | Continued

Bee et al. (27) 2018 BK DBSK 7 N/A 1 improved 3

unchanged 3 worsened

N/A N/A 28 No

McGrath et al.

(28)

2015 BK MMC 16 17.8 ± 14.4 Log MAR 1.5 ± 1.5 to

1.4 ± 1.6

N/A N/A 12.5 No

Rao et al. (29) 2008 BK AMT in 9 EDTA

in 2 patients

9 26.8 ± 10.2 6 improved 1 worsened

2 unchanged

N/A N/A 0 2 scarring 1

retraction 1 graft

loss, 1 ED

Anderson et al.

(30)

2001 BK AMT in 16

EDTA in 14

16 14.6 ± 2.9 4 improved 12

unchanged

N/A N/A 25 1 exposed suture 1

exposure keratitis

Riedl et al. (31) 2021 PHSD MMC 15 3 Log MAR 0.4 ± 0.2 to

0.21 ± 0.3

(P < 0.01)

Anterior corneal:

4.67 ± 2.4 to 1.4 ± 0.4

Posterior corneal:

0.6 ± 0.5 to 0.3 ± 0.2

(After 3 months)

0 No

McGrath et al.

(28)

2015 Reis Buckler MMC 3 N/A N/A N/A N/A N/A N/A

Jarventausta et

al. (32)

2014 PHSD - 4 1 2 Improved 2

Worsened

3 Reduced 1

Unchanged

All Reduced 0 N/A

Gore et al. (33) 2013 PHSD MMC 15 60(12- 132) N/A N/A N/A 20 N/A

Rao et al. (29) AMT 15 26.8 ± 10.2 12 improved 3

unchanged

N/A N/A 6 20% amniotic

membrane graft

retraction

Maust et al. (34) 2003 PHSD MMC 2 Case1: 8

Case 2: 15

N/A N/A N/A 0 N/A

Sajjadi

et al. (35)

1992 Superficial Juvenile

Granular

Dystrophy

- 16 36 20/400 to 20/40 N/A N/A 25 N/A

Bakhtiari et al.

(36)

2013 Corneal Keloid - 2 12 to 18 1 improved 1

unchanged

N/A N/A 50

Gupta et al. (37) 2016 Corneal Keloid - 3 4 to 8 3 improved 1

unchanged

N/A N/A No No

Lee et al. (38) 2016 Corneal Keloid MMC in 2 AMT

in 3

5 4 to 10 4 improved N/A N/A 100 No

McGrath et al.

(28)

2015 Corneal scarring MMC in 8

patients

10 16.8 ± 12.5 0.2 ± 0.2 to 0.1 ± 0.2 N/A N/A 10 No

Ozgurhan et al.

(39)

2013 Corneal scarring DBSK+MMC 4 6 All improved 7 ± 0.8 to 1.4 ± 0.24 7.15 ± 2.82 to 1.4 ±

0.46

N/A No

Khakshoor et

al. (40)

2011 corneal haze after

PRK

MMC 15 12 20/80 to 20/20 (p <

0.05)

N/A N/A 0% No

Qian et al. (41) 2008 Corneal

neovascularization

subconjunctival

Bevacizumab

3 N/A unchanged N/A N/A N/A No

Bae et al. (12) 2018 EBMD ASP in 11

patients

83 5.63 ± 7 20/47 to 20/40

(p = 0.033)

1.76 to1.15D (p <

0.010)

1.44 to1.06D (p

<0.022)

0 No

(Continued)
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TABLE 2 | Continued

Vo et al. (14) 2015 EBMD DBSK 36 33.2

(3.5–137.6)

20/33 to 20/29 (p

<0.002)

range−2.50 to1.75D

(Median change 0.0D)

3.6 to1.8D (p < 0.001) 24 9.4% (subepithelial

haze) 0.3% (HSV

keratitis) 2%

(marginal keratitis)

Sayegh et al. (4) 2013 EBMD Topical cocaine 16 60 (1.3-96) 20/63 to 20/32 (p <

0.01)

N/A SRI=1.47 ± 0.35 to

0.50 ± 0.30 (p <

0.001)

6 6% (subepithelial

haze)

Aldave et al.

(18)

2009 EBMD DBSK 14 18.9

(3.5–66.5)

20/30 to 20/25

(p = 0.016)

N/A N/A 2 N/A

Malta et al. (25) 2008 EBMD DBSK 19 10.6 (3 o 39) 6 Unchanged 12

Improved 1 Worsened

N/A N/A 0 5.2% (Subepithelial

haze)

Itty et al. (42) 2007 EBMD ASP in 13

patients

74 33 20/44 to 20/33 (P <

0.001)

1.2 to 1.1D (P = 1.0) N/A 24 26% (subepithelial

haze)

Tzelikis et al.

(43)

2005 EBMD DBSK 13 21.8 20/50 to 20/23 (p <

0.001)

N/A N/A 0 No

Sridhar et al.

(20)

2002 EBMD DBSK ASP in 1

patient

27 6.7 ± 1 3 improved 17

unchanged 1

Worsened

N/A N/A 11.1 25.9%

(Subepithelial haze)

Buxton et al.

(44)

1983 EBMD DBSK 33 47 N/A N/A N/A 0 9% (Subepithelial

haze)

Bae et al. (12) 2018 Bullous Keratopathy ASP in case1

Gunderson flap

in case2

2 N/A unchanged N/A N/A N/A No

Shalabi et al.

(45)

2014 Bullous Keratopathy AMT 4 16 N/A N/A N/A 25 No

Fernandes et al.

(46)

2011 Bullous Keratopathy AMT 3 N/A N/A N/A N/A N/A No

AMT, amniotic membrane transplantation; ASP, Anterior stromal puncture; BCVA, best-corrected visual acuity; CA, corneal astigmatism; CDK, Climatic droplet keratopathy; DBSK, diamond burr superficial keratectomy; EBMD, Epithelial

basement membrane dystrophy; ED, epithelial defect; EDTA, Ethylene diamine tetra-acetic acid; MMC, mitomycin C; N/A, not available; PHSD, Peripheral hypertrophic subepithelial degeneration; PRK, Photorefractive keratectomy;

PTK, phototherapeutic keratectomy; RC, refractive astigmatism; RCES, Recurrent corneal erosion syndrome; SE: Spherical Equivalent; SND, Salzmann nodular degeneration; SRI, surface regularity index.
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Salzmann Nodular Degeneration
Salzmann nodular degeneration (SND) is a slowly progressive
degenerative condition that is characterized by the appearance
of nodular corneal opacity. It is a multifactorial disease that
predominantly affects elderly females (48). The etiology of
SND is mostly idiopathic. Other causes include keratitis, vernal
keratoconjunctivitis (VKC), meibomian gland dysfunction, dry
eye, trauma, measles and LASIK. Most cases with SND were
successfully managed with lubrication and lid hygiene. A
small number of patients require surgical interventions due to
refractory symptoms or involvement of the visual axis. Surgical
methods that can be undertaken are SK, PTK and SK plus
PTK (26). There are reports of managing SND of various
etiologies with SK: thyroid eye disease (49), meibomian gland
dysfunction (50), and post LASIK (22, 51). Many modifications
of SK have been proposed to reduce undesirable outcomes
such as corneal haziness or reoccurrence of the symptoms.
These include the application of MMC, adjunctive amnion
membrane transplantation (AMT), and the use of adjunctive
PTK. There are 6 case series treating SND with SK in the
literature (Table 2). Only one series (8) reported enhancement of
BCVA following SK. All other studies reported that BCVA did not
significantly change postoperatively. All the studies that reported
changes in refractive astigmatism reported reduced astigmatism
postoperatively (Table 2). Recurrence was uncommon after SK
for treating SND as new additional techniques such asMMChave
been developed.

AMT in company with SK may ameliorate the healing
process and minimize scarring. AMT is indicated when there
is corneal thinning associated with SND. Multiple procedures
may be required in recurrent cases of SND. Yoon et al. reported
AMT after SK in a 75-year-old woman with recurrent episodes
of SND (52). The patient underwent SK with AMT three
times due to relapse of the disease. Furthermore, Rao et al.
reported a case of using AMT after SK, which resulted in vision
improvement (29). MMC has been proposed as an adjunctive
treatment in SND. Various mechanisms have been suggested to
explain why the application of MMC lowers the recurrence rate.
The epithelial nature of nodules is more metabolically active
than normal epithelial cells. It may be a key to understanding
the effect of MMC as an antiproliferative drug (23). Bowers
et al. reported the first series on intraoperative MMC. They
applied a sponge soaked in MMC for 10 s in a series of 30
eyes with SND. They reported no recurrence in any of their
cases. Some ophthalmologists also perform a combination of
SK, PTK, and MMC to decrease the recurrence rate. Macron
et al. reported a 91-year-old woman treated with SK, PTK, and
MMC, which resulted in an improvement of BCVA (53). In
addition, Khaireddin et al. reported data of surgery with the
same method on eight eyes. SK+PTK+MMC resulted in myopic
shift (reduction in hyperopic progression) and improvement
of BCVA.

SK for treatment of SND significantly decreases symptoms,
and with the aid of additional procedures, the recurrence rate
is low. Additionally, this method has advantages over PTK as
it is an easier method and is more cost-effective. Whereas SK

is usually considered a first-line surgical option for SND, the
surgeon should choose the best surgical method individually for
each case with respect to the etiology, concurrent disease and
previous treatments.

Band Keratopathy
Band keratopathy (BK) is a corneal degeneration characterized
by the deposition of calcium in subepithelial layers of the cornea.
Surgical interventions for BK are SK, PTK, EDTA chelation,
and AMT. Surgical interventions are indicated when calcium
deposits endanger vision or induce ocular discomfort that is
resistant to medical treatment. Debridement of calcific lesions is
still the modality of choice despite the emergence of laser-based
techniques. This is because PTK does not seem to offer better
outcomes than SK, and there is an associated higher machine cost
for PTK.

Our review of the literature showed that the reappearance
after SK ranged from 12.5 to 28%. Postoperative complications
were rare, although there were few cases of corneal scarring
after SK (29). In SK, calcific lesions are manually excised from
the cornea. Authors suggest additional techniques to enhance
outcomes: EDTA chelation or AMT (Table 2). Esquenazi et al.
reported a case of a 91-year-old man with recurrent BK treated
with SK plus AMT to diminish pain and accelerate wound healing
(54). In addition, Anderson et al. presented a case series treated
with SK plus AMT. They show wound healing is accelerated with
this method (30). Additionally, EDTA was shown to be efficient
with minimal chance of intraoperative complications (29, 30).
The postoperative recurrence rate in the BK series treated with
EDTA ranged from 0 to 17%. Bee et al. reported a series of 9 eyes
with limited visual potential with DBSK without using EDTA.
The recurrence rate in these patients was 28% (27). Although
there was no study directly comparing SK with and without the
application of EDTA in the literature, it seems to be a useful
adjunct as it could reduce the recurrence rate (20).

Dystrophies and Degenerations
Peripheral hypertrophic subepithelial corneal degeneration
(PHSCD) is a rare bilateral peripheral opacification of the cornea.
This condition may create corneal irritation or induce refractive
error, which may necessitate surgical intervention. PHSCD may
cause progressive flattening of the central cornea, which results
in significant astigmatism. Gore et al. reported that 7 of the 22
patients with PHSCD required surgical intervention (33). PTK,
SK or SK+PTK may be planned. Jeng et al. reported a case of
successfully reversing induced hyperopic and astigmatic shift in
refraction by SK (55). The recurrence rate after SK ranged from 0
to 20 % (Table 2).

Superficial juvenile granular dystrophy is another rare
dystrophy that may necessitate SK. Sajjadi et al. described
a series of 16 eyes managed with SK. In the three-year
postoperative follow-up period, 25% of cases presented with
recurring symptoms. The postoperative BCVA was improved
compared to the preoperative evaluation (35).

Reis-Bucklers’ dystrophy is a disorder that involves Bowman’s
layer and is associated with mutations in the TGFBI gene (56).

Frontiers in Medicine | www.frontiersin.org 7 July 2022 | Volume 9 | Article 915284115

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Salari et al. Superficial Keratectomy

PTK is helpful for the treatment of this kind of dystrophy as
this method has noninvasive nature and results in remarkable
visual improvement (57). Nevertheless, there are few reports of
effective treatment with SK in these patients. Schwartz and Hugh
reported successful management of a 52-year-old female with
Reis-Bucklers’ dystrophy with SK (58). Additionally, McGrath et
al. reported a series of 3 patients with Reis-Bucklers’ dystrophy
treated with SK. They utilizedMMC as adjunctive treatment (28).

Climatic droplet keratopathy (CDK) is a degenerative corneal
disorder characterized by the accumulation of translucent
globules of different sizes located in the superficial corneal
layers. Rao et al. reported a series of 15 patients with CDK
who underwent SK for their severe symptoms or reduced visual
acuity (29). During a follow-up period of 27 months, only 6%
of them showed a return of symptoms. Vision improved in
12 out of 15 patients. For the remaining three patients, vision
remained unchanged.

In conclusion, SK should be considered an effective and safe
method for corneal dystrophies and degenerations located at the
epithelial, basement membrane, Bowman’s layer, and anterior
stromal layers of the cornea. However, laser-based techniques
such as PTK have advantages like more precise ablation depth
and the regular plane of dissection (59).

Bullous Keratopathy
Bullous keratopathy (BK) is the presence of bullous and corneal
oedema caused by endothelial decompensation. Patients usually
complain of blurring of vision or pain from the presence of bullae
in the cornea. Surgical trauma is the leading cause of BK. Corneal
transplantation is the modality of choice in a patient with BK
and good visual potential (60). Other surgical options include
bandage contact lens, ASP, PTK, collagen crosslinking and AMT
(61). SK combined with AMT has been utilized to decrease
haziness and alleviate discomfort in phakic patients with bullous
keratopathy and poor visual prognosis (45), pseudophakic (62)
and aphakic bullous keratopathy (12) (Table 2). AMT can serve
as a bandage for a damaged cornea and act as a base for the
epithelial cells to grow. Bae et al. reported cases with aphakic and
pseudophakic bullous keratopathy managed by SK to improve
visual acuity (VA) (12). Shalabi et al. proposed a combination of
SK, cautery, and AMT to relieve symptoms more effectively in 4
cases of bullous keratopathy. After 16 months of follow-up, three
patients remained symptomatic-free (45).

In summary, SK is only indicated for BK in patients with
poor visual prognosis; however, it is shown to be effective in
reducing symptoms and improving VA, especially in conjunction
with AMT.

Corneal Haziness
SK is an effective surgical technique to reduce corneal
haziness. This method has been utilized to diminish haziness
in corneal scarring, corneal neovascularization, keloid, and
post photorefractive keratectomy (PRK) haziness. Fernandes et
al. reported three eyes with post anterior stromal puncture
subepithelial fibrosis, which was managed by SK. All patients’
symptoms were alleviated, and at the final follow-up, there was
no recurrence (46). Corneal haziness is a potential complication

of PRK (63). Available options for managing this complication
include conservative management with corticosteroids, PTK or
SK. Khakshoor et al. conducted a study on the effectiveness
of SK in reducing haziness, revealing that adjunctive MMC
might improve the results (40). All nine patients who underwent
SK+MMC experienced a clearer sight. None of the patients had
a recurrence of haziness during the follow-up period.

Chronic inflammation sometimes leads to the formation
of new vessels and pseudopterygium on the cornea. Qian
et al. performed SK and administered an injection of
subconjunctival Bevacizumab for treatment of the secondary
superficial neovascularization (41). They reported regression
of neovascularization following this procedure after 3 months
of follow-up.

Although SK has been widely used to manage corneal scarring
for various etiologies, little is reported in the literature (Table 2).
Ozgurhan et al. reported four cases of corneal scarring and
astigmatism post pterygium surgery that were treated by SK.
McGrath also reported 8 cases of corneal scarring treated with
SK plus MMC (28). These studies show SK is successful in the
reduction of scarring and improvement of vision.

Corneal keloid is a rare disorder that is characterized by the
proliferation of collagen tissue in the cornea in place of previous
trauma or surgery. It can occur years after the initial trauma, as
opposed to a hypertrophic scar (64). Surgeons have tried many
different techniques to treat corneal keloids, including SK with
or without PTK, PTK, lamellar keratectomy (LK), or penetrating
keratoplasty (PK and implantation of keratoprosthesis) (38).
Despite the method of surgery, reappearance is common. SK
is one of the most common surgeries for visually significant
keloids. Adjunctive use of AMT or MMC has been applied to
lessen recurrence (65). Lee et al. reported 4 cases of keloid
treated with SK (3 patients additionally received AMT). After
10 months of follow-up, all of them experienced a recurrence
of symptoms (38). In addition, Bakhtiari et al. reported two
cases of keloid who underwent SK; both required a second
intervention (36). Nevertheless, none of three patients of corneal
keloid treated with SK and AMT in the series reported by Gupta
experienced recurrence (37). In cases of corneal keloid, PK is
often complicated and results in graft failure; also, recurrence is
common; therefore, SK should be considered a substitute.

A very rare indication for SK was reported by Chaurasia et
al. (66). They reported a five-month-old boy with epidermolysis
bullosa presented with the congenital whitish raised lesion. As the
lesions were visually significant, the surgeon decided to perform
SKwith AMT. The surgery was successful, and the cornea became
transparent and lesion-free during 4 years of observation.

SK as an Adjunct to Other Surgical
Procedures
Excision of pterygium is one of the most common ocular
surgeries. To remove a pterygium, the surgeon removes the neck
and body of the pterygium, and then residual tissues are scraped
off by a surgical blade layer to produce a clear cornea. The
second step in pterygium surgery (scraping pterygium’s head) is
very similar to SK, and few studies used the term “SK” for that
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step: Seid et al. reported performing SK deep to Bowman’s in
the excised area followed by a free conjunctival graft resulting
in lower recurrence rate (67). Additionally, Narasimhaiah et
al. compared motorized diamond burr polishing (DBSK) with
manual SK after pterygium excision. They found DBSK resulted
in better astigmatism correction and better UCVA (68). SK can
also be used in corneal scarring and induced astigmatism after
pterygium excision (39). Nevertheless, most ophthalmologists
consider pterygium excision as a different technique, and
therefore we did not include data from studies on pterygium
excision in this review.

Performing amniotic membrane transplantation (AMT) for
ocular surface diseases is extremely common nowadays. It
has been widely adopted in the management of conjunctival
disorders, symblepharon, persistent corneal epithelial defects
(69), bullous keratopathy, partial or total limbal stem cell
deficiency (LSCD), chemical burn and as an adjunct to other
surgical procedures to decrease ocular surface inflammation (70).
In patients with a corneal surface disorder related to limbal cell
deficiency, the corneal lesion is peeled using SK, followed by
AMT transplantation. Anderson et al. reported improved BCVA
and abolition of pain and photophobia with this technique for
LSCD of various etiologies (71).

Other Indications
SK has been utilized for many other diagnostic and therapeutic
reasons. Although uncommon, SK can be performed in suspected
keratitis resistant to conventional antibiotic therapy by reducing
the biofilm in place. There are reported cases of fungal keratitis
[Dematiaceous (72), Acremonium (73)], infectious crystalline
keratopathy (74), and Fuchs marginal keratitis (75), in which SK
was helpful. Additionally, Agarwal et al. proposed the use of SK
in patients with Mooren’s ulcer resulted in lessened antigenic
stimuli and, therefore, can be efficacious (76). SK can also be
adopted to remove corneal foreign bodies if not deeply positioned
in stromal layers.

Although topical chemotherapy is the first choice for ocular
surface squamous neoplasms, epithelial debridement is also
utilized for both diagnosis and treatment of corneal and
conjunctival tumors spread to the cornea. There are also reports
of using SK for these purposes. Arya et al. reported a case of
an 80-year-old male presenting with a corneal mass. The lesion
was excised by SK, and the histology revealed the lesion was
squamous cell carcinoma (77). There are other case reports
with similar scenarios. Arepalli et al. reported a series of 15
patients with conjunctival squamous cell carcinoma treated with
the combination of SK, cryotherapy, and plaque radiation (78).
Askolis et al. suggested AMT as an adjunct treatment for SK in
reconstructing the epithelial defect following the debridement of
larger tumors.

Deposition of immunoglobulin in the subepithelial layer of
the cornea is a very rare entity. Patients usually present with
photophobia and pain, and slit-lamp examination shows gray-
white gelatinous deposits on the cornea. Lesions are usually
removed by SK, and further histological evaluation reveals an
immunological origin (79, 80).

Some authors also used SK to remove VKC plaque from
the cornea. Pelgerin et al. reported a case of a nine-year-old
boy with a corneal ulcer due to VKC, which was resistant to
medical therapy. They performed SK to remove plaques and
placed AMT on the cornea. An improved BCVA and accelerated
epithelialization were achieved (81).

Complications
Subepithelial haze is the most reported complication of SK. This
complication is usually benign and resolves without scarring
(19). In patients treated with SK due to various etiologies, the
subepithelial haze was reported from 0 to 35 % and in the DBSK
method ranged from 0 to 26% (Table 1). However, there is not
enough data to support the superiority of each method on this
matter, and further studies are required.

Recurrence is also frequently reported. The rate of recurrence
depends on the corneal pathology (Table 2). Researchers
proposed several methods to reduce the recurrence, such as
chelation with EDTA (12) in the treatment of band keratopathy
or application of MMC in the treatment of SND (23, 28, 82).

Corneal infiltration is rarely reported in the literature as
a consequence SK (15). Spontaneous reactivation of herpetic
keratitis is also reported by Aldave et al. (18).

Outcomes
SK is a simple method for the management of corneal
pathologies. Studies showed that this method is effective in the
treatment of RCES, with a success rate of 76% to 100% for simple
SK (4, 5, 12, 42) and 85.2% to 100 % for DBSK (13–17, 19–
21, 43, 82). In addition, SK improved BCVA and reduced the
corneal astigmatism of patients with SND with a success rate of
78% to 100% (12, 22–25, 44, 80). The success rate in patients with
band keratopathy whomanaged with SK ranged from 72 to 100%
(12, 27–29). These success rates are comparable to the result of
PTK. A literature review by Nagpal et al. revealed that the success
rate of PTK in patients with RCES, SND, and BK were 46–100%,
86–100%, and 40–100%, respectively (59). Further clinical trials
are required to determine the best method for each etiology. This
review showed that corneal dystrophies could also be managed
with SK, with a success rate ranging from 75 to 100% (28, 29, 31–
35). Furthermore, patients with corneal haziness due to various
etiologies such as corneal scarring (28), post-PRK haziness (40),
and bullous keratopathy (45) were successfully managed with SK.
However, due to a paucity of data on the success rate of SK for
these etiologies, well-designed clinical trials are necessary.

FUTURE DIRECTIONS

SK with the aid of additional techniques such as MMC
or diamond burr polishing may be more beneficial than
simple SK with a blade in reducing the rate of recurrence
for its various indications. However, there are no RCTs
to demonstrate this hypothesis. Furthermore, for many
of its indications, there is a paucity of data in terms of
outcomes. In addition, most of the case series patients
were only followed for a short period. Despite newer
trending techniques such as excimer laser PTK, with an
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expanding portfolio of indications, SK should be considered
an effective and feasible therapeutic option for several
corneal disorders.

CONCLUSION

Superficial keratectomy is a simple and effective modality
that is used to treat ocular surface disorders. It is both a
therapeutic and diagnostic technique. The most common
indications for SK are reduced vision and recurrent
corneal erosions due to pathology in the superficial layers
of the cornea. Despite the recent emergence of laser-
assisted techniques such as excimer-based phototherapeutic
keratectomy, SK has remained clinically relevant. Whilst

PTK achieves a clear and smooth plane of dissection and
better determines the depth of dissection, SK has key
advantages over PTK in the simplicity of technique and

cost-effectiveness. This review of the literature also revealed
that the postoperative results of SK, for some indications such
as recurrent epithelial erosion, are either matched or superior
to PTK.
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Therapeutic potential of the
MDM2 inhibitor Nutlin-3 in
counteracting SARS-CoV-2
infection of the eye through p53
activation

Giorgio Zauli 1*, Sara AlHilali 1, Samar Al-Swailem 1,

Paola Secchiero 2 and Rebecca Voltan 3

1Research Department, King Khaled Eye Specialistic Hospital, Riyadh, Saudi Arabia, 2Department of

Translational Medicine and LTTA Centre, University of Ferrara, Ferrara, Italy, 3Department of
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Starting from the beginning of the severe acute respiratory syndrome

Coronavirus-2 (SARS-CoV-2) global pandemic, most of the published data has

concentrated on the respiratory signs and symptoms of Covid-19 infection,

underestimating the presence and importance of ocular manifestations, such

as conjunctivitis, usually reported in SARS-CoV-2 infected patients. With the

present review we intend to resume the ocular involvement in SARS-CoV-2

infection and the recent discoveries about the di�erent cell types and tissues

of the eye that can be directly infected by SARS-CoV-2 and propagate

the infection. Moreover, reviewing literature data about p53 expression in

normal and diseased eye tissues, we hypothesize that the pleiotropic protein

p53 present at high levels in cornea, conjunctiva and tear film might play

a protective role against SARS-CoV-2 infection. Since p53 can be easily

up-regulated by using small molecule non-genotoxic inhibitors of MDM2,

we propose that topical use of Nutlin-3, the prototype member of MDM2

inhibitors, might protect the anterior surface of the eye from SARS-CoV-2

infection, reducing the spreading of the virus.

KEYWORDS

SARS-CoV-2, p53, Nutlin-3, MDM2 inhibitors, eye, cornea, tear film

Introduction

Under physiological conditions, p53 protein is maintained at low level in most

normal tissues through a variety of mechanisms, mainly depending by the control

mediated by its principal inhibitor murine double minute 2 (MDM2), also known as

human double minute 2 (HDM2) in humans. MDM2 acts on p53 through a well-

characterized negative feedback loop, and, when the negative regulatory role of MDM2

is lost, as often it happens in response to viral infections (1), the intracellular p53 levels

increase, leading to biological effects which depend on the duration and the strength of

p53 activation (2). p53 is a pleiotropic molecule deeply analyzed for its several functions
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and involvement in different pathways, ranging from cell cycle

arrest and apoptosis induction to senescence modulation.

In the context of viral infection, it is emerging that human

coronaviruses have developed several specific molecular ways

to interfere with p53-mediated activities in infected cells. It

has been shown that the viral papain-like proteases, PLPs,

can act as MDM2 stabilizer via deubiquitination, leading to

accelerated p53 proteasomal degradation (3, 4), and to a cascade

of events which ensures the rapid growth of virus-infected

cells due to the p53 loss. Analogously, the PLPs’ mediated

effect was demonstrated also on RCHY1, another E3 ubiquitin

ligase involved in p53 ubiquitination, resulting in enhanced

p53 degradation inside infected cells (5). Moreover, it was

observed that knockout ofTP53 gene promoted viral replication,

and that, on the opposite, the expression of p53 served as

antiviral cellular molecule able to downregulate SARS-CoV

replication (5). More recently, another group, screening the

impact of SARS-CoV-2 proteins in several signaling pathways

involved in viral infection, has demonstrated that the viral

protease nsp5 can functionally repress p53 by interfering

with its transcriptional activity, and has suggested p53 as an

“intrinsic host restriction factor for the virus” (6). Similarly

to Ma-Lauer, they have also observed that the overexpression

of p53 significantly reduced virus production, sustaining the

hypothesis of a fundamental role of p53 in managing the

cellular antiviral defenses. These observations highlight the

central role of p53 in controlling coronavirus replication inside

infected cells. On these bases, we have recently suggested that

Nutlin-3, or its oral version Idasanutlin, a potent and selective

small-molecule inhibitor of MDM2, that promotes stabilization

of p53, might be beneficial to treat the pulmonary infection

induced by SARS-CoV-2 (7). Similarly, following the concept

that restoring/inducing p53 may provide beneficial therapeutic

results for infectious diseases, a group of the Georgetown

University has proposed a TP53 gene therapy approach for

patients affected by COVID-19, hypothesizing the repurposing

of the SGT-53 agent, an immunoliposome carrying a plasmid

vector for TP53 expression, currently in phase II human trials

for pancreatic cancer (8).

In this review, we aimed to focus the attention on the

eye and investigate the potential role of the MDM2/p53

pathway, modulated by Nutlin-3, in counteracting/preventing

SARS-CoV-2 ocular manifestations and diseases. To

support this rationale, we reviewed the recent literature

about the involvement of eye’s tissues, cells and tears

during SARS-CoV-2 infection, and resumed the data

about MDM2 and p53 expression in ocular health and

disease situations. Moreover, we analyzed the observations

about the feasibility of p53 modulation through MDM2

inhibition in preclinical ocular models. Finally, we

proposed a topical use of Nutlin-3 as a therapeutic

approach to protect the anterior surface of the eye and

to contrast SARS-CoV-2 infection and spreading. A

reasoning on importance of cytokines modulation was

also included.

The anterior surface of the eye
represents a gateway for
SARS-CoV-2 infection

The main receptor for SARS-CoV-2, the angiotensin-

converting enzyme 2, ACE2, is naturally present in the epithelial

lining of the lower respiratory tract and digestive system (9).

It serves as the main portal of entry for Covid-19 virus

into the human body, leading to a variety of respiratory

and gastrointestinal symptoms, but it has been detected in

several cell types, with highest levels of expression in type II

alveolar pneumocytes (10). Increasing experimental evidence

has recently demonstrated that also ocular tissues express

ACE2. Indeed, ACE2 receptor expression at the mRNA and

protein level has been shown in multiple cell types involved

in human vision, including cell types of the external surface

of the eye (11–13). However, the proportion of cells in the

ocular surface having greater-than-zero expression of ACE2

does not exceed 10% and the mean level of mRNA expression

is approximately 0.6% (14). Although the expression level

of ACE2 receptor seemed to be relatively low compared to

the type II alveolar pneumocytes (15), epidemiological studies

have reported ocular surface infection among the clinical

manifestations of patients with COVID-19 (16); moreover,

conjunctivitis has been reported as the initial presenting

symptom in several cases (17). A systematic review and

meta-analysis reported that approximately 10% of COVID-

19 patients has ocular manifestations with at least one ocular

symptom (such as dry eye, conjunctival injection/chemosis,

tearing, itching and foreign body sensation), indicating also that

attention to these manifestations is important in the detection of

COVID-19 infection in the population (18).

Such evidence underscores the importance

of the eye as a gateway for SARS-COV-2.

Therefore, we will explore experimental and

clinical evidence supporting the hypothesis that the

ocular surface is a potential route for SARS-CoV-

2 transmission.

The tissues of the anterior surface of
the eye express ACE2 and TMPRSS2
receptors

ACE2 has been detected in the epithelial cells of both

skin and cornea, tissues that share the role of primary

barrier against the external environment, having both an

external stratified squamous epithelium, and that govern several

patho-physiological responses including inflammation (19). In
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the anterior surface of the eye, as well as in the cornea,

ACE2 has been found in the conjunctiva and limbus (20).

Furthermore, it has been shown that cells of the same ocular

surface tissues expressing ACE2 also express the co-receptor

transmembrane serine protease 2 (TMPRSS2) (21), resulting

susceptible to SARS-CoV-2 infection from a molecular point

of view. Interestingly, from the clinical point of view, it

has been shown that some SARS-CoV-2 patients presented

conjunctivitis as first symptom, and sometimes as unique

manifestation of the infection. Moreover, SARS-CoV-2 was

detectable on the ocular surface (conjunctival swabs and tears)

of both symptomatic and asymptomatic patients, and the

isolated virus was infectious if used to infect cells in vitro,

demonstrating that the eye can be infected and at the same time

can support virus replication and spreading (21). Consistently

with the hypothesis that the anterior surface of the eye might

represent a potential route of infection, Casagrande detected

SARS-CoV-2 genomic RNA in corneas of deceased patients

affected by COVID-19 (22). Furthermore, Singh showed that

SARS-CoV-2 can infect human conjunctival tissues, especially

of inflamed conjunctiva (23), and observed that diseased

conjunctival tissues, such as nevi, cyst, papilloma and polyps,

overexpress ACE2 as compared to normal conjunctival tissues

(24). Another study used a single-cell sequency approach

to demonstrate that both ACE2 and TMPRSS2 genes were

highly co-expressed in the goblet cells of the conjunctiva,

along with genes involved in immunity process (25). Once

established that the anterior surface of the eye represents a

potentially important route of infection, it is noteworthy that

the highest levels of SARS-CoV-2 viral entry-related proteins

are present in the limbus (26, 27). ACE2 and TMPRSS2

were also described in post-mortem SARS-CoV-2 patient

ocular surface tissues, in association with productive viral

replication, most notably in limbal regions (26). Furthermore,

the same authors described in whole-eye organoid model that

conjunctival and limbal cells can be infected by the virus

and that they support active viral replication. It is noteworthy

that transcriptional analysis of ex-vivo infected ocular surface

cells revealed robust induction of NF-κB in infected cells as

well as diminished type I interferon signaling (26). These

findings are particularly interesting since it has been clearly

demonstrated the key role of p53 in activating type I interferon

signaling and in down-regulating the NF-kB pro-inflammatory

pathway (28).

In summary, corneal, limbal and conjunctival

epithelia express ACE2 and TMPRSS2, can be infected

by SARS-CoV-2 and support a productive infection,

suggesting that the ocular surface is a potential route

for the transmission of the virus, and it represents a

possible risk of viral transmission, in particular for

healthcare workers working at proximity to the eye and

for recipient patients during the corneal transplantation

procedures (29).

Retinal cells can be infected by
SARS-CoV-2

Although most of the experimental data available on this

topic suggest the anterior surface of the eye as a possible site

for SARS-CoV-2 entry and infection, other evidence suggests

that also the retina can be infected. In this respect, Zhou

demonstrated that ACE2 is expressed in several neuro-retinal

cells and retinal vessels analyzed in post-mortem retinopathy

specimens donated by non-diabetic and diabetic patients (30).

In the same specimens, TMPRSS2 co-expression was detected

in retinal neuronal cells, vascular and perivascular cells (30).

Additional evidence of retinal involvement was provided by the

detection of SARS-CoV-2 genomic RNA in retinal biopsies of

deceased COVID-19 patients (31). These findings could explain

the presence of retinal changes such as cotton wool spots and

dot-blot hemorrhages reported in the literature (32). In line with

the findings of Zhou, that observed a higher expression of ACE2

receptor in vessels of diabetic patients, Landecho showed that

retinal microangiopathy might represent an in vivo biomarker

of systemic vascular disease during SARS-CoV-2 infection (33).

In fact, 6 out of 27 evaluated patients involved in the study

showed cotton wool exudates, a marker of vascular disease

severity in diabetes, associated with increased risk for acute

vascular events. At present, it is not clear if these events can

be caused directly by the virus acting in the endothelium of

the vasculature or if they can be provoked by a disseminated

intravascular hypercoagulable state (33). Moreover, if infection

of the retina occurs and if it derives directly from the eye, from

the upper respiratory tract or from another site are still open

questions. Nonetheless, in the course of SARS-CoV-2 infection,

it is very likely that ocular manifestations that affect the retina

are modulated by an alteration of the blood-retinal barrier, BRB

(34). This could occur at the level of the retinal endothelial cells

of the inner barrier, iBRB, or at the level of retinal pigment

epithelial, RPE, cells of the outer barrier, oBRB, or at both levels.

Role of the tears/tear film and of the
nasolacrimal duct morphology in the
transmission of SARS-CoV-2
infection

During the first months of the pandemic, the viral RNA

was not clinically evaluated in patients’ tears, due to the fast

spreading of the emergency, and rare eye symptoms were

reported probably because underestimated compared to the

more severe systemic symptoms (16, 35). Literature of later

periods investigated the eye as possible route of infection,

searching the presence of SARS-CoV-2 virus in tears, but results

appeared highly variable (Table 1), leading authors to different

conclusions about the relevance of SARS-CoV-2 RNA in tears.
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TABLE 1 Overview of relevant literature data investigating SARS-CoV-2 in tears/tear film of infected patients.

Aim of the study Patients

(n)

COVID-19

severity

Sampling

method

Sampling

time*

SARS-CoV-2

RNA in

samples

Eye symptoms Refs

SARS-CoV-2 on ocular

surfaces of sub-intensive

patients with pneumonia

9 Severe Conjunctival swab <48h 72% Bilateral

conjunctivitis (78%)

Troisi et al. (36)

SARS-CoV-2 on ocular

surfaces

91 Severe Conjunctival swab <48h 57.1% Hyperemia (5.8%),

secretions (5.8%),

blepharitis (7.7%),

other signs (13.5%)

Azzolini et al. (37)

SARS-CoV-2 on corneal disks 11 Severe Conjunctival swab

(post-mortem)

NA 45% NA Casagrande et al.

(22)

SARS-CoV-2 in tears of

patients with moderate and

severe COVID-19

75 Moderate and

severe

Conjunctival swab

and/or Schirmer’s

test strip

<48 h 24% None Arora et al. (38)

SARS-CoV-2 on ocular

surfaces (observational)

243 Mild, moderate and

severe

Conjunctival swab 1–17 days 7% NA Gijs et al. (39)

Viral RNA in conjunctival

secretion

49 Asymptomatic,

mild and moderate

(treated with

antivirals)

Conjunctival swab 2–27 days 8.2% None Li et al. (40)

SARS-CoV-2 in tears 30 Mild and severe

(treated with

antivirals)

Conjunctival swab 1–16 days 3.3% Conjunctivitis

(3.3%)

Xia et al. (41)

Characteristics of ocular

findings (retrospective)

38 Mild, moderate and

severe

Conjunctival swab NA 5.3% Conjunctivitis

(31.6%)

Wu et al. (42)

Viral RNA in conjunctival

secretion

37 Mild and severe NA NA 2.7% Conjunctival

congestion (8.1%),

eye inflammation

(91.9%)

Liang et al. (43)

Viral shedding in tears 17 Mild Schirmer’s test strip 3–20 days 0% None Seah et al. (44)

*Time after positive naso/oropharyngeal swab.
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More recently, when data originated from studies where tears

analysis was the main specific research target, and methods

were standardized, the situation was clearer, indicating that

tears/tear film collected by conjunctival swabs from moderate to

severe COVID-19 affected patients contain viral RNA (Table 1).

In the work of Arora and colleagues, SARS-CoV-2 RNA was

detected in tears of 24% of patients with a confirmed COVID-

19 infection, despite the absence of any ocular manifestation

(38). In the study of Azzolini, viral RNA was detected in a

larger part of the investigated cohort (57,1%), reporting low

rate of ocular signs and indicating that in some patients the

ocular surface can be positive when nasopharyngeal swab is

negative (37). Interestingly, a small study reported preliminary

data indicating tear film positivity in 72% of analyzed patients

(36). This incredible high percentage derives probably by the

characteristics of the investigated cohort that included patients

with severe Covid-19 treated with full-mask or oxygen helmet.

Indeed, the authors hypothesized that the dryness and eye

irritation due to wearing the mask could facilitate the ocular

surface infection by the high viral load present in the breath of

pneumonia affected patients. Together, these evidence supports

the hypothesis that viral shedding through the tear film is a

potential route of SARS-CoV-2 transmission, even if tears are

characterized by a specific content of constitutive antimicrobial

molecules, such as lactoferrin and lysozyme. In particular,

lactoferrin has been shown to possess antiviral activity against

SARS-CoV-2 (45) and to be able to upregulate p53 through the

activation of NF-kB (46), but its capacity of modulating viral

spreading at physiological concentration needs to be evaluated.

The nasolacrimal ducts constitute the anatomical

connection between the eye and the nose, permitting the

direct communication between the ocular mucosal immune

system and the associated lymphoid tissue of the nasal cavity,

and contributing to the immunological interdependence

between the ocular and the respiratory systems. Thus, the

nasolacrimal systemmay function as a route for virus migration,

either through drainage of tears through the duct to the

respiratory tract or, vice-versa, from the upper respiratory tract

through the nasolacrimal duct to the eye. Indeed, it has been

hypothesized that after infecting the ocular surface, SARS-CoV-

2 virus could enter the nasolacrimal ducts to infect the high

respiratory tract (47). Moreover, other investigators indicated

that the nasolacrimal system may provide an additional route

of entry and infection of other tissues, including the epithelium

of the lacrimal canaliculi, the nasolacrimal drainage system, the

nasal passage, and the upper respiratory tract (48–50).

MDM2 and p53 expression in healthy
ocular tissues

Once established that the receptors for SARS-CoV-2

infection are present in different ocular tissues, it is of interest

to elucidate whether these tissues express p53 and/or its major

inhibitor MDM2. Although only few studies addressed the issue

of the basal p53 expression in the eye, it is noteworthy that

Tendler and Panshin recently demonstrated the presence of

significant p53 protein levels both in the corneal epithelium as

well as in the corneal tear film (51). Of note, they observed

that while the concentration of p53 was low in the cytoplasm

of most normal cell types, due to the potential harmful

role of elevated p53 concentrations in inducing cell cycle

arrest and/or apoptosis, abnormally high p53 content was

detected by immunohistochemistry, Western blot analysis and

electronic microscope examinations in corneal epithelial cells.

These data confirmed previous results that reported strong

p53 cytoplasmatic expression both in corneal as well as in

conjunctival epithelium of mice (52). Differently from corneal

epithelium, minute amount of p53 was found in retina, lens

and iris. Consistently, MDM2 was identified in the retina, lens

and iris while it was absent in the corneal epithelium (51).

The abnormally high levels of p53 in the corneal epithelium

and the absence of its negative regulator adds to corneal

immune privilege (53, 54). In addition, it was demonstrated

that a significant number of exosomes and other microvesicles

containing p53 were present in the corneal mucin layer of

the tear film (51). In a previous study, the same authors

showed that, after ultraviolet irradiation, the cytoplasmic p53

protein in corneal epithelium cells became functionally active,

following phosphorylation in Ser15, and moved from cytoplasm

to nucleus (55).

Summarizing, it is possible to indicate that p53 is present at

significant levels in the normal tissues of the anterior surface

of the eye, with elevated concentration in the cornea, and it

appears to be functional. Moreover, as mentioned above, high

levels of p53 are expressed not only in the anterior surface of

the eye but are present also in tear film, where p53 might play

anti-neoplastic as well as anti-infection activities. Interestingly,

a crosstalk has been demonstrated between the p53 pathway

and lactoferrin (46), and both proteins are components of the

tears. Together, they might represent a natural barrier against

the development of tumors in the anterior surface of the eye

(56), as well as against infections, and in particular against

SARS-CoV-2 (57, 58).

Modulation of p53 activity in
pathological ocular tissues following
MDM2-inhibition by Nutlin-3

In this section of the review we summarize literature data

suggesting that the p53 activator Nutlin-3 can modulate the

MDM2/p53 axis in the ocular tissues where co-expression

of both ACE2 and TMPRSS2 has been demonstrated. As

mentioned earlier, it is particularly noteworthy that p53

is abundantly expressed in normal eye tissues of cornea,
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limbus and conjunctiva, it’s present in corneal tear film,

and it may play a protective role against viral infections.

In this respect, Nutlin-3 has been proposed as a potential

pharmacological approach against pterygium, an anomalous

non-tumoral proliferation of the conjunctiva invading limbus

and cornea (59). Experiments based on primary cell lines,

obtained after explant of pterygium tissues, have demonstrated

that p53, highly expressed but not active and relegated to

cytoplasm, translocated to the nucleus after treatment with

Nutlin-3 and showed transcriptional activity and apoptotic

effect. More recently, the therapeutic use of Nutlin-3 was

showed in another disease of the conjunctiva, the conjunctival

melanoma that typically express p53 in wild-type status. These

authors demonstrated that Nutlin-3 was able to reactivate

p53 and reduced viability in several models of conjunctival

melanoma, both in vitro in cell lines and 3D spheroids, as well

as in vivo in zebrafish xenografts (60). Considering the retina, an

ocular formulation of Nutlin-3 was used in preclinical models of

retinoblastoma, a pediatric disease characterized for expressing

high levels ofMDM2/HDMX (61). In this study, subconjunctival

administration of Nutlin-3 improved intraocular penetration,

respect to oral and iv administration, and exhibited specific p53-

mediated antitumor effects. More recently, the use of Nutlin-

3 was proposed to target and eliminate senescent RPE cells

involved in the retinal degeneration phenomena occurring

during the progressive and multifactorial disease known as

age-related macular degeneration (AMD) (62). In this work,

senescent RPE cells were shown to express high level of p53

and other expression markers of senescence like p21, p16,

IL-1β, IL-6, and Mmp-3. Nutlin-3 treatment selectively killed

more than 50% of senescent RPE cells, with no cytotoxicity

on non-senescent cells, also decreasing the levels of released

inflammatory cytokines, such as IL-6. This pharmacological

approach was efficient both in vitro in Dox-induced senescent

ARPE-19 cells, as well as in vivo in a mouse model of RPE

senescence treated intravitreally with Nutlin-3. Interestingly,

the authors observed also retinal regeneration and improving

of retinal function in a model of aged mice, hypothesizing a

possible therapeutic use of MDM2 inhibitors for this disease.

Moreover, these data confirm the ability of Nutlin-3 to

reduce the secretion of cytokines during senescence-associated

secretory phenotype (SASP). Interestingly, in the context of

retinal detachment secondary to proliferative vitreoretinopathy,

Nutlin-3 was efficient in upregulate p53 expression of hyper

proliferating RPE cells, limiting their growth and preventing

retinal detachment (63). This observation leads to the important

consideration that Nutlin-3 can modulate the proliferation of

RPE cells when they are in an altered state, such as senescence

or hyperproliferation, restoring a physiological situation.

So far, to our knowledge, beside conjunctiva, Nutlin-3

or other MDM2 inhibitors were not evaluated specifically to

treat pathological cornea or limbus, the other ocular tissues

expressing high levels of SARS-CoV-2 receptors. Differently,

experimental uses of Nutlin-3 in diseases affecting other ocular

tissues have been recently reviewed and further sustain the

feasibility of its use as ocular treatment (64).

An important consideration regarding most of the works

with a pharmacological use of Nutlin-3 for in vivo ocular

treatment is that they were performed by intravitreal injection,

an invasive method unfortunately needed for many eyes’

disease therapies. A delivery method through eye drops, as

was proposed by Brennan more than a decade ago, would be

certainly easier for approaching preclinical studies, and more

desirable and better accepted by future patients.

Nutlin-3 might represent a new
therapeutic tool to counteract
SARS-CoV-2 infection of the eye

Following the here resumed evidence that external ocular

tissues can be the portal of entry and site for spreading

of SARS-CoV-2, and that p53 pathway can be activated in

these tissues, it appears that a therapeutic intervention with

Nutlin-3 can be feasible to counteract SARS-CoV-2 infection

of the eye and merits to be pursued. In particular, Nutlin-

3 subconjunctival formulations represent unique opportunities

to efficiently deliver the drug topically, with a non-invasive

method.Moreover, this approach could be further improved and

targeted in the next future with the help of nano-formulations,

such as lipid vesicles.

A proposal about a possible combination of molecular

mechanisms acting on corneal infected epithelium after

pharmacological ophthalmic treatment with Nutlin-3 is

presented in Figure 1. Since Nutlin-3 and coronavirus PLPs

are competitors on MDM2, acting in opposite direction

on the fate of p53, the first stabilizing the protein and the

second promoting its degradation, the comprehension of

the downstream mechanisms mediated by p53, other than

the well-known apoptosis induction, and able to modulate

infectivity and ocular symptoms are highly wished. Among

these, considering that the “cytokine storm” is an important

clinical manifestation during the severe SARS-CoV-2 infections

(35), one of the potential beneficial anti-viral mechanisms of

promoting p53 activation could be to reduce the senescence-

associated secretory phenotype and the interleukin-6 secretion.

Indeed, SASP is negatively controlled by p53 (65), and it was

demonstrated that SARS-Cov-2 infection can promote both

IL-6 secretion in tears (39, 66), and inflammatory response in

human corneal epithelial cells (67). Nutlin-3 treatment could

then drive SASP inhibition and IL-6 secretion, through the

inhibition of MDM2 and upregulation of p53. Moreover, since

ACE2 expression is upregulated in inflamed eye’s tissues (24, 68),

reducing IL-6 could be a strategy to reduce local inflammation

and to restore baseline receptor levels.
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FIGURE 1

Schematic representation of the potential role of p53 in corneal epithelial cells in response to pharmacological treatment with Nutlin-3. At

physiological equilibrium, p53 life in corneal epithelial cells is controlled by its inhibitor MDM2, p53 synthesis and degradation are in balance,

and p53 protein is present in the cytoplasm at high level in an inactive status. During SARS-CoV-2 infection, the cellular physiological equilibrium

is altered by the papain-like proteases (PLPs) of the virus, that stabilizing MDM2 promote p53 ubiquitination and degradation. The p53 inhibition

allows virus to take control of intracellular events, promoting its own replication and eventually leading to activation of senescence-associated

secretory phenotype (SASP), with extracellular secretion of IL-6 and presence of both IL-6 and mature virions in the corneal tear-film. Following

pharmacological treatment with the MDM2 inhibitor Nutlin-3, possible by eye drops, Nutlin-3 can interact with MDM2 and can free p53 from its

inhibition, blocking its degradation. PLPs have a di�erent binding site on MDM2, so Nutlin-3 can work e�ciently. Once free, p53 can be

activated by phosphorylation and then migrate to the nucleus to repristinate the control over several pathways, including down regulation of

SASP with inhibition of IL-6 secretion, and apoptosis induction through transactivation of specific target genes, to finally moderate/ inhibit virus

replication and propagation. Created with BioRender.com.

Other mechanisms could involve the transcriptional

modulation of ACE2 and TMPRSS2, and the activation of the

innate immune response. In the last context, it is known that

p53 participates to the antiviral innate immune responses by

inducing apoptosis of infected cells and by mediating type I

interferon, IFN-I, synthesis/signaling (3, 28). On the other

hand, it was demonstrated that SARS-CoV-2 can manipulate

the host innate immune response blocking or inducing IFN-I

pathway to its advantage, and it is sensitive to IFN treatment

(63, 69). How p53, enhanced by Nutlin-3, could win the battle

is a new challenge. Interestingly, topical administration of IFN

is largely used in ophthalmic practice for treatment of several

ocular surface disorders, and its therapeutic and side effects

are well known (70, 71). In the spectrum of the responses

induced thanks to the activation of p53, topical use of Nutlin-3

could also induce type I interferon signaling (3, 28), having

the limitation compared to recombinant interferon of a less

direct and focused action, but the advantage of being broader,

with the activation of the innate immune response along with

other effects discussed above. Obviously, this specific ability

remains to be preclinically characterized at the ocular level. In

parallel, it should be interesting to evaluate the efficacy of IFN-I

local therapy in the eye that, to our knowledge, has not being

investigated against SARS-CoV-2 so far.

We believe that all these considerations pose the basis for a

pharmacological approach against ocular SARS-CoV-2 infection
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mediated by the control of p53 expression with Nutlin-3 as

preferred candidate.
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The coronavirus disease 2019 (COVID-19) has become the most critical health

crisis at present, and research is continued about the exact pathophysiology,

presentations, and complications of this pandemic. It influences several

organs, and many studies have addressed the organs, the involvement of

which during the COVID-19 results in patients’ death. One of the important

organs that can be involved during COVID-19, which is also a transmission

route of the disease, is the eye. According to the evidence, the severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can have ocular

manifestations and complications. According to the literature, conjunctivitis is

the most common presentation, which can develop at any stage of COVID-19

(during and even after the disease), and the major pathophysiology of the eye

involvement during the disease is attributed to the direct e�ect of the virus

on the eyes, tissue damage caused by inflammation, underlying diseases, and

the adverse e�ect of the medications prescribed. There are also reports of

life-threatening complications, such as rhino-orbital cerebral mucormycosis,

which require urgent treatment and are associated with a great mortality rate.

Ocular manifestations may also be the presentation of a life-threatening event,

such as stroke; therefore, it is necessary to pay great attention to the ocular

manifestations during COVID-19. In this review, after about 2 years of the

pandemic started, we present a narrative review on ocular manifestations

during COVID-19, categorized into three main categories; ophthalmic, orbital,

and neuro-ophthalmological manifestations with a detailed description of

the presenting symptoms, risk factor, diagnostic, and therapeutic strategies

suggested for each.

KEYWORDS

SARS-CoV-2, COVID-19, eye manifestations, eye, coronavirus

Introduction

The coronavirus disease 2019 (COVID-19) was announced as a global pandemic on

11th March 2020 by the World Health Organization, primarily named as 2019 novel

coronavirus (n CoV) and designated as severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) by the International Virus Classification Board (1). The pandemic has

caused great morbidity and mortality in the world, responsible for the death of more

than five million people worldwide, by the time of writing this review (end of 2021), and

as a newly emerging disease, research is continued on different aspects of the disease.

The SARS-CoV-2 virus mainly affects the respiratory system and presents with cough,
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difficult breathing, pneumonia, and acute respiratory distress

syndrome (ARDS) (2). However, the respiratory system is not

the only organ/system affected by the disease; COVID-19 has

a wide spectrum of symptoms and complications and can

influence almost every organ (3). Therefore, it is necessary for

the specialists to have adequate knowledge about the disease

manifestations at each specific organ.

The eye is an important organ in COVID-19, as it is one

of the routes of disease transmission through hand-eye or

aerosol contact with conjunctive, which indicates the necessity

of eye protection during the pandemic. More importantly,

this causes the ocular manifestations as the early or even the

only presentation of COVID-19, although ocular manifestations

can be observed at any stage of the disease and even after

recovery (4, 5). Since the beginning of the pandemic, several

studies, including case reports/series, original research articles,

and reviews with or without meta-analysis, have addressed

the ocular manifestations of the COVID-19, each with a

different perspective. But, COVID-19 has emerged recently,

and more studies in this regard can help better identification

of different aspects of this disease in order to have a wider

perspective about its exact pathophysiology, presentations,

and complications and take a step toward more efficient

prevention and treatment to reduce its global consequences.

Furthermore, the SARS-CoV-2 virus evolves over time and has

had several mutations so far, resulting in different subtypes

(alpha, beta, gamma, and delta coronaviruses), which can

have diverse presentations. Therefore, there is a need for

new reviews to present the updated evidence. Accordingly,

in this review, after about 2 years of the pandemic started,

we present the results of studies that address the ocular

manifestations during COVID-19 and categorize the evidence

available about each part of the eye for a more clear presentation

of the results.

Methods

A comprehensive search in the online databases, including

PubMed, MEDLINE, Science Direct, Scopus, Scielo, and Google

Scholar, was performed using different keywords, including

“COVID-19” or “SARS-CoV-2” combined with “eye” or “ocular”

or “ophthalmology.” Considering the rapidly growing body

of the literature, only peer-reviewed reviews and original

research articles were included in this study, and case reports,

letters, poster presentations, and editorials were not. Human

studies were of priority, but when needed, animal studies

were also included. Articles with English full text published

since 1st January 2020 was evaluated for their appropriateness.

Because of the high number of articles on this issue, we

attempted to include the most important and unique articles in

this review.

Results

Early studies have described ocular manifestations of

COVID-19 as a rare phenomenon (<1%) (6), while more recent

studies showed a higher prevalence and the recent meta-analysis

of 7,300 patients with COVID-19 reported a pooled prevalence

of 11.03% (95% CI: 5.71–17.72) for the ocular manifestations

with the most common symptoms, including dry eye or foreign

body sensation (16%), eye redness (13.3%), tearing (12.8%), and

itching (12.6%) (7). Other ocular diseases and symptoms (such

as keratoconjunctivitis/keratitis, scleritis, and neuro ophthalmic

manifestations) have also been described by others. In the meta-

analysis of 20 case series and case reports (2,228 patients with

COVID-19), ocular manifestation was positive in 4.3%, in 0.9%

was the first manifestation (8). In a cross-sectional study on

535 subjects, the most common ocular symptoms included

conjunctival secretion, blurry vision, foreign body sensation,

ocular pain, photophobia, dry eye, itching, and tearing (9).

Considering the heterogeneity of studies in terms of the ocular

symptoms, a meta-analysis is required for reporting the accurate

frequency of each. In the following, we address the different eye

segments that can be affected by COVID-19.

Eyelid, ocular surface, and anterior
segment manifestations of COVID-19

Ocular surface and cornea

Conjunctivitis, unilateral or bilateral, is the most common

ocular manifestation of COVID-19. Prospective studies indicate

the overall prevalence of conjunctivitis at about 6% of patients

with COVID-19, while retrospective studies suggest a lower

rate (<1%) (10). In a meta-analysis of three studies (1167

patients), the frequency of conjunctivitis was higher in patients

with severe COVID-19 at admission (3 vs. 0.7% with an

odds ratio of 3.4) (11). In a cross-sectional study on 535

subjects, 5% (N = 27) presented with conjunctival congestion,

four as the initiating symptom (9). In a recent meta-analysis

on patients with COVID-19, conjunctivitis was observed in

88.8% of patients with ocular manifestation (7). The direct

exposure of the conjunctiva to extraocular pathogens and the

connectivity of the ocular surface mucosa and upper respiratory

tract (through the nasolacrimal duct) are considered the main

mechanisms for direct infection of conjunctival epithelium

and the high prevalence of conjunctivitis (12). Furthermore,

some have suggested that the expression of angiotensin-

converting-enzyme-2 (ACE2) in the conjunctival epithelium,

aqueous humor, and retina acts as the receptor-binding motif

of SARS-CoV and allows the virus for tissue spread (13).

Several symptoms have been reported for COVID-19-related

conjunctivitis, including mild symptoms, such as foreign
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body sensation, conjunctival hyperemia, watery secretions, and

itching, to more severe symptoms, such as photophobia, swollen

eyelid, mucus secretions, chemosis, dry eye, petechiae, tarsal

hemorrhage, and pseudomembrane; some associated with pre-

auricular, submaxillary, or cervical lymphadenopathy (14). The

timing of conjunctivitis presentation is also variable; some have

reported early presentation (presenting as the first symptoms),

while late onset conjunctivitis (10–13 days) has also been

reported (14).

Ocular transmission of COVID-19 via tear is an important

issue for disease spread, especially for the protection of

ophthalmologists. However, the results of studies are

controversial considering the polymerase chain reaction

(PCR) results taken from conjunctival swabs or tear samples.

In the meta-analysis of 20 case series and case reports, among

412 ocular swabs taken, only 2.9% were positive (N = 12),

without ocular signs/symptoms in 25% (N = 3) (8). Also, in

another study on 68 conjunctivitis PCR, 4% (N = 3) revealed

positive results (15). However, some others have reported

negative results, as a Chinese study on 114 Chinese patients,

among whom none had ocular symptoms or positive swabs

(16). Another study reported the detection rate of the virus in

0–11% of ocular swab samples (17). Nonetheless, the conflicting

results considering the presence of virus in the tear does not

change the necessity of eye protection for reducing the disease

transmission (12, 18, 19). The effective drainage of the ocular

surface (as the self-cleaning system) may be responsible for the

detachment of the virus from the tear film and pass through the

nasolacrimal duct into the nasopharyngeal space. Other factors,

such as the outer lipid layer of the tear film and intact ocular

surface, presence of antimicrobial agents in tears, and technical

difficulties, have been considered responsible for negative PCR

results (20).

Conjunctivitis related to COVID-19 in the children

is typically mild, presenting with conjunctival discharge,

congestion, and eye rubbing, as the initial manifestations of

SARS-CoV-2 infection with generally quick recovery and no

long-term complications. It does not require treatment in

most cases, and inflammatory biomarker abnormalities and

lymphocytopenia are also less common findings in children

(20). Therefore, COVID-19-related conjunctivitis is generally a

benign condition in children.

In addition to conjunctivitis, patients may develop other

ocular surface disorders, such as keratitis, pseudomembranous

keratoconjunctivitis, conjunctival follicular reaction, episcleritis,

hemorrhagic and pseudo-hemorrhagic conjunctivitis; however,

these diseases have been only observed in a few case reports

(21, 22). Therefore, ophthalmologists are suggested to perform

a thorough slit-lamp examination for detection of any ocular

surface diseases in patients with COVID-19 (19). Physical

examination revealing enlarged preauricular and submaxillary

lymph nodes, and the lab data, which show increased

serum levels of white blood cell, neutrophil, procalcitonin,

C-reactive protein (CRP), lactate dehydrogenase (LDH), and

other inflammatory markers, which may accompany the ocular

symptoms, can help diagnosis (23).

Eyelid

Eyelid manifestation can present as another anterior

segment involvement, associated with or without

conjunctivitis, presenting with blepharitis, eyelid edema,

eyelid dermatitis, meibomian orifice abnormalities, and lid

margin hyperemia/telangiectasia. However, the difference in the

disease stage and severity, as well as the method of examination

and data collection, among studies make a conclusion about

the frequency of symptoms difficult (24). In a report on

29 hospitalized COVID-19 patients, 11 cases experienced

blepharitis with the symptoms of crusted eyelashes, lid margin

telangiectasia and/or hyperemia and altered meibomian

orifices (25).

Posterior segment manifestations of
COVID-19

Posterior segment involvement reflects the effect of the

virus on vascular, inflammatory, and neuronal properties of

the eye, presenting from 4 to 55 days of COVID-19 disease

(with a mean duration of 12 days) (24). Optical coherence

tomography (OCT) and angiography have been suggested

for an accurate eye examination during and after COVID-

19 infection, which can detect cotton wool spots (CWS),

retinal hemorrhage, central serous retinopathy, papillophlebitis,

optic neuritis, optic atrophy, panuveitis, multifocal retinitis,

necrotizing retinitis, central retinal artery/vein occlusion, and

Purtschner-like retinopathy (26).

Retina

The retina can be involved during or after COVID-19 (27),

the mechanism of which is supposed to be related to the

direct viral ocular infection because of the expression of ACE2

receptors in the retina, as well as the indirect effect of COVID-19

on vascular inflammation and thromboembolic complications

(28). Some patients reported positive PCR retinal tests, while

others did not (29). As retinal diseases can develop, even with

normal visual acuity and in patients with mild to moderate

COVID-19, a thorough fundoscopic examination is required for

appropriate diagnosis of retinal diseases, during which special

attention should be paid to hyper-reflective lesions, cotton-

wool spots (CWS), micro-hemorrhage, vascular changes (dilated

veins, tortuous vessels) (30). A large series of 54 patients

showed that 9.25% of not critically sick patients developed

retinal hemorrhage, with CWS found in 7.4% of patients. This

study disclosed that retinal involvement is mainly observed in
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patients withmild tomoderate COVID-19 and is associated with

elevated serum levels of fibrinogen, CRP, ferritin, and LDH (31).

In another study on 18 patients (95% of whom were admitted

to the intensive care unit [ICU]), more than half (55.5%) had

retinal findings, 22% had a flame hemorrhage, and 5.6% had a

macular hemorrhage and hard exudate. This study showed that

the diameter of retinal veins is shown to be related to disease

severity and negatively to the time from onset of symptoms

(32). Others reported CWS and retinal micro-hemorrhages in

4/11 patients (33) and 22% of patients within a median of 43

days from the first symptoms (34). The pathophysiology of

retinal changes induced by SARS-CoV-2 has been suggested to

be related to the endothelial cell involvement, altered immune

and coagulation systems during COVID-19, and the expression

of ACE2 on the retina (35). However, in a cross-sectional study

on 46 patients affected by severe COVID-19, no case of retinal

involvement was observed (36). Therefore, meta-analysis studies

are required to report the exact frequency of retinal involvement

and its subtypes in patients with COVID-19.

The retinal vascular occlusions, reported in patients with

COVID-19, include:

• Central retinal vein occlusion (CRVO): According to

the review studies, microvascular changes are the most

common vitreoretinal disorder caused by COVID-19

infection (28, 31). Impaired visual acuity was reported

as a common complaint, while some were asymptomatic;

various findings have also been reported to be found during

the fundoscopic examination, such as retinal hemorrhages,

and pan-retinal fern-like whitening (37), macular edema

(38), dilated and tortuous vessels (39). Nevertheless,

investigations, such as fluorescein angiography (FA) and

OCT, failed to show diagnostic differences to differentiate

CRVO related to COVID-19 from unrelated cases. Special

attention should be paid to the hypercoagulation pattern in

the patients; a 40-year-old patient presented with bilateral

CRVO 5 days after COVID onset, associated with deep

vein thrombosis (DVT) in the right leg and right heart

strain (40). Therefore, it is important to measure the

serum levels of D-dimer, prothrombin time, activated

partial prothromboplastin time, fibrinogen, and cytokines

in patients without systemic conditions, the elevation of

which can refer to the coagulation cascade activated by the

COVID-19. Management with steroids and anti-vascular

endothelial growth factor, in addition to prophylaxis with

anticoagulants, are suggested in the early phase in patients

with severe COVID-19 (38).

• Central retinal artery occlusion (CRAO), acute macular

neuroretinopathy (AMN), and paracentral acute middle

maculopathy (PAMM): There is only one case report

presenting COVID-19 CRAO; however, as CRAO is an

ophthalmic emergency, more attention should be paid to

this complication. A 60-year-old man admitted to ICUwith

elevated inflammatory markers (such as interleukins, CRP,

ferritin, fibrinogen, and D-dimer) exhibited a sudden onset

of a painless visual impairment with optic disk margin

blurring and retinal whitening, 12 days after admission

(41). There is also a report of a patient who developed

incomplete CRAO while he received enoxaparin for DVT

(42). Others have also reported successful diagnosis of

PAMM and AMN (which involve deeper retinal vessels)

using OCT, indicating hyper-reflective lesions at various

sites, while the patient present with an acute painless

impaired vision, faintly colorful paracentral scotoma, and

dyschromatopsia, and the fundus examination is not

conclusive (and may reveal retinal hemorrhages with Roth

spots and a wedge-shaped reddish-brown lesion directed

toward fovea) (43, 44).

• Vitritis: One case presenting with vitritis had bilateral

redness in the eyes, and examination showed a yellowish

macular lesion 12 days after the onset of COVID symptoms.

OCT displayed hyper-reflective lesions at several sites

(which could also be suggestive of PAMM/AMN lesions),

and FA revealed hyper-fluorescence (45). Definite decision

based on OCT findings should be performed, considering

the clinical presentations and medical history of patients,

to rule out other infectious/inflammatory diseases/agents,

such as herpes simplex virus, cytomegalovirus, syphilis,

Bartonella, toxoplasma, borrelia, Toxocara, and other

diseases that can cause uveitis (24, 35).

• Acute retinal necrosis (ARN): it is another retinal

involvement during or after COVID-19, with few

cases reported. Gupta and colleagues reported an

atypical bilateral acute retinal necrosis in a 75-year-old

immunosuppressed lady (systemic lupus erythematosus

and relapsed diffuse large B cell lymphoma), who received

chemotherapy 2 months before ocular involvement;

vitreous sample PCR was positive for Varicella Zoster Virus

(VZV) (46). Others have also reported reactivation of VZV,

presenting as ARN, following COVID-19 infection (47) or

vaccination (48, 49). Soni and colleagues also reported two

cases of ARN, 1 month after recovery from COVID-19,

one was a 5-year-old child with extensive peripheral

necrotizing retinitis (treated by oral valacyclovir), and

the other was a 61-year-old man with bilateral retinal

detachment, sieve-like breaks, and optic atrophy (treated

by surgery) (50).

Some of the retinal findings (such as peripheral

retinal hemorrhages, macular hyperpigmentation, retinal

sectoral pallor, peripapillary flame-shaped hemorrhages,

hard exudates, and CWS), in the case reports presented,

could not be directly attributed to the effect of the

virus because of the presence of underlying diseases,

ICU admission, and medicines taken by the patients

(31, 32, 46, 51).
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Choroid and uvea

Chorioretinitis is a common finding in systemic or local

infectious and inflammatory conditions and is also reported to

be caused by SARS-CoV-2. The inflammatory effect of COVID-

19 is supposed as the mechanism of its influence on this

highly vascularized tissue, choroid, resulting in chorioretinal

inflammation (52). There are very few case reports in this

regard, reporting reactivation of serpiginous choroiditis 2 weeks

after COVID-19 (53), chorioretinal disease (54), and bilateral

ampiginous choroiditis 1 week after SAR-CoV-2 infection (55).

There are also few reports of panuveitis during COVID-19 (56–

59). There are also reports of panuveitis following COVID-19

vaccination (60, 61). A summary of case presentations of patients

with choroiditis and panuveitis, during or after COVID-19, is

provided in Table 1.

Neuro-ophthalmic manifestations of
COVID-19

Neurological manifestations affecting the central and

peripheral nervous systems can develop in patients with

COVID-19, with a prevalence of more than one-third of

patients reporting signs and symptoms of headache, dizziness,

anosmia/hyposmia, ageusia/hypogeusia, muscle damage,

ischemic and hemorrhagic stroke (62). Development of

neurological syndromes and diseases, such as Guillain-Barre

syndrome, encephalitis, acute disseminated encephalomyelitis,

polyneuritis, meningitis, and encephalopathy, have also been

described during COVID-19 infection (63). Furthermore, the

direct role of coronavirus on the central nervous system (CNS)

and ophthalmic sequelae, confirmed by animal studies (64).

However, some suggest that the virus can affect the neurological

system of humans only by the indirect effect and through the

increase in proinflammatory cytokines (64). There are only few

case reports are available in the literature presenting the neuro-

ophthalmic involvement by SARS-CoV-2; the documented

conditions include:

Optic neuritis

There are few cases of bilateral optic neuritis during

COVID-19 infection, both of which report positive anti-myelin

oligodendrocyte glycoprotein antibodies, which recommend the

immune-mediated demyelination in the optic nerve as the

pathogenesis; however, the virus could not be detected in the

cerebrospinal fluid (CSF) or on magnetic resonance imaging

(MRI) results, which rejects the direct effect of the virus (65,

66). A summary of patients’ characteristics, presentation, and

treatment is presented in Table 2. Some cases of optic neuritis

and panuveitis have also been described earlier and explained in

Table 1; thus not repeated in this table (57).

As this table shows, optic neuritis can present at any time

of COVID-19 infection; the meta-analysis on five studies in this

regard showed more women affected and a higher frequency

of visual acuity impairment in the left eye (69); however,

definite results can only be reported after publication of more

studies reporting optic neuritis associated with COVID-19.

Considering the risk of involvement of other nerves, it is strongly

recommended to examine CSF and brain MRI in SARS-CoV-

2-infected patients. Special attention should also be paid to the

differential diagnoses of optic neuritis (70).

Miller fisher syndrome and cranial nerve palsy

The frequency of facial nerve palsy, diplopia, and ptosis

have been reported to increase after the COVID-19 pandemic

(71). Several cases of cranial nerve palsy have been reported

in COVID-19 patients (most commonly the 6th nerve,

followed by the oculomotor nerve), associated with ocular

motor deficits, associated with fatigue, paresthesia, hyporeflexia,

ophthalmoplegia, recommending MFS variant of Guillain Barre

syndrome (72, 73). Such effect has been suggested to be related to

the predisposition to the hypercoagulable and proinflammatory

state induced by SAR-CoV-2, which can trigger or exacerbate

autoimmune diseases (24, 72). As reported, most cases of cranial

nerve palsies were self-limit within about 6 weeks and did not

require treatment, and patients with MFS were treated with

intravenous immunoglobulin.

Visual loss, associated with cerebrovascular
accident

Stroke has been an important and life-threatening

complication of COVID-19, during which involvement of

the posterior circulation and occipital lobes can result in

acute vision loss and visual snow syndrome (74). The positive

underlying diseases in reported cases suggest that pre-existing

endothelial dysfunction may predispose patients to stroke (24).

Therefore, examination of double vision pupillary response,

ptosis, optic disc, ocular reflexes, and movements, along

with gait abnormalities or other neurological conditions, are

important in patients with COVID-19.

Other neuro-ophthalmological presentations

Several cases of oscillopsia, associated with ataxia and

myoclonus, have been reported following severe COVID-19,

in the context of encephalitis, documented using cerebral

lesions on MRI and/or bland cerebrospinal fluid. The patients

were successfully treated with intravenous immunoglobulin and

methylprednisolone (75–78).

Few cases have also documented Adie’s tonic pupil

in COVID-10 patients; one, coexisting with multifocal

chorioretinitis, explained earlier (54), which along with
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TABLE 1 A summary of the studies reporting chorioretinal inflammation during or after COVID-19.

References Study type Number

of cases

Patients’

age and sex

Presenting

ocular

symptoms

Interval

between

ocular and

COVID-19

onset

Final

diagnosis

Diagnostic

methods

Treatment

Choroiditis

Providencia

et al. (53)

Case report 1 40 y, female Unilateral

blurred vision

(counting

fingers at 2m)

1 month Reactivation of

serpiginous

choroiditis

Fundoscopic

examination,

OCT, FF, and

angiography

High-dose

corticosteroid

Ortiz-Seller

et al. (54)

Case report 1 51 y, female ocular pain

and difficulty

in reading

Concomitant chorioretinal

disease

fundoscopic

examination

and OCT,

60 mg/day

prednisone

Tom et al. (55) Case report 1 25 y, female Metamorphopsia

and a

paracentral

scotoma

1 week Bilateral

ampiginous

choroiditis

Fundoscopic

examination

and OCT

Starting with

60 mg/day oral

prednisone;

after 3 weeks

azathioprine

(1.5 mg/kg)

Panuveitis

François et al.

(57)

Case report 1 Late 50s,

female

Unilateral

blurred vision

and redness

and temporary

pain

2 days Panuveitis Fundoscopic

examination

and FA

Oral and

topical

corticosteroid

Benito-Pascual

et al. (56)

Case report 1 60 y, female Unilateral

ocular pain,

blurred vision,

and redness

2 weeks Panuveitis and

optic neuritis

Slit-lamp

examination

and oct

Starting with

60 mg/day oral

prednisone,

hourly steroids

drops, and

mydriatics

three times per

day

Sanjay et al.

(58)

Case report 1 66 y, male Bilateral

blurred vision

3 days Bilateral

panuveitis

with CRAO in

the right eye

Fundoscopic

examination

Corticosteroid

Hosseini et al.

(59)

Case report 1 37 y, male Bilateral

blurred vision

Recovered Bilateral

neuro-retinitis

and panuveitis

Fundoscopic

examination

Corticosteroid

FA, Fluorescein angiography; OCT, Optical coherence tomography.

other cases of Adie’s tonic pupil, reported in the literature

(79–81), suggest rare patterns of neurological involvement

by SARS-CoV-2. Papillophlebitis is another uncommon

ocular involvement in COVID-19 patients, presenting with

painless, unilateral, slight diminution of vision, characterized

by venous congestion and optic disc edema, tortuous retinal

vessels, retinal hemorrhages, and confirmed by OCT and FA

results. This condition has also been proposed to be caused

by inflammatory and coagulation dysregulation induced by

SARS-CoV-2 (82).

Orbital manifestations of COVID-19

Rhino-orbital cerebral mucormycosis (ROC) is the most

common orbital involvement in patients with COVID-19,
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TABLE 2 A summary of the studies reporting optic neuritis during or after COVID-19.

References Study

type

Number

of cases

Patients’

age and sex

Presenting

ocular

symptoms

Interval

between

ocular and

COVID-19

onset

Final

diagnosis

Diagnostic

methods

Treatment

Zhou et al.

(66)

Case report 1 26 y, male Bilateral visual

loss, pain with

eye movement

Simultaneous Bilateral optic

neuritis and

myelitis

Fundoscopic

examination,

MRI, serology

Corticosteroids

(intravenous,

followed by oral

taper)

Sawalha et al.

(65)

Case report 1 44 y, male Bilateral visual

loss, pain with

eye movement

1 week Bilateral optic

neuritis

Fundoscopic

examination,

MRI, serology

Methylprednisolone

1 g/day for 5 days

Catharino

et al. (67)

Case report 1 64 y, male Bilateral visual

loss, pain with

eye movement

Simultaneous Optic neuritis Fundoscopic

examination,

MRI, serology

Methylprednisolone

1 g/day for 5 days

Parvez et al.

(68)

Case report 1 10 y, girl Visual loss in

the left eye

Simultaneous Optic neuritis Fundoscopic

examination,

MRI, serology

Methylprednisolone

1 g/day for 5 days+

oral prednisolone

Azab et al. (69) Case report 1 32 y, male Left-sided

visual

impairment

and headache

2 weeks Optic neuritis Fundoscopic

examination,

MRI, serology

Methylprednisolone

1 g/day for 3 days+

oral prednisolone

MRI, magnetic resonance imaging.

reported in several case series (83, 84), while other orbital

conditions have been reported only in few cases. The main

mechanism is the spread from colonization of nasal mucosa.

Mucormycosis is a life-threatening infection that can occur

in patients with COVID-19, because of the compromised

immune system and decreased lymphocytes, due to the disease

itself, the underlying diseases (diabetes mellitus and renal

failure), decompensated pulmonary function, and treatment

with corticosteroids (24, 85).

Mucormycosis is followed by underlying disorders that

predisposing the patient. Immunologic changes in diabetic

patients have made a potential risk factor for such fungal

conditions (86). Reasons why diabetes is associated with

increased sensitivity to fungal infections can be attributed to

hyperglycemia with impaired range of immune performances

in monocytes, neutrophils, macrophages and phagocytosis by

eliminating microorganisms and responding to antigens within

the cell. Nerve damage and reduced blood flow to tissues in such

patients may be important for fungal infections (87).

The COVID-19 induced mucormycosis is more common

in patients with diabetes mellitus and suffering from critical

or severe COVID-19 (88). Fungi can grow and survive

more easily following high blood sugar. Weakened immune

systems provide less protection versus infection. Frequently

administered antibiotics, steroids and oxygen masks during

treatment of severe or critical illness can be risk factors for

COVID-19 infection (89).

Most cases have reported ROC after recovery from

COVID-19, within 30–42 days after diagnosis. The signs

and symptoms of ROC, diagnostic (histopathological and

microbiological evidence), and the treatment strategies

(antifungal and surgical debridement within 4–72 h)

are not different from mucormycosis, and a mortality

rate of about 40% has been reported because of the

treatment failure (85). Therefore, strong clinical suspicion

is required for early diagnosis of ROC, especially in

patients with COVID-19 (active or recovered) with

facial pain, headache, peri-ocular swelling, and visual

impairment (24). Also, special attention should be taken

for the appropriate use of corticosteroids for the treatment

of COVID-19 in order to reduce the incidence of this

complication (85).

Orbital cellulitis and sinusitis have been reported in two

adolescent boys, presenting with acute unilateral and progressive

orbital pain and swelling; the positivity of COVID-19 was

determined by PCR test before surgery (90). Another case of

sinusitis was also reported in a 76-year-old man who developed

an orbital abscess with globe perforation. During surgery,

avascular nasal mucosa was notable, which suggested thrombo-

embolic complication of COVID-19 as the source of this event
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(91). Other orbital involvements, such as myositis (92) and

emphysema (93), have also been reported.

A few cases of orbital involvement by SARS-CoV-2 have

been reported, presenting within a median of 12 days. The

virus’s travel through the lacrimal pathway to the lacrimal gland

during the early phase, as well as the hematologic spread of

inflammation, can cause dacryoadenitis, as reported in one

patient (94). Bilateral retro-orbital pain has been reported in

another case, mimicking Deng fever (95).

Quarantine dry eye

Patients under quarantine are at risk for ocular surface

changes and developing dry eye disease (DED). Hence, the

COVID-19 pandemic determines the elevation in patients

with dry eye worldwide, a new event has been suggested

called “quarantine dry eye,” following schools, universities,

colleges, industries and offices were temporarily closed in

most countries (96). There have been some suggestions for

improving productivity for work or school models at home

during quarantine, including smart work and online school

lessons supported by video display terminals (VDTs). Such smart

work models have resulted in the creation of new lifestyles,

digital work and digital schooling, and limit young people and

adults to long-term near-visual work. However, long-term use of

VDTs may disrupt the surface of the eye, resulting in conditions

such as DED (97).

This eye disorder has spread to the general population,

even to children due to the widespread application of digital

devices like tablets, computers, and electronic tools. While

smartphone use is strongly associated with children’s DED in

urban settings, outdoor activities can offer a protective role.

In this regard, DED may develop due to poor blink quality

(mostly incomplete) or decreased blink rate (for example, due

to enhanced exposure to blue light with short wavelengths)

(98). Dry eye is associated not only with dietary consequences,

but also with sleep deprivation and mental moods like anger

and depression during COVID-19 pandemic (99). Quality of

life can be reduced following quarantine dry eye, resulting in

severe reduction in school and work efficiency. All of these

bottlenecks can be overcome quickly with timely treatment of

these conditions (98).

Ocular surface route for COVID-19
transmission

Despite the possibility of ocular transmission of COVID-19

infection, the underlying mechanism remains questionable.

The possibility of spreading coronavirus through tears is

underestimated, but the virus may survive for a long time

or multiply in the conjunctiva, even without symptoms of

conjunctivitis, which indicates that eye protection (for example,

goggles alone or in combination with face protection) is

recommended to avoid contamination of external aerosols and

droplets (100). A virus, including SARS, has been reported

to infect host cells through angiotensin converting enzyme-

2 (ACE-2) receptor and trans membrane protease serine-2

(TMPRSS-2) (101). Based on some experimental and clinical

findings, SARS-CoV-2 has been isolated from tears and thus

can be transmitted via this pathway (102). Despite the absence

of the virus in the conjunctival sac of infected people without

conjunctivitis and the low risk of transmission of coronavirus

via tears, there is a possibility of long-term survival and

conjunctival proliferation of SARS-CoV-2 after the symptoms of

conjunctivitis disappear (15). Hence, it is necessary to protect

the eyes (goggles alone or in combination with face shields) to

prevent the risk of infection (100).

Discussion

The COVID-19 infection is currently the most important

health crisis in the world; although the respiratory system

is the main organ involved during the disease, it has to be

considered that other organs can also be affected by the SARS-

CoV-2. Therefore, it is necessary to pay greater attention to

any symptoms the patients may have. We discussed the ocular

manifestations in the present review, some of which were

supposed to be very rare at the first phase of the pandemic, but

during the next phases and until today, ophthalmic and neuro-

ophthalmic involvement has been reported more frequently,

some of which are life- or organ-threatening and require

urgent attention for appropriate diagnosis and management.

Therefore, it is necessary for all physicians to know about the

ocular manifestations of COVID-19, some of which present

after recovery, in order to refer the patient on time to

an ophthalmologist for accurate diagnosis and appropriate

management (103).

As explained in the present review, ophthalmic, orbital,

and neuro-ophthalmic complications are the three main

categories, which require a thorough ophthalmic assessment

to prevent undesired sequelae during or after COVID-19

infection. One of the limitations in the literature regarding

the ocular presentations addressed in the present review is

related to the small number of cases, which limits the suggestion

of a causal relationship between the ocular presentations

and COVID-19. Some ocular morbidities (such as exposure

keratopathy, chemosis, and microbial keratitis), associated

with critically ill patients, may be independent of COVID-19

infection and be related to the long period of ICU admission,

use of sedation, and mechanical respiratory support (104,

105). Furthermore, the adverse effects of COVID-19 treatment

are another cause of ocular complications during and after

COVID-19. Chloroquine and hydroxychloroquine, prescribed
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for the patients with COVID-19 in higher doses than the

safe dose, cause retinal toxicity, photoreceptor destruction,

and bull’s eye maculopathy (106). With the suggestion of

anti-viral agents for the treatment of COVID-19, chloroquine

and hydroxychloroquine were eliminated from the prescribed

drugs, and different anti-viral medications have been suggested.

However, the adverse effect of medications on the eye was not

eliminated, as some of these anti-viral agents are also associated

with drug-induced uveitis, transient myopia, and bilateral acute

angle-closure glaucoma (secondary to the dopaminergic effect of

Oseltamivir) (107).

The majority of the studies regarding COVID-19 and the

ocular surface did not report/investigate the use of eye drops

in these patients. However, a large number of ophthalmic

medications have antiviral action. Antiviral adverse effects of

numerous eye ointments and drops for various applications

suggest that such secondary antiviral effects may be of particular

importance in some viral infections (such as those with no valid

treatment guideline) based on the reuse approach (108). Many

of the eye preparations used for various eye diseases involve

substrates with broad-spectrum intrinsic antiviral performance

already clinically prescribed for other viral infections (other than

COVID-19) (108).

The emphasis is on the positive effects of artificial tears and

iodine or sodium hypochlorite eye drops to decline viral load on

the surface of the eye by eliminating the virus or using a direct

virucidal activity. The findings highlight the fact that ocular

preparations provide a huge pool of potent candidates for re-use

of the drug as antiviral therapies. Topical and systemic antiviral

agents (eye drops or ointments) have been prescribed sparingly,

and there are no specific antivirals for SARS-CoV-2-related

ocular surface involvement (109).

Whether the eye is infected by the direct entry of the

virus to the eye (through the expression of ACE2 receptors in

some areas of the eye) or is affected indirectly by the systemic

effects of the SARS-CoV-2 (thrombotic and inflammatory

dysregulation) is not clear yet. However, as both routes are

plausible and the ophthalmologists get close to the patient’s

nose, mouth, and tears during an ocular examination, it is

necessary to follow the contact and droplet precautions during

the examination, especially eye protection, for all health workers,

especially ophthalmologists. The reports of transmission during

ocular surgeries, such as cataract surgery, proposed the risk

of infection during surgery, which reduced the number of

some surgeries, such as corneal transplant surgeries, and caused

most surgeons to perform only emergency surgeries during the

COVID-19 pandemic.

Early in the COVID-19 pandemic and before widespread

vaccination, the lack of adequate health and legal protection

for surgeons and patients result in an excessive reduction in

the volume of surgical interventions during a pandemic era.

No specific protective regulations have been granted in many

countries around the world to protect them from possible legal

responsibility (110). In numerous articles presented in this

pandemic time, the lack of universally agreed recommendations

on safety systems and legal protection for ophthalmologists

and eye surgeons can be seen. Healthcare professionals must

take care to wear personal protective equipment (e.g. face

shield) when examining those patients with ocular inflammation

who are seen in the clinic (110). However, the academy of

ophthalmology recommended protection for the mouth, nose

(e.g., an N95 mask), and eyes (e.g., goggles or shield) and slit-

lamp breath shields when caring for patients at a pandemic

era (111). Therefore, precaution during surgery and the use

of alternative strategies, such as telemedicine, are suggested to

reduce the risk of virus spread (23).

Conclusion

Ocular manifestations are uncommon features of COVID-

19; however, some may be the presenting or the only symptom

of the COVID-19 infection. Therefore, all physicians, especially

ophthalmologists, should have a thorough understanding of

the various ophthalmic manifestations in COVID-19 infection,

both for early detection and appropriate management and

following the necessary precautions to reduce the risk of

transmission. Also, appropriate regulations and standard

operative protocols should be implemented in clinical practice

for the safety of the health care team and the patients

to break the chain of transmission (104). On the other

hand, there are several limitations among the studies that

question the direct relationship of the ocular presentations

with COVID-19, such as negative PCR results taken from

the eye and the possible effect of underlying diseases, ICU

admission, and medications used for COVID-19 treatment on

ocular presentations. Thus, more studies are required in this

regard. The issues addressed in the present review can help

clinicians make better-informed decisions during the COVID-

19 pandemic.
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Viral pandemics often take the world by storm, urging the medical community

to prioritize the most evident systemic manifestations, often causing ocular

manifestations to go unnoticed. This literature review highlights the ocular

complications of the Monkeypox, SARS-CoV-2, MERS, Ebola, H1N1, and

Zika viruses as the most recent viral pandemics. Research into the e�ects

of these pandemics began immediately. Moreover, it also discusses the

ocular complications of the vaccines and treatments that were used in the

scope of the viral pandemics. Additionally, this review discusses the role

of the eye as an important route of viral transmission, and thereafter, the

International recommendations to reduce the incidence of viral transmission

were mentioned. Lastly, this paper wants to lay out a platform for researchers

who want to learn more about how viruses show up in the eye.

KEYWORDS

ophthalmology, Monkeypox, Ebola, Zika, MERS, H1N1, influenza, COVID-19

Introduction

Many viral pandemics have taken their toll on the world throughout the history of

humankind. According to the World Health Organization (WHO), more than 23 viral

outbreaks are either considered active or are prone to becoming pandemics (1). Thirteen

of these pandemics are considered active in the eastern Mediterranean region (2). These

pandemics affect various physiological systems in the body, which may spread to many

other systems related to the invasion site of the illness. Ocular manifestations of any viral

outbreak are an essential aspect of its pathology. Flu, Ebola, and Cholera are all illnesses

that occasionally present with ocular symptoms, even though they are not directly related

to the eye (3–5).

Immune-mediated or systemic diseases’ complications appear to have a close

relationship with the eye. The eye, being one of the most sensitive organs in the human

body, is often prone to direct infection or to immune-mediated complications, especially

in its immune-privileged delicate parts like the Uvea. A few researchers investigate this

issue (6).
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The American Centers for Disease Control and Prevention

(CDC) and the WHO have several lists categorizing viral

pandemics according to various criteria (7, 8). The most recent

significant additions to both lists are the Ebola, novel COVID-

19, and newly emerging Monkeypox viruses. The WHO list of

emergencies included MERS, Zika, and Influenza A subtypes

H1N1. Table 1 summarizes the diseases corresponding to each

viral spread, their characteristics, and their main systemic

manifestations, while Figure 1 provides a map showing the

activity of each pandemic according to the CDC as of the July

19th, 2022.

In this review of the literature, our team highlights

the most common ocular symptoms of the most recent

pandemics. In addition, this review is intended to provide an

easy access to ocular manifestations induced by the world’s

recent pandemics as well as a beneficial resource to those

interested in ocular health and systemic virulence of such

infectious diseases for future research directives and further

comprehensive reviews.

This topic was chosen as a trial to highlight the ocular

complications of recent active viral pandemics. As most viral

pandemics affect the respiratory system and cause death from

lung affection, ocular manifestations and complications of

these pandemics often go under-reported by reviews, and

thus, light needs to be shed on this topic, especially because

ocular complications may result in permanent morbidity and

low quality of life for patients. A comprehensive online

literature search was conducted using the keywords “ocular

complications,” “ocularmanifestations,” and “eye complications”

TABLE 1 WHO’s emergency viral pandemics.

Disease Viral family Largest outbreak Country of emergence Zoonotic origin Main systemic manifestation

COVID-19 Coronaviridae 2019-now (Global) China Bats Upper respiratory tract infection (URTI),

Deep vein thrombosis (DVT), acute coronary

syndromes (ACS), Guillain-Barré syndrome

MERS Coronaviridae 2012 (Saudi Arabia) Middle east (Saudi Arabia) Bats Severe respiratory distress syndrome, fatal

pneumonia, lower respiratory tract infection

Monkeypox Orthopoxvirus 2022 (Global) Travelers from nigeria

*non-traveler cases as well (9)

Unknown (10) Fever, intense headache, lymphadenopathy,

back pain, myalgia, intense asthenia, skin

rash

Flu: H1N1 Orthomyxo-viridae 2009–2010 (Global) Mexico Pigs Pneumonia, ARDS, GIT disturbance:

Vomiting and diarrhea

Zika Flaviviridae 2015–2016 (Global) Uganda Rhesus Monkeys Guillain-Barré syndrome (GBS), Congenital

Zika syndrome: Microcephaly and many

malformations.

Ebola Filoviridae 2014–2016 (West Africa

DRC) (11)

Democratic Republic of the

Congo (DRC)

Fruit bats of the

Pteropod-idae family

Fever, fatigue, muscle pain, headache, sore

throat, vomiting, diarrhea and rash, impaired

kidney and liver function, internal and

external bleeding, hemorrhagic fever

as primary terms. Then we added each keyword to the following

keywords: “ZIKA,” “MERS,” “monkeypox,” “SARS-CoV-2,”

“Ebola,” “influenza A,” and “influenza h7n9,” on PubMed,

Embase (Elsevier), and Cochrane library. The identified studies

were screened by title and abstract to be up-to-date and related

to our topic. The data extraction was done in anatomical

arrangement, including each anatomical structure separately to

ensure coverage of all eye structures.

Monkeypox

On the 23rd of July 2022, the WHO announced the

Monkeypox disease as an emergency after having spread to

72 countries worldwide (13). Monkeypox disease is caused

by the monkeypox virus, a double-stranded DNA member

of the Orthopoxviral genus in the family Poxviridae. It

was first identified in humans in 1970 in the Democratic

Republic of the Congo in a 9-month-old boy. However, it

has been known as a disease of monkeys since 1958, hence

the name. Since the eradication of smallpox in 1980, it has

emerged as the most important Orthopox virus for public

health (13, 14).

After 1970, several outbreaks of monkeypox were reported,

mostly in central Africa, until 2003, when the United States of

America announced a monkeypox outbreak linked to contact

with pet prairie dogs. Since 2017, Nigeria has experienced a large

outbreak, and inMay 2022, several cases of monkeypox infection

were reported in non-endemic countries worldwide (13).
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FIGURE 1

Distribution of viral activity of each pandemic worldwide (12).

Zoonotic transmission can occur as well as human-to-human

transmission (15). Close contact with respiratory secretions,

skin lesions of an infected person or recently contaminated

objects can cause transmission. Droplet respiratory particles

could cause transmission if prolonged face-to-face contact

occurred; however, air-borne transmission cannot be fully ruled

out (16). Vertical transmission between mother and fetus can

occur before, during, and after birth. Mostly, monkeypox is

transmitted by close physical contact. Even though Monkeypox

is not considered a sexually transmitted disease, it is often

transmitted through sexual contact (not yet fully understood)

(14, 17).

Smallpox vaccines can protect against monkeypox, and

newer vaccines have been developed, one of which has been

approved for the prevention of monkeypox. Cessation of

smallpox vaccination is suspected to render communities to

become more vulnerable to monkeypox. Usually, monkeypox is

self-limited, with symptoms clearing in 2–4 weeks. Severe cases

can occur with mortality rates around 3–6% (13). Monkeypox

clinically resembles smallpox, but it is less contagious, and it

causes less severe symptoms. Initially, patients present with

fever, intense headache, lymphadenopathy, which are distinctive

to monkeypox, along with back pain, myalgia, and intense

asthenia. Skin eruptions usually begin within 1–3 days after the

onset of fever. The rash affects the face, palms of the hands, soles

of the feet, oral mucous membranes, genitalia, and conjunctivae,

as well as the cornea. It evolves sequentially from macules to

papules, to vesicles to pustules until it turns into crusts that dry

up and fall off. Infection is usually more severe among children

and is related to the extent of virus exposure, patient health

status, and nature of complications. Complications include

secondary infections, bronchopneumonia, sepsis, encephalitis,

and infection of the cornea with ensuing loss of vision (13, 14).

Ocular complications in monkeypox infection occur in 4–

5% of cases (18–20). Eyes are most commonly affected in

immunocompromised patients, pregnant women, and children

under the age of eight (21). Since monkeypox virus is thought

to spread through surfaces by getting into the body through

cracks in the skin, the respiratory tract, or mucosal membranes,

it is likely that the eye is one way it gets into the body (22).

Upon examining rash characteristics in patients infected with

monkeypox, 1% of patients had ocular mucosal rash (23).

Eyes’ mucosal surfaces are infected early. Conjunctiva, being

the outermost mucosal surface of the eye, is vulnerable to

monkeypox infection. Cases of acute viral conjunctivitis were

reported with monkeypox infections extending to the eyelid to

cause blepharitis (23–26). In rat models, ocular viral shedding

and ocular discharge were detected, beginning after 5 days of

infection, reaching a maximum around 11 days of infection,

and gradually ceasing about 21 days after infection. This raises

suspicion as to whether the virus can impose a greater risk to the

eyes (27).
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There is a debate in literature about the origin of these

pathologies, as to whether the virus itself causes corneal

disease or secondary superimposed bacterial infections are the

cause. In many cases, corneal infections were recorded as a

complication of monkeypox disease (22). Corneal infection

could be exacerbated to corneal pitted scarring and ulceration,

which are often associated with serious eye damage and

opacity, and even permanent loss of vision (22, 28–31). In

cases of secondary bacterial superinfections, corneal perforation,

anterior staphyloma, and phthisis bulbi were recorded in

correlation with monkeypox (29). An older case of monkeypox

that caused serious eye problems had to be treated with a corneal

transplant (28).

Early detection andmanagement of systemicmonkeypox are

important in order to protect the eye from permanent damage.

Prophylactic eye protection is recommended when dealing with

infected people, especially for medical staff and close contacts

(32). However, if infection with monkeypox is confirmed,

lubricants should be applied to the eyes in order to prevent

complications and protect against blindness. Also, patients

should take vitamin supplements to improve their immunity

and facilitate viral clearance using natural immune defenses (29).

Preservative measures should be taken by physicians to protect

patients’ eyes in cases of monkeypox, especially since there is

a risk of irreversible scarring of the cornea that could lead to

permanent loss of the cornea and eventually vision.

Treatments for ocular manifestations in monkeypox

patients are still controversial. It is suggested that the

use of topical steroids, which reduce inflammation, could

precipitate secondary infections and corneal perforations (29).

Other medications that were suggested for the treatment of

monkeypox were linked to ocular disease as well. IV Cidofovir,

an antiviral agent that selectively inhibits viral DNA synthesis, is

not to be used as an intraocular injection. Vaccinia is a member

of the Orthopox family of viruses and it was used to synthesize

the smallpox vaccine (33). Several complications could emerge

from the use of the vaccinia vaccine, especially as it is being

suggested for monkeypox. Vaccinia Immune Globulin (VIG)

is a drug commonly used to treat these complications, but it is

contraindicated to use VIG against vaccinia vaccination against

isolated keratitis (32).

Coronavirus disease 2019

Coronavirus disease (COVID-19) is caused by SARS-CoV-

2. It emerged in Wuhan, China in late December 2019 (34).

It then rapidly disseminated all over the world, with a global

estimation of 586 million confirmed cases and 6.425 million

deaths have been reported by the World Health Organization at

the time of writing this paper (34, 35). SARS-CoV-2 belongs to

the Coronaviridae family, which has a single-stranded, positive-

sense RNA genome (36). Twomodes of transmission of COVID-

19 are present: direct and indirect. The direct mode includes

transmission by aerosols or respiratory droplets, body fluids as

in saliva, urine, semen, tears, and transmission from mother-

to-child. Indirect transmission can occur through surfaces in an

infected patient’s immediate environment as well as objects used

on or by the infected person (37).

The majority of SARS-CoV-2 infections present with mild

to moderate symptoms. The respiratory system is the most

commonly affected system in people infected with SARS-CoV-

2. However, increasing data suggests multi-organ systems may

be affected. The virus binds to angiotensin converting enzyme 2

(ACE2) receptors in the lungs, heart, brain, vascular endothelial

cells, kidneys, intestine, eye surfaces, and other tissues (38).

Patients might present with mild upper respiratory tract

infections, cough, sore throat, pneumonia, extending to acute

respiratory distress syndrome in severe cases. Pulmonary

edema and diffuse alveolar injury with the formation of

hyaline membranes have also been observed (39). Cardiac

manifestations including myocardial injury, acute coronary

syndromes (ACS), cardiomyopathy, and arrhythmias; including

tachycardia, bradycardia, and asystole, have been observed with

COVID19 infection. Myocardial injury occurred in 20–30%

of hospitalized patients with COVID-19, with higher rates

(55%) among those with pre-existing cardiovascular disease

(40). Coagulopathies are due to a direct effect of SARS-CoV-2

on the ACE2 receptors present on the endothelial cells, inducing

endothelial dysfunction, venous thromboembolic disease (VE),

deep vein thrombosis (DVT), and pulmonary embolism (PE).

The D-dimer level increases in COVID-19 patients, indicating

poor prognosis. The source of the elevatedD dimer is fibrinolysis

and endothelial cell damage due to inflammation (41). These

coagulopathies frequently manifest as late manifestations of

infection (42).

Hypertension and diabetes were the most common

comorbidities associated with severe complications of

COVID-19 infection. That was reported in a review on

COVID-19-related cardiovascular diseases. It showed that most

of the hospitalized patients with COVID-19 had hypertension

and diabetes as main comorbidities (40). Diabetes is a risk

factor that predisposes to a severe form of many viral diseases,

such as influenza A, SARS, and MERS. This could be caused

by a number of biological problems, such as high levels of

inflammatory biomarkers, high levels of tissue enzymes, and

problems with blood clotting (like high levels of D-dimer) (43).

Mild neurological symptoms are also reported in

hospitalized patients with COVID-19, including headache,

dizziness, myalgia, fatigue, anorexia, anosmia, and ageusia (44).

Meningo-encephalitis and acute necrotizing encephalopathy,

including the brainstem and basal ganglia, have been described

in case reports (45). Renal affection in the form of acute

kidney injury (AKI) is the most significant renal manifestation.
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Hematuria and proteinuria were observed as complications

of COVID-19. Patients with chronic diseases, such as diabetes

mellitus (DM), may have a higher risk of kidney function

deterioration with COVID-19 along with a high mortality

rate (40). Ocular symptoms of SARS-CoV-2 infection include

redness, tearing, a feeling like there is something in the eye,

photophobia, itching, blurred vision, burning sensations,

lid margin hyperemia, crusted eyelashes, Meibomian orifice

abnormality, follicular conjunctivitis, chemosis, and episcleritis

(46, 47).

Anterior segment

The most common ocular manifestation noted in COVID-

19 patients is conjunctivitis, and it may be the only symptom

in COVID-19 patients. The conjunctival manifestations are

follicular conjunctivitis, conjunctival chemosis, and conjunctival

congestion (46, 48). Ocular symptoms such as hyperemia,

discharge, and dry eyes are also reported. The virus was

detected in tears and conjunctival samples, implicating the

eye as a potential route for viral entry (49). The positive rate

of SARS-CoV-2 detection in patients’ conjunctiva is around

3.9% (50). The American Academy of Ophthalmology (AAO)

has recommended replacing the contact lenses with glasses to

decrease the risk of viral transmission (51). Keratoconjunctivitis

may occur due to direct invasion and inflammation mediated

by the virus itself or due to the immune response against

the virus. A Chinese case report observed a COVID-19

patient who presented with redness and discharge limited

to the left eye. The conjunctival swab tested positive for

COVID-19 by polymerase chain reaction (PCR), which was

resolved with topical levofloxacin and sodium hyaluronate.

The infection resolved and the swab test was negative.

However, the patient presented with keratitis and bilateral

corneal staining five days later, even though the swab was

negative for COVID-19, HSV, and adenovirus. Interlukin-6 was

10 times higher in the left eye. This relapse with bilateral

spread and a high cytokine level suggested that the virus

induced an immune-mediated keratoconjunctivitis. The patient

responded well to fluorometholone. A follow-up with topical

corticosteroids is recommended in those patients. Hemorrhagic

and pseudomembranous conjunctivitis are also reported (46,

50). Episcleritis is also reported in some cases of SARS-Co-

V-2 infection. Ocular manifestations in the eyelids are in the

form of Meibomian gland orifice abnormalities accompanied by

lid margin hyperemia or telangiectasia. Blepharitis is associated

with COVID-19 disease onset and offset since it develops as a

delayed consequence of the infection. The number of cases is

also expected to rise after the pandemic, especially in people who

already had changes to the surface of their eyes (52).

A study from two major hospitals in Egypt examined 228

COVID-19 patients for ocular symptoms. Conjunctivitis was

found in 34 of them (14.9%), manifesting with redness, foreign

body sensation, and epiphora (53). In Qatar, upon studying

ocular manifestations of COVID-19 in 500 patients, 39 (7.8%)

presented with eye manifestations varying between hyperemia,

eye pain, epiphora, burning sensation, and photophobia (47).

Posterior segment

Central retinal vein occlusion (CRVO) and central retinal

artery occlusion (CRAO) are two of the many vascular

manifestations of COVID-19. Patients with COVID-19 have

hyper-coagulability as evidenced by higher levels of fibrinogen,

prothrombin time (PT), prothrombin dimer, and activated

partial thromboplastin time (aPTT). SARS-CoV-2 infection has

also been associated with paracentral acute middle maculopathy

(PAMM) and acutemacular neurocristopathy (AMN). However,

the relationship between these conditions and COVID-19

remains unknown. Optical coherence tomography (OCT) has

shown hyper-reflective lesions at the level of ganglion cells

and inner plexiform layers prominent at the papilla-macular

bundle in both eyes in some patients (46). The commonest

retinal features are cotton wool spots, micro-hemorrhages,

hard exudates, and tortuous veins. The mechanism through

which SARS-CoV-2 may affect the retinal vasculature is poorly

understood. It is known that ACE-2 receptors are abundant in

the retina and choroid (54). Choroid thickness is thought to

be reduced in the early post-infectious period of the COVID-

19 disease. The retinal pigment epithelium, which is in close

proximity to the choroid and shares certain antigenic epitopes

with SARS-CoV-2, may cause localized inflammatory damage to

the choroid in susceptible individuals. Choroidopathy is likely

caused by this systemic inflammation. Studies have shown that

choroidopathy changes are reversible as initial thickness of the

choroid increased 9 months after infection by COVID-19 (55).

Kawasaki disease in children and
COVID-19 infection

Kawasaki disease is a type of vasculitis that is self-

limiting, and is commonly accompanied by conjunctival

injection, punctate keratitis, vitreous opacities, papilledema, and

subconjunctival hemorrhage (56). An Italian study provided

evidence of strong correlation between COVID-19 infections

and an outbreak of Kawasaki-like disease (KD). Eighty

percentage of children with positive COVID-19 serology showed

a 30-fold increase in incidence of a severe form of KD (57,

58). The goal of treatment is to reduce systemic inflammation

using corticosteroids, intravenous immunoglobulin (IVIG), and

aspirin as per case reports (59).
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Ocular adverse e�ects after COVID-19
drug administration

Chloroquine (CQ) and hydroxychloroquine (HCQ) are used

for the treatment of malaria and some autoimmune diseases

such as rheumatoid arthritis and systemic lupus erythematosus.

Recently, studies have proven the effective action of CQ

and HCQ against the SARS-CoV-2 virus. CQ and HCQ

were widely used during COVID-19 pandemic with positive

results in preventing pneumonia, improving the pulmonary

imaging results and promoting virus-negative seroconversion

(60). These drugs have ocular complications and other systemic

adverse effects. On screening for CQ and HCQ retinopathy,

the American Academy of Ophthalmology recommendations

suggest keeping a daily dosage below 2.3 mg/kg in patients

receiving CQ and <5.0 mg/kg in those using HCQ. However,

most patients who receive CQ and HCQ for COVID-19

treatment receive a considerate amount for a long time which

is toxic to the retina (56).

HCQ and CQ ocular toxicity may present with a bilateral

maculopathy characterized by a ring of parafoveal RPE

depigmentation that initially spares the fovea among other

symptoms like posterior subcapsular lens opacity, ciliary body

dysfunction, and whorl-like corneal intraepithelial deposits, that

are usually reversible (61).

In advanced cases of maculopathy of CQ and HCQ origin,

progressive loss of visual acuity, RPE atrophy with foveal

involvement, and a widespread photoreceptor loss manifest. A

maculopathy of HCQ and CQ origin is usually irreversible,

and it may progress regardless of drug cessation. This could

be attributed to the metabolic injury inflicted on retinal cells

during drug exposure, causing a gradual decompensation of

these cells (61).

Lopinavir/ritonavir combination

These are antiretroviral medications of the second

generation, used to treat HIV patients. In the literature, there

was a potential effect on COVID-19 viral load reduction using

this combination of drugs. Generally, the clinical picture

consists of pigmentation changes in the macula. These changes

may present as a bull’s eye or a granular pattern, or with less

specific patterns, and could even lead to severe vision loss (56).

Crystalline intraretinal deposits and pigment alterations that

resemble bone-spicules in the mid-peripheral retina can also

occur. Macular thinning with atrophy of the outer retinal layers,

loss of the ellipsoid zone, and aberrant hyperreflectivity are OCT

findings in such cases. Only persistent usage of ritonavir has been

linked to retinal toxicity (56).

Research reports an average waiting period of 19 months

before diagnosis. Patients with COVID-19 are advised to take

400/100mg of lopinavir/ritonavir twice day. The typical course

of therapy for COVID-19 is 5–7 days (62). Therefore, it

is unlikely that COVID-19 patients will experience retinal

damage from short-term lopinavir/ritonavir therapy. IFN-beta-

1, interleukin-1 inhibitors (such as Anakinra), and interleukin-

6 inhibitors are examples of immunomodulatory medications

(e.g., sarilumab, siltuximab, and tocilizumab). The use of these

medications in COVID-19 patients may be advantageous,

according to some studies (56). In the first phases of the

infection, IFN-beta-1 can also be employed (63). IFN-beta-1

can cause cotton-wool patches, retinal hemorrhages, and other

anomalies in the retinal microvascular system in the eyes, which

are, however, reversible.

Cytokine storm is attenuated by interleukin-1 and

interleukin-6 inhibitors (61). Nystagmus is associated with high

doses of anakinra, and bilateral papilledema, HTLV-1 uveitis,

viral conjunctivitis, and ophthalmic herpes zoster infection

are associated with tocilizumab and tocilizumab-associated

bilateral retinopathy with multifocal cotton-wool spots and

retinal hemorrhages, respectively (56).

Post COVID-19 vaccination

Many vaccines are developed against the COVID-19 virus

and a handful are approved for use which in turn forms

immunity against the virus. However, these vaccines have

ocular and systemic side effects. A narrative literature review

about the ocular adverse events after COVID-19 vaccination

reported the following side effects: facial nerve palsy, abducens

nerve palsy, acute macular neuro-retinopathy, central serous

retinopathy, thrombosis, uveitis, multiple evanescent white

dot syndrome, Vogt-Koyanagi-Harada disease reactivation, and

new-onset Graves’ disease. Literature hypothesizes that the

immune response to the COVID-19 vaccination can be the

cause of the ocular side effects after COVID-19 vaccination

(64). A systematic review conducted by (Yu-Kuei Lee and

Yi-Hsun Huang) regarding the ocular manifestations post-

COVID-19 vaccinations reported the following side effects:

Eyelid manifestations including eyelid swelling, purpuric lesions

and Herpes Zoster Ophthalmicus (HZO). Corneal affection

manifested by graft rejection after corneal surgery like

penetrating keratoplasty (PKP) and Descement’s membrane

endothelial keratoplasty (DMEK). Acute anterior uveitis,

panuveitis, multifocal choroiditis, acute zonal occult outer

retinopathy (AZOOR) and reactivation of Vogt- Koyanagi-

Harada (VKH) disease were reported. The retina was affected

by central serous retinopathy, acute macular neuro -retinopathy

(AMN), and retinal detachment. Optic neuritis, arteritic anterior

ischemic optic neuropathy (AAION) and abducens nerve

palsy were also reported. Vascular complications manifested by

including superior ophthalmic vein thrombosis, cerebral venous

sinus thrombosis, thrombocytopenia, acute ischemic stroke and
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bleeding (65). Although the present data reports many systemic

and ocular side effects, people are encouraged to take the

vaccination as its benefits outweigh the risks.

Middle East respiratory syndrome
coronavirus

MERS is another member of the Coronaviruses family.

Middle East respiratory syndrome coronavirus (MERS-CoV)

is the pathogen responsible for the outbreak of the severe

respiratory disease in the Middle East in June 2012, resulting

in 2,494 infections of whom 858 died, with 20–40% mortality

rate (66, 67). The first case reported was from Jeddah, Saudi

Arabia, then the infection spread to countries around the

Arabian Peninsula. According to the WHO, 27 countries have

reported cases of MERS (68, 69). MERS-CoV is a zoonotic

virus, believed to have originated in bats and transmitted from

bats to humans through Dromedary camels. The clinical picture

of MERS infection ranges from asymptomatic infections to

flu-like symptoms, up to severe respiratory distress, and fatal

pneumonia. Acute renal impairment was the most striking

feature of MERS infection, which is a unique symptom of

MERS infections since it was not seen in other COV infections.

Other symptoms consist mainly of lower respiratory tract

infections, including fever, cough, chills, sore throat, myalgia,

and arthralgia (69).

Conjunctivitis was the only ocular manifestation noted in

MERS-CoV. It was reported in a study conducted in Makkah

that only 6 patients out of 261 (2% of cases) suffered from

conjunctivitis (70, 71). Although no ocular complications other

than conjunctivitis were reported in the case of MERS virus

infection, other studies showed the potential for detecting the

viral genome in tears and conjunctival secretions, which could

aid viral transmission (67, 72).

Influenza A viruses

Influenza A is a group of viruses classified into 16

hemagglutinin (HA) subtypes and 9 neuraminidase (NA)

subtypes (73). In addition, Influenza A viruses are further

divided into low pathogenic avian influenza (LPAI) and high-

pathogenic avian influenza (HPAI) viruses depending on their

pathogenic properties in chickens (74).

In early June 2009, the WHO declared the H1N1 virus a

pandemic according to the criterion that the transmission was

intercontinental (75). The virus originated as a consequence of

the incorporation of genes between swine, avian, and human

viruses, leading to the term “swine flu” which affects humans.

The infection was in the form of a typical lung infection that

caused mild disease but occasionally led to acute respiratory

distress syndrome (ARDS) and death (76). As a result of the

rapid spread all over the world, nearly 214 countries were

affected. The total reported cases were close to 700 million to 1.4

billion cases. Over 18,000 deaths were estimated to have been

reported to WHO. This flu virus caused severe morbidity but

only had a 1–4 percent death rate (76).

The Centers for Disease Control and Prevention (CDC)

defines cases as influenza-like illness (ILI) if there is a mild

illness like cough, sore throat, diarrhea, myalgias, or headache.

Vomiting and diarrhea have been reported in some patients,

but no shortness of breath, dyspnea, or severe dehydration.

Pneumonia was the most common and serious complication of

the 2009 H1N1 pandemic influenza, while throat congestion and

swollen tonsils were the most common systemic signs (77). One

of the most common complications of the 2009 swine-flu is the

secondary bacterial infection with Streptococcus pneumonia,

which was the most common bacteria identified. The fetal

outcome, morbidity, and ICU needs appear to have occurred due

to secondary bacterial infections as well (78).

H1N1 could replicate in the human conjunctiva, making

the ocular surface an important route of infection. In

addition, the virus was also isolated from other ocular

tissues like cornea, trabecular meshwork, and RPE cells

(79). It nearly affects all eye parts starting with the

conjunctiva causing direct conjunctival invasion by the

influenza virus and presents most commonly as bilateral

acute conjunctivitis in 58 cases (65%). Acute conjunctivitis

was linked to significant eyelid edema, conjunctival

hyperemia, watery discharge, and moderate chemosis. As

to the cornea, 18 cases presented with bilateral multiple

corneal erosions that subsided by the 7th day of the

illness (79).

Regarding the posterior segment of the eye, retinopathy,

retinitis, angiitis, uveal effusion syndrome, acute posterior

multifocal placoid pigment epitheliopathy (APMPPE),

and serous macular detachment (SMD). SMD is observed

in cardiovascular disorders, and excessive vascular

permeability of retinal and/or choroidal circulation and

retinal pigment epithelial (RPE) damage as the serous

macular detachment happens most likely due to blood-retinal

barrier damage by the circulating immune complexes or

direct virus replication in the patient (78). Inflammation

of the choriocapillaris with subsequent atrophy of the

retinal pigment epithelium (RPE) has also been reported

in rare cases, causing destruction of the blood-retina

barrier that will disrupt the immune privilege of the

eye (80).

Other observations were lesions in 3 patients presented with

disc and intra-retinal hemorrhages. The disc hemorrhages and

macular ischemia are consistent with arterial obstruction

and retinal ischemia along with systemic thrombotic

events in the form of cerebral hemorrhage and thrombus

in radial artery. However, the authors reported that the

thrombocytopenia or bleeding predisposition did not
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seem to be the cause of these bleeds, suggesting other

mechanisms (81).

Ocular complications manifesting after influenza

vaccination include mild and moderate conjunctivitis and

a slight decrease in visual acuity up to a visual loss in two cases

after receiving the vaccination. Also, the anterior segment was

normal, but the fundus examination revealed bilateral optic

swelling with venous engorgement. Some literature attributes

the visual loss to immune complex-mediated vasculopathy

by causing anterior ischemic optic neuropathy (82). Another

study reported the diagnosis of an altitudinal visual field defect

associated with segmental disc swelling and visual loss, which

was bilateral and associated with systemic symptoms and

raised serum inflammatory markers. These observations were

made in a 68-year-old male patient 10 days after receiving the

vaccine. Over the next 3 months, his visual acuity in the left eye

recovered to 6/36 with a persistent field defect (83).

H7N9 pandemic and H5N1

Human infections with H7 influenza virus subtypes were

reported in Italy, the Netherlands, Canada, Mexico, the

United States of America, and the United Kingdom (84). The

first time that a human infection with the influenza A (H7N9)

virus has been identified in China, after three people who

were seriously ill were confirmed to have been infected. Three

outbreak waves in humans then followed (85). The first outbreak

emerged in February 2013, and then the virus ceased rapidly

after April 2013. The second wave began in October 2013

and also ceased in February 2014. The number of H7N9 cases

increased again in late 2014 and peaked in January 2015 during

the third wave (86). Between March 25 and September 31, 2013,

a total of 134 cases of H7N9 influenza infection were identified,

and by the end of September 2015, a total of 17 provinces

or municipalities had been affected in Mainland China and

a total of 656 H7N9 cases had been reported, 268 of which

were fatal.

General symptoms of the illness included fever and cough

(which were the most common symptoms), shivering, fatigue,

muscular aches, nausea, and vomiting (84). However, there

was a notable absence of conjunctivitis cases during the first

wave of human infections with H7N9 viruses in China. This

indicates that the presence of an H7 hemagglutinin might

be required for ocular tropism, but this is not sufficient to

confer this property. For the time being, the factors that enable

certain H7 viruses to infect and replicate in the eye remain

unclear (85). One study compared the capability of influenza

viruses to replicate in the epithelium of the human cornea. It

found that H7N9, HPAI, H5N1, and seasonal H3N2 viruses

showed no ocular symptoms and are considered respiratory or

non-ocular-tropic (85).

Zika

Zika virus was discovered in 1947 in Uganda. It caused

an outbreak in 2015 in Brazil, affecting more than 89

countries worldwide by early December 2021 (87, 88). It is

characterized by having an envelope and a single-stranded

RNA positive sense, and it belongs to the Flaviviridae family

of viruses. It is considered an arthropod-borne virus, which

means that the transmission occurs by arthropod vectors,

specifically the Aedes mosquito’s genus. However, there are

many other routes of transmission from human to human,

such as sexual contact, blood transfusions, and from mother

to fetus. Also, ocular transmission was reported to occur

when there is contact with conjunctival fluid and tears.

Studies have suggested that contact with ocular discharge,

such as tears of a patient with Zika virus infection, can

act as a non-vector mode of transmitting Zika virus. The

persistence of Zika virus RNA in tears 30 days post-infection

has been documented. Thus, there is a potential risk of ocular

transmission of Zika virus through contact with Zika virus-

infected tears (89).

The primary manifestations range from an asymptomatic

and mild flu-like illness to severe manifestations such as

microcephaly in babies and Guillain-Barre syndrome in adults

(90). However, it is important to recognize the differences

between the manifestations of congenital and non-congenital

forms of Zika virus infection. Asymptomatic cases make up

more than 75% of the total cases. While the symptomatic cases

presented by symptoms include maculopapular rash, arthralgia,

and conjunctivitis. Retro-orbital pain and headache are also

observed. In newborns, it causes microcephaly, which is a

neurologic condition characterized by a small head size due to

impaired development of the brain of a baby. A relationship

between Zika virus and microcephaly was noticed in 2015 in

Brazil as Zika virus was detected in the amniotic fluid of fetuses

who were born with microcephaly. Evidence-based studies have

supported this association. There is a case-control study that

showed that 12 out of 32 newborns with microcephaly were

infected with zika virus (91). In adults, the main important

clinical symptom was Guillain-Barré syndrome (GBS), which

causes damage to the nerve cells, leading tomuscle weakness that

may even lead to paralysis (92).

On the anterior segment in newborns, Zika causes

iris coloboma, lens subluxation, cataract, glaucoma,

microphthalmia, and intraocular calcifications. Anatomical

abnormalities such as pupillary membrane and mal-

development of the anterior chamber angles are all reported

in Congenital Zika Syndrome (CZS) (89). In adults, non-

purulent conjunctivitis with hyperemia is the most common

manifestation of acute Zika virus infection as it arises in

about 63% of patients. Keratitis, and elevated intraocular

pressure (IOP), which is a risk factor for glaucoma, were also

reported (93).
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In the posterior segment in newborns, Zika virus infection

has been shown to damage the posterior segment of the eye,

including the retina, optic nerve, and retinal vessels. Pigment

mottling and chorioretinal atrophy are the most visible ocular

findings in CZS. It often mimics toxoplasmosis, macular

abnormalities, chorioretinal scarring, retinal hemorrhage,

vascular tortuosity, and washed-out peripheral retina. Zika

virus’s ability to cross the retinal barrier allows it to infect the

retinal cells. It manifests as chorioretinal atrophy and changes

in the pigmentation of the retinal pigment epithelial cells,

which appear as mottling of the retinal pigment epithelium. The

inflammation causes damage to the blood-retinal barrier cells

and the adjacent choroid (94). In adults, reported manifestations

were similar to those of newborns involving chorioretinitis,

multifocal choroiditis, chorioretinal atrophy, mottling of the

retinal pigment epithelium, and macular pigment mottling (93).

Abducens nerve and oculomotor paresis were reported

as neuro-ophthalmic complications which were presented

by convergent strabismus and squint. Optic disc hypoplasia

with the double-ring sign, disc pallor, and enlarged cup-

to-disc ratio were also reported. In adults, papilledema,

ophthalmoplegia, and ocular flutter were the main neuro-

ophthalmic complications (89).

Ebola

The Ebola virus is a ssRNA member of the Filoviridae viral

family, falling under the genus of Ebolavirus. Ebola virus disease

(EVD), or Ebola hemorrhagic fever, is an acute viral infection

that is often fatal, having amortality rate average of 50%, ranging

from 25 to 90% in past outbreaks. It affects humans and other

primates and is transmitted to humans from wild animals or

through human-to-human transmission. EVD appeared for the

first time in 1976 in the Democratic Republic of the Congo

(DRC) near the Ebola River, fromwhich the disease got its name.

In the same year, another outbreak occurred in South Sudan.

The largest EVD outbreak took place in West Africa during the

period of 2014–2016 (95).

Fruit bats in the Pteropodidae family are thought to be the

natural hosts for the virus. Humans can acquire the organism

through the blood, secretions, and bodily fluids of infected

animals like fruit bats, gorillas, chimpanzees, etc., which can

be dead or ill in the rainforest. Human-to-human contact then

occurs through direct contact with blood or other bodily fluids of

infected patients or with contaminated objects with bodily fluid

(blood, vomit, feces) of sick or dead individuals. The incubation

period of EVD varies between 2 and 21 days, and the risk of

transmission starts with the first appearance of symptoms. Fever,

fatigue, muscle pain, headache, and sore throat are the first

symptoms to appear. Consequently, vomiting, diarrhea, and a

rash follow. Symptoms of impaired kidney and liver function

may appear, as well as symptoms of internal and external

bleeding. Diagnosis of EVD can be confused with similar

diseases like typhoid fever, but it can be of critical importance

in cases of pregnancy. Therefore; serology testing like antibody-

capture enzyme-linked immunosorbent assay (ELISA) and

reverse transcriptase polymerase chain reaction (RT-PCR) is

used to confirm an EVD diagnosis (95).

Supportive treatment, mainly rehydration, and symptomatic

treatment are the main course of action in EVD patients

(Inmazeb and Ebanga) are two monoclonal antibodies that were

approved by the US Food and Drug Administration (FDA) in

late 2020 for the treatment of Zaire ebolavirus infection in adults

and children (96). The Ervebo vaccine was developed to protect

against the Zaire ebolavirus and it was approved for the use in

adults 18 years or older (except for pregnant and breastfeeding

women) by the FDA in 2020 (95, 96).

Ocular symptoms occur during acute EVD until up

to 17 weeks after discharge. conjunctivitis, subconjunctival

hemorrhages, and acute vision loss of unknown etiology

have been reported, especially in the setting of hemorrhagic

EVD (97). Conjunctivitis is one of the earliest signs of

EBOV infection and has an important prognostic value

since it indicates severe disease when hemorrhagic (71,

98). Occasionally, bilateral conjunctivitis can be the primary

symptom of EVD; thus, the patient may be presented to an

ophthalmologist first.

In the Kikwit (the southwestern part of the Democratic

Republic of Congo) epidemic, conjunctivitis was observed in

48% of the patients and was considered a suggestive symptom

of acute EBOV infection (97). Blurred vision and blindness with

unknown etiology was a complaint of 38% of patients (99).

Experts warn that untreated ocular symptoms can lead to vision

impairment and blindness (100). Optic neuropathy, ocular

motility disorders, episcleritis, interstitial keratitis, cataract, and

glaucoma can manifest as complications of acute EVD (101,

102).

Although EVD can cause ocular manifestations in its

acute phase. The EVD convalescence phase has been linked

to the most serious complications. A post-Ebola virus

disease syndrome was identified in EVD survivors. Among

several systemic complications ranging from arthralgia and

musculoskeletal pain to headaches and psychological problems

(103, 104). Uveitis was the most common ocular finding in

survivors of EDV (13–34%) (105). The cause of these pathologies

is not clear yet, but explain it in terms of immune dysregulation

or autoimmunity, especially since the manifestations are highly

prevalent in immune-privileged sites (103).

Patients of post-EVD syndrome commonly present with eye

pain, photophobia and redness which may lead to acute or

chronic vision loss (97, 101). Uveitis could be diagnosed in EVD

as early as within 2 weeks of infection. But the highest risk can

be suspected within 2–3 months after confirming the diagnosis.

Cases were reported of manifested uveitis even after 13 months

of a negative RT-PCR (106).

An example of late ocular manifestations of Ebola virus

can be given by Mattia et al. (107). This cross-sectional study
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reported a 46% prevalence of anterior uveitis, 3% intermediate,

26% posterior, and 25% panuveitis among their 227 post-EDV

patients. These cases were observed at an average time of 121

days after discharge from the clinic and receiving treatment for

acute disease. An important finding is that, Ebola virus was

detected in the aqueous humor in some cases of patients with

negative PCR tests for the virus in their serum (108, 109).

A large study by the name Ebola Virus Persistence in Ocular

Tissues and Fluids (EVICT) was conducted by Shantha et al. in

Sierra Leone targeting 50 survivors of EVD, 46 of whom had

visually significant cataracts due to EVD, 2 with active uveitis,

1 subluxated lens, and 1 blind painful eye due to uveitis. Upon

testing their aqueous humor for EBOV RNA using RT-PCR at

a median of 19 months, none was found in any of the patients

(105, 110).

A study on the same database of EVICT was performed to

assess posterior segment manifestations of EVD was performed

on 250 eyes of 125 survivors (111). Other than cataract, posterior

synechiae and different types of uveitis, chorioretinal scarring

(10%), optic neuropathy (3%), vitreous opacities (3%), retinal

detachment (2%), epiretinal membrane (1%), vitreomacular

traction (1%) and retinal pigment epithelium atrophy of one eye

were detected.

The management of EVD eyes, especially with regards

to uveitis, was successfully performed using corticosteroids.

Topical corticosteroids and even oral corticosteroids in severe

cases were found effective in treating EVD uveitis (100).

Discussion

This literature review aims to highlight the ocular

complications of the most recent viral pandemics. Attention was

applied to this topic previously (71, 102), and researchers took

an interest in ocular manifestations of certain viral pandemics.

This article tackles the topic in the cases of the most recent and

currently active viral pandemics.

Many observations were made in this literature review, the

first of which was that viral transmission through tears and

ocular secretions can pose a serious threat despite the fact that

airborne transmission has higher infectivity. Ebola virus was

detected in the aqueous humor of one patient, but evidence of

viral transmission through tears or conjunctival secretions is

still lacking (112). Zika and MRES viruses can be transmitted

through ocular secretions, especially conjunctival secretions

(89, 113). Influenza A viruses can replicate in the conjunctiva

of infected people, which could be its route of access to the

respiratorymucosa (79). In COVID-19, the eye is suspected to be

a potential route of transmission (50). Some case reports noted

the detection of viral DNA/RNA in cases (COVID and Ebola)

even though the serum PCR was negative for viral DNA/RNA.

Wearing glasses during the examination helped reduce infection

susceptibility in many cases.

Ophthalmic manifestations in viral outbreaks varied from

mild symptoms to sight threatening and blinding diseases. The

most common ocular manifestation was acute conjunctivitis,

which was reported in all viral pandemics studied. For example,

in COVID-19, a case report from Jordan reported conjunctivitis

as the only presentation (48). Some viral infections might

progress to keratoconjunctivitis either by direct infection to the

cornea or by autoimmune reactions (46).

Glaucomatous disease was observed in Zika and Ebola viral

outbreaks. Whether in the context of congenital Zika syndrome,

acute Zika infection, or as a component of acute ocular disease

in acute EVD. A pregnant mother infected with Zika virus

might give birth to a baby with congenital glaucoma as a

part of congenital zika syndrome. This syndrome causes more

severe ocular affection than acute Zika in newborn babies.

Therefore, screening pregnant females for Zika infection and

taking eye protective measures for newborn babies of Zika

infected moms can be of crucial importance, especially since

eye abnormalities may be the first presenting signs of congenital

Zika infection (117).

Regarding the posterior segment of the eye, retinal vascular

abnormalities and thromboembolic events were themost serious

observations. Except formonkeypox andMERS, which were also

linked to retinal problems like retinal pigment epithelium (RPE)

abnormalities and retinal detachment, this was true for all viral

outbreaks that were studied.

An interesting observation was made when comparing

the ocular manifestations of the MERS and SARS-CoV-2

viruses, which are members of the same viral family. On

one hand, the MERS virus causes a more severe systemic

disease and has a higher mortality rate. However, it only causes

mild ocular complications, usually limited to conjunctivitis.

COVID-19 disease, on the other hand, is less aggressive

and is linked to a milder form of systemic disease and

a lower death rate. However, its eye symptoms are more

serious and could lead to damage to the optic nerve or

even blindness.

One part of the ocular manifestations of viral pandemics that

often goes understudied is the ocular complications imposed

by their vaccines. In some cases, H1N1 vaccines were linked

to conjunctivitis and visual acuity deterioration. In other cases,

these effects were linked to immune-mediated vasculopathy.

Moreover, the novel COVID-19 vaccines were associated

with several symptoms that ranged from eyelid swelling to

facial nerve paralysis and optic neuritis. The causes of these

effects were unexplained and variable. Hence, the literature

hypothesizes that the immune response to the COVID-19

vaccination may be the cause of the ocular side effects observed

(65). Although the present data reports many systemic and

ocular side effects, people are also encouraged to take the

vaccination as its benefits outweigh the risks.

An important message to take from this review would be the

necessity of protective and prophylactic measures for optometry
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FIGURE 2

An illustration for a�ected structures by each viral disease (114–116).

and ophthalmology professionals who might get involved in

the diagnosis and management of patients in viral outbreaks.

Adherence to safety protocols and the proper use of protective

equipment are substantial factors to consider. Facemasks, face-

shields, eye goggles, gloves, and protective gear should be

worn by all participating medical staff. Also, using disinfectants

and maintaining the equipment’s sterility are of significant

importance. In addition to the regular personal hygiene

and infection containment protocols, the American Academy

of Ophthalmology (AAO) has recommended replacing the

contact lenses with glasses to decrease the viral transmission.

Also, adapting a suitable operations protocol and laboratory

management to limit the exposure to disease could help in

protecting staff (51, 71). Figure 2 provides a visual illustration

for affected structures of the eye and the causative viral disease

for each.

While this review provides the reader and researchers

with rich information about the prospective viral diseases

herein, this review will be a rich resource for researchers

who are interested in further investigating eye-related viral

manifestations. Data was gathered based on the dependability

and authenticity of resources and published works that

adhered to the academic professionalism that each of us holds

and promotes.

Conclusion

We conclude that active viral pandemics have many ocular

complications. These effects can easily go unnoticed because

most researchers focus on the direct systemic complications and

leave the ocular manifestations out. The eye may harbor the

virus in many viral diseases and may be a route of transmission

in many cases. Even when the virus itself does not cause

ocular pathologies directly or indirectly, vaccines and medical

treatments may play a role in causing ocular manifestations.

Thus, protective and prophylactic measures should be taken by

optometrists, ophthalmologists, and by the general population,

and the highest hygiene standards should be followed in

ophthalmology practice in general. Ocular manifestations of

viral pandemics are in need of further investigation and

research. However, we strongly believe that this thorough

review will provide a great platform for those interested in

investigating viral diseases, focusing on eye manifestations

in particular.

Method of literature search

A literature search was performed for articles (English) using

Medline and Google Scholar, for any date up to July 2022.

The following keywords were used “Ophthalmology”, “Ocular”,

“Eye”, “Viral pandemics”, “Ebola”, “Zika”, “MERS”, “H1N1”,

“Influenza”, “COVID-19”, “Monkeypox”. Search results were

initially reviewed by title and abstract, and articles were selected

for more in-depth analysis if deemed relevant. Pertinent articles

were examined in-depth for this report.
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Background: Phacoemulsification is an e�ective and widely performed

technique in cataract surgery, but the comparative anatomical outcomes,

including endothelial cell loss (ECL), central corneal thickness (CCT),

and central macular thickness (CMT), between high-flow and low-flow

phacoemulsification cataract surgery remain unclear.

Methods: This study followed Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) Statement. Random-e�ects models

were applied to measure pooled mean di�erences (MD) with 95% confidence

intervals (CI) of anatomical outcomes between high-flow and low-flow

phacoemulsification cataract surgery. We judged overall certainty of evidence

(CoE) based on Grading of Recommendations Assessment, Development and

Evaluation (GRADE) criteria.

Results: We included six randomized controlled trials (RCTs) totaling 477

participants. The meta-analysis showed similar changes associated with these

two surgery types in both ECL at postoperative days 2–14 (MD: −1.63%; 95%

CI: −3.73 to 0.47%; CoE: very low), days 15–42 (MD: −0.65%; 95% CI −2.96

to 1.65%; CoE: very low) and day 43 to month 18 (MD: −0.35%; 95% CI: −1.48

to 0.78%; CoE: very low), and CCT at postoperative day 1 (MD: −16.37µm;

95% CI: −56.91 to 24.17µm; CoE: very low), days 2–14 (MD: −10.92µm; 95%

CI: −30.00 to 8.16µm; CoE: very low) and days 15–42 (MD: −2.76µm; 95%

CI: −5.75 to 0.24µm; CoE: low). By contrast, low-flow phacoemulsification

showed less increase in CMT at postoperative days 15–42 (MD,−4.58µm; 95%

CI: −6.3 to −2.86µm; CoE: low).
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Conclusions: We found similar anatomical outcomes, except in CMT, for

both high-flow and low-flow phacoemulsification cataract surgery. Future

head-to-head RCTs on visual outcomes should confirm our findings.

Systematic review registration: PROSPERO, identifier: CRD42022297036.
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Introduction

Senile cataract, as the leading cause of blindness and the

second most common cause of moderate and severe vision

impairment according to the Global Burden of Disease, has a

prevalence estimated at around 54.38% among populations over

60 years old (1). Visual impairment caused by cataract can be

restored through timely cataract surgery. Phacoemulsification is

an effective andwidely performed technique for cataract surgery,

with estimates exceeding 11,000 surgeries/million population in

the US in 2011 (2). During phacoemulsification cataract surgery,

irrigation fluid circulates through the eye intraoperatively to

both maintain intraocular pressure and provide cooling in order

to prevent ocular tissue damage while the lens nucleus is being

emulsified through the use of ultrasound energy.

However, the optimal flow rate for phacoemulsification

cataract surgery is not yet determined. High-flow settings, with

aspiration flow rates ranging from 35 to 50 ml/min (3, 4)

are generally considered to have higher efficiency. They are

preferred by many surgeons for rock-hard dense cataract cases

to improve the vacuum purchase of the hard nuclei, and

to decrease phaco tip clogging (5), and also create sufficient

space in the anterior segment for surgical manipulation, at the

expense of risking surgical trauma caused by turbulence (3).

Low-flow settings, often with aspiration flow rates lower than

25 ml/min (3), prioritize safety because they create a more

stable intraoperative environment, theoretically decreasing the

chance of intraoperative complications such as posterior capsule

rupture. They are therefore as well recommended when dealing

with cases with zonular insufficiency (6). However, they may

require a longer surgical time, and limit surgeons to a relatively

small space in the anterior segment (7). In clinical practice,

ophthalmologists decide the fluidics settings based only on their

own surgical experience.

Phacoemulsification by ultrasound energy is known to

cause corneal endothelial cell loss (ECL) (8). In addition,

phacoemulsificationmay also trigger inflammation, thus leading

to macular edema. However, several randomized controlled

trials (RCTs) with small sample sizes reported inconsistent

surgical outcomes, regarding ECL, central corneal thickness

(CCT) and central macular thickness (CMT), after high- or

low-flow phacoemulsification cataract surgery (4, 9–13). To

summarize the current evidence and better inform clinical

decision-making, we conducted a systematic review and

meta-analysis study on the surgical outcomes reported from

RCTs comparing high-flow and low-flow phacoemulsification

cataract surgery.

Methods

This systematic review and meta-analysis followed the

Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) guidelines (14). The review protocol

was registered on PROSPERO (CRD42022297036) prior to

conducting the review.

Literature search

We searched for published RCTs via Medline, Embase,

Cochrane Central Register of Controlled Trials and Scopus

on July 8, 2022. The literature search was limited to human

studies, with no language restrictions. The search strategy

was developed by an experienced librarian (CJF), and the

details are presented in Supplementary Table S1. To capture

any unpublished studies, we also consulted the pharmaceutical

and medical device companies associated with these cataract

surgeries for additional studies.

Study eligibility

We included RCTs comparing high-flow and low-flow

fluidic settings for phacoemulsification. We recruited studies

with patients randomly assigned to either high-flow or low-flow

phacoemulsification. Fluidic settings of the phacoemulsification

surgery were to be clearly stated.

Study selection

Two review authors (PCK and JHH) independently

selected eligible literatures based on the pre-specified
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inclusion criteria, including (1) Participants: cataract

patients; (2) Intervention/Comparison: high-flow or low-flow

phacoemulsification; (3) Primary study outcome: endothelial

cell loss; (4) Study design: RCTs. We initially screened records

by titles and abstracts to identify potential candidates, and then

the review authors reviewed their full texts to select those for

inclusion. Any discrepancy between the review authors was

resolved by discussion with the third review author (SCS) before

final decision.

Data extraction

Two review authors (PCK and JHH) independently

extracted data including first author, publication year, country,

study design, patient characteristics, interventions and

comparators (surgical modes and parameter settings), and

outcome measures from the included studies. In addition

to the primary anatomic outcome of endothelial cell loss

(ECL), we extracted other important anatomic parameters

as secondary outcomes, including central corneal thickness

(CCT) and central macular thickness (CMT). We investigated

CCT because postoperative corneal thickness is known as a

marker of endothelial damage after phacoemulsification (15).

We also investigated CMT because phacoemulsification surgery

commonly leads to postoperative macular edema (16), which

may affect postoperative visual outcomes. Any discrepancy

between the review authors was resolved by discussion.

Risk of bias

Two review authors (PCK and JHH) independently assessed

the risk of bias in the included studies with the Cochrane Risk

of Bias tool 1.0 (17). The domains, including random sequence

generation, allocation concealment, blinding of participants and

personnel, blinding of outcome assessment, incomplete outcome

data, selective reporting, and other biases, were categorized as

high-, low- or unclear risk of bias. If an RCT did not report data

of adverse effects, we rated it as having a high risk of selective

reporting bias. We also judged there to be a high risk of other

bias if a baseline imbalance was found between the intervention-

and control groups after randomization. Any discrepancy

between the review authors was resolved by discussion with the

third review author (SCS) before final decision.

Data synthesis

We conducted all meta-analyses using Review Manager

version 5.3.4.1 (Copenhagen: The Nordic Cochrane Center, The

Cochrane Collaboration, 2020). Random-effects models were

applied to measure the pooled mean differences (MD) and

95% confidence intervals (CI) of the study outcomes of interest

comparing high-flow and low-flow phacoemulsification cataract

surgery. We analyzed the study outcomes based on four follow-

up time periods to evaluate the immediate (i.e., postoperative

day 1), short-term (i.e., postoperative days 2–14), intermediate-

term (i.e., postoperative days 15–42), and long-term (i.e.,

postoperative day 43 to month 18) comparative treatment

effects between high-flow and low-flow phacoemulsification

cataract surgery.

To achieve concordance between included studies, extracted

outcome data from included studies were adjusted using

reasonable statistical methods. For example, ECL was calculated

as percentage change based on the formula: (postoperative

ECL – preoperative ECL)/(preoperative ECL), while CCT and

CMT were calculated as µm change based on the formula:

(postoperative value – preoperative value). ECL was calculated

as percentage change because absolute value data were not

available in the studies from Baradaran-Rafii 2009 (11) and

Schriefl 2014 (4). Where only the median and range of

outcome measures were available, we estimated the mean

and variance through the specific formula (18). We assessed

statistical heterogeneity among included studies by I2 statistic,

and considerable heterogeneity was defined as an I2 >50% (17).

Publication bias was to be evaluated by funnel plots if over 10

studies were included for meta-analysis (17).

Overall certainty of evidence

Two independent reviewers (PCK and JHH) assessed the

overall certainty of evidence (CoE) for each study outcome based

on the Grading of Recommendations Assessment, Development

and Evaluation (GRADE) criteria (19). Any discrepancy between

the review authors was resolved by discussion with the third

review author (SCS) before final decision.

Results

Characteristics of included studies

The study selection flowchart is presented in

Supplementary Figure S1. We initially identified a total of 1,111

records through the systematic search, and after screening the

study titles and abstracts, 12 potential articles (4, 9–13, 20–25)

were evaluated for final eligibility. Of these potential records, we

excluded two studies which were not designed as randomized

controlled trials (23, 24), one study lacking comparisons

between high-flow and low-flow phacoemulsification cataract

surgery (25), and three studies without final reports (20–22).

Ultimately, in this systematic review and meta-analysis, we only

included six reports (4, 9–13), with a total of 477 participants

from six RCTs.
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TABLE 1 Characteristics of comparative studies regarding high-low and low-flow aspiration flow settings of patients who underwent phacoemulsification.

Study Country Population Intervention and comparator Outcomes Main findings

Baradaran-Rafii et al.

(2009) (11)

Iran 50 to 70-year-old, senile cataract with

3+ nuclear sclerosis

Mean age:

High-flow (n= 30) 61.4± 4.9

Low-flow (n= 30) 60.8± 6.6

WhiteStar R© ,

Transversal ultrasound

High-flow (400 mmHg, 40 cc/min)

Low-flow (200 mmHg, 20 cc/min)

ECL (postoperative week 1, 6, 12) ECL: low-flow 9.5%,

high-flow 10.6% at week 1 (p= 0.6);

low-flow 8.7%, high-flow 9.1% at week 6

(p= 0.8); low-flow 9.6%, high-flow 9.0%

at week 12 (p= 0.6)

Chang et al. (2017) (9) Sweden 50 to 85-year-old, senile cataract

Mean age:

High-flow (n= 21) 68.5± 8

Low-flow (n= 22) 70.5± 8.6

Infiniti R© ,

Torsional ultrasound

High-flow (475 mmHg, 45cc/min)

Low-flow (350 mmHg, 22cc/min)

1. ECL (postoperative month 3)

2. CCT (postoperative day 1, week 3,

month 3)

3. CMT (postoperative day 1, week 3,

month 3)

1. ECL: low-flow 194 cells/mm2 ,

high-flow 279 cells/mm2 at month 3

(p= 0.46)

2. CCT change: low-flow 35µm,

high-flow 27µm at day 1 (p= 0.51);

low-flow 9µm, high-flow 17.5µm at

week 3 (p= 0.48);

low-flow 1µm, high-flow 4µm at

month 3 (p= 0.91)

3. CMT change: low-flow−1.5µm,

high-flow 0µm at day 1 (p= 0.57);

low-flow 11.5µm, high-flow 16µm at

week 3 (p= 0.39);

low-flow 10µm, high-flow 13.5µm at

month 3 (p= 0.91)

Das et al. (2015) (10) India Senile cataract (LOCS III grade 2–4)

Mean age:

High-flow (n= 65) 64.9± 9.19

Low-flow (n= 65)

63.94± 7.84

Infiniti R© ,

Torsional ultrasound

High-flow (450–500 mmHg,

40–45 cc/min)

Low-flow (300–350 mmHg, 25cc/min)

1. ECL (postoperative week 2, 6)

2. CCT (postoperative week 2, 6)

3. CMT (postoperative week 6)

1. ECL: low-flow 245.82 cells/mm2 ,

high-flow 320.70 cells/mm2 at week 2

(p= 0.997);

low-flow 243.24 cells/mm2 , high-flow

282.93 cells/mm2 at week 6 (p= 0.135)

2. CCT change: low-flow 0.24µm,

high-flow 1.41µm at week 2 (p= 0.110);

low-flow 1.76µm, high-flow 3.41µm at

week 6 (p= 0.197)

3. CMT change: low-flow 0µm,

high-flow 3.22µm at week 6 (p= 0.393)

Schriefl et al. (2014) (4) Austria Senile cataract

Mean age: 74± 9

High-flow (n= 57)

Low-flow (n= 57)

OS3 base module R© ,

High-flow (500 mmHg, 35 cc/min)

Low-flow (400 mmHg, 20 cc/min)

ECL (postoperative week 1, month 18) ECL: low-flow 1.8%, high-flow 4.46% at

week 1 (p= 0.449);

low-flow 4.92%, high-flow 6.26% at

month 18 (p= 0.696)

(Continued)
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TABLE 1 (Continued)

Study Country Population Intervention and comparator Outcomes Main findings

Vasavada et al. (2010) (12) India Senile cataract (Emery-Little

classification grade 2–3)

Mean age:

High-flow (n= 25) 53± 2.7

Low-flow (n= 25) 59± 3.1

Infiniti R© ,

Longitudinal ultrasound

High-flow (≤650 mmHg, 40 cc/min)

Low-flow (≤400 mmHg, 25 cc/min)

1. ECL (postoperative month 3)

2. CCT (postoperative day1, week 1,

month 1, 3)

1. ECL: low-flow 4.67%,

high-flow 5.22% at month 3 (p= 0.45)

2. CCT change: low-flow 6.49%,

high-flow 13.44% at day 1 (p < 0.001);

low-flow 1.74%, high-flow 5.55% at week

1 (p < 0.001);

low-flow 1.49%, high-flow 1.86% at

month 1 (p= 0.2);

low-flow 0.79%, high-flow 1.11% at

month 3 (p= 0.14)

Vasavada et al. (2014) (13) India Senile cataract, LOCS III grade 2–3

Mean age:

High-flow (n= 40) 62.67± 8.79

Low-flow (n= 40) 64.42± 5.43

Infiniti R© ,

Longitudinal ultrasound

High-flow (400 mmHg, 40 cc/min)

Low-flow (400 mmHg, 20 cc/min)

1. ECL (postoperative month 3)

2. CCT (postoperative day 1, week 1,

month 1)

1. ECL: No statistically significant

percentage change at month 3 (no

exact value provided)

2. CCT change: low-flow 6.42%,

high-flow 13.28% at day 1 (p < 0.001);

low-flow 1.71%, high-flow 5.51% at week

1 (p < 0.001);

low-flow 1.47%, high-flow 1.86% at

month 1 (p= 0.2)

ECL, endothelial cell loss; CCT, central corneal thickness; CMT, central macular thickness; LOCS, lens opacities classification system.
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FIGURE 1

Endothelial cell loss (ECL). (A) Postoperative days 2–14 [%]. (B) Postoperative days 15–42 [%]. (C) Postoperative day 43 - month 18 [%].

Table 1 summarizes the study, participant and surgery

characteristics, outcomes, and main findings of the included

RCTs. These RCTs recruited participants from Iran, Sweden,

India and Austria. Briefly, all RCTs included participants

undergoing phacoemulsification for senile cataract with the

mean age ranging from 53 to 74 years old. In two RCTs (12, 13)

phacoemulsification was performed by longitudinal ultrasound,

in two RCTs (9, 10) it was by torsional ultrasound, in one RCT

(11) by transversal ultrasound, and the last RCT (4) did not

specify the mode of ultrasound used. The flow rate ranged from

35 to 45 cc/min in the high-flow group, and from 20 to 25 cc/min

in the low-flow group. The vacuum pressure ranged from 400 to

650 mmHg in the high-flow group, and from 200 to 400 mmHg

in the low-flow group.

Risk of bias

The overall risk of bias assessment is presented in

Supplementary Figure S2, and the authors’ detailed judgements

for each domain of the risk of bias tools are presented in

Supplementary Table S2. We considered most of the included

RCTs (5/6) to have performance bias, since the surgeons

were not blinded to the intervention (4, 9, 10, 12, 13).

In addition, we found 5 RCTs may have suffered from

selection bias (4, 9–12) and detection bias (4, 9, 11).

Finally, we judged two RCTs as having other bias (12, 13),

because, despite having a similar study population source

but different sample sizes and surgical parameters, they

reported exactly the same outcome data for preoperative and

postoperative CCT.

Primary anatomic outcome: ECL

We found five RCTs reporting the ECL changes

after high-flow or low-flow phacoemulsification cataract

surgery (4, 9–12). The meta-analysis showed no significant

differences in ECL at postoperative days 2–14 (three RCTs;

304 participants; MD: −1.63%; 95% CI: −3.73 to 0.47%;

I2 = 0%) (4, 10, 11) (Figure 1A), at days 15–42 (2 RCTs;

190 participants; MD: −0.65%; 95% CI: −2.96 to 1.65%;

I2 = 0%) (10, 11) (Figure 1B), and at day 43 to month

18 (four RCTs; 267 participants; MD: −0.35%; 95% CI:

−1.48 to 0.78%; I2 = 0%) (4, 9, 11, 12) (Figure 1C).

However, the included RCTs lacked data regarding the

differences in ECL between these two surgery types at

postoperative day 1.
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FIGURE 2

Change in central corneal thickness (CCT). (A) Postoperative day 1 [µm]. (B) Postoperative days 2–14 [µm]. (C) Postoperative days 15–42 [µm].

FIGURE 3

Change in central macular thickness (CMT), postoperative days 15–42 [µm].

Secondary anatomic outcomes: CCT,
CMT

We found three RCTs reporting the CCT changes after high-

flow or low-flow phacoemulsification cataract surgery (9, 10, 13).

The meta-analysis showed no significant differences in CCT

changes at postoperative day 1 (two RCTs; 123 participants;

MD: −16.37µm; 95% CI: −56.91 to 24.17µm; I2 = 99%)

(9, 13) (Figure 2A), at days 2–14 (two RCTs; 210 participants;

MD: −10.92µm; 95% CI: −30 to 8.16µm; I2 = 92%) (10, 13)

(Figure 2B) and at days 15–42 (three RCTs; 253 participants;

MD: −2.76µm; 95% CI: −5.75 to 0.24µm; I2 = 0%) (9, 10, 13)

(Figure 2C). However, the included RCTs lacked data regarding

the differences in CCT changes between these two surgery types

at postoperative day 43 to month 18.

We found two RCTs reporting the CMT changes

after high-flow or low-flow phacoemulsification cataract

surgery (9, 10). The meta-analysis showed less increase in

CMT after low-flow phacoemulsification at postoperative

days 15–42 (two RCTs; 173 participants; MD: −4.58µm;

95% CI: −6.3 to −2.86µm; I2 = 0%) (9, 10) (Figure 3).

However, the included RCTs lacked data regarding

the differences in CMT changes between these two

surgery types at postoperative days 1–14, and day 43

to month 18.

Overall certainty of evidence

Table 2 summarizes the main findings and certainty of

evidence for each pooled outcome estimate. All outcome

measures were downgraded due to risk of bias and

imprecision. The overall certainty of evidence ranged from very

low to low.
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TABLE 2 Summary of anatomical outcomes from low-flow compared with high-flow phacoemulsification.

Quality assessment Summary of findings

Participants

(studies)

Risk of bias Inconsistency Indirectness Imprecision Publication

bias

Mean

difference

(95% CI)

Overall

certainty of

evidence (CoE)

Endothelial cell loss (ECL)

Postoperative day 1

No RCTs NA NA NA NA NA NA NA

Postoperative days 2–14

304

(3 RCTs)

Very serious Not serious Not serious Serious Not detected −1.63 %

(−3.73 to 0.47)

⊕©©©

Very low*‡

Postoperative days 15–42

190

(2 RCTs)

Very serious Not serious Not serious Serious Not detected −0.65 %

(−2.96 to 1.65)

⊕©©©

Very low*‡

Postoperative day 43 to month 18

267

(4 RCTs)

Very serious Not serious Not serious Serious Not detected −0.35 %

(−1.48 to 0.78)

⊕©©©

Very low*‡

Change in central corneal thickness (CCT)

Postoperative day 1

123

(2 RCTs)

Very serious Serious Not serious Serious Not detected −16.37µm

(−56.91 to 24.17)

⊕©©©

Very low*†‡

Postoperative days 2–14

210

(2 RCTs)

Very serious Serious Not serious Serious Not detected −10.92µm

(−30 to 8.16)

⊕©©©

Very low*†‡

Postoperative days 15–42

253

(3 RCTs)

Serious Not serious Not serious Serious Not detected −2.76µm

(−5.75 to 0.24)

⊕⊕©©

Low*‡

Postoperative day 43 to month 18

No RCTs NA NA NA NA NA NA NA

Change in central macular thickness (CMT)

Postoperative days 1–14

No RCTs NA NA NA NA NA NA NA

Postoperative days 15–42

173

(2 RCTs)

Serious Not serious Not serious Serious Not detected −4.58µm

(−6.3 to−2.86)

⊕⊕©©

Low *‡

Postoperative day 43 to month 18

No RCTs NA NA NA NA NA NA NA

*Risk of bias: no concerns (≥75% cells with low or no risk of bias and no cell with high risk of bias), serious concerns (no cell with high risk of bias and >25% cells with unclear risk of

bias, or at least one but <25% cells with high risk of bias and ≤25% cells with unclear risk of bias), and very serious concerns (≥25% cells with high risk of bias, or at least one cell with

high risk of bias and≥25% cells with unclear risk of bias).
†Inconsistency: I2 >50%.
‡Imprecision: total study participants <400.

Discussion

This systematic review andmeta-analysis of 6 RCTs with 477

participants mostly with senile cataract found that, compared

to low-flow phacoemulsification cataract surgery, high-flow

phacoemulsification cataract surgery led to a greater increase

in postoperative CMT, while no differences were observed in

postoperative ECL and CCT. Since the overall CoE for these

comparisons was judged as low to very low, whether the

conclusions can be fully applied in clinical decisions is uncertain.

The results of our analysis showed that high-flow fluidic

settings triggered greater increase in postoperative CMT.

Pseudophakic cystoid macular edema (PCME), with a post-

phacoemulsification incidence ranging from 0.1% to 2.35%,
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is one of the complications after cataract surgery, and may

lead to long-term visual deterioration that is difficult to treat.

We included an analysis of the impact of different fluidic

parameters on postoperative CMT, since abundant research

has demonstrated that cystoid macular edema may occur even

after uncomplicated phacoemulsification procedures (26, 27).

Possible reasons for this are as follows: Higher vacuum level is

often set together with higher aspiration flow rate to achieve

the intended efficiency (28). Consequently, high-flow fluidics are

associated with postocclusion surge and thus increase risk of

posterior capsule rupture due to anterior chamber shallowing

(29). Postocclusion surge brought about by high-flow, high-

vacuum fluidics leads to greater intraoperative maximum IOP

and greater IOP fluctuation (13), which may induce oxidative

stress and damage the blood-retinal barrier, subsequently giving

rise to macular edema (30). Also, IOP fluctuations may carry the

risk of unstable orbital blood flow and oxygen supply, causing

oxidative stress and further resulting in cystoid macular edema

after phacoemulsification (31). Although our study showed that

low-flow fluidic settings resulted in less increase in postoperative

CMT, it is not known whether this is clinically significant. We

reviewed previous studies to help find correlations. Bamahfouz

A. has reported that CMT changes correlate with best-corrected

vision changes in the first month after phacoemulsification

cataract surgery (32). Greater macular thickness is also reported

to be related to worse mesopic visual acuity (33). This raised

our concerns about a greater increase in postoperative CMT

implying the development of PCME. By optimizing the fluidic

settings, we hope we can reduce the risk of PCME, thus relieving

the treatment burden for the elderly after cataract surgery.

Our results showed no differences in postoperative ECL

and CCT between patients operated on with high-flow or low-

flow fluidic settings. For the purpose of assessing postoperative

outcomes regarding the corneal structure, previous studies have

demonstrated the importance of documenting corneal thickness

and endothelial cell status (34, 35); hence, our study investigated

both postoperative ECL and CCT changes in the two groups

under different fluidics settings. We hypothesized that the

advantages of low-flow fluidic settings, namely less turbulence

and less damage to corneal endothelial cells, may be offset by

longer surgical time and higher cumulative dissipated energy

(11). It is also possible that the effect on CCT change might

be transient and reversible, based on clinical findings wherein

corneal edema is usually noted on postoperative day 1 and

gradually resolves over the course of weeks. Therefore, our

result suggested that the selection of high-flow or low-flow

fluidic settings not necessarily be based on preoperative corneal

parameters, including endothelial cell density or CCT.

To evaluate the overall CoE of the study outcomes from

the present meta-analysis, we have applied the GRADE system

for ECL, CCT and CMT. We judged the CoE of these

outcomes as low to very low, possibly because of the serious

risk of bias or result inconsistency among included studies

and the wide confidence intervals of pooled result estimates.

First, most included RCTs were vulnerable to performance

bias (i.e., non-blinded designs), whereby this is unavoidable

with surgical interventions like phacoemulsification cataract

surgery. Detection bias was another common source of bias

in the included studies. Since our study outcomes, including

ECL, CCT and CMT changes, were obtained as objective

values from instrument examinations in ophthalmology clinics,

we considered such detection bias may not have seriously

affected the result estimates. Second, significant statistical

heterogeneity was observed in the CCT comparisons at

postoperative days 1–14. Christakis et al. and previous studies

have reported that torsional ultrasound phacoemulsification,

compared to other modes of ultrasound, caused less chatter

and less corneal edema postoperatively (36, 37). Hence,

given that different modes of phacoemulsification, such as

longitudinal and torsional ultrasound, were used in the

included RCTs, the effect sizes of these RCTs were inconsistent.

Third, we found wide confidence intervals around the ECL,

CCT and CMT outcomes because relatively few patients

were included in the meta-analysis. To reach more definite

conclusions about the comparative anatomic effects of high-

flow and low-flow phacoemulsification cataract surgery, future,

updated systematic reviews integrating large-scale head-to-head

comparisons are suggested.

This present study summarized the current evidence

from RCTs, comparing anatomic effects between high-flow

and low-flow phacoemulsification cataract surgery. However,

we must acknowledge several limitations to the present

study. First, CoE for each study outcome was judged

suboptimal, and therefore we should interpret the study findings

carefully. Also, we only evaluated the anatomic effects of

the phacoemulsification cataract surgery, while future studies

should investigate if these findings could be translated into

functional outcomes, such as best-corrected visual acuity.

Moreover, the present study only included participants who

received phacoemulsification surgery for senile cataract from

RCTs. Whether our findings could be applied to those

receiving phacoemulsification surgery for solely refractive

purposes, namely clear lens exchange, should be further

investigated. Finally, our included RCTsmostly used the gravity-

based infusion system, instead of newer technology, such as

active fluidic system [e.g., Centurion system (Alcon)
R©
], for

phacoemulsification cataract surgery.

In conclusion, the low to very low CoE from the

meta-analysis of the RCTs notwithstanding, high-flow

phacoemulsification cataract surgery results in greater increase

in postoperative CMT, but shows no difference in postoperative

ECL and CCT, compared to low-flow phacoemulsification

cataract surgery. Updated systematic reviews integrating future,

large-scale, head-to-head comparisons of anatomic outcomes

between these two phacoemulsification cataract surgery types

are suggested.
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Intraocular malignant tumors including primary and metastatic tumors, are

mainly found in Retina and uvea, and very few cases originate from the sclera

and optic nerve. Intraocular tumors can endanger the patient’s vision and

even life, and proper treatment is vital. There have been several traditional

treatments for intraocular tumors, such as radiotherapy, chemotherapy and

surgery. In recent years, new methods have been developed in clinical

applications including anti-VEGF and gene therapy. This paper aims to

provide a timely review about recent progress in the treatment of intraocular

malignant tumor.

KEYWORDS

intraocular tumors, malignant tumors, treatment, metastatic carcinoma, diagnose

Introduction

Intraocular malignant tumor is a rare disease in eyes but often seriously affects

vision and even threatens life because of its location and growth characteristics. Once

diagnosed, this tumor needs to be treated timely. Intraocular malignant tumors include

primary malignant and metastatic tumors, and the most common sites of malignancies

are uvea and retina. Choroidal melanoma and retinoblastoma are the most common

primary intraocular malignant tumors in adults and children respectively (1). Choroidal

metastatic carcinoma is the most common intraocular malignant tumor because of

its abundant blood supply (2). The incidence of intraocular tumors is low. Suspicious

intraocular malignant tumors need to be checked regularly every 1–3 months. If the

patient’s condition is stable, patients should be checked every 6 months. The follow-up

times should be increased to protect the useful visual acuity of the patient if the tumor is

close to the optic disc or macular fovea.

At present, many methods, such as radiotherapy, laser therapy, chemical therapy,

surgical treatment, and anti-vascular endothelial growth factor (VEGF) injections,

are available for the treatment of intraocular malignant tumors. The advantages,

disadvantages, and indications of each treatment is discussed in following sections.
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Radiotherapy

Radiotherapy can be divided into proton beam, stereotactic,

and short distance radiotherapy methods in accordance with

the distance between the radiation source and the tumor (3).

Radiotherapy is an effective treatment for malignant tumors

after surgery and chemotherapy (2). At present, no report of

stereotactic radiotherapy used to treat intraocular malignancies

is available. Proton beam radiotherapy, also known as long-

distance radiotherapy, includes X-rays, γ-rays, cobalt-60 (Co-

60), and electron radiation (4). Proton beam radiation can cause

cell damage or induce cell death by damaging the cell’s DNA.

When the radiation energy reaches the ionization absorption

peak, the rapid death of cells may occur.

Proton beam radiation is used to treat malignancies because

of its superior biophysical properties in term of dose deposition

in tissues (5). Patient receiving proton beam radiation undergoes

surgical placement of tantalum marker rings. These rings

are placed at the tumor border on the sclera and serve as

radiographic markers of the tumor edge for treatment planning

and daily image guidance. After surgery, the patient receives

radiotherapy, in which an immobilization device is prepared

and the markers are imaged on X-ray to confirm their three-

dimensional positioning in the eye (6). The damage to the

surrounding tissues is minimal, and the damage to the optic disc

and macula can be avoided during the proton beam radiation

(7). Tumor should be carefully located before treatment, and the

treatment should be separated into several times to increase the

efficiency of radiation (4). This therapy is predominantly applied

in the treatment of choroidal melanoma and cranial osteoma.

Superficial tumors or tumors involving inner tissues are likely

to absorb the energy, thus easily reaching the absorption

peak and indicating suitable treatment (8). This treatment

is not suitable for tumors involving the macular and optic

disc. The vitreous hemorrhage and neovascular glaucoma after

radiotherapy indicates the deterioration of the tumor. Wiegel

et al. (9) reported 50 patients (65 eyes) with choroidal metastatic

carcinoma treated with proton beam radiotherapy of 40Gy. A

total of 50 and 15 eyes are symptomatic and asymptomatic

respectively, and the average followed time is 5.8 months (1–

44 months). Among the 50 symptomatic eyes, 18 had improved

visual acuity by at least two lines, 25 had unchanged visual

acuity, and 7 had decreased visual acuity. The condition of 15

asymptomatic eyes was stable after treatment.

Plaque brachytherapy works through suturing a radioactive

plaque temporarily to the episcleral to deliver a fixed dose

directly to the tumor. The plaque is positioned appropriately

to deliver the desired radiation dose to the entire tumor.

The operative localization of the plaque placement is carefully

guided by transillumination, ophthalmoscopic observation, or

ultrasonography. The radioactive source adopted in the eye has

been explored for a long time. In 1930, Moore first applied

radon needle in the treatment of malignant choroidal soft

tissue tumors[ref]. In 1939, Lommatsch adopted Ru-106 in the

treatment of choroidal malignant tumors, and Sealyetal was the

first to use I125 in the treatment of intraocular tumors. I125 has

gradually replaced other radioactive sources and is now widely

adopted in clinics due to the advantages of strong organizational

permeability, dose standardization, and compact size (10–12).

Other radioisotopes include cobalt-60 (Co-60) and palladium-

103 (Pd-103). The theory of radiation application is to make a

circular metal pad with radioactive sources on the inner surface

of the sclera in accordance with the diameter of the sclera,

implant it under the bulbar conjunctiva for 2–7 days, and then

remove the applicator after the tumor tissue has absorbed a

sufficient dose of radiation (13). The therapy can be used in

combination with transpupillary thermotherapy (TTT) or with

a radiation aid called a D-collimator to control the radiation

range precisely (14). Shields et al. (15) used radiation application

to treat 36 patients with choroidal metastatic cancer. Of these

patients, 27 cases (75%) had radiation application as first-line

therapy, whereas 9 cases (25%) had radiation application as

second-line therapy after the failure of other treatments. In

this study, average therapeutic doses of 68.80 and 235.64Gy

were adopted to irradiate the apex and base of the tumor,

respectively. The average total treatment time was 86 h, after

3 months of treatment, the average mass thickness of 34 cases

(94%) were halved, and the tumor disappeared at followed

up of 11 months Chen et al. studied patients with choroidal

melanoma and showed that the concentrations of VEGF-A

and placental growth factor (PLGF) in the aqueous humor of

patients with uveal melanoma (UM) increased after Iodine125

plaque therapy (16). Plaque brachytherapy is effective for the

treatment of the tumors that involved in the optic nerve who

had enucleation previously (17). This therapy is predominantly

adopted for small tumors with evident growth tendency or

medium-sized tumors but the patient still has a certain degree

of vision (18).

Inconclusion, each subtype of the radiotherapy has its

advantage and disadvantages, we should carefully consider their

systematic condition and symptoms before making the choice.

Laser therapy

The current laser treatments for eye tumors can be divided

into argon laser photocoagulation, TTT, and PDT in accordance

with the principles and mechanisms of action (19).

Argon laser photocoagulation can block the supporting

blood vessels of tumor tissue and destroy tumor tissue by

irradiating the tissue for 0.2–0.3 s with a wavelength of 532 nm

and an average energy of 350 mW (20). The treatment is

suitable for small tumors located at the posterior pole (20, 21)

far from the optic disc. If the tumor is large, the argon laser

photocoagulation is sometimes combined with cryotherapy. The

common complications of photocoagulation are hemorrhage,
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macular injury, and secondary choroidal and retinal detachment

(22, 23).

TTT was introduced for managing choroidal melanoma

in 1994 and is found to have fewer complications, higher

penetration, and higher tumor destruction rate compared with

laser photocoagulation. TTT irradiates the target tissue through

the dilated pupil by using the following parameters: infrared

laser of wavelength, 810 nm; energy, 300–600 mW; and spot

diameter, 1.2mm. Destruction of cell membrane and portion

with gradually increasing temperature (45–60 ◦C). This strategy

leads to the change in the cell microenvironment and signal

transduction pathway, resulting in cell death. Given that the

infrared laser has a long wavelength and strong penetration,

the laser can reach sub-retinal tissues. Due to its high melanin

content, choroidal melanoma easily forms gray–white plaques

when exposed to infrared laser. Thus, choroidal melanoma is

sensitive to TTT treatment. At present, TTT is predominantly

suitable for small retinoblastoma without sub-retinal metastasis,

choroidal melanoma, high-riskmelanomawith diameter smaller

than 4mm (24), and tumors close to the disc or macular area

(20). Shields et al. (25) adopted TTT to treat 188 retinoblastomas

(80 eyes of 58 cases), of which 161 tumors (85.6%)were in

complete remission, and 27 (14.4%) had relapsed. Minimal

treatment intensity is considered for retinoblastoma with

diameter smaller than 3.0mm to achieve satisfactory results.

This method is also feasible and effective for posterior

polar small choroidal metastatic carcinoma. Furthermore,

TTT combined with Ru-106 radiotherapy can be adopted

to treat medium-sized choroidal metastatic carcinoma (26).

The common complications of TTT include macular pucker,

macular edema, retinal vein occlusion, vitreous hemorrhage,

subretinal hemorrhage, and neovascular glaucoma (27).

PDT is a form of laser therapy that targets abnormal

capillaries and is useful for the treatment of intraocular

neovascularization and neoplasms (28). PDT involves the

intravenous administration of a photosensitizing chemical

substance followed by the targeted application of a low-power

and long-duration infrared laser beam (29). PDT irradiates the

lesion with a laser of a specific wavelength, and the laser activates

the photosensitizer that reaches the target tissue through the

vein and produces some free radicals or highly reactive singlet

oxygen, thus leading to cell lysis and death, with no damage

to the normal tissue (30). At present, verteporfin is the most

commonly used photosensitizer in ophthalmology. Verteporfin

causes platelet aggregation and thrombosis after continuous

irradiation by using a laser with a wavelength of 689 nm for

83 s, which blocks the blood vessels in the lesion area (19). This

therapy has been adopted to treat a variety of intraocular tumors,

including choroidal hemangioma, metastatic retinal tumor,

angiogenic tumor, choroidal neovascularization secondary to

choroidal osteoma, and retinal astrocytoma (31, 32). PDT acts

through two mechanisms in intraocular tumors: (1) direct

tumor destruction via selective cytotoxic activity against tumor

cells, and (2) promotion of intraluminal photothrombosis in

vessels supplying the tumor (33). In a study of 12 amelanotic

or lightly pigmented small choroidal melanomas managed

with PDT, Turkoglu et al. found complete tumor regression

after 1 (n = 3, 25%), 2 (n = 3, 25%), and 3 (n = 2,

17%) sessions of primary PDT with stable or improved visual

acuity (34). A study consisted of 40 eyes with 58 choroidal

metastatic tumors treated with PDT, showed promising results,

and achieved tumor control with 1 (n = 32 tumors [71%])

or 2 (n = 3 tumors [7%]) sessions. The study also showed

that the primary cancer location or ocular tumor features (e.g.,

size, location, color, shape, related SRF) did not affect the

tumor control rate (35). PDT is a well-tolerated outpatient

modality for the treatment of selected benign or malignant

intraocular tumors. Complications include sub-retinal exudate

and exudative retinal detachment (36, 37). Extremely thick

lesions may not be eligible for photodynamics therapy (PDT)

because the 689 nm wavelength laser may not penetrate the

entire tumor (38). Theoretically, PDT can be used together

with systemic chemotherapy. Along with immunotherapy or

hormone therapy, PDT is the preferred in the treatment of

the patients with bilateral, multifocal choroidal metastases (38).

Common complications include optic neuropathy, macular

degeneration, cataract, and neovascular glaucoma.

Chemotherapy (Chemical volume
reduction)

Chemotherapy controls tumor growth by the local or

systemic administration of chemotherapeutic drugs. Commonly

used drugs include carboplatin, vincristine, cyclosporine,

docosahexaenoic acid, and paclitaxel. Chemotherapy is

predominantly adopted for tumors that occur binocularly

and tumors with large volume that cannot be controlled by

local treatment alone especially tumors that cause sub-retinal

effusion and retinal detachment. Tumors with extraocular or

systemic metastasis can be treated with combined therapy.

The common side effects of this therapy are myelosuppression,

local tissue necrosis, thrombophlebitis, and neurotoxicity (39).

Studies confirmed that the control rate of retinoblastoma

(Table 1: R-E groups I–IV) treated with chemotherapy alone can

reach 51–65%. Furthermore, the control rate of chemotherapy

combined with other treatments can reach 62–100%. For

retinoblastoma (Table 1: R-E group V), the recurrence rate of

chemotherapy alone is 63–75%. (40–43). The study indicates

that retinoblastoma is more likely to respond to systemic

chemotherapy if the lesions are located in the macula and if the

patient is older than 2 months of age (40).

A three-agent combination (carboplatin, vincristine, and

etoposide) is commonly used in intravenous chemotherapy (44).

Sometimes, other agents, like topotecan or cisplatin, can be
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TABLE 1 Classification of retinoblastoma (Reese-Ellsworth).

Group Chances for

treatment

Description

Ia Very favorable Solitary tumor <4dd;behind the equator

Ib Multiple tumors<4dd;behind the equator

IIa Favorable Solitary tumor 4-10dd;behind the equator

IIb Multiple tumors 4-10dd;behind the equator

IIIa Doubtful Any lesion anterior to equator

IIIb Solitary tumor>10dd;behind the equator

IVa Unfavorable Multiple tumors>10dd

IVb Any lesion anterior to ora serrata

Va Very unfavorable Tumor involving >50%of the eye

Vb Vitreous seeding

dd, disc diameters.

additionally administered through intravenous chemotherapy in

accordance with the patient’s response to agents (45).

Intra-arterial chemotherapy (IAC) in the treatment of

intraocular tumors is advent recently (46). IAC involves

the highly selective injection of 3–5mg melphalan into the

ophthalmic artery (47). This therapy is often used to reduce the

size of the tumor and facilitate the local treatment of intraocular

tumors, such as laser photocoagulation and TTT (20). Shields

et al. demonstrated that IAC can be particularly successful

at treating advanced tumors (48). Meel et al. (49) received

the intra-arterial injection of chemotherapeutic drugs with a

therapeutic dose of 20.1 ± 11.9 mGy per eye with a fluoroscopy

time of 8.5 ± 4.6min. Among the nine patients treated, 8

had improved or without change of visual acuity, thereby

showing that IAC is an effective and safe treatment. In many

centers, IAC has been widely adopted as the primary therapy for

retinoblastoma, and numerous publications reported successful

treatment outcomes (50). Severe local complications comprise

phthisis of the affected eye, suprachoroidal hemorrhage, vitreous

body hemorrhage, optic nerve palsy, and papillary edema (47).

The development of new materials also provides a new

way for chemotherapy. The retrobulbar injection of carboplatin

nanoparticles can previously be transported to the vitreous and

retina through the sclera and can be continuously released for

72 h without evident side effect on the human body. The tissue

penetrability of nanoparticles is high, which can promote the

absorption and utilization of drugs, and IAC may be an effective

adjuvant therapy for retinoblastoma with vitreous metastasis.

However, the long-term pharmacological and clinical effects of

IAC need to be further studied. Kalta et al. (51) divided six

retinoblastoma patients into three groups who were about to

receive monocular enucleation. Each patient has received 1mL

(10 mg·mL−1) nanoparticle carboplatin. Eyeballs are removed

at 6, 24, and 72 h separately, and the drug concentrations in

retina, vitreous, choroid, and lens were measured at the time

the eyeball was removed. Results showed that the highest drug

concentration in retina was detected 24 h after injection. The

concentration of drug in the vitreous decreased from 2.17± 0.86

mg·g−1 at 6 h after injection to 0.39 ± 0.11 mg·g−1 at 72 h after

injection. The trace drug was detected in the choroid and lens

6 h after injection and almost disappeared at 24 h after injection.

High drug concentration was obtained in the vitreous and retina,

thereby making IAC an effective treatment for retinoblastoma

with vitreous metastasis.

Surgical excision

Surgical excision can be divided into the local enucleation

of tumor and the enucleation of eyeball. The approaches for

local tumor resection include transretinal and trans-scleral

approaches. Transretinal tumor excision is mostly adopted

for the treatment of tumors located in the posterior pole. In

addition, the trans-scleral tumor removal is mostly adopted

for the treatment of tumors located in the ciliary body and

its periphery. Trans-scleral tumor removal is difficult and

has not been widely carried out in China (30). The local

resection of tumor should have a strict indications, and most

patients treated by local resection need have further adjuvant

therapy, such as photocoagulation and radiotherapy. The eyeball

enucleation is adopted to treat intraocular malignant tumors

with large volume, highly progressive involvement of the optic

disc, secondary high intraocular pressure, retinal detachment,

and unrecoverable visual acuity. Simple enucleation has

disadvantage in improving the quality of life of patients and

may increase the distant metastasis of the tumor. Thus, the

eyeball enucleation is not recommended (52). Epstein et al. (53)

conducted a retrospective analysis of 324 consecutive patients

with retinoblastoma treated in the Oncology Department of

Wills EyeHospital and found that the proportions of enucleation

of monocular retinoblastoma were 96% in 1974–1978, 86% in

1979–1978, and 75% in 1984–1988. In addition, the eyeball

enucleation rate in patients with binocular retinoblastoma shows

a downward trend.

Clinical cryotherapy

Clinical cryotherapy achieves a therapeutic effect through

the rapid lowering of the temperature of the tumor tissue to−90
◦C, formation of ice crystals, protein denaturation, pH changes,

and the destruction of vascular endothelial cells that lead to the

ischemic death of tumor tissues (54, 55). Clinical cryotherapy

is used to treat small tumors in front of the equator and is the

first choice for sub-retinal metastatic tumors near the serrated

margin. This therapy includes three courses of treatment with an

interval of 1 month. Tumors with diameter larger than 3.5mm,

thickness greater than 2.0mm, and located behind the equator or
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tumors with vitreous metastasis are not suitable for this therapy.

The main side effects of this therapy are eyelid edema and

transient retinal detachment (54, 55).

Intraocular injection of anti-VEGF
treatment

VEGF is considered an important factor to promote

pathological or physiological angiogenesis (56, 57). VEGF can

promote tumor angiogenesis and change vascular permeability.

In addition, VEGF can regulate important signal pathways

related to tumorigenesis, including the function of tumor stem

cells and the origin of tumor cells (56). VEGF-A is a key

proangiogenic factor associated with angiogenesis in numerous

tumors (58). Similar to those in previous studies, Missotten has

detected abnormally high intraocular concentration of VEGF-A

in eyes with UM (59). Increased serum VEGF is also detected

in patients with metastatic UM (60). Anti-VEGF treatment is

currently used for the treatment of intraocular tumors.

Bevacizumab is a recombinant humanized anti-VEGF

monoclonal antibody containing 93% human gene framework

and 7% mouse protein sequence. It can bind to all subtypes

of VEGF and effectively inhibit neovascularization and tumor

cell proliferation, metastasis, and spread (61). At present,

FDA in the United States has approved the intravenous

bevacizumab combined with chemotherapy in the treatment

of metastatic colorectal cancer, non-small cell lung cancer,

recurrent pleomorphic glioblastoma, and metastatic breast

cancer M471 (62, 63). The anti-VEGF drugs adopted for

intravitreal injection are Ranibizumab, Conbercept, and

Aflibercept. They are currently adopted for the treatment of

age-related macular degeneration, retinal vein occlusion, and

diabetic retinopathy. Ranibizumab, a recombinant humanized

anti-VEGF monoclonal antibody fragment, has stronger

penetrability, shorter half-life, and less clinical side effects than

bevacizumab. Li et al. (64) cultured malignant melanoma cells

and retinal pigment epithelial cells and stimulated by VEGF

and ranibizumab and monitored the changes in cells by using

a real-time cell electronic sensor. The proliferation ability of

malignant melanoma cells increased by 40%, and the response

of retinal pigment epithelial cells was not evident when given

VEGF. Ranibizumab decreased the proliferation ability of

malignant melanoma cells by 57.5%. Besides, the pigment

epithelial cells decreased only slightly, indicating that tumor

cells are sensitive to anti-VEGF therapy.

Amselem et al. (65) performed the vitreous injection of

4mg bevacizumab into the vitreous body of a patient with

choroidal metastatic carcinoma and bone and lung metastasis

with the primary lesion located in the breast and revealed that

the best corrected visual acuity was improved from 20/100

to 20/60. The B-ultrasound examination showed that the

volume of the mass was reduced by half. Mason et al. (66)

retrospectively studied 10 patients with choroidal melanoma

who had received only a single intravitreal injection of

bevacizumab. Six weeks later, the average visual acuity was

improved from 20/100 to 20/86, and at the fourth month

after injection, the average visual acuity was 20/95. Maudgil

et al. (67) administered the intravitreal injection of bevacizumab

to five patients with choroidal metastatic carcinoma, the

deterioration was observed in four patients. Lin (68) thought

the main reason was that exudation could limit the potential

efficacy of intravitreal bevacizumab in this condition, as most

choroidal metastases were associated with significant exudation.

A study showed that bevacizumab significantly reduces the

level of VEGF in the culture media from human UM cells,

mouse melanoma cells, and co-cultured cells. Bevacizumab

also inhibits cell tube formation and decreases the in vitro

invasion of tumor cells (69). Rumana N reviewed seven

patients with high-risk ocular melanoma, treated the patients

with ranibizumab, and showed the role of intravitreal anti-

VEGF for the treatment of the sequelae of local radiotherapy

such as radiation retinopathy. Thus, these agents may be

used as adjuncts in the treatment of UM (70). Fifteen

reported choroidal was found by search “bevacizumab and

choroidal metastasis” in pubmed and medline has been studied

with different primaries. Fifteen metastases were treated with

bevacizumab one or more times, and the treatment outcomes

are listed in Table 2. The therapeutic effect of anti-VEGF

in ocular tumors should be verified clinically. Precautions

for anti-VEGF injection include antibiotic eye drops and

strict aseptic operation. The potential systemic effects of anti-

VEGF treatment include the development of thromboembolic

events, systemic arterial blood pressure being raised, ventricular

dilatation, contractile dysfunction.

Gene therapy

Cancer is a series of diseases caused by acquired genetic

abnormalities. A functional or therapeutic gene can be

inserted to replace the defective endogenous gene and use

oligonucleotides to reduce the products of defective genes in

accordance with the type of gene mutation (80). Gene therapy

is first applied in the treatment of rare or congenital diseases,

such as primary immunodeficiency syndrome. At present,

nearly 40 patients with adenine nucleosidase deficiency have

been successfully treated with gene therapy. These cases have

promoted the breakthrough of gene therapy in tumor (81).

The application of gene therapy in the eye is still limited.

O’reilly et al. (82) adopted RPE65 gene to treat the patients

with congenital melanosis, and the patients’ visual acuity has

been improved. Moreover, visual field examination revealed

that patients were more sensitive to small and short-term

stimulation after treatment, suggesting the effectiveness of gene
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TABLE 2 Choroidal metastasis treated by Bevacizumab.

Study Nb of

patient

VA

before

treatment

VA after

treatment

Primary cancer

Aydin,

Rukiye (71)

1 20/50 20/20 Cholangiocarcinoma

Margaret

Wong (72)

1 20/80 20/30 Renal carcinoma

A Maudgil

(67)

4-1 20/200 HM Pancreatic cancer

A Maudgil

(67)

4-2 20/60 20/120 Lung cancer

A Maudgil

(67)

4-3 20/60 20/200 Breast cancer

A Maudgil

(67)

4-4 CF HM Pancreatic cancer

L Amselem

(65)

1 20/100 20/60 Breast cancer

V Fenicia (73) 3-1 20/50 20/20 Breast cancer

V Fenicia (73) 3-2 CF 20/25 Lung cancer

V Fenicia (73) 3-3 20/25 20/20 Breast cancer

Augustine

(74)

1 20/125 20/20 Breast cancer

Kuo (75) 1 HM HM Not mentioned

Mansour (76) 1 20/200 20/40 Not mentioned

Wu (77) 1 20/100 20/60 Lung cancer

Yao (78) 1 CF 20/30 Breast cancer

C-J Lin (68) 1 20/200 20/400 Colon cancer

de la

Barquera

Cordero AS

(79)

1 20/40 20/20 Lung cancer

therapy. Recently, UM is found to have 15 gene phenotypes,

thereby providing a theoretical basis for gene diagnosis and

treatment of UM (83). Yang J showed that microRNA-145

(miR-145) played an important role in the development of

UM, demonstrated that the levels of neuroblastoma RAS viral

oncogene homolog (N-RAS) and VEGF in UM tissues were

elevated, and revealed N-RAS and VEGF as downstream

targets of miR-145 (84). José M et.al conducted a study about

uveal melanoma (UM), and built a novel ferroptosis-related

seven-gene signature (ALOX12, CD44, MAP1LC3C, STEAP3,

HMOX1, ITGA6, and AIFM2/FSP1). They demonstrated that

it could accurately predict UM prognosis and was related to

Mast cells resting, which provides the potential for personalized

outcome prediction and the development of new therapies

in the UM population (71). With the rapid development of

the science and technology, more and more gene therapy

will be researched and will be applied in clinical in the

near future.

Conclusion

The purpose of the treatment for intraocular malignant

tumors is to preserve useful vision as much as possible. Small

or suspected malignant tumors can be followed up regularly.

TTT or local radiation outside the sclera combined with TTT

is feasible to be used if the tumor shows an evident growth

tendency. Local resection is useful for malignant tumors around

the eyeball. Chemotherapy and radiotherapy are suitable for

most intraocular tumors with satisfactory results. Anti-VEGF

intravitreal injection is a simple and effective method with

minimal side effects to patients and still needs further clinical

observation. Comprehensively consideration of the patient’s

condition is recommended and an optimal treatment can then

be selected, to low the recurrence and adverse reactions, in order

to effectively improve the patient’s vision and quality of life.
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Ocular effects caused by viral
infections and corresponding
vaccines: An overview of
varicella zoster virus, measles
virus, influenza viruses, hepatitis
B virus, and SARS-CoV-2
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Many viral infections can affect vision and the visual system. Vaccination to

prevent diseases is commonplace today, acting by stimulating an immune

response without developing the pathology. It involves the production of

persisting antibodies against the pathogen and the activation of T cells. Certain

diseases have already been eradicated by rigorous vaccination campaigns,

while others are hoped to be eliminated soon. Vaccines currently available

on the market are largely safe, even if they can rarely cause some adverse

effects, such as ocular complications. Analyzing existing literature, we aimed

to compare the pathological effects on the eye due to the most common viral

infections [in particular varicella zoster virus (VZV), measles virus, influenza

viruses, hepatitis B virus, and SARS-CoV-2] with the possible ocular adverse

effects of their relative vaccines, in order to establish a risk-benefit relationship

from an ophthalmological point of view.

KEYWORDS

virus infection, vaccine, ocular effects, varicella zoster virus, measles virus, influenza
viruses, hepatitis B virus, SARS-CoV-2

Introduction

Vaccine safety represents a very topical theme, especially in the most developed
Countries. Some people consider vaccination as unnecessary and potentially harmful,
whereas the infectious risk is perceived as irrelevant, often because they ignore the
potential harmful effects of diseases. Focusing on the ocular system, we decided to
analyze current literature aiming to compare the possible ocular effects caused by
different pathogens with those potentially caused by the administration of their related
vaccines, to highlight the benefit-risk ratio of vaccination.
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Currently, the main pathogens against which effective
vaccinations are available are: Varicella Zoster Virus (VZV),
Corynebacterium Diphtheriae, Poliovirus, Hepatitis B Virus
(HBV), Hepatitis A Virus, Haemophilus Influenzae type B
(Hib), Pneumococcus, Meningococcus, Measles Virus (MeV),
Rubella Virus, Human Papilloma Virus (HPV), Rotavirus,
several Influenza Viruses (IVs), and recently also SARS-CoV-2.
In developed Countries, vaccination against these pathogens is
largely mandatory or strongly recommended by the competent
authorities. In our analysis we will especially focus on pathogens
which have been shown to have more frequently serious impact
on ocular structures: VZV, MeV, IVs, HBV, and SARS-CoV-2.

Viral infections and vaccines

Varicella zoster virus

VZV is a double-stranded DNA virus of the Herpesviridae
family (1). Primary VZV infection is responsible for chickenpox,
a disease characterized by fever and a typical vesicular rash; it is
commonly contracted in childhood, but it can also affect adults,
both immunodeficient and healthy subjects (2). The reactivation
of the virus, which remains in latent form inside sensory nerve
ganglia, causes Herpes Zoster (HZ) (1).

Primary VZV infection in children can sometimes be
associated with ocular complications: in 12–25% of varicella
cases an acute anterior uveitis, usually mild, can develop, which
causes discomfort, lid swelling, irritation, perilimbar injection,
photophobia, and decreased visual acuity (3). Generally, this
condition is self-limiting and does not cause long-term ocular
damage. However, there are rare cases where chickenpox can
determine serious forms of ocular involvement. Even in adults,
primary varicella infection can become complicated with ocular
manifestations, which (3) are usually recurrent granulomatous
or non-granulomatous anterior uveitis and keratitis (4). In
addition, cases have been reported of primary VZV infection
becoming complicated with acute retinal necrosis (ARN) (4).

- Reactivation, causing Herpes Zoster, is a fairly common
event (5, 6), but it is more typical in subjects over
50 years and in immunocompromised subjects (7–10) and
with immunosenescence due to the aging (11). Herpes Zoster
Ophthalmicus (HZO) is the involvement of ophthalmic branch
of the fifth cranial nerve, and it represents 10–20% of HZ
cases (5).

All ocular structures can be affected by the disease: the
virus can affect the eyelids causing hyperemia, edema, skin rash,
ptosis, decreased palpebral motility, or even lagophthalmos (the
inability to fully close the eyelids) as a result of the paralysis of
orbicular muscle (12–14).

At conjunctival level the virus can determine a follicular
reaction, with the potential formation of membranes or
pseudomembranes; moreover, vesicles can develop on bulbar

or eyelid conjunctiva (12–15). It is possible a worsening of
the clinical situation with superimposed infections, ulceration,
scar development, and eventually symblepharon (a cicatricial
fusion between the globe and the inner surface of the eyelid) or
mechanical entropion (the inversion or turning inwards of the
border of the eyelid against the eyeball, causing the eyelashes to
rub against the ocular surface) (12).

The cornea is the ocular structure more frequently involved
(about 65% of cases) (12, 15–17): HZO can produce corneal
surface epithelial keratitis (12–14), pseudodendrites (10, 13,
14), anterior stromal infiltrates (12, 14), late corneal mucous
plaques keratitis (MPK) (18, 19), disciform keratitis (12, 14),
endothelitis with potential subsequent loss of endothelial cells
(20), neurotrophic keratitis due to involvement of the sensory
nerve with corneal hypoesthesia or anesthesia (10, 16, 21), or
exposure keratitis, if associated with an eyelid defect (12). In
the most severe forms, corneal ulceration and even perforation
could appear, generally at perilimbar level (12, 15, 22). Following
the acute phase, corneal scars are common and they can
manifest as either a stromal haze or opaque areas, eventually
associated with corneal thinning (12–15). Finally, in case
of extensive corneal involvement, neovascularization can be
observed (14).

Other manifestations of HZO are scleritis and episcleritis
(13, 15, 23), anterior uveitis (13, 14, 16, 24), cataracts (10) and
iris damage with sectoral atrophy (13, 14). As a complication of
the uveal involvement there may be iris adhesion to the angle or
lens structures, called synechiae (14): in fact it is not uncommon
to detect a high intraocular pressure during HZO (10, 13, 15),
potentially linked to trabeculitis (14), and secondary glaucoma
(10, 13, 25).

Moreover, rare complication of HZO is optic neuritis, which
can occur during the acute phase of the infection or as a
post-herpetic complication; symptoms include reduced vision
and central visual field defects, which are typically associated
with edema and hyperemia of the optic papilla in the active
phase, and with atrophy of the optic disc thereafter (16, 26–29).
Although the actual cause is unknown, it is assumed that optic
neuritis can be caused either by direct nerve infection by the
virus through the cavernous sinus or by an immune-mediated
reaction causing edema of the optic disc and inflammatory
demyelination of the nerve (26).

In less frequent cases, HZO can be associated with paralysis
of the cranial nerves, especially oculomotor nerve, abducent
nerve and trochlear nerve (16, 30–32), and even with retinal
detachment (14, 33). As already mentioned, VZV is also the
most frequent cause of ARN, a severe occurrence characterized
by 1 or more foci of retinal necrosis with defined edges
and localized to the retinal periphery, which progress rapidly
without antiviral therapy, generally circumferentially (13–
16, 33); this pathological condition is a result of occlusive
vasculopathy with arteriolar involvement, and is accompanied
by reaction in the anterior and vitreous chamber (34, 35). The
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visual outcome is usually very poor (33), in about half of the
cases often less than 20/200 (36), and can be followed by retinal
detachment, chronic vitretitis, epiretinal membrane, macular
ischemia, macular edema or optic neuropathy (37, 38).

Because of the potential ocular complications, HZO is
reported to cause a loss of visual acuity in 6.6–10% of patients
(13, 15, 39).

Varicella zoster virus vaccines (Varivax,
Zostavax, Shingrix)

In many developed countries vaccination against primary
VZV infection is recommended in children over 1 year
of age, teenagers and adults without a previous history
of chickenpox (13, 40); the vaccine name is Varivax (or
Varilix, depending on producer and country), consisting of
live-attenuated virus. The incidence of varicella, as well as
varicella-related hospitalizations, has decreased significantly
since implementation of the varicella vaccination program in
1995. Overall, varicella incidence declined an average of 97%
from prevaccine years (from 1993–1995 to 2013–2014) based
on data from four states that have been continuously reporting
varicella to the National Notifiable Diseases Surveillance System
(NNDSS) since before the varicella vaccination program (41).

In very rare cases, anterior uveitis or keratitis have been
observed in the days following vaccination. However, in most of
these cases, although the temporal correlation, it is impossible
to define whether the ocular complications were due to the pre-
existing latency of the wild-type virus or to the live attenuated
virus injected (40, 42).

There are two vaccinations available for immunization
against Herpes Zoster: Zostavax, a live attenuated vaccine
available since 2006, and Shingrix, a recombinant subunit
vaccine available since 2017.

Both Varivax and Zostavax contain the same live attenuated
virus, however Zostavax contains a higher dose than Varivax.
Several studies showed that this vaccine significantly reduces
(more than 60%) the incidence of herpes zoster and post-
herpetic neuralgia (43) and therefore it is assumed that it
also reduces HZO rate (14, 43). In the USA it was initially
recommended for the population over 60 years old, and later
also for the population aged between 50 and 59 (13, 39, 43).

However, some studies revealed that some patients with
history of HZO could develop ophthalmic, dermatological or
disseminated recurrence following vaccination with Zostavax
(13, 23, 44).

It was pointed out how Zostavax, in order to prevent
latent VZV reactivation, increases the activity of cell-mediated
immunity, which in some cases can determine a reaction against
persistent viral DNA in the eye tissues, triggering keratitis
(45–47), sometimes complicated by perforation risk (48), and
anterior uveitis (47, 49, 50). In rarer, but more serious cases,
ARN following vaccination with Zostavax was observed (51–53).
Usually, these manifestations were reported to follow vaccine

administration for about 2–4 weeks (45, 46, 48, 50, 54). Other
studies identify in previous history of HZO a risk factor for
a possible recurrence following vaccination (45, 46, 50). On
the other hand, reassuringly, a study based on the Health-
Claim Database (47) showed that there is not an increased
risk of anterior segment complications in patients who received
Zostavax compared to those who had a first diagnosis of HZ;
it was also observed (40, 55–57) that the reactivation of the
virus and HZ following vaccination with Zostavax is very rare.
So, despite these potential risks, the vaccine is considered safe
(54), complications are rare (58) and therefore a past history
of HZO is not actually a contraindication to vaccination (5, 23,
46, 50, 59, 60). However, particular attention is recommended
for these patients, with eye checks in the 4–6 weeks following
vaccination (47).

Currently, Zostavax has largely been superseded by
recombinant zoster vaccine Shingrix in many countries. Shingrix
is a subunit vaccine that contains a VZV glycoprotein E
antigen and the AS01B adjuvant system. Shingrix represents
a novel, highly effective and well-tolerated vaccine option for
reducing incidence of HZ (more than 90% reduction of risk
of HZ) and postherpetic neuralgia in adults aged ≥ 50 years.
It is not contraindicated in immunocompromised subjects,
and it is preferred over a live attenuated HZ vaccine in
immunocompetent individuals, according to the US and
Canadian guidelines (61).

Post-licensure surveillance of Shingrix found a reporting
rate for inflammatory eye diseases of 0.6/100,000 with limited
reports related to uveitis (62). It is unknown whether any of
these patients had pre-existing inflammatory ocular disease, and
the possibility that these cases actually occurred from a lack of
vaccine efficiency cannot be excluded.

Results from two large randomized placebo-controlled
phase 3 trials of the Shingrix found potential immune-
mediated diseases occurred at a similar rate between those
receiving vaccine and controls at all-time points (63). Similarly,
subjects with pre-existing possible immune-mediated diseases
did not demonstrate an increased risk for a new possible
immune mediated process or exacerbation of their prior disease
after vaccination compared with controls. Ocular autoimmune
diseases were a pre-defined reportable adverse event in both
trials; uveitis was only recorded in 1 of 14,645 subjects receiving
Shingrix.

A single case of ARN and disseminated zoster after receiving
the recombinant subunit vaccine has also been described in a 65-
year-old woman with past medical history of multiple myeloma
(64). Though post-vaccination VZV infection or reactivation
appears to be rare, clinicians should be aware of this potential
complication to the recombinant subunit vaccine. Nevertheless,
as Shingrix does not contain infectious virus, this most likely
represented a failure of efficacy in boosting immunity to VZV.

Uveitis recurrence is an infrequent but serious potential
ocular side effect of recombinant zoster vaccination. Three cases
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of uveitis reactivation following Shingrix have been reported:
one patient developed a reactivation of a previously controlled
multifocal choroiditis within 1 week of receiving vaccine,
and two patients with a previously controlled anterior uveitis
developed new anterior segment inflammation (65).

The development of HZO following Shingrix is extremely
rare, with only two reported cases of HZ keratitis reactivation
shortly following the vaccine: an 89-year-old man (66) and a 75-
year-old woman (67) with a history of a well-controlled HZO
keratitis had developed a recurrent keratitis a few weeks after
their first dose of Shingrix. Fortunately, they made a complete
recovery following treatment.

The mechanism behind the activation of HZO following
the subunit vaccine is unknown. For live-attenuated vaccines
activation could possibly come from direct inoculation of the
attenuated, but still active, virus strain. For inactivated vaccines
such as Shingrix, the mechanism is more puzzling; one possible
explanation is a general upregulated immune response to
the vaccine, causing ocular inflammation. Another hypothesis
is that adjuvants contained in the vaccines could create
an autoinflammatory response. This phenomena is known
as Shoenfeld syndrome (68, 69). Shingrix vaccine does not
contain aluminum salts (the most common cause of Shoenfelt
syndrome), even though it contains a lipid formulation which
could represent a possible responsible factor (67).

In conclusion, despite the possibility of ocular effects
following Shingrix, they are extremely rare and vaccination
is recommended (61, 62). Rather, this report highlights the
importance of ensuring primary care providers are aware of a
patient’s history of immune-mediated eye disease.

Measles virus

Measles is an important cause of child morbidity and
mortality worldwide; the World Health Organisation (WHO)
estimated that approximately 114,900 people, mostly children
under 5 years of age, died of measles and resulting sequelae in
2014. The virus causing measles is MeV, an RNA virus belonging
to Paramyxoviridae family; it is an extremely contagious
virus, which is transmitted by respiratory route (70). Typical
prodromal symptoms of measles are fever, generalized malaise,
cough, coryza, and conjunctivitis; in this phase the diagnosis
can be suggested by the presence of the pathognomonic
Koplik spots on buccal mucosa. In following phases the
classic maculopapular rash appears, which initially involves
the face and then extends to trunk and extremities (71–73).
In the most cases, measles is a self-limiting disease and once
resolved leaves a permanent immunity. However, exceptionally
it can be complicated by severe neurological sequelae such
as acute disseminated encephalomyelitis (ADEM), measles
inclusion body encephalitis (MIBE), or subacute sclerosing
panencephalitis (SSPE) (74).

Moreover, measles can be accompanied by ocular
complications: in its prodromal phase, MeV can cause
conjunctivitis, characterized by bulbar and tarsal hyperemia
with papillary reaction and eventual mucous secretions; corneal
involvement, from mild forms such as punctate superficial
keratitis to more severe ones such as subconjunctival bleeding,
corneal ulceration, corneal perforation, leukoma and, in very
rare cases, chorioretinitis and central vein occlusions (75).
More rarely, it has been reported optic neuritis, optic atrophy,
retinal vasculitis and macular and chorioretinal alterations,
such as macular epithelial pigment anomalies, macular edema,
macular hemorrhage, internal limiting membrane contracture
and serous macular detachment (76–81).

Notably, ocular complications occur in about half of patients
affected by SSPE (76, 77) and they may precede, follow
or appear simultaneously with other neurological symptoms
and signs (78–81). They are often serious and involve the
posterior segment, the optic nerve and more generally all CNS
structures associated with vision function: symptoms include
gradual visual acuity reduction, episodes of transient blindness,
homonymous visual field defects, abnormal spatial perception,
visual hallucinations, nystagmus, cortical blindness (76–82).
The most typical ocular manifestation in the course of SSPE
is the appearance of white, focal or multifocal retinal lesions,
which rapidly evolve in areas of atrophy of the retinal pigment
epithelium and gliotic scars (76–78).

Measles vaccine
Measles is best prevented through vaccination: vaccine

consists of an attenuated live form of the virus, proved as safe
and effective (83). The delivery of the two doses of vaccine
needed to achieve a > 90% immunity is accomplished by
routine immunization of infants at 9–15 months followed
by a second dose delivered before school entry or by
periodical mass vaccination campaigns (84). There are only
a few case reports in literature about possible appearance
of ocular complications related to the administration of this
vaccine (85, 86) involving oculomotor palsy and acute bilateral
photoreceptor degeneration. Since these are single and sporadic
cases, it is not possible to establish a real correlation between the
appearance of the ocular manifestation and the administration
of the vaccine (86).

Influenza virus

Influenza type A, B, and C viruses (IAVs, IBVs, and ICVs)
are RNA viruses belonging to the Orthomyxoviridae family
(87). Among the three, influenza A viruses are clinically the
most important, being responsible for severe epidemics in
humans and domestic animals. Aerosol droplets transmit the
virus, which causes a respiratory disease that can lead to severe
pneumonia and even death (88). The main characteristic of
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IVs is the high variability caused by antigenic shift, which is
the result of recombination with other strains. It allows a lack
of recognition of the new variant by the immune system. So,
IAVs arising from different host species can combine, producing
pandemic strains that are antigenically novel but otherwise well
adapted to humans (87).

Several case reports shown a correlation between some
types of IVs, especially IAVs, and ocular manifestations. Eye
complications mainly involve the posterior segment and the
uvea. Different kinds of retinitis was correlated with IAVs
infection, characterized by submacular hemorrhage without
neovascularization (89), macular edema with exudates (90),
perifoveal edema with star-like pattern (91) or by alterations
visible by fluorangiography, as hyperfluorescent spots associated
with multiple dark circular lesions at the posterior pole
(92). In some cases (90) angiopathy was observed, sometimes
associated with frosted branch angiitis-like fundus (93). In
addition, it is occasionally possible to observe generalized uveal
involvement, known as uveal effusion syndrome, characterized
by conjunctival congestion, tenderness, pain exacerbated by eye
movement, choroidal, and subretinal exudation (94). In the
majority of cases symptoms resolves completely over time (90,
92–94) even though, in exceptionally severe cases, they can
become permanent: an example is reported by Breker et al. (95),
describing the case of a 13 years old girl affected by IAV H1N1,
who developed encephalitis associated with severe permanent
visual impairment, caused by a confluent ischemic retinopathy
and infarction of the lateral geniculate body.

Influenza virus vaccine
The high mutation rate combined with a high replication

speed and possible antigenic shift allow the virus to rapidly
change its structural features and so to escape the immune
system or become resistant to drugs: this causes annual
epidemics (also Influenza type B arising) and demands for
compositions of new vaccine (88). The influenza vaccine
can be an inactivated virus vaccine or a split-virus vaccine;
usually adults receive a trivalent whole virus vaccine, containing
three different viral strains anticipated to be prevalent in the
upcoming season (96): subjects receiving the influenza vaccine
have a reported lower risk of influenza compared with those who
do not receive a vaccination over the course of a single influenza
season (97).

Some studies have reported cases of optic neuritis following
IVs vaccination, with consequent visual field deficits, in some
cases recovering after steroid therapy (98–101), but becoming
permanent in other ones (96, 102, 103). It has been hypothesized
that the involvement of the optic nerve could be triggered by
the similarity between some IVs antigens and proteins located
in the CNS: the immune response caused by the viral antigen
presence would stimulate an inflammatory reaction in the CNS
and against the optic nerve, with consequent demyelination
(96, 101). Other ocular manifestations following influenza

vaccination was observed affecting the retina: these include
multiple evanescent withe dot syndrome (MEWDS) (104)
and acute posterior multifocal placoid pigment epitheliopathy
(APMPPE) (105, 106): also for these manifestations it was
assumed that a molecular mimicry between the viral antigens
contained in the vaccine and the retinal pigment epithelium
(the specialized epithelium lying in the interface between the
neural retina and the underlying choroid) would trigger an
inflammatory reaction (105). Finally, in rare cases corneal
transplant rejection was observed following vaccination, both in
case of perforating keratoplasty (107, 108) and in case of deep
anterior lamellar keratoplasty (109): however, in these cases the
correlation between vaccination and the rejection was vitiated
by other factors, which did not make it possible to establish a
certain cause-effect relationship.

Hepatitis B virus

HBV is a DNA virus (110) representing the most common
cause of liver cancer in the world (111). HBV mainly infects
hepatocytes and during the acute phase causes nausea, vomiting,
diarrhea, abdominal discomfort, decreased appetite, fatigue,
fever, myalgia, dark urine and jaundice. Interestingly, HBV
can also induce ocular manifestations as retinal vasculitis
(112), optic neuritis (113–115), paralysis of the third cranial
nerve with pupil-sparing (116) and uveitis (117–119). All these
manifestations seem to be caused in part by the indirect action
of the virus, due to the accumulation of inflammatory debris
in different eye structures, and in part by the immune reaction
triggered to eradicate the infection (112, 120).

Hepatitis B virus vaccine
HBV vaccination significantly reduced the prevalence of

the virus worldwide (121). The vaccine is produced through
recombinant DNA technique, allowing the administration of the
purified HBsAg antigen, usually in three doses generally starting
from the third month of life (122).

Reported ocular complications occurring after the
administration of the vaccine included uveitis (112–114),
which is the most common manifestation and typically appears
3 days or more following the first dose of the vaccine but rarely
occurs again after the second and third dose (123, 124). The
posterior segment and the optic nerve resulted also potentially
involved, with MEWDS (125), APMPPE (126, 127), central
retinal vein occlusion (113, 128), papilledema (129) and optic
neuritis (113, 130, 131).

SARS-CoV-2

COronaVIrus Disease 19 (COVID-19), due to SARS-CoV-
2, was first reported in Wuhan, China in December 2019
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and has rapidly become pandemic all over the world, with an
exponential increase in the number of cases. The most common
symptoms are fever, cough and fatigue, and sometimes diarrhea.
SARS-CoV-2 can be transmitted from person to person mainly
through respiratory droplets or close contact (132, 133).

Being the ocular surface exposed to the outside
environment, it can be a potential gateway for virus to
invade the body. In addition, ACE 2 is a cellular receptor for
SARS-CoV2 (134), that can also been detected in human retina,
choroid, cornea, and conjunctiva (135–137). For these reasons,
the eye is one of the possible targets of the virus, causing a
wide variety of ocular diseases. A retrospective study of three
hospitals in Wuhan during the very first phase of the pandemic
(January 16-February 19, 2020) reported that 1.4% of patients
had visual impairment (138). Wu et al. studied the prevalence of
ocular manifestations in patients with COVID-19 and reported
that chemosis, epiphora, and conjunctival hyperemia were
present in one-third of the patients, most commonly in patients
with a severe systemic involvement (139).

Moreover, the virus can be present in tear and conjunctival
secretions, suggesting that SARS-CoV-2 could potentially be
transmitted also through the eyes (140).

Conjunctivitis and keratoconjunctivitis can be the first
symptom in infected patients (141). Dinkin et al. also reported
two cases of ophthalmoparesis with abducens nerve palsies that
developed within a few days of mild respiratory symptoms
(142). The abducens nerve controls the lateral rectus muscle,
which abducts the eye. Abducens nerve palsy causes an esotropia
due to the unopposed action of the antagonistic medial rectus
muscle, so the affected eye turns medially and is unable to
abduct properly. Chen et al. suggested that ocular manifestations
secondary to COVID-19 can also develop in the middle phase of
the disease. They reported a young COVID-19-positive patient
who developed a bilateral acute follicular conjunctivitis 13 days
after illness onset. Viral RNA was detected in conjunctival
swabs and RT-PCR was negative at resolution of symptoms
(143). Another patient with severe COVID-19 developed a
pseudomembranous and hemorrhagic conjunctivitis 19 days
after the beginning of symptoms (144).

There is a report about acute corneal endothelial graft
rejection with coinciding COVID-19 infection (145). Regarding
corneal graft rejection, any systemic immune dysregulation
may alterate corneal ocular immune privilege and increase the
patient’s susceptibility for rejection (146). Cells of the innate
immune system can invade the cornea and result in the up
regulation of cytokines and other pro-inflammatory molecules,
including tumor necrosis factor–α (TNF–α), and interleukin-6
(IL-6), normally higher during COVID-19 inflammation (147),
which can result in rejection of the corneal transplants.

Furthermore, based on murine models of other CoVs, viral-
induced retinitis and optic neuritis secondary to autoantibody
production against neuroretina should also be possible, so
positive patients should be monitored for signs of neuroretinal

degeneration in the long term. Hyper-reflective lesions at the
level of the inner plexiform and ganglion cell layers have been
also described in infected patients (148–150).

SARS-CoV-2 vaccine
The European Medicines Agency (EMA) and the US

Food and Drug Administration have approved emergency
use authorization for several COVID-19 vaccines. BNT162b2
(Pfizer/BioNTech, Mainz, Germany) (151) and mRNA-
1273 (Moderna, Cambridge, MA, USA) (152) belong to
the category of lipid nanoparticle (LNP)-formulated mRNA
COVID-19 vaccines, while ChAdO × 1 (University of
Oxford/AstraZeneca, Oxford, UK) (153) and Ad26.COV2.S
(Johnson & Johnson/Janssen, New Brunswick, NJ, USA) (154)
belong to the category of adenovirus vector COVID-19 vaccines.

Among the adverse events after receiving COVID-19
vaccines, ocular manifestations have been reported, occurring
up to 42 days after vaccination and affecting eyelids, cornea and
ocular surface, retina, uvea, nerve, and vessels. Vaccine-induced
immunologic responses may be responsible (155, 156).

The Pfizer-BioNTech (157) and Moderna (158) vaccine
trials suggest an imbalance in the incidence of Facial Nerve
palsy following vaccination (1:5,272) compared with the placebo
arm of each trial (1:36,938). Nevertheless, based on the odds
ratio (OR) from different studies (159), and after adjustment
for pre-existing immune- or inflammatory-related disorders,
diabetes, and a previous episode of peripheral nerve palsy, it
is highly unlikely that Bell’s palsy is associated with COVID-
19 vaccination. Reyes-Capo et al. reported that a patient
was diagnosed with right abducens nerve palsy (160), while
Helmchen et al. reported female with a history of relapsing-
remittent multiple sclerosis (MS) who was diagnosed with Optic
neuritis with AQP4-antibody negative neuromyelitis optica
spectrum disorders-like syndrome 2 weeks after the first dose of
the ChAdO × 1 COVID-19 vaccine (161). Maleki et al. reported
an old female who had a sudden bilateral loss of vision 2 days
after the second dose of BNT162b2 COVID-19 vaccine, and a
bilateral Arteritic anterior ischemic optic neuropathy (AAION)
was diagnosed (162).

Literature reported six patients with eyelid manifestations
after COVID-19 vaccination: eyelid swelling, eyelid purpuric
lesions, Herpes Zoster Ophthalmicus (HZO) (163–165). HZO
is a result of VZV reactivation, so vaccine may have induced
VZV to reactivate.

Six patients developed corneal manifestations after
vaccination. The mean age of these patients was 68.5 (range
56–83) years old. The mean duration between COVID-19
vaccination and onset of ocular symptoms was 14.0 (range
7–21) days. The reported ocular manifestations were corneal
graft rejection after penetrating keratoplasty (PKP) (166) and
corneal graft rejection after Descemet membrane endothelial
keratoplasty (DMEK) (167, 168). The activation of the
immune system post-vaccination could be a possible involved
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mechanisms related to vaccine-related corneal graft rejection
(146, 147).

Also uvea is reported to be among the ocular structures
involved in post-vaccination manifestations, with many new
onset uveitis (169–172). Renisi et al. reported an acute
anterior uveitis affecting a 23-year-old male after receiving the
BNT162b2 vaccine (172). Mudie et al. reported a panuveitis
affecting a 43-year-old female who developed decreased vision 3
days after the second dose of the BNT162b2 COVID-19 vaccine,
and she was also diagnosed with asymptomatic COVID-19
shortly after the onset of ocular symptoms (171). Goyal et al.
reported a 34-year-old man had vision loss 1 week after receiving
the second dose of the COVID-19 vaccine, and a bilateral
multifocal choroiditis was diagnosed (170). Also one case of
acute zonal occult outer retinopathy (AZOOR) (162) and one
patient with a reactivation of Vogt-Koyanagi-Harada (VKH)
Disease were described: a woman with a pre-existing diagnosis
of VKH well controlled for the past 6 years, who manifested a
severe reactivation of VKH 6 weeks after receiving the second
dose of the BNT162b2 vaccine (173). Furer et al. focused on
the immunogenicity of the BNT162b2 vaccine in 686 patients
with autoimmune inflammatory rheumatic diseases, reporting
one case of uveitis several weeks after the first dose of the vaccine
and two cases after the second dose (174).

Similarly retina and its vascularization could be a possible
target in post-vaccination ocular manifestations. Four studies
(175–178) reported cases of Acute Macular Neuroretinopathy
(AMN), a rare retinal disease causing loss of vision, in
which a microvascular abnormality in the deep capillary
plexus of the retina is hypothesized (179). All patients were
female on oral contraceptive pills (OCP), identified as a risk
factor for AMN (180), and received the ChAdOx1 nCoV-19
vaccine. Ocular symptoms occurred 2 days after the first dose.
The rarity of disease and the temporal association between
the vaccination and the onset of manifestations should be
taken into consideration, supposing an additional role in
AMN pathogenesis of the thrombogenic role of COVID-
19 vaccination.

Central Serous Chorioretinopathy has been reported
among the possible retinal manifestations following vaccine
administration. Fowler et al. reported a 33-year-old male who
developed blurred vision and metamorphopsia in his right eye
69 h after receiving the BNT162b2 COVID-19 vaccine (181).

In literature, we found one case of bilateral retinal
detachment. Subramony et al. reported a 22-year-old female
with myopia who developed vision loss in her right eye 15 days
after the second dose of the mRNA-1273 COVID-19 vaccine.
Fundoscopy revealed bilateral retinal detachment without any
trauma (182).

In addition, 8 cases of Vascular Thrombosis after
vaccination are reported, with a mean age of the patients
of 42.9 (range 18–60) years old. The mean duration between
vaccine administration and onset of ocular manifestations

was 8.1 (range 2–13) days. Regarding post-vaccination
thrombosis, rare cases of post vaccination immune thrombotic
thrombocytopenia and cerebral venous sinus thrombosis
(CVST) after administration of the adenovirus vector vaccines
ChAdOx1 nCoV-19 and Ad26.COV2 have been well described
(183–189). Anatomically, CVST post-COVID-19 vaccination
has been reported to occur in virtually all the dural venous
sinuses, and a majority of patients are females.

In conclusion, based on the several reported ocular
manifestations after COVID-19 vaccination, physicians should
be aware of the possible associations between COVID-19
vaccines and ocular symptoms in order to increase early
diagnosis and treatment. Considering that COVID-19 vaccines
are very recent and that most of the literature includes case
reports and series, there may be evolving data on adverse ocular
effects of vaccination, and at the moment no certain causality
should be established. On the basis that several vaccines (as the
ones described in this review) can induce well demonstrated
ocular adverse effects, realistically also COVID-19 vaccines can
determine ocular complications, both in case of mRNA vaccines
and adenoviral vector vaccines. Vaccine-induced immunologic
responses could be responsible for the pathogenesis of the ocular
symptoms after COVID-19 vaccination (156).

Nevertheless, the overall benefits of the COVID-19 vaccine
in preventing COVID-19 are well established, and the incidence
rate of ocular symptoms after receiving the vaccine, considering
the massive rollout campaign across the world, is considerably
lower than the prevalence rate of ocular involvement in infected
patients, so people are encouraged to get vaccinated since the
benefits outweigh the risks (155). To date, there is no evidence
to suggest that individuals should avoid getting vaccinated for
ophthalmic-related reasons (156).

Conclusion and future
perspectives

The reported literature shows how ocular involvement
may occur as a result of both infection and vaccination
(Table 1). Vaccine-associated adverse events such as
disease reactivation are uncommon and difficult to prove.
In most cases it is not clear if the ocular manifestations
(usually described as case reports of few subjects) following
vaccination are due to the vaccine itself, and so if they
are directly associated with the vaccination, or if they
are simply coincidental. It is not possible to exclude that
some adverse events would have occurred also in the
unvaccinated populations. However, it is clear how the
risk of ocular complications following vaccine administration
is lower than the potential rate of complications due to wild
virus infection.

A future effort should be the development of effective
vaccines with less adverse effects, stimulating a protective
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TABLE 1 Reported ocular complications of viral infections and corresponding vaccine.

Varicella zoster virus

Primary VZV infection Acute anterior uveitis, recurrent granulomatous/non-granulomatous anterior uveitis, keratitis, ARN.

Reactivation HZO: eyelid hyperemia, eyelid edema, skin rash, ptosis, decreased palpebral motility, lagophthalmos, conjunctivitis,
superimposed infections, symblepharon, mechanical entropion, corneal surface epithelial keratitis, MPK, disciform
keratitis, endothelitis, neurotrophic keratitis, exposure keratitis, corneal ulceration, corneal perforation, corneal
scars, corneal neovascularization, scleritis, episcleritis, anterior uveitis, cataracts, iris damage with sectoral atrophy,
synechiae, trabeculitis, secondary glaucoma, optic neuritis, paralysis of the cranial nerves, retinal detachment, ARN.

Varicella zoster vaccines

Varivax R© Anterior uveitis, keratitis.

Zostavax R© Keratitis, corneal perforation, anterior uveitis, ARN.

Shingrix R© Inflammatory eye diseases, ARN, uveitis recurrence.

Measles virus

Conjunctivitis with papillary reaction, punctate superficial keratitis, subconjunctival bleeding, corneal ulceration, corneal perforation, leukoma, chorioretinitis, CRVO,
optic neuritis, optic atrophy, retinal vasculitis, macular RPE anomalies, macular edema, macular hemorrhage, ILM contracture, serous macular detachment, atrophy
of the RPE.

Measles vaccine

Oculomotor palsy, acute photoreceptor degeneration.

Influenza virus

Retinitis with submacular hemorrhage, macular edema, perifoveal edema with star-like pattern, angiopathy, uveal effusion syndrome (conjunctival congestion,
tenderness, pain exacerbated by eye movement, choroidal and subretinal exudation), ischemic retinopathy.

Influenza virus vaccine

Optic neuritis, MEWDS, APMPPE, corneal graft rejection.

Hepatitis B virus

Retinal vasculitis, optic neuritis, paralysis of the third cranial nerve with pupil-sparing, uveitis.

HBV vaccine

Uveitis, MEWDS, APMPPE, CRVO, papilledema, optic neuritis.

SARS-CoV-2

Conjunctivitis, keratoconjunctivitis, ophthalmoparesis with abducens nerve palsies, acute corneal endothelial graft rejection, viral-induced retinitis, optic neuritis.

SARS-CoV-2 vaccine

Facial nerve palsy, abducens nerve palsy, optic neuritis, AAION, eyelid swelling, eyelid purpuric lesions, HZO, corneal graft rejection, acute anterior uveitis,
panuveitis, multifocal choroiditis, AZOOR, reactivation of VKH Disease, AMN, CSC, retinal detachment, vascular thrombosis.

Since sporadic cases are reported, it is not always possible to establish a certain correlation between the ocular manifestation and the administration of the vaccine. AAION, arteritic
anterior ischemic optic neuropathy; AMN, acute macular neuroretinopathy; APMPPE, acute posterior multifocal placoid pigment epitheliopathy; ARN, acute retinal necrosis; AZOOR,
acute zonal occult outer retinopathy; CRVO, central retinal vein occlusions; CSC, central serous chorioretinopathy; HZO, Herpes Zoster Ophthalmicus; ILM, internal limiting membrane;
MEWDS, multiple evanescent with dot syndrome; MPK, mucous plaques keratitis; RPE, retinal pigment epithelium; VKH, Vogt-Koyanagi-Harada.

antibody response and a T cell response without risk of
cross-reaction, using as an example purified viral antigens
instead of the whole pathogen; however, the main problem in
this approach is that the stimulated immune response could
not be able to guarantee a lasting immunity comparable to

that produced by live-attenuated virus. The key, as already
obtained with other pathogens, could be the development
of carriers to enhance the immune response triggered by
the antigen, without the need to expose the patient to
the whole pathogen.
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In addition, it would be helpful to develop vaccine to prevent
viral diseases with very frequent ocular involvement, such as
Herpes Simplex Virus (HSV) infection. HSV is responsible for
several distinct medical disorders, such as orolabial herpes,
HSV folliculitis, herpes gladiatorum, herpetic whitlow, herpes
encephalitis, and eczema herpeticum. Ocular involvement can
present as a primary infection or recurrence from latent disease.
Almost every ocular structure can be involved, with blepharitis,
conjunctivitis, epithelial or stromal keratitis, endotheliitis, iritis,
trabeculitis, and retinitis. Ocular HSV infection is usually
due to HSV-1, which establishes latency in the trigeminal
ganglion, but HSV-2 can also be a cause of HSV keratitis (190).
Ocular complications cause significant visual burden, being
the most common cause of corneal blindness in developed
countries. They also impair quality of life, with need for
long-term maintenance medications for recurrent or chronic
cases as a basis for effective management (191). Despite
this large public health burden, there is still active debate
about the optimal management of ocular HSV (192), and
the HSV disease remains challenging to prevent, also because
the immune-mediated response to HSV plays an important
role in physiopathology of herpetic keratitis. Development of
an HSV vaccine represents a promising preventing strategy.
One exciting area focuses on a corneal dendritic cell based
DNA vaccine that has shown encouraging results in murine
models (193, 194). In a recent study of mice previously exposed
to a live-attenuated HSV candidate vaccine, when challenged
with HSV-1, they did not develop any corneal pathology and
had complete preservation of visual acuity, with no additional
ocular effects (195). If successfully translated into humans,
an HSV vaccine would essentially change the management of
ocular HSV infection.

In conclusion, the possible, although rare, risk of ocular
involvement should not therefore discourage vaccination, which
should be promoted and carried out whenever it is deemed

useful or necessary. In fact the benefits of vaccines for the
patient and for the population far outweigh the risks of the
infections, such as possible systemic manifestations and even
severe ocular complications.
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A corrigendum on

Ocular e�ects caused by viral infections and corresponding vaccines:

An overview of varicella zoster virus, measles virus, influenza viruses,

hepatitis B virus, and SARS-CoV-2

by Scalabrin, S., Becco, A., Vitale, A., and Nuzzi, R. (2022). Front. Med. 9:999251.

doi: 10.3389/fmed.2022.999251

In the published article, there was an error in the article title. Instead of “Ocular

effects caused by viral infections and corresponding vaccines: An overview of varicella

zoster virus, measles virus, influenza viruses, hepatitis B viruses, and SARS-CoV-2,” it

should be “Ocular effects caused by viral infections and corresponding vaccines: An

overview of varicella zoster virus, measles virus, influenza viruses, hepatitis B virus,

and SARS-CoV-2.”

In the published article, there was an error. [Keywords: hepatitis B viruses].

A correction has been made to [Keywords]. This sentence previously stated:

“virus infection, vaccine, ocular effects, varicella zoster virus, measles virus, influenza

viruses, hepatitis B viruses, SARS-CoV-2.”

The corrected sentence appears below:

“virus infection, vaccine, ocular effects, varicella zoster virus, measles virus, influenza

viruses, hepatitis B virus, SARS-CoV-2.”

The authors apologize for this error and state that this does not change the scientific

conclusions of the article in any way. The original article has been updated.
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The role of the mTOR pathway
in diabetic retinopathy
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Marco Mura4, Maurizio Previati1, Massimo Busin3 and

Giorgio Zauli4
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The retina, the part of the eye, translates the light signal into an electric

current that can be sent to the brain as visual information. To achieve this,

the retina requires fine-tuned vascularization for its energy supply. Diabetic

retinopathy (DR) causes alterations in the eye vascularization that reduce the

oxygen supply with consequent retinal neurodegeneration. During DR, the

mammalian target of rapamycin (mTOR) pathway seems to coordinate retinal

neurodegeneration with multiple anabolic and catabolic processes, such as

autophagy, oxidative stress, cell death, and the release of pro-inflammatory

cytokines, which are closely related to chronic hyperglycemia. This review

outlines the normal anatomy of the retina and how hyperglycemia can

be involved in the neurodegeneration underlying this disease through over

activation or inhibition of the mTOR pathway.

KEYWORDS

mammalian target of rapamycin (mTOR), diabetic retinopathy, hyperglycemia,

reactive oxygen species (ROS), oxidative stress, inflammation, autophagy, retinae

Introduction

The retina is an anatomical site where microvascular architecture and neuronal

organization are strictly related for proper visual function. Among ocular diseases,

diabetic retinopathy (DR) is an increasingly prevalent degenerative disease and is the

leading cause of blindness in developed countries. DR is one of the disorders related to

diabetes mellitus (DM). DM is a chronic metabolic disease with multiple homeostatic

alterations leading to the disruption of redox regulation, the activation of immune

responses, and systemic inflammation (1). During DM, sustained hyperglycemia is a

well-recognized cause of retinal microvascular/neuronal rewiring. As a consequence of

hyperglycemia-induced energy imbalance, cells quickly alter their biochemical activity

by enhancing the expression of advanced glycation end products (AGEs) and reactive

oxygen species (ROS) (2). The kinase, mammalian target of rapamycin (mTOR), resides

at the interface between hyperglycemia and biochemical modifications. mTOR is a sensor

of nutrient availability and growth factors, and has been implicated in multiple diseases

like cancer, diabetes, and aging (3). mTOR and its related pathways, namely, mTOR

complexes (mTORCs), control tissue homeostasis to manage cell growth, proliferation,
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autophagy, and apoptotic events by virtue of its role. Indeed,

changes in retinal morphology are driven by mTOR pathways,

mainly by ROS production and dysregulated autophagic

processes (4, 5).

This review addresses how hyperglycemia alters mTOR

pathways duringDR and provides useful tools for understanding

normal retinal anatomy and the role of mTOR in tissue

generation and in the pathophysiology of DR.

Functional anatomy of the retina and
blood–Retina barrier

The retina is the innermost of the three layers that

constitute the wall of the eyeball. The retina internally covers

the choroid and externally coats the vitreous body. Based

on histological sections, the retina contains 10 different

conventionally recognized morphological layers, composed of a

complex array of neurons, glial cells, and blood vessels.

The first and outermost layer consists of the retinal pigment

epithelium (RPE), which separates the retina from the innermost

layer of the choroid, Bruch’s membrane. More internally,

three different types of neural cells are connected in series.

Photoreceptors, rods, and cones convert the absorbed light into

a neural signal, accounting for roughly 110–130 million cells

in the entire retina. Photoreceptors, which account for roughly

30 million cells, are radially connected to bipolar cells, and

transfer the neural signal to the innermost layer of ganglion cells

whose axon forms the optic nerve, and are thought to number

between 0.6 and 1.2 million. Physiological convergence of the

signal from themore abundant photoreceptors to fewer ganglion

cells is modulated by two different types of cells embedded in the

retinal wall, horizontal cells that mediate the interaction between

photoreceptors and bipolar cells, and amacrine cells interposed

between bipolar cells and ganglion cells (6).

In addition to these five different types of neurons, the

retina contains a large number of glial cells, namely, Müller

cells, astrocytes, and microglia (7). Müller cells are the most

representative and abundant among retinal glial cells. They

constitute a larger part of the volume of the retina and fill

the remaining space among neurons. Müller cells run radially

from the inner to the outer limiting membrane, traversing all

layers up to the outer nuclear layer and isolating neurons from

each other except at their synaptic contacts. In correspondence

with the internal limiting membrane, Müller cells contribute

to the formation of this membrane with a footplate formed by

their basal expansions. Astrocytes are much less abundant than

Müller cells and are instead confined to ganglion cell and nerve

fiber layers, while microglial cells are distributed throughout

the whole retinal thickness but are particularly found near

the vessels. It has also been demonstrated that glial cells are

involved in retinal inflammation. Indeed, Müller cells have

different receptors for cytokines and release cytokines to regulate

inflammation (8). In physiological conditions, microglial cells

maintain the homeostasis of the retina, undertake phagocytosis,

clear debris, and control inflammation. Prolonged stress

conditions, such as hyperglycemia associated with DR, can

increase the number of microglial cells and release stress

proteins and cytokines (9).

Among human tissues, the retina shows the highest oxygen

consumption per unit weight to sustain elevated aerobic

metabolism (10). In physiological conditions, the elevated

blood flow is guaranteed by a dual arterial supply that allows

independent vascularization of the outer and inner parts of the

retina. Indeed, retinal layers are sandwiched between the outer

and inner blood–retina barriers (oBRB and iBRB), which exhibit

a very different anatomical structure (Figure 1). The retina

from the external limiting membrane to the RPE is avascular

and nourished by diffusion from the choroidal capillaries (11).

Here, the oBRB is composed of the choroidal capillaries, the

RPE, and Bruch’s membrane, which are located between the

basement membranes of the choroidal capillaries and RPE (6).

The choroidal capillaries are fenestrated to provide a sustained

intake of nutrients and adequate removal of waste products.

In contrast, Bruch’s membrane is formed by collagen and

elastic sheets, and regulates the diffusion of nutrients based on

their molecular weight. In addition, Bruch’s membrane limits

cell migration and controls intraocular pressure to randomize

physical forces, thereby stabilizing the RPE layer. As a result,

the RPE provides a wide exchange surface by means of an

elevated number of microvilli, which extend between the outer

parts of rods and cones, regulate nutrient supply, and recycle

intracellular metabolites derived from the phagocytosed outer

parts of photoreceptors. In addition, the RPE stabilizes the oBRB

by providing vascular endothelial growth factor (VEGF) and

other trophic factors to maintain the choroidal capillaries and

their fenestrations. In a healthy individual, the most significant

function of the choroidal circulation and the oBRB is to supply

oxygen to photoreceptors, which are thought to consume more

than 75% of retinal oxygen (12, 13). Notably, the pathological

hallmark of DR is reduced oxygen exchange and consumption,

followed by a low arteriovenous difference and abnormal venous

oxygen saturation (14).

Blood, supplied from the central vessels of the retina which

pass through the optic nerve, emerge at the papilla, and reach the

internal surface of the retina. Unlike the outermost retinal layer,

the innermost retinal layer is vascularized by three different

plexuses organized alongside the layers of nerve/ganglion,

internal plexiform, and outer plexiform. Similarly, the internal

blood–retina barrier, which resembles the blood–brain barrier

more, is consistently different from the oBRB (15). The

capillaries do not show fenestrations but are continuous,

and vicinal endothelial cells are joined together by adherent

and tight junctions (Figure 1). In addition, endothelial cells

are surrounded by pericytes even more covered by Müller

cells, astrocytes, and microglial cells, which participate in the

Frontiers inMedicine 02 frontiersin.org

192

https://doi.org/10.3389/fmed.2022.973856
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Casciano et al. 10.3389/fmed.2022.973856

A

B

C

FIGURE 1

Retinal microanatomy and blood–retina barriers. (A) This image depicts the retinal structure situated in between the internal limiting membrane

(ILM) and the choroidal layer (choroid), which externally lines the retinal pigment epithelium (RPE) cells. Over the RPE layer, neurons cross the

whole retinal thickness and are radially connected (PR, photoreceptors; BP, bipolar cells; GC, ganglion cells). Other neural cells are amacrine

cells (MA), horizontal cells (HC), and Müller cells (MC), which, in particular, terminate at the level of the outer limiting membrane (OLM). Vessels

derived from the central retina artery form three di�erent capillary beds were placed alongside the layers of nerve/ganglion layer, internal

plexiform, and outer plexiform and interconnected by arterioles and capillaries. In (B), the structure of the internal blood–retina barrier is given

in detail, which consists of several histological elements: the adherent and tight junctions among the capillaries, the pericyte layers around

endothelial cells, and extensions from the Müller cells, all of which take part in the control of metabolites and liquid exchange and endothelial

proliferation. In (C), the structure of the outer blood–retina barrier (oBRB) is represented and made from Bruch’s membrane and the RPE layer,

which play a pivotal role in controlling several parameters including internal pressure and ocular shape, oxygen exchange, and recycling of

materials from the photoreceptor layer.
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formation of the iBRB and collectively regulate endothelial

cell proliferation and blood flow, providing additional trophic

factors, antioxidants, and cytokines (16).

Diabetic retinopathy

Diabetes mellitus is a leading pathology in the industrialized

country, resulting in several serious life-threatening

complications and death. It has been estimated that 1–5

Americans could be affected in 2050 (17). DM affects multiple

organs like the retina, kidney, peripheral nerves, and blood

vessels due to prolonged exposure to hyperglycemia caused by

chronic and/or relative insulin insufficiency (18, 19). Vascular

complications of diabetes are grouped into “macrovascular

diseases,” associated with an increase in myocardial infarction

and stroke, and “microvascular diseases” such as diabetic

nephropathy, retinopathy, and neuropathy (20, 21). Of these,

DR is the most prevalent illness among elderly people with

diabetes living in developed countries. The prevalence of DR has

reached 50% of patients with type 2 diabetes and 75% of patients

with type 1 diabetes and remains a leading cause of moderate-

to-severe vision loss and blindness worldwide (22). Other

microvascular complications, such as diabetic nephropathy,

have been shown to be major risk factors for macrovascular

complications such as heart attacks and strokes (23–25).

In DR, prolonged hyperglycemia changes the structure

of the retina and induces alterations to both neuronal and

vascular cells, resulting in vision loss and blindness (26–28).

In DR, new vessels grow in the normally avascular outer

retina and in the subretinal space. Moreover, older patients

with diabetes show impaired macular blood flow regulation

that exacerbates diabetic retinal damage (29–31). In addition

to vascular remodeling, inflammation, typically associated with

type 2 diabetes, also seems to play a role in DR. This is suggested

by the finding that only half of the patients were successfully

treated with a specific anti-VEGF treatment (32). Accordingly, it

is possible to detect an increase in several inflammatory markers

in the blood serum, aqueous or vitreous humor, and ocular

tissue of patients with DR. In particular, intercellular adhesion

molecule 1 (ICAM-1), interleukin-1β (IL-1β), IL-6, IL-8, tumor

necrosis factor α (TNF-α), and monocyte chemoattractant

protein-1 (MCP-1) have been found to be increased in patients

with DR (33, 34). Both neurons and glial cells are involved in

the release of these inflammatory mediators, which can recruit

leucocytes at the ocular level, further promoting the shift toward

a pro-inflammatory environment. In addition, lymphokines and

chemokines can also directly target endothelial cells, stimulating

cell death and vasculature rearrangements.

The development of new diagnostic techniques has led to

powerful improvements in the visualization of retinal structures

and vasculature and, consequently, in the diagnosis of DR.

Classically, the diagnosis of DR has been based on color fundus

photographs and fluorescein angiography, injecting dye into a

vein in the arm during a dilated eye examination. Nowadays,

optical coherence tomography (OCT) imaging offers a rapid

and non-invasive test by imaging cross-sectional pictures of the

macula layers to detect retinal alteration that heralds the onset of

DR (35).

Clinical examination of the retinal microvasculature defines

the two major types of DR. Non-proliferative DR (NPDR)

is characterized by the presence of microaneurysms, dot and

blot hemorrhages, exudates, cotton wool spots, and intraretinal

microvascular abnormalities, while proliferative DR (PDR)

involves more extensive ischemia, neovascularization, and

tractional retinal detachment, which is a high-risk factor for

severe vision loss (36).

E�ect of diabetes and hyperglycemia on
microvasculature and neurovascular
units

The causative events underlying the pathogenesis of this

disease are not completely understood. One of the most

accredited hypotheses is that diabetes and hyperglycemia

directly increase ROS production and alter the structure of

the iBRB and oBRB events underlying vascular rearrangements

(37, 38).

Briefly, the exposure of retinal cells to hyperglycemia

triggers several related events, including massive glycation of

cellular proteins, the formation of advanced glycation end

products (AGEs), the formation of ROS, the release of pro-

inflammatory cytokines followed by cell death—particularly in

cells that are more exposed to hyperglycemia, such as pericytes

(39). The loss of pericytes in the iBRB represents an early

hallmark and is a breakthrough for DR because the disruption

of the iBRB corresponds to deregulation in endothelial cell

proliferation, leading to an outgrowth of dilated capillaries

and microaneurysms, followed by vascular leakage and edema.

Alternatively, it is frequently possible to find non-perfused or

obliterated vessels with subsequent impaired flow and ischemia,

followed by hypoxia-driven altered capillary regrowth (40).

Glycolysis is a metabolic pathway that produces adenosine

triphosphate (ATP) under conditions that normally prevent ATP

production by mitochondria. In healthy people with normal

glycemia, glycolysis is fine-tuned to keep the intermediates

stable. In diabetic patients with DR, hyperglycemia boosts

glycolysis, leading to the accumulation of intermediates such

as sorbitol via aldose reductase, as well as diacylglycerol

(DAG) and AGEs (41). Increased DAG production during

hyperglycemia activates protein kinase C-β (PKCβ), an isoform

belonging to the PKC family active in vascular tissue (42),

which consequently induces endothelial permeability, VEGF

secretion, and inflammation (43). AGEs then bind to the ACE
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receptors, triggering VEGF expression and sustaining the pro-

inflammatory event (44). In this view, VEGF has a central

role during the inflammatory response in DR (45), as seen

in other pathologies such as cardiovascular diseases like heart

failure (46).

Being vascular remodeling one of the most dramatic

events in DR, it is not surprising that in recent years,

treatment of this pathology has been targeted at the retinal

vessels: corticosteroids, laser photocoagulation, and anti-

VEGF. Corticosteroids control inflammation and modulate

genes encoding multiple inflammatory and anti-inflammatory

proteins, leading to an amelioration of the BRB, even though

it has also been demonstrated that corticosteroids can induce

ocular hypertension and glaucoma (47). Because of the pivotal

role of vascular outgrowth, laser photocoagulation has been

a well-established treatment option for DR for more than

half a century. Retinal oxygen demand is a regulator of

angiogenesis, and this metabolic requirement can be reduced by

laser photocoagulation, indicating that it could be an effective

treatment for PDR (48). Potential side effects associated with

this technique are moderate vision loss, diminished visual

field, reduced color vision, and contrast sensitivity (49). In

recent years, intravitreal injections of anti-VEGF drugs, such as

ranibizumab, aflibercept, brolucizumab, aflibercept, or off-label

drugs like bevacizumab, have become a common treatment for

macular and retinal pathologies (50–52). However, these drugs

have a short half-life and require regular intravitreal injections

to maintain their efficacy, amplifying the risk of developing

endophthalmitis caused by intravitreal injections of anti-VEGF

agents (53, 54).

In addition to vascular remodeling, it is claimed that

hyperglycemia can act directly and independently on neural

cells. Using OTC analysis in addition to visual function

tests [i.e., contrast sensitivity, perimetry testing, multifocal

electroretinogram (mfERG), and dark adaptation], retinal

thinning and visual dysfunction can be identified before the

onset of DR, as has been demonstrated in diabetic patients

without DR or with very early DR (55–57). This suggests

a role for retinal neurodegeneration in the pathophysiology

of DR. Retinal neurodegenerative events are common among

species, as confirmed by animal models of diabetes. In mice

and rats with autoimmune diabetes induced by the β-cell toxin

streptozotocin, OTC analysis reveals thinning of the ganglion

cell layer or inner plexiform layer, the inner/outer nuclear

layer, as well as the entire retina (58, 59). Along with this

neurodegeneration, vascular manifestation can be independent

or at least concurrent. Indeed, in the ob/ob mouse model

of type 2 diabetes, there was overall glial activation with

leukostasis and a shift in microglia/macrophage phenotype

before microvascular degeneration (60).

The breakdown of the inner BRB leads to loss of this complex

neural environment and contributes to increased retinal vascular

permeability and vision loss (61). Moreover, retinal microglia

lose their motile cellular processes, became unresponsive to

injuries, became denser, and had a smaller dendritic arbor (62).

Retinal damage during DR further implicates retinal Müller

glial cells and microglia as initiators of retinal inflammation.

Purinergic signaling may explain this activation because of its

well-established role in the immune-mediated inflammatory

response in cardiovascular-related diseases (63). Purinergic

signaling relies on the expression of receptors, i.e., purinergic

P1 and P2 receptors, which recognize ATP, ADP, UTP, UDP,

and nucleoside adenosine (ADO) molecules. Along with their

function in the cell, these purine and pyrimidine molecules

act as intercellular messengers. Indeed, after triggering of these

receptors, subsequent cell signal transduction modulates tissue

metabolism and normal physiology, but also the onset of

pathological states of retinal diseases (64). Consistently, in DR,

Müller cells amplify inflammation by releasing ATP in a CD40-

dependent way, resulting in the activation of P2X7 purinergic

receptors on retinal microglia, with subsequent expression of

inflammatory cytokines, leading to neuroinflammation, vascular

damage, and leakage (65).

mTOR: An overview

The mechanistic (mammalian) target of rapamycin is a

serine/threonine protein kinase involved in different diseases

such as cancer, diabetes, and cardiac hypertrophy (66).

The name derives from the identification of mTOR as the

target of rapamycin, a macrolide antibiotic extracted from

Streptomyces hygroscopicus in the 1970’s. mTOR is a 289-

kDa protein with multiple domains: HEATS repeats, the

FAT domain, the FKBP12-rapamycin binding domain [FKBP–

rapamycin-binding (FRB); the core domain that belongs

to the phosphatidylinositol 3-kinase-related kinase family

of protein kinase], and the focal adhesion targeting C-

terminal (FATC) domain. The N-terminus HEATS is a

docking site for the regulatory-associated protein (Raptor)

and the rapamycin-insensitive companion of TOR (Rictor).

The FAT domain binds to the regulatory protein Deptor;

the FRB domain is the domain responsible for mTOR

inhibition via the FKB-12-rapamycin complex; the C-terminus

FATC domain is for substrate recognition and catalytic

activity. mTOR interacts with several proteins to form

two distinct signaling complexes, namely, mTORC1 and

mTORC2, which are implicated in many cellular functions

like cellular growth, metabolism, and autophagy in response

to environmental cues (67). mTORC1 regulates metabolic

pathways involving macromolecular synthesis, cell growth, and

autophagy, while mTORC2 controls cell proliferation, survival,

cytoskeletal remodeling, neovascularization, and autophagy (68,

69). mTORC1 is characterized by the association of mTOR

with Raptor, together with other companion proteins, and by

its sensitivity to rapamycin, while mTORC2 is insensitive to
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FIGURE 2

Schematic representation of mammalian target of rapamycin (mTOR) protein complexes. The mTOR protein (A) is associated with other proteins

to form two distinct multiprotein complexes, mTOR complex 1 (mTORC1) (B) and mTORC2 (C). mTOR is a multidomain protein kinase. From the

N-terminus, the first domain of the mTOR protein is formed by a HEAT repeat (tandem-repeat protein domains) domain, which functions as

protein-protein interaction surfaces for the substrate’s recruitment proteins, Raptor (regulatory-associated protein of TOR, which define mTOR

complex 1, mTORC1) and Rictor (rapamycin-insensitive companion of TOR, which define mTOR complex 2, mTORC2). Proctor (protein

observed with Rictor) and mSin1 (mammalian stress activated protein kinase interacting protein 1) act as a Rictor activator. HEAT repeats further

interaction with the Tt1/Tel2 complex (Tt1, Tel two interacting protein 1; Tel2, telomere maintenance 2, also described as HCLK2), thus

stabilizing the mTOR protein. The Tt1/Tel2 complex (Tt1, Tel two interacting protein 1; Tel2, telomere maintenance 2, also described as HCLK2)

interacts with the HEAT repeats, thus stabilizing mTOR. The FAT (FRAP, ATM, TRRAP) domain is the binding site for the mTOR inhibitor Deptor

(the DEP domain containing a mTOR-interacting protein). The FRB (FKBP–rapamycin-binding) domain, which precedes the kinase domain,

interacts with the inhibitory rapamycin via the immunophilin FKBP-12 (FK506-binding protein 12 kD). The mTOR kinase domain resides between

the FRB and focal adhesion targeting C-terminal (FATC) domains, and shares a characteristic of both PI3K and canonical protein kinase families.

Its kinase activity is enhanced by mLST8 (mammalian lethal with SEC13 protein 8). The latter domain of the mTOR protein is the FATC (FAT

C-terminus) domain, located at the C-terminus of the protein.

rapamycin (70), and Raptor has been replaced by Rictor, which

is necessary for the mTORC2 substrate interaction (Figure 2).

Mammalian target of rapamycin complex 1 responds to

growth factors, amino acids, and ATP levels (67). Growth

factors, such as insulin, activate the phosphatidyl inositol 3-

kinase (PI3K)/Akt cell signaling pathway. Akt phosphorylation

by PDK1 carries out two events: the inactivation of the GTPase

tuberous sclerosis protein (TCS)1/2 complex, which allows the

Ras homolog enriched in the brain (Rheb) to accumulate in a

GTP-bound form capable of binding to mTOR (71), and the

disassociation of the inhibitor PRAS40 from Raptor, both of

which events allow the activation of mTORC1 (72). Moreover,

mTORC1 acts as a sensor of nutrients (amino acids) and

energy (ATP) that enables protein synthesis, only when these

components are available to support the metabolic requirement.

Indeed, amino acids trigger the translocation of mTORC1

to the lysosomal surface where Rheb is located, activating

mTORC1 via the Regulator complex (73). AMPK is a metabolic

enzyme that acts as an indirect mTORC1 regulator, sensing

the cellular AMP/ATP ratio. In the absence of an adequate

amount of intracellular ATP, AMPK promotes the formation

of the TSC1/2 complex, thereby increasing the inactive Rheb

GDP-bound form and consequently inducing the inhibition of

mTORC1 (74).

Mammalian target of rapamycin complex 2 responds to

growth factors via phosphatidylinositol (3–5)-trisphosphate

(PIP3), which is generated by PI3K in the cell membrane. The

inhibition of mTORC2 is relieved upon the binding of PIP3 to

the Pleckstrin homology domain of mSin1. By targeting Ser/Thr

protein kinases (i.e., the AGC family of protein kinases and

Akt), mTORC2 regulates cell migration through cytoskeletal

remodeling and cell proliferation as well as apoptosis (67, 75, 76).

By virtue of their role as a sensor for the availability of

nutrients and growth factors, mTORC1 and mTORC2 play

physiological roles during embryonic development and tissue

regeneration. Studies on animal models have shown that

hematopoietic stem cells (HSCs) undergo long-term exhaustion

as a result of mTOR ablation, enhancing their transition fromG0

to G1 (77, 78). This exhaustion is higher in the high HSC ROS

population where p38 inhibitor or rapamycin was able to restore

HSC function (79).

Moreover, mTOR signaling plays a critical role in neuronal

development, particularly in adult neurogenesis and neuronal

atrophy (80). In the central nervous system, the mTOR pathway
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prevents apoptotic cell death, and this function is strictly linked

with trophic factor activity (81). mTOR signaling is also involved

in neurogenesis of the eye, and is highly activated in embryonic

stages. Indeed, its temporal regulation is essential for the normal

development of the retina and the optic nerve (82). Upon the

deletion of TSC1, the activation of the mTOR pathway triggers

the regeneration of adult retinal ganglion cells after optic nerve

injury (83). This activity seems to be dependent on mTORC1

(84). Interestingly, in addition to its main role of regulating the

production of red blood cells, erythropoietin (EPO) also has a

role in neuroplasticity and neurogenesis after functional hypoxia

(85), and this role seems to be linked to mTOR activity. Indeed,

after oxygen-glucose deprivation, a condition that could cause

some ischemia at the retinal level, EPO intimately regulates the

mTOR pathway, preventing cellular injury and apoptotic events

via the inhibition of PRAS40 (86). The relationship between

EPO and mTOR could dependent on the Wnt pathway (87), as

it has been documented that WISP1 activates mTORC1 through

the phosphorylation of PRAS40 and TSC2 during microglial

oxidative stress (88, 89). Moreover, the treatment of EPO also

decreases mTOR expression and orchestrates the autophagy-

related signaling pathways, suppressing cell injury in a rotenone-

induced neurotoxicity model (90). In some cases, under hypoxic

and superoxide stress, EPO promotes the survival of retinal

progenitor cells by reducing autophagy (91) and becoming a

promising neuroprotective agent for optic nerve protection and

repair (92).

mTOR and retinopathy

The retina is a high-demand site for oxygen and nutrients.

During DR, in response to metabolic insults such as hypoxia,

the retina undergoes morphological changes characterized by

neovascularization with epiretinal vascular proliferation and

subsequent vascular leakage and tractional retinal detachment.

Early retinal pathophysiological modifications occur within the

first few weeks of diabetes (93), and sustained hyperglycemia

alters the distribution of oxygen around the retinal arterioles,

inducing retinal vasculature rewiring, as is shown in a

diabetes-induced rat model (94). Hypoxia modulates the

angiogenic factor HIF-1α, an oxygen-sensitive transcription

factor, to support retinal neovascularization. VEGF-α is a

hypoxia-inducible gene target of HIF-1α. These proteins are

downstream targets of mTORC1, as shown by rapamycin-

directed suppression of hypoxia-inducible factors and vascular

endothelial growth factors, followed by a reduction in

vascularized tumor volume (95). In hyperglycemic rats for

8 weeks, an intraperitoneal injection of rapamycin reduces

diabetes-induced VEGF overexpression that controls vascular

permeability and angiogenesis (96). These observations are

in line with the studies by Liu et al., in which the degree

of retinopathy was mTORC1 dependent according to the

expression of VEGF and PEDF proteins induced via the p-

S6 protein in a DR rat model (97). Furthermore, VEGF may

subsequently activate mTOR. Indeed, after the binding of VEGF

to its receptor VEGFR-2, the PI3K/Akt pathway is activated

and subsequently activates mTOR (98). This highlights that

targeting the PI3K/Akt/mTOR signaling pathway could be a

strategy to improve DR, as seen in human acute lymphoblastic

leukemia (99).

Immunolocalization studies on human, rat, and mouse

retinae have shown that the inner retina expresses mTORC

pathways, with mTORC1 mainly localized to retinal ganglion

cells and mTORC2 primarily relying on glial cells (100).

As previously stated, the retina is a high-demand site for

energy, and mTOR not only drives the perception of multiple

upstream stimuli but also the regulation of cell metabolism and

growth as downstream targets of PI3K. Indeed, the concurrent

loss of mTORC1 and mTORC2 leads to inner and outer

retinal morphology changes with a concurrent reduction in

cone function, thus explaining the photoreceptor function

loss observed during diabetes (101). In the retina, glial cells

exert trophic support and influence programmed cell death,

potentiating the neurodegeneration observed in retinal diseases

(102). Experiments in an in vitro immortalized human Müller

glial cell line and in an in vivo mouse-induced diabetic model

show that the blockade of PPP1CA/YAP/GS/Gln/mTORC1

inhibits Müller cell proliferation and activation, suggesting a

potential way to mitigate the development of DR (103).

The crosstalk between mTOR and ROS in
DR

Despite a wide body of literature focusing on ROS-

induced microvasculature alterations, many studies report that

retinal neurons can be directly targeted by diabetes, become

an independent source of ROS, and undergo cell death,

independently of and even before microvasculature alterations

(104, 105).

It is well-known that hyperglycemia, as a consequence

of nutrient overload, can promote oxidative stress through

various metabolic pathways (5). Excessive amounts of ROS

alter lipids, proteins, or deoxyribonucleic acid (DNA). NF-κB,

acting as a redox sensor, plays a critical role in the regulation

of the inflammatory response and programmed cell death

(apoptosis) (5). In the retina, increased ROS production causes

the activation of microglia with the expression of inflammatory

cytokines, including IL-6, TNF-α, IL-1β, and IL-8, and adhesion

molecules like ICAM-I and vascular cell adhesion molecule 1

(VCAM-1). Overall, these factors contribute to leukostasis and

vascular leakage (106).

Yoshida et al. have shown that in a mouse model, hypoxia

activates NF-κB in various retinal cell types (107). Furthermore,
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a recent in vitro experiment showed that NF-κB is activated in

human retinal cells, including endothelial cells, pericytes, and

astrocytes, under high glucose conditions (16). The overall effect

of ROS can be ameliorated by oral administration of the natural

phenol resveratrol, which reduces the level of inflammatory

TNF-α and IL-6, in addition to activating NF-κB, in diabetic rat

models (108, 109). This is in line with the effects observed by

Bucolo et al. where the administration of antioxidant natural

compounds, such as curcumin, carnosine, and α-lipoic acid,

reduced the TNF-α and VEGF levels in the retinae of diabetic

rats (110, 111). The mechanism of this inhibition could be

explained by the downregulation of phosphorylation of NF-κB

and the MAPK family in a mTOR-dependent manner, as shown

in in vitro experiments conducted in lipopolysaccharide- (LPS-)

stimulated microglial cells (112). Furthermore, it is well-known

that ARPE-19, a human RPE cell line, under hyperglycemia

presents metabolic changes including oxidative stress mediated

by ROS (113). Yahg et al. have shown that the combined

treatment of antidiabetic drugs, semaglutide, and rosiglitazone

reduces high glucose-induced inflammatory injury by inhibiting

ROS/PI3K/Akt/mTOR signaling pathway-related proteins TNF-

α, IL-6, and IL-1β in ARPE-19, and enhances overall antioxidant

capacity in a DR rat model by downregulating and upregulating,

respectively, the levels of serum lipid peroxidation and

superoxide dismutase (SOD) (114).

It is well-known that RPE cells play an essential role in

maintaining the viability and functionality of photoreceptors,

and that their loss of function results in alterations that are

potentially causative of various retinal diseases (115). During

pathogenic conditions, fully differentiated epithelial cells, via

a process known as epithelial–mesenchymal transition (EMT),

could reverse their phenotype to mesenchymal cells with

invasive and migratory behavior toward the neuroretina, which

in turn differentiate into fibroblasts/myofibroblasts. Next, the

latter cell types could secrete excessive amounts of extracellular

matrix components such as collagen (types I, III, IV, V,

and VI) and fibronectin, resulting in fibrosis (116). Of note,

during DR, EMT seems to be linked with the mTOR pathway

and ROS, mainly driven by TGF-β. TGF-β has been found

to be upregulated in the postmortem eyes of patients with

ocular diseases and EMT, revealing a relevant role during the

generation of DR (115, 117). Indeed, Kim et al. suggested a

mechanism formTOR activation and ROS generation with TGF-

β, which contributes to EMT and fibrosis in retinal pigment

epithelial cells (118).

Furthermore, recent findings in support of the involvement

of the mTOR pathway showed that an mTOR inhibitor can

modulate the expression of VEGF in the diabetic rat retina and

VEGF-induced ROS enhancement in the Müller cell line (TR-

MUL5) (96). These results are in line with the studies by Kim

et al. where resveratrol limits the increase of VEGF, reducing

early vascular lesions in diabetes-induced mouse retinae (119).

L-glutamate is a major excitatory neurotransmitter in the

nervous system, but excess extracellular glutamate may lead

to neuronal and non-neuronal death and/or damage (120). In

this context, ROS reduces glutamate clearance in the retina via

the inhibition of glutamate intake in Müller cells, ultimately

inducing retinal neurodegeneration (121). These effects are in

line with the aforementioned relationship between ROS and

mTOR, in the light of glutamate transporter 1 expression being

a downstream target of mTOR (122).

From this point of view, it is clear that the observed

relationship between oxidative stress and mTOR pathway in DR

could be used to unveil potential new therapeutic opportunities

to treat this illness.

The crosstalk between mTOR and
MicroRNAs in DR

MicroRNAs (miRNAs) are small, non-coding ribonucleic

acids (RNAs) that regulate gene expression by pairing

with complementary DNA sites and/or interfering with

mRNA translation and stability (123). Although several

studies have highlighted the crosstalk between the mTOR

pathway and miRNA gene targeting (124, 125), few

articles have investigated the role of miRNAs during DR.

Among them, Li et al. have shown that the presence of

ROS modulates the expression of miRNA-34a, increasing

oxidative stress-related markers and cell apoptosis in ARPE-

19 treated with high glucose (126). These findings are in

line with a study by Liao et al. that miR-34a upregulates

the phosphorylation of mTOR, which further reduces

autophagy and enhances apoptosis in prostate cancer cells

(127). However, further studies are needed to address the

direct target(s) of miR-34 in regulating the mTOR pathway

during DR.

Furthermore, in the treatment of ARPE-19 under high

glucose conditions (50mM), the overexpression of miR-130a

exerts an antioxidant role by increasing the scavenger SOD1

levels in a TNF-α-dependent manner, as confirmed by the

upregulation of TNF-α or knockdown of SOD1 (128). Although

there is no clear evidence of the crosstalk between miR-

130a and the mTOR pathway during DR, it is noteworthy

that miR-130a is a negative regulator of TSC1, capable

of upregulating the mTOR pathway in high-grade serous

ovarian carcinoma (129). Then, the consequent aforementioned

TNF-α upregulation and SOD1 phosphorylation could be

the result of mTORC1 activation (114, 130). These findings

could open up attractive new research areas for researchers

involved in the study of DR. Currently, other miRNAs

seem to be involved in the mTOR pathway during DR.

During hypoxia, miR-7 is a critical mediator of the cellular

response, reversing hypoxia-induced inhibition of mTOR

signaling (131). Furthermore, it has been found that miR-7 can
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modulate cell proliferation by downregulating the expression

of Hoxb3, mTOR, p-PI3K, and p-AKT in retinal epithelial

cells (132).

Recent findings showed that the retinae of mice with

DR notably decreased the expression of miRNA-29, and

this event was associated with the inhibition of AMPK

phosphorylation, with AMPK being the target protein

of miR-29, and increased the expression of p-mTOR,

thereby leading to excessive apoptosis observed during

DR (133).

Lastly, the role of miRNA and mTOR pathways in DR

needs further study, and bioinformatic analysis could be a

useful tool to highlight their contribution to the pathophysiology

of DR. Indeed, according to bioinformatic analysis, miRNA-

204 with its three target genes Rictor, Dlg1, and SYNJ2BP, is

associated with retinal diseases, suggesting that it has a relevant

role in regulating Wnt signaling, the blood–retinal barrier, and

angiogenesis (134).

The crosstalk between mTOR and
autophagy in DR

Autophagy is a catabolic process in which damaged

cellular components are sequestered within a vacuole and

degraded by fusing with lysosomes. Autophagy also allows

cells to obtain free fatty and amino acids to sustain protein

synthesis, and occurs as a selective process against specific

organelles for disposal and tissue remodeling (135). Therefore,

autophagy maintains adequate cellular homeostasis and energy

levels. Autophagy can be distinguished into three main types:

macroautophagy, microautophagy, and chaperone-mediated

autophagy. Furthermore, autophagy discriminates targets in a

specific and non-specific manner. Selective autophagy requires

one or more receptors that tag targets for engulfment in

the autophagosome, while non-selective autophagy is a bulk

process that randomly picks up any kind of cytoplasmic

proteins and ships it into the lysosome. In macro- and

microautophagy, cytosolic components are engulfed in vacuoles

and lysosomes through selective and non-selective mechanisms,

while in chaperone-mediated autophagy, lysosome-associated

membrane protein type 2A (LAMP-2A) first binds the substrate

protein to the lysosomal membrane (136, 137).

Notably, the modulation of autophagy

processes has been shown to represent an effective

approach to the treatment of several human

pathologies including neurodegenerative diseases

(138, 139).

On the other hand, the modulation of autophagy is

strictly dependent on the specific illness. Autophagy can

play contrasting roles in different neurodegenerative

diseases, playing an ameliorative role in some

illnesses and contributing to the course of the disease

in others.

In some neurodegenerative diseases, autophagy can act

as a scavenger of misfolded and abnormally aggregated

proteins, and in this context, autophagy stimulation can

have a positive therapeutic role. Indeed, mTOR inhibition

and autophagy activation have been shown to play a critical

role in Alzheimer’s disease. In Alzheimer’s disease, mTOR

activation promotes the production and accumulation of

amyloid-β in the brain, and this event is linked with a direct

inhibition of the autophagy-lysosomal system (140). Moreover,

autophagy reduces the production of amyloid-β and ameliorates

memory function in some animal models of Alzheimer’s

disease (141).

Similar findings are shown in neurogenerative Parkinson’s

disease where autophagic processes are dysfunctional

with related accumulation of α-synuclein and other

polyubiquitinated proteins (142).

Ischemia causes disorders related to nutritional needs

and metabolic demands, and autophagy restores energy

production via a catabolic process that allows neuronal cells

to survive the nutrient depletion (143). In a neonatal model

of hypoxia/ischemia, the inhibition of mTOR can activate

autophagy (144). Moreover, in a model of spinal cord

injury, rapamycin drives neuronal cell protection, promoting

autophagy by inhibiting mTOR signaling (145).

Recently, Patergnani et al. reported alterations in glucose

metabolism, impairment in mitochondrial functions, and excess

of autophagy and mitophagy related to alterations in the

mTOR/ULK1 pathway, in in vitro, ex vivo, and in vivo models

of multiple sclerosis. The inhibition of autophagy with FDA-

approved drugs strongly ameliorated axonal remyelination in all

models and in vivo behavioral tests (146).

Similarly, in a mouse model of spinal cord

injury, treatment with bisperoxovanadium was

shown to activate the Akt/mTOR pathway, reduce

autophagy, and rescue motor neurons from

death (147).

Neurodegenerative disorders are significantly increasing

worldwide. DR is now widely recognized as a neurodegenerative

disorder (148), and its pathophysiology is closely related to

the regulation of autophagy. Non-neuronal cells like RPE cells

may also play a critical role in DR. RPE is part of the oBRB

and regulates the transport of nutrients, water, and solutes

from the choroid to the retina. In addition, RPE sustains

photoreceptors and ensures the recycling of cones and rods

that need to be replaced upon light absorption. Therefore, the

autophagy of these cells appears to be relevant during DR.

Consistently, Zhang et al. showed that high glucose conditions

mediate the damage to ARPE-19 and increase its autophagy

as well as apoptotic markers (p-p53, Bcl-2, and p62), and that

these damages can be reversed by the autophagy inhibitor

3-methyladenine (3-MA), indicating a dysregulation of the
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autophagic process (149). This last observation was further

confirmed by the same group, pointing out the beneficial effect

of procyanidin, a member of the flavonoids, which inhibits

autophagy (150). Interestingly, these beneficial effects were

reversed when the autophagy agonist rapamycin was added to

procyanidin treatment.

In DR, hypoxia and nutrient starvation increase

circulating adipokines (i.e., leptin and adiponectin) to

FIGURE 3

Schematic representation of the e�ects of the mTOR pathway in diabetic retinopathy (DR). Hyperglycemia and hypoxia prompt a plethora of

e�ects associated with the expression of the PI3K/Akt/mTOR pathway, reactive oxygen species (ROS), advanced glycation end products (AGEs),

inflammatory cytokines, and glycolysis intermediates, which in turn sustain vascular leakage and overall inflammation of the retina, with the loss

of the blood–retina barrier and the neural microenvironment being mainly driven by increased vascular endothelial growth factor (VEGF)

production and dysregulated autophagy.

Frontiers inMedicine 10 frontiersin.org

200

https://doi.org/10.3389/fmed.2022.973856
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Casciano et al. 10.3389/fmed.2022.973856

overcome metabolic deficiency. Recent findings indicate that

adipokines may contribute to neovascularization during DR

(151), a phenomenon linked with the mTOR pathway and

the autophagy process. Li et al. found that in the rhesus

choroid-retinal endothelial (RF-6A) cell model, during high

glucose treatment, adiponectin promotes the expression of

p-PI3K, p-AKT, and p-mTOR, increasing cell viability and

lowering the autophagic process, therefore inhibiting high

glucose-induced angiogenesis (152). Moreover, in the retina

of DR mouse models, hypoxia and high glucose increase the

expression of AGGF1 (an angiogenic protein with a function

similar to VEGF-A) and promote autophagy with related

angiogenesis. These phenomena were further confirmed

in vitro using RF/6A cells, where the inhibition of the

PI3K/AKT/mTOR pathway and the activation of autophagy-

induced AGGF1-driven cell proliferation and tube-like structure

formation (153).

As previously mentioned, hyperglycemia, acting as a major

mechanism of DR pathology, causes neurodegeneration

earlier than the detectable microvascular damage in

which the mTOR/autophagy pathway is prominent.

Recent studies on streptozotocin-induced diabetic models

suggest that prolonged hyperglycemia downregulates

mTOR-related proteins and GLUT1, with an increase of

apoptotic markers as well as autophagic proteins in the

ganglion cell layer. Blockage of autophagy by phlorizin

(an insulin-independent glycemic control) and MHY1485

(an mTOR activator) normally rescues neuronal cells,

suggesting that the mTOR pathway plays a relevant

role associated with the damage to retinal ganglion

cell (4).

Collectively, these observations highlight the dual nature

of autophagy. In some circumstances, autophagy behaves as a

protective mechanism, regulating inflammation, reducing

starvation stress, and destroying noxious proteins. In

others, it can worsen mitochondrial activity and energy

replenishment, definitely targeting cells for death. This makes

the dysregulation of autophagy a very interesting target

in attempts to prevent the worsening of several illnesses,

including DR.

Cellular responses like autophagy and senescence are

closely related because many stresses including DNA damage,

oxidative stress, and oncogenic stress can activate them. Both

cellular responses prevent further proliferation of damaged

cells, triggering cytotoxic or cytoprotective effects (154). Indeed,

according to the level of autophagy, cells are driven to cell

death or cellular senescence. It has been well-described that the

exposure of ARPE-19 cells to a high concentration of glucose

alters metabolism and increases overall ROS production and

lipid accumulation, contributing to senescence (155, 156). Thus,

Chae et al. reported interesting results: in a doxorubicin-induced

mouse model of RPE senescence, they found that selective

targeting of senescent RPE cells by Nutlin-3a ameliorates

age-related macular degeneration (157). This finding may

appear tricky, but it is noteworthy that although p53 is an

autophagy agonist via the inhibition of mTORC1, Nutlin-3a

causes quiescence and senescence program suppression (158,

159). Overall, in RPE, given that mTOR and p53 are key

mediators of autophagy and senescence responses, this may

represent an attractive target to eliminate senescent cells

in DR.

Along with non-retinal cells that are affected by DR,

Müller cells and retinal microvascular endothelial cells have

been implicated in altering autophagic processes. Müller cells

respond to vascular injury, trauma, and metabolic stresses

by releasing trophic factors (i.e., VEGF) and phagocytosing

degenerated cells to maintain retinal homeostasis (160). In

vitro experiments have shown that upon high glucose stress,

Müller cells increase autophagic markers with the accumulation

of p62/SQTSM1. Despite this process, glial cells undergo

programmed cell death and release massive amounts of

VEGF. On the other hand, rapamycin restores the autophagic

machinery and protects cells from apoptosis, thus highlighting

the role of autophagic dysfunction in these cells during DR

(161). Along with these alterations, Müller cells undergo the

dysregulation of mitophagy and become more susceptible to

redox stress (162).

Therefore, the induction of autophagy seems to play a

relevant role in maintaining cell survival in the nervous system,

and mTOR is a conductor for autophagic activity in the

cells, making it a candidate for the crosstalk between the

mTOR pathway and autophagy as an attractive option to

manage DR.

Conclusion

Diabetic retinopathy is a complex disease without a

completely clarified etiology. Diabetes at the intracellular

level prompts oxidative stress and redox equilibrium

imbalance through different cellular and mitochondrial

pathways. The successive cellular alterations and death

lead to profound changes in the histology of the retina,

with malfunction and loss of photoreceptors and other

neural cells. In parallel, weakening the BRB leads to

microvascular changes that reduce the availability of oxygen

to photoreceptors. This impacts the survival of neurons and,

in the meantime, induces a marked trophic factor-dependent

redrawing of the retinal microvascular structure, as is typical

of DR.

Mammalian target of rapamycin coordinates multiple

anabolic and catabolic processes involved in promoting

cell growth and acts as a sensor for growth factors and

nutrients. The finding reported in this review highlights

that in neurodegenerative diseases like retinopathy,

the mTOR pathway can be over activated or inhibited.
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Furthermore, corticosteroids, laser photocoagulation, and

anti-VEGF therapy are becoming the standard of care for

the treatment of DR, but can have adverse problems or

encounter non-responding subjects, preventing their use in

some patients.

Concurrently, this review highlights that in DR, the

mTOR pathway seems to be involved in a plethora of

effects linked to oxidative stress, autophagy dysregulation,

and cell death, as seen in various experimental models

(Figure 3). In this opinion, although knowledge gaps deserve

further elucidation, mTOR targeting in particular could be an

attractive target for researchers to postulate novel therapies to

treat DR.
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Background: Pterygium is a common ocular surface disease. Recurrence is

the greatest concern in the treatment of pterygium. Thus, a standardized and

effective treatment modality with minimal risk for complications is needed

for the management of pterygium. The aim of this systematic review and

meta-analysis was to evaluate different tissue grafting options, including

conjunctival autograft (CAG) with mitomycin C (MMC), CAG alone, and

amniotic membrane transplantation (AMT), for the management of primary

pterygium.

Methods: We searched the MEDLINE, EMBASE, and Cochrane Central Register

of Controlled Trials databases for relevant studies. We included randomized

controlled trials (RCTs) in which CAG + MMC and AMT were compared with

surgical excision with CAG alone for the treatment of primary pterygium.

The rates of recurrence and adverse events reported in the studies were also

evaluated. Risk ratio (RR) was used to represent dichotomous outcomes. The

data were pooled using the inverse variance weighting method. The quality

of the evidence derived from the analysis was assessed using the Grading

of Recommendations Assessment, Development, and Evaluation (GRADE)
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approach. Risk of bias was assessed using the revised Cochrane risk-of-bias

tool for randomized trials.

Results: Twelve RCTs (n = 1144) were deemed eligible and included for

analysis. Five RCTs had a low risk of bias, five had some concerns, and two

had a high risk of bias. Subgroup analysis showed a statistically significant

reduction in the rate of pterygium recurrence after CAG + MMC (RR = 0.12;

95% confidence interval [CI], 0.02–0.63). This outcome was rated as high-

quality evidence according to the GRADE criteria. There were insignificant

differences between the rates of recurrence after AMT and CAG (RR = 1.51;

95% CI, 0.63–3.65). However, this result was rated as low-quality evidence.

Regarding adverse events, patients treated using AMT showed significantly

lower rates of adverse events than those treated using CAG (RR = 0.46; 95% CI,

0.22–0.95). However, this finding was rated as low-quality evidence as well.

CAG + MMC showed a safety profile comparable to that of surgical excision

with CAG alone (RR = 1.81; 95% CI, 0.40–8.31). This result was also rated as

low-quality evidence.

Conclusion: A single intraoperative topical application of 0.02% MMC during

excision of pterygium followed by CAG has significantly shown to decrease

the rate of pterygium recurrence to 1.4% with no severe complications.

KEYWORDS

pterygium, autologous conjunctival transplantation, conjunctival autograft,
mitomycin C, amniotic membrane transplant

Introduction

Pterygium is an uncontrolled overgrowth of fibrovascular
tissue that extends across the limbus and invades the cornea,
leading to astigmatism and recurrent inflammation (1). It
is a common ocular surface disease with well-documented
risk factors; however, its pathogenesis is unclear, with
ultraviolet exposure being identified as the main causative
factor (2). Exposure to dusty, sandy, or windblown
environments is also one of the main factors that contribute
to the development and progression of pterygium (3, 4).
A meta-analysis of 20 studies indicated that the estimated
pooled prevalence of pterygium is 10.2% (5). However, its
prevalence is up to 53% in some regions, such as China
(5–7).

When pterygium causes obvious disfigurement and
impacts vision, thereby reducing a patients’ quality of
life, ophthalmologists intervene even before the threshold
for surgery is reached (8, 9). Over the past few decades,
the standard treatment for pterygium was bare scleral
excision; however, it is associated with an unacceptably
high incidence of recurrence, which can be as high as 88% in
some populations (1, 10). Tissue grafting with conjunctival
autograft (CAG) and amniotic membrane transplantation
(AMT) has replaced bare scleral excision and become the

new standard of care for pterygium owing to their relatively
low recurrence rates compared to bare scleral excision
(11). The risk of recurrence in patients treated using CAG
ranges from 2 to 39%, that in patients treated using CAG
combined with mitomycin C (MMC) ranges from 2 to 9%,
and that in patients treated using AMT ranges from 3.8 to
40.9% (12).

The gold standard for pterygium removal is surgical
excision with CAG (13). Several adjunctive treatment
options have been developed to reduce the risk of
pterygium recurrence (11). The safest and most commonly
used one is MMC. MMC is an antineoplastic antibiotic
that selectively inhibits the synthesis of DNA, RNA,
and protein in all cells. MMC interferes with cell
proliferation, making it a good option for controlling
endothelial cell proliferation during pathophysiological
angiogenesis (9, 14). However, the exact efficacy and safety
of MMC is unclear.

The results of previous studies on the pathophysiology
and management of pterygium do not clarify some unclear
aspects of this common ocular surface disease. For instance,
no previous systematic review collectively described the roles
of different tissue grafting options as individual treatments or
in combination with adjunctive therapies for the treatment
of pterygium (1, 3, 15). Since recurrence is the greatest
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concern in the treatment of pterygium, a standardized and

effective treatment with a very low risk of complications is

needed, especially considering that repeated surgical procedures

often worsen the disease (16). Therefore, the aim of this

systematic review and meta-analysis was to comprehensively

evaluate the efficacy and safety of CAG combined with

MMC and AMT with or without MMC compared to

surgical excision with CAG alone for the treatment of
primary pterygium.

Methods

This systematic review was conducted according to a pre-
specified protocol registered in PROSPERO (CRD42022297725)

FIGURE 1

Study flow diagram.
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TABLE 1 Characteristics of the included studies.

References Interven-
tion

MMC
specifics
(dose,
timing, etc.)

Number of participants Number of eyes Age (years)* Gender Type of
sutures used

Planned
follow-up
(months)

The
definition of
pterygium
recurrenceCAG Interven-

tion
CAG Interven-

tion
CAG Interven-

tion
Male Female

Frucht-Pery
et al. (19)

CAG vs. combined
CAG with MMC

Intraoperative
application of
MMC 0.02% for
1 min (before the
transplantation
procedure was
performed)

30 30 NR NR 43.4 ± 12.2 41.8 ± 11.8 NR NR 10-0 nylon stitches 13 months Vascular invasion
through the limbal
area into the clear
cornea.

Prajna et al. (23) CAG vs. AMT – 33 33 33 33 Range = 44–64 Range = 44–64 11 22 8- 0 vicryl suture
for the
conjunctival side
of the transplant;
10- 0 nylon suture
for the limbal side

12 months The presence of
additional fibrous
tissue in the
excised area that
did not invade the
cornea or
fibrovascular
tissue invasion
through the
cornea.

Agahan et al.
(20)

CAG vs. combined
CAG with

MMC

Application of
intraoperative
0.02% MMC in
the bare sclera
and head of the
pterygium for
3 min and then
washed off with
normal saline
solution after
excision of the
pterygium

NR NR 15 17 44.73 ± 11.99 44.88 ± 3.29 CAG = 6, CAG +
MMC = 8

CAG = 9, CAG +
MMC = 9

10-0 nylon stitches 6 months Fibrovascular
proliferation
encroaching onto
the cornea coming
from the original
pterygium site.

Balakrishna
et al. (24)

CAG vs. AMT 45 45 NR NR 46.53 ± 13.51 37.89 ± 10.85 CAG = 19,
AMT = 31

CAG = 26,
AMT = 14

NR 6 months Fibrovascular
growth beyond
the limbus onto
the cornea.

Dos Santos
Martins et al.
(21)

CAG vs. combined
CAG with MMC

0.1 ml of 0.02%
MMC
subconjunctival
injection (1
month vs. 2 weeks
pre-op)

29 1 month
pre-op = 16

2 weeks
pre-op = 20

29 1 month
pre-op = 16

2 weeks
pre-op = 20

Range = 21–84 Range = 21–84 31 34 Nylon 10-0 24 months Fibrovascular
growth beyond
the limbus onto
the cornea.
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TABLE 1 (Continued)

References Interven-
tion

MMC
specifics
(dose,
timing, etc.)

Number of participants Number of eyes Age (years)* Gender Type of
sutures used

Planned
follow-up
(months)

The
definition of
pterygium
recurrenceCAG Interven-

tion
CAG Interven-

tion
CAG Interven-

tion
Male Female

Pan et al. (25) Hyperdry AMT vs.
CAG

– 59 71 62 79 63.05 ± 6.678 62.32 ± 7.030 AMT = 31,
CAG = 26

AMT = 40,
CAG = 33

10-0 nylon 12 months Fibrovascular
growth beyond the
limbus onto the
cornea.

Ma et al. (26) CAG vs. AMT – 50 71 56 80 56.4 ± 11.9 56.7 ± 11.3 CAG = 19,
AMT = 35

CAG = 31,
AMT = 36

8-0 vicryl 6 months Fibrovascular
growth beyond the
limbus onto the
cornea.

Luanratanakor
et al. (27)

CAG vs. AMT – 106 148 106 148 44.75 ± 11.44 45.31 ± 12.84 CAG = 40,
AMT = 52

CAG = 66,
AMT = 96

Interrupted 10-0
nylon sutures

6 months Vascular invasion
through the limbal
area into the clear
cornea.

Tananuvat and
Martin. (30)

CAG vs. AMT – 41 39 42 44 44.81 ± 8.77 41.93 ± 9.07 CAG = 18,
AMT = 16

CAG = 23,
AMT = 23

8-0 vicryl 6 months Post-operative
regrowth of
fibrovascular tissue
crossing the limbus
onto the clear
cornea in the area
of previous
pterygium excision.

Toker and
Eraslan. (28)

CAG vs. AMT – 40 34 43 39 52 ± 13.7 49.8 ± 14.1 CAG = 18,
AMT = 16

CAG = 16,
AMT = 15

NR 12 months Conjunctival
fibrovascular
extension to the
limbus (limbal
recurrence) or
more than 1 mm
onto the cornea.

Liang et al. (29) CAG vs. AMT – NR NR 81 52 Range = 32–85 Range = 30–81 CAG = 32,
AMT = 20

CAG = 49,
AMT = 32

10-0 nylon stitches 12 months The presence of
conjunctival
hyperemia,
neovascularization,
and pterygium
tissue invasion.*

CAG, conjunctival autograft; AMT, amniotic membrane transplantation; MMC, mitomycin C; Pre-op, pre-operative; NR, not reported.
*Age of participants represented as mean ± standard deviation; when unavailable, it was represented as range.
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and the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) checklist (17).

Search strategy

We systematically searched the MEDLINE, EMBASE, and
Cochrane Central Register of Controlled Trials databases for
relevant articles published from the dates of the establishment
of the databases to January 10, 2022. No date or language
restrictions were applied during the search. The complete
search strategy is outlined in the Supplementary material. We
manually searched the references of the retrieved articles for
potentially relevant randomized controlled trials (RCTs) that
were not found during the systematic search.

Eligibility criteria

Studies that included participants who underwent surgical
excision of primary pterygium were included in this systematic
review and meta-analysis. The interventions applied in the
included studies were surgical excision with CAG alone,
CAG + MMC, or AMT with or without MMC. The evaluated
outcomes were recurrence rates and adverse events. Trials in
which patients with recurrent pterygium or any ocular surface
lesions other than pterygium were the study population and
those in which the participants were treated using adjunctive
therapies other than MMC were excluded from this systematic
review and meta-analysis.

Mitomycin C was the only adjunctive therapeutic option
investigated in the present study. This is because most of the
other adjuvant options have been abandoned for MMC owing to
its relative superiority in terms of safety (9). Patients who were
treated using surgical excision with CAG were the control group
in the present study because most cornea specialists consider
surgical excision with CAG the gold standard for the treatment
of primary pterygium (16).

Study selection and data extraction

Two reviewers independently and jointly screened the titles
and abstracts of the extracted articles according to the eligibility
criteria. The full texts of potentially eligible articles were assessed
and the data of the eligible studies were extracted for analysis.
Discrepancies were resolved through consensus or discussion
with a third reviewer before the analyses.

Risk of bias assessment

Two reviewers independently and jointly assessed the risks
of bias in the eligible RCTs using the revised Cochrane risk-
of-bias tool (18). Each study was reviewed and its risk of bias
was categorized as follows: “high risk,” “low risk,” or “some
concerns.” Discrepancies between the reviewers were resolved
through discussion until agreement was reached. We assessed
each outcome’s potential for publication bias through visual
inspection of a funnel plot with risk ratios (RR) and standard
errors. Publication bias was considered to be possible if the
funnel plot was asymmetrical.

Meta-analysis

Data analysis was performed using the RevMan software
version 5.3 (Cochrane Collaboration). All statistical analyses
were performed using a random-effects model. We adopted
a 95% confidence level and threshold of P < 0.05. Statistical
heterogeneity was assessed using I2 and the P-values derived
from the chi-square test. Dichotomous outcomes (recurrence
rate and adverse events) were expressed as RRs and pooled
using the inverse variance weighting method. We performed
a subgroup analysis based on the types of interventions
(CAG + MMC and AMT subgroups). Although subgroup
analyses at multiple follow-up timespoints would have provided

FIGURE 2

Risk of bias graph.
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an excellent representation of the efficacy and safety of the
interventions, such data were not reported in most of the
included RCTs. The quality of evidence for each outcome was
assessed using the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) criteria.

Results

Figure 1 shows the flowchart of the inclusion process
and exclusion criteria of this study. A total of 900 articles
were retrieved during the literature search. After screening
the articles, 328 duplicates were identified and excluded. The
titles and abstracts of the remaining articles were read and
42 potentially eligible studies were assessed for inclusion.
Ultimately, 12 RCTs were deemed eligible and included in the
meta-analysis. Regarding the interventions, CAG + MMC was
evaluated in three RCTs, whereas AMT was evaluated in nine
RCTs. AMT + MMC was not evaluated in any of the studies.

Characteristics of the included trials

A total of 1,144 participants were enrolled in the 12 RCTs.
The participants were randomly assigned to a treatment group.
A total of 557 participants received CAG alone, 520 received
AMT, and 67 received CAG + MMC. The mean age of the
patients ranged from 42 to 63 years for the CAG arm, 37–
62 years for the AMT arm, and 41–48 years for the CAG + MMC
arm. Recurrence of pterygium six months after surgery was
reported in seven RCTs, recurrence 12 months after surgery was
reported in four RCTs, and recurrence 48 months after surgery
was reported in one RCT. The most commonly used sutures
were 8-0 vicryl and 10-0 nylon. The detailed characteristics of
the included studies are presented in Table 1.

Risk of bias assessment

Five of the 12 RCTs had a low risk of bias, five had some
concerns, and two had a high risk of bias. Figures 2, 3 show the
assessment of the risk of bias in all the included RCTs.

Recurrence rate

Pterygium recurrence was reported in all 12 RCTs (n = 1,144
participants) (19–30). The CAG + MMC intervention was
associated with significant reduction in recurrence rates
compared to CAG alone (RR = 0.12; 95% confidence interval
[CI], 0.02–0.63; P < 0.05; I2 = 0%). The rates of recurrence after
CAG with and without MMC were 1.4 and 11.3%, respectively.
The result regarding the rate of recurrence after CAG + MMC

FIGURE 3

Risk of bias summary.

was rated as high-quality evidence according to the GRADE
certainty of evidence criteria (Figure 4). However, there were
no statistically significant differences between AMT and CAG
in terms of recurrence rate. The rate of pterygium recurrence
after AMT was 16.5% (RR = 1.51; 95% CI, 0.63–3.65; P = 0.36;
I2 = 73%) (Figure 5). This finding was rated as low-quality
evidence (Figure 4). The funnel plot was symmetric; therefore,
publication bias was unlikely (Figure 6).

Adverse events

Adverse events were reported in nine RCTs (n = 890) (19–
21, 24–28, 30). Patients treated using CAG + MMC and CAG
alone showed similar rates of adverse events (RR = 1.81; 95%
CI, 0.40–8.31; P = 0.44; I2 = 28%); however, the range of
the CI was wide. This could be attributed to the relatively
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FIGURE 4

Grading of recommendations assessment, development and evaluation (GRADE) evidence profile. CI, confidence interval; RCT, randomized
controlled trial; ROP, retinopathy of prematurity; RR, risk ratio; CAG, conjunctival autograft; AMT, amniotic membrane transplantation; MMC,
mitomycin C.

small sample size of this subgroup. Patients treated using
AMT showed significantly lower adverse event rates than those
treated using CAG (RR = 0.46; 95% CI, 0.22–0.95; P < 0.05;
I2 = 49%) (Figure 7). The funnel plot was symmetric; therefore,
publication bias was unlikely (Figure 8). However, the quality
of the evidence regarding adverse events in both subgroups was
low (Figure 4).

Discussion

In this systematic review and meta-analysis of 12 RCTs
with a total of 1,144 participants, we compared the efficacy and

safety of surgical excision with AMT or CAG + MMC with
those of surgical excision with CAG alone for the treatment
of primary pterygium. Subgroup analysis showed a statistically
significant reduction in recurrence rates after treatment using
CAG + MMC. Regarding adverse events, patients treated using
AMT showed significantly lower rates of adverse events than
those treated using CAG.

In the most recent Cochrane systematic review, CAG
was compared with AMT for the treatment of both primary
and recurrent pterygia. In that review, the risk of recurrence
6 months after surgery was significantly lower in the CAG
group than in the AMT group. In addition, there was no
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FIGURE 5

Forrest plot of rate of recurrence. CI, confidence interval; IV, inverse variance; CAG, conjunctival autograft; AMT, amniotic membrane
transplantation; MMC, mitomycin C.

FIGURE 6

Funnel plot of rate of recurrence. SE, standard error; RR, risk ratio; CAG, conjunctival autograft; AMT, amniotic membrane transplantation; MMC,
mitomycin C.

clinically or statistically significant difference between the CAG
and AMT groups in terms of recurrence in patients with
primary pterygium 3 months after surgery (1, 31). This could
be explained by the fact that most recurrence events occur
6 months after surgery rather than 3 months after (32). However,
it should be noted that subgroup analysis of recurrence in
patients with primary pterygium 6 months after surgery has not
been conducted in any study to date.

The results of the present study demonstrate the superiority
of CAG + MMC over other tissue grafting techniques for the
treatment of pterygium. This finding is consistent with those
of a network meta-analysis of 2,483 patients in which the
efficacy of different adjuvants for the prevention of recurrence
following pterygium surgery were compared. In that meta-
analysis, the MMC + CAG group showed lower rates of
recurrence compared to the CAG alone group (15, 33). In
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FIGURE 7

Forrest plot of adverse events. CI, confidence interval; IV, inverse variance; CAG, conjunctival autograft; AMT, amniotic membrane
transplantation; MMC, mitomycin C.

FIGURE 8

Funnel plot of adverse events. SE, standard error; RR, risk ratio; CAG, conjunctival autograft; AMT, amniotic membrane transplantation; MMC,
mitomycin C.

another study of 75 patients, most of whom had advanced
primary pterygium, the use of 0.02% MMC (the same
dose used in the RCTs included in the present study) was
associated with lower rates of recurrence than 0.01% MMC;
however, the result was not statistically significant (33). The
outcomes of intraoperative and post-operative administration
of MMC have been compared in some studies and the
results showed that the former is much safer than the latter
(34, 35).

Most adverse events related to MMC are reported
after post-operative administration (12). Post-operative topical
administration of MMC is no longer recommended because of
possible drug misuse (i.e., uncontrolled and prolonged use of the
drug by the patients), which leads to severe ocular complications
(36). Intraoperative administration of MMC is generally
preferred because it is safer than post-operative daily topical
administration. However, scleral melting after intraoperative
administration of MMC has been reported. Maintaining the
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epithelium over the intact operated area is crucial for the
prevention of scleral melting (37, 38). Additionally, cautious
selection of candidates for the administration of MMC is
essential for the prevention of severe ocular complications. In
this context, MMC should not be administered to patients with
abnormal ocular surfaces who have a high risk for excessive
inflammation or delayed epithelialization (e.g., patients with
immune disorders, blepharitis, or dry eyes) (37, 39–41).

The use of MMC has been discouraged in several studies
because it causes scleral thinning (37, 38, 42). Delayed
epithelialization and iritis, which may occur after both
intraoperative and post-operative administration of MMC, are
also severe complications associated with the use of MMC
in pterygium surgery. However, no serious complication was
reported in any of the RCTs included in the present study
(42). Landau et al. reported that no significant adverse effects
were observed in any of the patient groups in their study,
including the MMC arm (12). Similarly, in the trial by Agahan
et al., steroid-induced elevation of intraocular pressure and
formation of Tenon’s cyst were reported; however, they were
not considered related to the use of MMC (20). Martins et al.
also reported no MMC-related side effects during the follow-up
period in their study (21). Most of the adverse events reported in
the RCTs analyzed in the present study were present in the other
subgroups (i.e., the CAG and AMT subgroups). In addition,
the side effects were transient and did not have any serious
vision-threatening effects.

The results of the present study support the use of CAG
combined with intraoperative administration of 0.02% MMC
for the treatment of pterygium because it has the lowest risk
of recurrence compared to the other studied interventions; in
addition, it is not associated with any serious adverse effects.
However, it must be noted that the optimal MMC dose is yet
to be established. Our recommendations regarding the MMC
dose and route are based on the results of three RCTs that were
included in the CAG + MMC subgroup (9, 17, 18). Although
MMC is associated with decreased rates of recurrence after
pterygium excision, a conventional route of administration,
careful dosing, and patient selection are recommended.

The present study is the most comprehensive systematic
review and meta-analysis of published RCTs with high-quality
evidence derived from a relatively large sample size to date.
In addition, a subgroup analysis of the interventions was
performed to improve the clinical relevance of the results.
Furthermore, the GRADE criteria were applied to each studied
outcome in this high-quality systematic review and meta-
analysis, ensuring a transparent assessment of the certainty of
the evidence and an explicit and comprehensive evaluation of
the outcomes of alternative management strategies. This enabled
us to provide reliable and pragmatic recommendations. To our
knowledge, no other systematic review on the safety and efficacy
of CAG + MMC or AMT in patients with primary pterygium
involved the evaluation of outcomes using the GRADE criteria.

This review had several limitations. First, variations in
MMC doses and follow-up periods across RCTs may have
affected the results. Second, the studies included in this
meta-analysis showed some heterogeneity, probably owing to
variability in patient populations and treatment protocols.
Third, the included RCTs have some risks of bias, specifically
relating to randomization techniques, deviation from the
intended intervention, missing outcome data, and outcome
measurements. Finally, the definitions of pterygium recurrence
in the RCTs were inconsistent.

Conclusion

A single intraoperative topical administration of 0.02%
MMC during excision of pterygium, followed by CAG
transplantation, has shown to decrease the pterygium
recurrence rate to 1.4% without any serious complications.
Future studies are needed to determine the lowest effective
dose of MMC that prevents pterygium recurrence without
causing complications, as well as the optimal route and timing
of administration. In addition, well-conducted RCTs are
needed for the evaluation and comparison of the available
sutureless techniques for the treatment of pterygium, which is
an interesting and novel research topic.
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masks on ophthalmology
practice: What is known so far?
A narrative review
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of Health, Irbid, Jordan, 4Hamad Medical Corporation, Doha, Qatar

Face masks, along with other preventive measures, can help slow the spread

of COVID-19. Despite the positive e�ect of the mask in combating the virus,

it has some negative e�ects on the human body that must be followed up

on and reduced. In this study, we discuss the impact of wearing face masks

on the eye and the common issues associated with using them. The literature

search was conducted using electronic databases such as PubMed and Google

Scholar. Only articles published in English were included. A total of 39 relevant

articles were deemed eligible. After the duplicate articles were removed, the

titles and abstracts of 20 papers underwent full-text screening. The review

comprised both prospective and retrospective investigations, case reports, and

a series of reporting ocular symptoms following the use of face masks. The

COVID-19 pandemic a�ected ophthalmology practices in managing patients.

New factors must be considered, especially when dealing with anti-VEGF

injections, such as the risk of endophthalmitis, tests and symptoms of patients

with glaucoma, and the emerging symptoms associated with the COVID-19

vaccination. The use of face masks and breathing aids seemed to influence

the tear film.

KEYWORDS

ophthalmology, face mask, COVID-19, ocular, eye

Introduction

In the past 2 years, the world has witnessed the advent of the largest outbreak and

health crisis since World War II, which is the COVID-19 pandemic caused by the

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has dramatically

affected the global healthcare system and different aspects of life due to its rapid spread

among people and the variation of symptoms noticed from one patient to another.

This has changed many principles of healthcare practices, especially in ophthalmology.

Recently, the World Health Organization issued a guiding protocol on the use of masks

and, therefore, to reduce the spread of disease (1). Face masks became a very important
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factor in controlling the pandemic, along with other controlling

measures (2). Wearing a mask helps reduce the spread of

COVID-19 significantly as it covers two parts of the T-

zone, namely, the nose and the mouth, while the eye area

remains uncovered, which makes the person vulnerable to

receiving or transmitting COVID-19. Moreover, different ocular

manifestations associated with SARS-CoV-2 in the anterior and

posterior segments of the eye were noted (3). The virus was

detected in tears and conjunctival samples, implicating the eye

as a potential route for viral entry (4, 5). Central retinal vein

occlusion (CRVO) and central retinal artery occlusion (CRAO)

were two of the many vascular manifestations of COVID-

19 (3, 4). In this review, we assessed the effect of the strict

regulations of wearing masks on the practices of different

ophthalmic procedures, investigations, and treatments, along

with the patient’s eye health.

Anti-VEGF injection complications

During the pandemic, since 2020, concerns were raised

regarding the possible effects of using face masks on eye health

and ophthalmology practices all over the world. During a virtual

meeting on March 2020, a 14-member Vision Academy Steering

Committee debated the key challenges of managing patients

receiving injections during the COVID-19 pandemic (6).

During that time, several international organizations changed

their guidelines for ophthalmologists in dealing with patients

accordingly. In the literature, few articles were published

considering the safety of face mask use while administering

intravitreal treatment. Infectious endophthalmitis is the most

feared complication of intravitreal injections (7). A recent U.S.

retrospective study over 5 years reported an endophthalmitis

rate of 0.036% (1: 2,778) (8). Although the rate is low, it is still

a major concern after the procedure. Trying to understand the

source of infection was the main area of interest to prevent

postinjection complications. In the 2018 European Society

of Retina Specialists’ expert consensus recommendations for

the use of surgical face masks or a no-talking policy during

the injection (9), wearing a face mask was an important

measure to control the pandemic in December 2020, which was

recommended by the WHO (10). Many endophthalmitis cases

may be caused by salivary flora contaminating the operative

field through droplet spread or aerosolization (11, 12). Even

though the source of the droplets is not clear, it should be

considered if we intend to reduce the possibility of this problem

and have a better outcome that follows the pandemic restrictions

and measures. Therefore, proper use and fit of face masks are

important, as they might be a possible risk factor during the

procedure when they are worn by patients these days because

of the pandemic. The first experimental study that tried to

develop a better understanding of this issue was published in

June 2020 (7). It involved 10 patients using three different

types of face masks monitored by two professional cameras,

with 90 trials recorded. Air leaks were found in every type of

mask that was investigated. In 81% (73/90) of cases, air jets

emanating from the mask’s top edges were seen pointing toward

the eyes. To explain how infections spread, Carl Flügge was

the first to propose the droplet theory. Mikulicz was the first

to recommend the use of face masks to stop the spread of

germs from medical professionals’ mouths during surgery in

1897 (13, 14). Wen et al. (15) demonstrated that oral bacterial

spread reduced significantly during a simulated intravitreal

injection when healthcare providers used surgical face masks or

remained silent. A meta-analysis concluded that there should

be strategies to minimize oropharyngeal droplet transmission,

which may include wearing surgical masks as streptococcal

isolates were approximately three times more frequent after

intravitreal anti-VEGF injection than after intraocular surgery

(11). Streptococcus species are thought to contaminate operative

fields by aerosolization or droplet spread (16–20). Applying

medical adhesive tape across the upper border of the face mask

was recommended to prevent air leaks. New literature that

was published in 2021 discussed this issue, which was only

discussed in five articles published during that year. In two

large retrospective comparative cohort studies, it was concluded

that the wearing of face masks by the patients and doctors

during the procedure did not influence the rate of postinjection

endophthalmitis, but the authors noted that the cases associated

with positive cultures of oral flora were decreased (21, 22). It was

clear that taping face masks reduced the quantity of air particles

directed toward the eye during the procedure, which suggests a

reduction in bacterial dispersion (23–25).

Glaucoma and standard automated
perimetry test (SAP)

In patients with glaucoma, the effects of the COVID-19

pandemic on the aspects of eye carecan cause problems and

have negative results on the accuracy of patient follow-up. Due

to COVID-19 measures, patients have been forced to wear face

masks, which has resulted in reduced accuracy of visual field

examinations or measurement tests, especially if the face masks

are not properly sealed (26, 27). In a study on patients with

glaucoma, in which all patients who underwent SAP from May

to October 2020 were enrolled, the SAP test was performed again

for the enrolled patients after wearing the mask to observe the

changes in their visual field since the beginning of the COVID-

19 pandemic. The study included 127 patients who were divided

into two groups as follows: those who wore surgical face masks

(101 patients) and those whowore cloth facemasks (26 patients).

The results were as follows: low reliability of SAP appeared in 23

patients of the whole sample, and lower visual field defects were

observed in three patients of the whole sample. The percentage

of low reliability of SAP in people who wear cloth face masks
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is five times higher than that of people who wear surgical face

masks. We conclude that unsuitable face masks may cause visual

field defects, such as increased severity of glaucoma or decreased

test reliability. Gluing the top edges of face masks is a good way

to prevent problems with the field of vision and get a good test

result (28).

In a study whose objective was to look at how the

COVID-19 epidemic affected glaucoma surgical procedures

in the United Kingdom, they found that trabeculectomy was

the procedure of choice for 61 (87%) glaucoma specialists.

Before the COVID-19 pandemic, 51 (73%) of the respondents

reported performing minimally invasive glaucoma surgery

(MIGS) procedures. The most commonly performed MIGS

procedure was the iStent Inject (51%), followed by XEN 45

(36%) and Preserflo (17%). Following the onset of the COVID-

19 pandemic, 43 (61%) respondents reported modifying

their glaucoma surgery practice. Of the glaucoma specialists

who modified their surgical practices, 21 (43%) specifically

reduced the number of trabeculectomy procedures performed.

In combination, diode laser therapy (both micropulse and

conventional trans-scleral cyclodiode) was the most common

alternative procedure. Glaucoma drainage devices, deep

sclerectomy, and Preserflo were also commonly chosen

alternatives. Table 1 clarifies the results of the study (29).

Respiratory support devices

A continuous positive airway pressure (CPAP) machine

is a form of positive airway pressure breathing machine that

applies moderate air pressure continuously. It keeps the airways

open constantly in people who can breathe on their own but

need help keeping the airways unobstructed. It is an alternative

to a positive end-expiratory pressure (PEEP) device; both

methods open the alveoli of the lungs, allowing more surface

area for ventilation. A positive end-expiratory pressure device

applies positive pressure only at the end of exhalation, while

a CPAP device applies continuous positive pressure during the

TABLE 1 Patterns of change in glaucoma surgery practice according

to consultant experience (29).

Consultant

experience

(years)

Changed

glaucoma

surgery

practice (%)

Restricted/

reduced

trabeculectomy

(%)

0–5 7 (31) 8 (36)

6–10 11 (53) 10 (48)

11–15 2 (27) 1 (12)

16–20 4 (42) 3 (31)

>20 4 (29) 3 (21)

breathing cycle. Therefore, while the CPAP device is working,

the ventilator itself does not operate, does not provide additional

pressure above the level of the previous device, and requires

patients to start all their breaths when using it compared to

the ventilator (30). In a case report, while following up on the

condition of a 48-year-old man with sleep apnea, the patient

indicated that his condition had improved and that using CPAP

made him feel comfortable, but he also had an unusual side

effect, that is, he felt his left eyelid would explode when he

opened his eyes; he felt that the air was escaping from it.

Therefore, the patient tried the APAP (automatic positive airway

pressure) or its other name, the total face mask, and he felt much

better than with CPAP. In conclusion, the return of air to the

eye is a rare complication of CPAP therapy that may be more

common in patients with damaged anatomical structures of

the lacrimal duct. Several interventions have been attempted to

overcome these complications. In our case, the use of a full-face

mask is an effective and well-tolerated new solution (31).

Contact lenses and using masks

Contact lenses became one of the most popular devices used

for cosmetic and medical issues. It has been proven that using

contact lenses without proper hand hygiene and careful care

for the eye’s health may result in putting the eye at higher risk

of infection with pathogenic bacteria added to its effect on the

cornea and the eye’s health (32). As we explained previously,

wearing a mask negatively affects the tear film as it weakens it

andmakes the eye vulnerable to dryness and eye surface diseases.

The use of the mask by people who use contact lenses leads

to a doubling of the speed of eye dryness and an increase in

the possibility of infection with eye surface diseases. In other

words, faster evaporation of the lacrimal membrane results in

dry patches on the surface of the eye, irritation, and discomfort

(33). In another study, a questionnaire that consisted of nine

questions related to the eye condition of contact lens users when

wearing a mask was developed. Several questionnaires were

used to make this questionnaire, such as OSDI, DEQS, UNC

DEMS, NEI VFQ 25, SPEED, DEQ-5, DEEP, and CLDEQ-8.

The questions were formulated to obtain information related

to demographic data such as gender, age, occupation, type of

contact lens, and when to replace it. In addition, contact lens

conditions were paid attention before and after the epidemic.

The epidemic affected the use of contact lenses due to the

frequency of mask use, and some eye symptoms were associated

with wearing contact lenses with a mask (34, 35). The study

included 177 people with an average age of 38.39 ± 10.9 years,

as it appeared that 35% of the whole sample had allergies. People

who replace contact lenses were divided into three sections as

follows: one that replaced lenses every month, which made up

61.7% of the allergic sample; some who replaced them every

2 weeks, which amounted to 8.5% of the allergic sample; and
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some who replaced them daily, which amounted to 28.8%of

the allergic sample. From the results of the questionnaire, we

observed that there was also a significant decrease in the use of

contact lenses compared to the time before the pandemic (33).

Symptoms related to dry eyes were present in 61.5% of the

participants. Around 81% of those who had ocular symptoms

did not report any change in the severity of their symptoms by

wearing the mask, while 17.5% had their symptoms worsened,

and 1.2% had their symptoms improved with the use of contact

lenses [32].

Wearing the N95 mask was not limited to the COVID-

19 pandemic; in 2002, in China, specifically in Guangdong, an

outbreak of atypical pneumonia was found, especially among

healthcare workers and their families, where healthcare workers

were assigned to wear masks and protection when dealing with

people suspected of having SARS (36, 37). The N95 mask is so

named because it protects against respiratory droplets; the letter

“N” stands for “not oil-resistant,” and the number “95” indicates

that themask is 95% effective at filtering particles with an average

diameter >0.3 m2 (38). After a period of using the mask, some

health workers felt headaches resulting from the prolonged use

of the mask. In a study involving 212 health workers, 79 reported

having headaches associated with wearing masks, 23 said that

the headache recurred six times a month, six people took very

long vacations, and 47 took painkillers for headaches. The study

concluded that wearing the mask leads to a headache and that

the tension and recurrence of headaches decrease as the time

spent wearing the mask decreases (39). Wearing the mask not

only leads to hemodynamic changes, but its effect extends to

the choroidal and retinal blood circulation as a result of carbon

dioxide retention, which has a vasodilating effect (40). In another

study conducted on health sector workers, the prolonged use

of the mask led to increased inhalation of carbon dioxide gas,

which leads to the occurrence of strikes, changes in the choroidal

circulation, and increases in the choroidal thickness (41).

Vision and falling down

Masks constantly block areas of lower peripheral vision,

even for those who do not wear glasses, in addition to wearing

glasses that impair vision (fogging glasses). For spotting and

avoiding any threats in the area as well as securely arranging our

steps, visual information from the lower outside field is crucial.

The likelihood of using this crucial sensory information when

walking is decreased when a mask is worn, which may raise

the risk of tripping or falling (42–44). It seems logical to argue

that, when wearing masks, people always glance down at their

feet. They will receive the visual data that they would typically

acquire while looking ahead with their lower peripheral vision.

Such a plan has already started to take shape. Although it seems

contradictory, we would contend that this idea is erroneous.

Considering the two purposes of vision when walking will help

you understand why (45). First, vision is employed to identify

hazards and designate secure walking routes, particularly for

the elderly. Planning is frequently challenging when bending

your head. According to recent research employing eye-tracking

equipment, older people make more errors when they gaze

at their feet than when they look ahead and consider the

possibility of tripping (46, 47). Second, maintaining balance

involves a combination of additional sensory input and visual

information, particularly from the periphery. This is improved

by minimizing head and eye movement during walking to

offer a stable visual “anchor” as the primary sensory input for

adjusting the balance. It can even cause severe instability as it

requires frequent and large movements of the head and eyes,

which can cause an imbalance between vision and vestibular

reflexes (48, 49). In short, advice to simply “appear down”

even as carrying masks can sarcastically compromise stability,

interfering with fine-tuned structures that use imagination and

prescience to offer protection even as walking. This impacts now

not only the elderly but also anybody whose stability is especially

dependent on imagination and prescience, that is, individuals

with Parkinson‘s disease or diabetic sensory neuropathy (50).

It is essential to make sure that the mask fits snugly around

the nostrils and cheeks. Good health not only minimizes the

risk of COVID-19 infection but also reduces visible damage and

minimizes eyeglass fogging. In the future, it may be possible to

create bespoke masks for the ultimate in shape and health with

minimal impact on vision and comfort. In the meantime, those

who wear glasses can use anti-fog technology like swimmers

(51). Threatened organizations must be advised to “take time”

rather than “get off.” Walk slowly before you start walking. This

gives you plenty of time to explore nearby boundaries and plan

a safe route (52). Slowing down also reduces the desire for large,

rapid movements of the head and eyes when walking. Slow

walking speed has disadvantages in addition to large fluctuations

in speed and decreased physical activity. Slowing down may not

be the most volatile strategy given that you risk doing extra

searches and do not currently make adjustments. Wearing a

mask is essential during the COVID-19 pandemic, especially

when you are with the elderly in a high-risk environment. It

is vital to reduce the performance impact on gait protection

to maximize the use of masks and reduce the likelihood of

leaving sports that require masks. Future research is needed to

evaluate a variety of protection technologies, including slowing

down the use of recommendations and explicit masks to enable

evidence-based, fully open fitness recommendations (53).

Face mask and tear film

The eye has a mechanism to maintain its moisture and

protect it from dust and dirt, which is the tear film. The tear

film consists of three layers, arranged from outside to inside,

as follows: from the outside, the fatty layer; in the middle,
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FIGURE 1

Three types of face masks: (A) modified face mask, (B) N95 face mask, and (C) surgical face mask (62).

the aqueous layer; and from the inside, the mucous layer.

These three layers that make up the tear film are made up of

lacrimal glands, accessory lacrimal glands, goblet cells, and the

meibomian glands (54, 55). Any injury that affects the tear film

leads to direct exposure of the eye to air and dust, which leads

to dry eyes. In contrast, there are some physiological factors

such as aging and menopause and pathological factors such as

Sjögren’s syndrome, lacrimation deficiency, meibomian gland

deficiency, diabetes, adenomyosis, and Hashimoto’s thyroid

disease; environmental factors such as prolonged screen time,

air conditioning, and smokers; and iatrogenic factors such as

contact lenses, medications, eye surgery, and wearing masks

(56, 57). The current problem that we are discussing is the effect

of face masks, as wearing them in this pandemic has become

mandatory because of their significant impact in limiting the

spread of the disease, but at the same time, wearing them for

long periods of time increases the chances of dry eyes, as a

cross-sectional study was conducted on a group of patients to

measure the changes in the tear film and the susceptibility to

ocular surface diseases. It was found clearly that people whowear

a face mask for a short period are less susceptible to diseases of

the eye surface, in addition to the fact that the tear film is not

affected to a great extent in contrast to people who wear a face

mask for long periods (58, 59). Another study reported that the

use of surgical masks throughout the day leads to a significant

reduction in NI-BUT, regardless of age, gender, or OSDI score,

which should raise the need to consider the prolonged use of

surgical masks as a risk factor for evaporative dry eye disease

(60). However, a study performed in Jordan showed no relation

between wearing masks and dry eye disease, which makes it

clear that more studies need to be conducted to investigate this

issue (61).

In a study that compared three types of masks in terms

of protection and comfort in use (refer to Figure 1), the

authors used gas chromatography to test the N2, CO2, and O2

concentrations inside the three face masks. The three masks

TABLE 2 CO2, O2, and N2 concentrations inside three face masks

measured by gas chromatography (62).

CO2 (%) O2 (%) N2 (%)

Surgical 1.64 18.81 76.96

Modified 2.22 18.05 76.89

N95 2.71 17.08 76.58

had N2 concentrations of ∼76%, which was lower than the 78%

N2 content in the environment. This occurred because of the

exhaled air’s high water vapor content, which forced the N2 out

of the body and decreased its percentage in the atmosphere. The

modified mask had an O2 concentration that was higher than

the N95 mask but lower than the surgical face mask. Thus, it was

not surprising that the modified face mask’s CO2 content was

higher than that of the surgical mask but lower than that of the

N95 mask. The results shown in Table 2 are in line with those

from the earlier continuous monitoring (62).

Ophthalmic manifestation of the
COVID-19 vaccine

As mentioned earlier, the COVID-19 pandemic has greatly

affected the world in general and themedical sector in particular.

It has caused the death of more than 3million people worldwide,

which necessitated the world to intervene quickly to produce

a vaccine to fight this pandemic. Since the discovery of the

disease in 2019, many vaccines have been developed to fight

the pandemic. We also know that every useful thing has a bad

side, as there are some general side effects of using COVID-

19 vaccines, and among the most important of these symptoms

are those related to the eye, so we will discuss why the eye has

sensitivity and its impact on human life (63, 64). According to

the phenomenon of antibody-dependent enhancement (ADE),
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the COVID-19 vaccine can affect the eye or the eye nerves

through autoimmunity against the eye structure, as this immune

phenomenon leads to inflammation of the retina, the choroid,

the optic nerve, and the uvea (65). Some authors reported

panuveitis with thickening of the choroid in conjunction with

the anterior chamber and vitreous inflammation, as well as

anterior uveitis, after a dose of the COVID-19 vaccine. An

effect on the retina and optic nerve was also noted. One of

the most prominent vaccines found to affect the eye is the

AstraZeneca vaccine, whose use led to the emergence of acute

central serous retinopathy. There is also the Pfizer-BioNTech

vaccine, the use of which led to the occurrence of acute

macular retinopathy, the emergence of Bell’s palsy, retrograde

orbital conjunctivitis, and severe visual impairment and visual

field defects. In other studies, there was a bilateral superior

ophthalmic vein thrombosis after the use of the ChAdOx1

nCoV-19 vaccine (66–68).

Conclusion

In conclusion, wearing face masks during the pandemic was

the major controlling factor. Although it has many benefits

regarding the prevention and control of various infectious

diseases, it had an impact on the ophthalmology patient’s health

specifically. Although it appeared to have a positive influence on

controlling the risks of endophthalmitis to some point, it has the

opposite impact on the test reliability of patients with glaucoma

and the incidence of dry eye disease-related issues, especially

among ICU patients. The major limitation of our study was

the limited number of articles published so far. The effect of

face mask regulations in the ophthalmology field needs further

studies to develop a better understanding of its effect on the

different areas of investigations and eye diseases.
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Graft-versus-host disease (GVHD) is characterized by tissue inflammation in the host 
following an allogeneic hematopoietic cell transplantation (HCT). The pathophysiology 
is complex and only incompletely understood yet. Donor lymphocyte interaction with 
the histocompatibility antigens of the host plays a crucial role in the pathogenesis of the 
disease. Inflammation may affect multiple organs and tissues, e.g., the gastrointestinal 
tract, liver, lung, fasciae, vaginal mucosa, and the eye. Subsequently, alloreactive donor-
derived T and B lymphocytes may lead to severe inflammation of the ocular surface 
(i.e., cornea and conjunctiva) and the eyelids. Furthermore, fibrosis of the lacrimal 
gland may lead to severe dry eye. This review focuses on ocular GVHD (oGVHD) 
and provides an overview of current challenges and concepts in the diagnosis and 
management of oGVHD. Ophthalmic manifestations, diagnostic procedures, grading 
of severity and recommendations for ophthalmic examination intervals are provided. 
Management of ocular surface disease with lubricants, autologous serum eye drops, 
topical anti-inflammatory agents and systemic treatment options are described based 
on the current evidence. Ocular surface scarring and corneal perforation are severe 
complications of oGVHD. Therefore, ophthalmic screening and interdisciplinary 
treatment approaches are highly relevant to improve the quality of life of patients and 
to prevent potentially irreversible visual loss.

KEYWORDS

ocular graft-versus-host disease (GVHD), dry eye, ocular surface inflammation, diagnosis, 
treatment

1. Introduction

Graft-versus-host disease (GVHD) is a severe complication after allogeneic hematopoietic cell 
transplantation (HCT). Tissue inflammation in the host due to donor lymphocyte interaction with 
the histocompatibility antigens of the host may lead to a high morbidity and even mortality in these 
patients. This review focuses on ocular GVHD (oGVHD) and provides an overview of current 
challenges and concepts in the diagnosis and management of oGVHD.

1.1. Definition of GVHD

Allogeneic HCT offers the best chance of cure for several malignant hematological as well as 
non-malignant disorders like bone marrow failure, hemoglobinopathies or immunodeficiencies. 
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Currently. over 30,000 allogeneic HCT are performed annually 
worldwide with over 18,000 in Europe in 2020 (1).

GVHD is one of the most important causes for non-relapse 
mortality post-transplantation. The current understanding of the 
pathophysiologic concepts and therapeutic targets has tremendously 
expanded during the last 20 years and recently been summarized in 
three excellent reviews (2–4). Chronic GVHD is the most common 
long-term complication after allogeneic HCT with an important impact 
on survival, morbidity, and quality of life. Traditionally, acute and 
chronic GVHD was differentiated depending on the time of the initial 
manifestation before or after 100 days post-transplant. These criteria 
were revised in the 2005 and 2014 National Institute of Health (NIH) 
Consensus Conference, introducing new criteria/definition for acute 
and chronic GVHD (5–7). Acute GVHD is defined as an immediate 
multi-organ inflammatory syndrome following HCT primarily 
affecting the skin, liver, and digestive tract, whereas chronic GVHD is 
a pleiotropic, multi-organ syndrome characterized by tissue 
inflammation and fibrosis that involves multiple sites including the 
skin, lungs, liver, gastrointestinal tract, mouth, genitalia, and eyes (5–8). 
Accordingly, the diagnosis of chronic GVHD requires at least one 
diagnostic sign of chronic GVHD or a distinctive manifestation plus a 
pertinent biopsy or another test (e.g., Schirmer test, evaluation by an 
ophthalmologist) showing or confirming chronic GVHD (Table 1).

1.2. Epidemiology of GVHD

After the first HCT in 1968 survival rates have increased in the last 
decades, due to human leukocyte antigen (HLA) matching, continuously 
improved preconditioning protocols and immunosuppressive regimen 
(7, 9, 10). Both, acute and chronic GVHD occur in about 30%–70% of 
patients after HCT depending on transplant regimens and GVHD 
prophylaxis strategies (7, 11). A variety of risk factors for GVHD related 
to donor as well as to recipients’ characteristics have been identified. The 
most important are the degree of histocompatibility, the source of 
hematopoietic progenitor cells, sex mismatch (transplantation from 
female donor to male recipient), the intensity of conditioning and 
immunosuppression, the age of donor and recipient and for chronic 
GVHD prior acute GVHD (2, 3, 8, 12–14).

1.3. Definition of ocular GVHD

Different criteria for the diagnosis of oGVHD have been proposed 
in the last decades (8). The original NIH criteria defined new onset of dry 
eye after HCT documented by low Schirmer test values with a mean 
value of both eyes <5 mm at 5 min or a new onset of keratoconjunctivitis 
sicca by slit-lamp examination with mean values of 6 to 10 mm at 5 min 
on the Schirmer test as sufficient for the diagnosis of chronic oGVHD if 
accompanied by distinctive manifestations in at least one other organ (6). 
An international consensus group proposed criteria based on Ocular 
Surface Disease Index (OSDI), Schirmer test score without anesthesia, 
corneal fluorescein staining and conjunctival injection (15). A score of 
4–5 and ≥ 6 indicates probable or definite oGVHD, accordingly (15).

1.4. Epidemiology of ocular GVHD

Acute GVHD has been reported in 40%–50% of HCT patients (16). 
Ocular affection in acute GVHD is quite rare and has been reported in 

about 7.2% after HCT (17, 18). On the other hand, occurrence of 
chronic oGVHD was observed in 30%–60% in the further course after 
HCT (19, 20), and in 60%–90% of patients with systemic GVHD (7, 10, 
19, 21, 22). Lower incidences have been found in Asian studies (23–25). 
The mean latency of oGVHD after HCT is about 1.5 years (26). 
Cumulative increase of incidences over time after HCT has been 
reported, with a prevalence of 16% by 100 days and 35% after 2 years 
(21). In children, symptoms consistent with chronic oGVHD have been 
found at highly variating rates from 4% up to 62% (27–33). In a large 
prospective study, a total of 29.4% of patients with chronic oGVHD were 
identified using the NIH consensus criteria (34).

2. Pathophysiology of GVHD and ocular 
GVHD

Pre-clinical animal models have been critical not only in 
understanding the immune mechanisms of systemic but also oGHVD 
(35–37). Acute and chronic GVHD are immune-mediated diseases 
involving a variety of immune cells such as macrophages, T cells and B 
cells (11, 19, 38, 39). Figure 1 depicts the immunological activation leading 
to ocular surface inflammation and lacrimal gland fibrosis. Self-reactive 
T cells (CD4+ and CD8+), deriving from the donor, are insufficiently 
deleted in the thymus (defective central tolerance) and in the lymph nodes 
(defective peripheral tolerance). These T cell mediated immune response 
is directed against host antigens as major (MHC) and minor (miHAG) 
histocompatibility antigens (40). The response is driven mainly by 
differences in host and donor antigen expression, e.g., by HLA mismatch 
(41, 42). But even in HLA-matched HCT, differences in polymorphic 
minor histocompatibility antigens (miHAs) and specific miHAs may 
trigger GVHD (43, 44). Imbalance between effector and regulatory T cells 
functions triggers the inflammatory cascades (11, 45–47). Although also 
B cells and antigen-presenting cells (APC) are involved, donor T cells are 
probably the predominant factor in the orchestration of systemic and 
ocular disease (48). In oGVHD, activation of APC, differentiation, 
proliferation and activation of donor T cells, and activation of B cells with 
release of pro-inflammatory cytokines currently are supposed to induce 
and maintain inflammation in the ocular surface, to activate fibroblasts 
and dendritic cells in the lacrimal gland finally leading to lacrimal tissue 
fibrosis (49, 50). However, tissue damage in oGHVD is not limited to the 
ocular surface and the lacrimal gland. Recent pre-clinical and clinical 
studies have shown that ocular adnexa are involved and Meibomian gland 
and ocular surface damage correlate with each other (51).

3. Risk factors for the occurrence of 
ocular GVHD

A variety of risk factors associated with the onset of oGVHD have 
been reported (52), e.g., previous acute GVHD (21, 25), use of peripheral 
blood stem cells (25, 53), transplantation from a female donor to a male 
recipient (21, 54), absence of anti-thymocyte globulin prophylaxis (25), 
larger number of organs and tissues involved with GVHD (25, 55), and 
non-Caucasian and EBV-seropositive donors (56). Other risk factors are 
mismatch of HLA antigens, higher donor or recipient ages, and diabetes 
mellitus (25, 57). Increased occurrence of oGVHD has been found in 
patients with involvement of the skin (20, 21, 58), oral mucosa (20, 58), 
liver (56), or gastrointestinal tract and pulmonal involvement in chronic 
GVHD (25). Furthermore, ethnicity may have an impact, with Caucasians 
being at lower risk than Asians (56). Cord blood cell transplants (53), in 
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vitro or in vivo T cell depletion or posttransplant cyclophosphamide lower 
the risk for GVHD. Dry eye and Meibomian gland disease before HCT 
may also be a risk factor for oGVHD, or worsen after GVHD (59–62).

4. Grading of ocular GVHD

Several grading systems have been proposed for oGVHD, which are 
based to varying degrees on findings by ophthalmologists or patient-
reported symptoms. The international chronic oGVHD Consensus 
group (ICCGVHD) introduced criteria for the diagnosis of chronic 
oGVHD, based on scores calculated by ocular surface disease index 
(OSDI), Schirmer test without anesthesia, corneal fluorescein staining, 
conjunctival injection and the presence or absence of systemic GVHD 
(15, 63). On the other hand, the NIH chronic GVHD consensus group 
eye score system classifies oGVHD according to the degree of symptoms 
of dry eye (grade 1: mild dry eye symptoms not affecting activities of 
daily living (ADL) OR asymptomatic signs of keratoconjunctivitis sicca; 
grade 2: moderate dry eye symptoms partially affecting ADL (requiring 
drops >3x per day or punctal plugs), without vision impairment; grade 
3: severe dry eye symptoms significantly affecting ADL (special eyewear 
to relieve pain) or unable to work because of ocular symptoms or loss of 
vision caused by keratoconjunctivitis sicca) (6, 7). A subsequent study 
aimed for validation of the suggested measurement scales. Herein, 
clinician or patient-reported changes in eye symptoms with calculated 
changes in 5 candidate scales (NIH eye score, patients-reported global 
rating of eye symptoms, Lee eye subscale, Ocular Surface Disease Index 
(OSDI), and Schirmer test) were compared. The results supported the 
use of the NIH eye score as a sensitive measures of eye symptom changes 
in clinical trials assessing treatment of chronic GVHD (64). 

Subsequently, the NIH chronic GVHD diagnosis and staging system 
criteria were refined with emphasis placed on usage of lubricant eye 
drops for dryness symptoms (65). Further scoring systems have been 
proposed by Robinson et  al. based on exemplary photographs for 
everted upper and lower eyelids showing the different grades of 
conjunctival inflammation associated with chronic oGVHD (66). 
Furthermore, the ICCGVHD has proposed a grading system for 
conjunctival involvement (15, 67).

5. Recommendations for screening

Importantly, risk factors for ocular involvement have been 
investigated. In children, multiorgan GVHD involvement including skin 
and lung disease, and patients with ocular discomfort are at increased 
risk for eye involvement (27). However, as a significant number of 
GVHD patients do not exploit overt symptoms of eye involvement, 
regular ophthalmic screenings are recommended.

For early diagnosis of oGVHD, comprehensive ophthalmic 
evaluations by ophthalmologists are generally recommended before and 
after allogeneic HCT (68). In the acute phase, intervals corresponding to 
disease severity are recommended.

Chronic oGVHD may significantly influence quality of life (22). 
However, symptoms of chronic oGVHD may be subtle. Onset of any eye 
symptoms should prompt ophthalmic evaluation. More severe ocular 
surface damage at baseline indicates an increased risk to subsequent 
worsening and impaired vision (69). Therefore, prevalent ocular surface 
alterations and dry eye states should be evaluated in advance. Taken 
previous considerations, screening should be instituted at 3 (at the latest 
6) months following transplantation (70, 71), and annually afterwards. 

TABLE 1 Criteria for clinical trials in chronic graft-versus-host disease.

1. Distinction from acute GVHD.

2. Presence of at least one diagnostic clinical sign of chronic GVHD or presence of at least one distinctive manifestation confirmed by pertinent biopsy or other relevant tests.

 - Diagnostic signs:

    - Skin: poikiloderma, lichen planus-like eruptions, deep sclerosis, morphea-like superficial sclerotic features, lichen sclerosus-like lesions

    - Mouth: lichen planus-like changes

    - Genitalia: lichen planus-like features, lichen sclerosus-like features, females: vaginal scarring or clitoral/labial agglutination, males: phimosis or urethral/meatus scarring or stenosis

    - Gastrointestinal tract: esophageal web, strictures or stenosis in upper or mid third of esophagus

    - Lung: bronchiolitis obliterans by biopsy

    - Muscle and fascia: fasciitis, joint stiffness, or contractures from sclerosis

 - Distinctive signs:

    - Skin: depigmentation, papulosquamous lesions

    - Nails: dystrophy, longitudinal ridging, splitting or brittle features, onycholysis, pterygium unguis, nail loss

    - Scalp and body hair: new onset scarring or nonscarring scalp alopecia, scaling, loss of body hair

    - Mouth: xerostomia, mucocele, mucosal atrophy, pseudomembranes, ulcers

    - Eyes: new onset gritty or painful eyes, cicatricial conjunctivitis, keratoconjunctivitis sicca, confluent areas of punctate keratopathy

    - Genitalia: erosions, fissures, ulcers

    - Lung: air trapping and bronchiectasis on chest CT

    - Muscle and fascia: myositis or polymyositis

3. Exclusion of other possible diagnoses. 

Diagnosis of chronic graft-versus-host disease according to the NIH consensus development project (7). Scoring of organ manifestations requires careful assessment of signs, 

symptoms, laboratory values, and other study results. A clinical scoring system (0–3) is provided for evaluation of the involvement of individual organs and sites. The proposed 

global assessment of severity (mild, moderate, or severe) is derived by combining organ and site-specific scores.
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Importantly, the screening intervals should be  adapted to disease 
severity. There are no specific symptoms of oGHVD that allow a reliable 
differentiation from “simple” dry eye disease or lacrimal gland damage 
by total body irradiation. Therefore, any worsening or new manifestation 
of dry eye symptoms and/or worsening or new onset of ocular surface 
disease in patients after HCT should be evaluated and monitored closely.

Simple self-testing may further be critical for screening. For ocular 
discomfort testing, the ocular surface disease index (OSDI) 
questionnaire – considering vision-related function, ocular symptoms, 
and environmental triggers—may be used (72), and daily lubricant use 
reported. According to a recent study, the OSDI questionnaire is a valid 
screening test for oGVHD in transplant clinics and for patients’ self-
monitoring (73). Thus, screening intervals may be adjusted based on the 
results from the OSDI questionnaire. The OSDI and other questionnaires 
are described in more detail in section 6.3.

6. Diagnosis of ocular GVHD

6.1. Ocular symptoms and findings

In the absence of overt ocular symptoms and signs during the acute 
disease stage, diagnosis may be delayed. Disease may partially mimic 
other immune-mediated inflammatory processes of the ocular surface. 
While no pathognomonic symptoms or clinical signs of oGVHD have 
been defined, certain combinations of findings are frequently present, 
and are provided within several recent publications (15, 67; Table 2). Key 

features of disease are new onset of refractory dry eye, being the most 
frequent manifestation (40%–70%), and secondary ocular surface 
damage (52). Patients suffer from diverse symptoms of the 
autoinflammatory reaction (particularly dry eye), including irritation, 
pain, burning, dryness, itchiness, blurred vision, foreign body sensation, 
photophobia, and redness (70, 74, 75). Visual disturbance may be the 
consequence from corneal higher order aberrations resulting from 
corneal pathology (76).

Severe ocular discomfort from dry eye, corneal epitheliopathy by 
means of fluorescein staining and vision loss are resulting in impaired 
quality of life (22). Patients with oGVHD had worse quality of life than 
patients without ocular involvement (77). In clinical studies, symptoms 
are quantified using validated QOL instruments such as Ocular Surface 
Disease Index (OSDI), National Eye Institute Visual Function 
Questionnaire (NEI-VFQ-25), and Symptom Assessment in Dry Eye 
(SANDE). Respective studies show that disease impact on QOL was 
comparable to herpetic uveitis or retinal vein occlusion (22).

By en-face evaluation, photophobia, pseudoptosis, frequent blinking 
or periorbital hyperpigmentation may be  seen. Findings at the lid 
margin are common in oGVHD. Blepharitis and Meibomian gland 
dysfunction (50%) are probably the first signs of disease. Subsequently, 
atrophy, irregularity and keratinization of the eyelid margin may occur.

Conjunctival involvement mostly manifests as hyperemia 
(Figures 2A,B) and chemosis. Qualitative and quantitative alterations of 
the tear film are common, probably with serosanguineous exudation 
(78). In severe course, pseudo-membrane formation may be observed. 
Conjunctival fibrosis and subsequent scarring (Figures 2B,C) may not 

FIGURE 1

Graft-versus-host disease may be due to self-reactive donor B cells (1), deficient deletion of autoreactive donor T cells in the thymus (2) or deficient 
deletion of autoreactive donor T cells in the lymph nodes (3). Especially antigen-presenting cell (APC) driven activation of donor T cells (4) but also B cells 
(5) lead to an inflammation of the ocular surface (6). Furthermore, activation of fibroblasts by APCs (e.g., dendritic cells) induces fibrosis of the lacrimal 
gland (7). (The figure was created with biorender.com.)
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only result in loss of goblet cells, but also to entropion, distichiasis and 
trichiasis. Therefore, thorough subtarsal inspection is mandatory to 
determine the pathology also under the upper lid. Indeed, subtarsal 
fibrosis may correlate with worsening of corneal epitheliopathy. 
Inflammation and staining of the superior tarsal and bulbar conjunctiva 
with alteration of the superior limbal epithelium may be  present 
(superior limbal keratoconjunctivitis; SLK-like appearance). The 
ICCGVHD grading system for conjunctival involvement in oGVHD is 
shown in Table 3 (15, 67).

Morphological abnormalities of the cornea involve punctate 
keratopathy (Figure 2A), erosions, or filamentary keratitis (Figure 2D) 
in the more severe cases. Further, limbal stem cell deficiency, Bowman 
abnormalities, stromal thinning, ulceration (Figure  2E), scarring, 
calcification and neovascularization may appear. Corneal perforation 
(Figure 2F) may be  secondary to epithelial barrier dysfunction and 
microorganisms (herpes simplex virus or bacteria), or as sterile “melt” 
probably in the setting of immunosuppression (80). According to 
previous reports, corneal ulceration or perforation is found in about 5% 
of cases (69).

Further, signs of episcleritis or scleritis, secondary cataract (10%, 
mostly from steroids), or glaucoma (also including steroid-induced 
ocular hypertension) may appear (81). Within a cohort of 635 patients 
undergoing HCT, 7.6% had secondary posterior eye segment 
complications, e.g., retinal hemorrhage, cytomegalovirus retinitis, or 
uveitis (40, 82).

6.2. Diagnostic techniques

A thorough ophthalmological examination is essential in patients 
with (suspected) oGVHD (83). For assessing the course of disease and 
response to treatment, a standardized documentation of ocular findings 
should be performed (Table 4). Assessing ocular findings at baseline 
before HCT and during follow-up visits allow to early detect worsening 
of the ocular surface (52, 68, 71, 84). A minimal set of data as visual 
acuity, slit lamp findings and intraocular pressure should be collected at 
each visit. Further investigations should be performed as appropriate.

The Schirmer test I (without topical anesthesia) and II (with prior 
topical anesthesia) allows to assess the tear production during a defined 
time of 5 min. A folded filter paper strip is placed in the temporal third 
of the lower lid margin and the length of the wetting is measured (52). 
The Schirmer test without anesthesia is also included in the oGVHD 
(ICCGVHD) consensus group diagnostic criteria (67). While the 
Schirmer test is useful for diagnosing disease, it was removed from 
scoring recommendations, as values were not useful for follow-up due to 

poor correlation with symptom change (64). Due to its low reproducibility 
it has been removed in the revision of the 2005 NIH criteria and not been 
included in the 2014 NIH severity scoring, nor in the 2016 Japanese and 
Asian diagnostic criteria for dry eye disease (23, 63, 85).

Esthesiometry allows to assess the corneal sensitivity, which may 
be  decreased due to pre-conditioning irradiation and neurotrophic 
keratopathy in patients with oGVHD (86–89).

Impairment of conjunctival and/or corneal epithelial integrity can 
be depicted with vital dye staining. Fluorescein is commonly used to 
evaluate the corneal staining according to the Oxford grading scheme 
(Figure 3) and/or the NEI grading for corneal and conjunctival staining 
(Figure 4) (52, 74, 92). Fluorescein dye is disclosing any disruption in 
superficial cell tight junctions, or defective glycocalyx of damaged 
epithelial cells (52). Additional dyes as Bengal rosa or lyssamine green 
can additionally be used in selected patients (90).

After fluorescein installation, the tear film break-up-time (TBUT) 
can be evaluated at the slit lamp (52, 70). A decreased TBUT indicates 
qualitative tear film impairment primarily due to Meibomian gland 
dysfunction (93).

Tear film osmolarity measurements reveal increased values in 
oGVHD (74, 94–96) and may be  used as an additional factor in 
therapeutic decisions (19). The tear film osmolarity is also used in the 
ICCGVHD criteria (23, 95).

Meibomian gland imaging enables the assessment of Meibomian 
glands, which are often impaired in patients with oGVHD (52, 97–99).

In patients with keratitis, viral and/or microbial tests from corneal 
smears should be considered to identify viral (mainly by herpes simplex 
or varicella zoster virus), bacterial or fungal keratitis. The risk for 
infectious keratitis may be  increased in patients under 
corticosteroid treatment.

In vivo confocal microscopy can be used as a diagnostic tool in 
patients with oGVHD to image epithelial cell density, epithelial dendritic 
cells and other inflammatory cells, subtarsal fibrosis and conjunctival 
changes (23, 52, 59, 99–103).

The use of anterior segment photography may be considered to 
document ocular findings (e.g., staining of ocular surface, conjunctival 
scarring/fibrosis, blepharitis). It may especially be useful for follow-up 
comparison of clinical course (75, 104).

Conjunctival impression cytology enables identification of epithelial 
cell necrosis, keratinization, goblet cells loss and also HLA-DR 
expression (83, 105, 106). As an alternative, Brush cytology is also a 
minimally invasive procedure to harvest ocular surface epithelium and 
inflammatory cells and to monitor pathological progress (88, 107), but 
interpretation might be difficult due to mechanical alteration of the 
harvested cells.

TABLE 2 Ophthalmological findings in ocular GVHD patients.

Localization Findings

General Pseudoptosis, frequent blinking, photophobia, decreased vision

Lacrimal glands Dry eye disease

Lacrimal duct Punctal occlusion

Lids Periorbital hyperpigmentation, Meibomian gland dysfunction, anterior/posterior blepharitis, telangiectasias, entropion, dis/trichiasis, keratinization

Conjunctiva Hyperemia, exudation (serous, hematogenous), chemosis, fibrosis, pseudomembranes, scarification, lid-parallel conjunctival folds (LIPCOF)

Cornea Punctate keratopathy, filaments, erosion, vascularization, scarring, thinning, ulceration, perforation, calcification

Sclera Episcleritis, scleritis

Intraocular Cataract, uveitis (retinitis), retinal hemorrhage, papilledema
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Tear film biomarkers (cytokines) can either directly be measured 
with specific antigen tests (e.g., MMP-9) (108) or (currently mainly for 
research purpose and not in clinical routine) by performing proteomics 
from tear fluid or tear-film soaked Schirmer stripes (52, 109). In eyes 
with oGVHD a variety of cytokines are differently expressed. Especially 
nucleic acid binding and cytoskeletal proteins are upregulated, while the 
most extensively downregulated proteins belong to an array of classes 
including transfer and receptor proteins, enzyme modulators, and 
hydrolases (109).

Tear flow cytometry is a novel approach, currently used mainly for 
research purpose, that allows differentiation of cells non-invasively from 
tear samples (51).

Histopathology may confirm the diagnosis of oGVHD. However 
lacrimal gland biopsies should not be performed routinely due to the 
increased risk of further impairment of its function. Previous 
investigations found mononuclear infiltration, loss of acinar lobules and 
fibrosis of the lacrimal gland in oGVHD (11, 110, 111). Also, 
conjunctival biopsies are not performed routinely but may be considered 
in selected patients, e.g., to rule out malignancy. In conjunctival 
specimen of oGVHD, lymphocyte exocytosis, vacuolization of the basal 
epithelium, and epithelial cell necrosis, similar to changes that are 
observed in other organs, have been found (11, 110, 111). Furthermore, 
T cells—probably driving alloreactivity in GVHD—have been found in 
conjunctival biopsies (112).

6.3. Questionnaires

Ocular surface inflammation and dryness may have a relevant 
impact on the quality of life and activities of daily living in patients with 
oGVHD (22). Different validated questionnaires are used to quantify 
symptoms, to assess the burden of disease and to track response to 
treatment (11, 22). The Ocular Surface Disease Index (OSDI), consisting 
of 12 patient-related questions of dry eye, and the Symptom Assessment 
in Dry Eye (SANDE) are commonly used questionnaires to assess 

symptoms in these patients (22, 72, 113–115). Alternatively, or 
additionally, the glaucoma symptom scale (GSS) may be used (116). On 
the other hand, the National Eye Institute Visual Function Questionnaire 
(NEI-VFQ-25) allows to assess vision related quality of life (22). Saboo 
et al. evaluated patients with oGVHD using the NEI-VFQ-25, OSDI and 
SANDE questionnaires and found a relevant impact of this disease on 
quality of life, that is comparable to other eye diseases as for example 
herpetic uveitis (22).

7. Treatment of ocular GVHD/
management of complications

The primary aim of treating oGVHD is to maintain vision and 
quality of life by improving lubrification of the ocular surface (tear film 
quantity and quality), reducing ocular surface inflammation and 
preserving corneal epithelium integrity (5). The evidence for different 
treatments has recently been reviewed by Inamoto et al. (52).

7.1. Lubrication

An intensive lubrication for dry and inflamed ocular surface is 
essential in oGVHD (5, 83, 117). A variety of artificial tears, viscous eye 
drops, and viscous ointments are available and only limited data on 
specific preferences for oGVHD is available. In any case, preservative-
free formulations should be preferred to avoid the negative impact of 
preservatives on the epithelium, especially if applied at high frequencies 
(118). Hyaluronic acid eye drops allow stabilization of the tear film and 
improvement of epithelial wound healing, ocular symptoms, and visual 
acuity (53, 117). Increasing the lubrification may also reduce the 
concentrations of proinflammatory cytokines on the ocular surface (5, 
119). Mucolytic eye drops, i.e., topical N-acetylcysteine 5%–10%, should 
be considered in filamentary keratitis, which is often observed in eyes 
with a very dry ocular surface (5, 120).

FIGURE 2

Findings in oGVHD: conjunctival hyperaemia and corneal staining (A), conjunctival scarring/fibrosis (B), conjunctival hyperaemia and symblepharon (C), 
filamentary keratitis (D), sterile corneal ulceration (E) and corneal melting with perforation (F).
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7.2. Topical anti-inflammatory treatment

Reducing ocular surface inflammation is a key concept in the 
management of oGVHD. Topical corticosteroids are effective in treating 
dry eye in these patients (52, 66, 75). However, due to their probable 
adverse effects and risks, their application over a longer time periods, or 
at high dosages and/or with highly potent formulations should 
be avoided, or regular ophthalmological checks (intervals depending on 
corticosteroid dosage and duration, eye pressure and lens status) 
be instituted. Potential risks include cataract formation, infections, ocular 
hypertension/glaucoma, impaired epithelialization and impaired corneal 
wound healing (5, 11, 66). Nevertheless, they are used commonly in 
oGVHD patients (5, 52, 121, 122). However, topical corticosteroids are 
not able to sufficiently control oGVHD in about half of the patients (7). 
Low-dose/−less potent topical corticosteroids or their analogs seem to 
be less effective in patients with oGVHD compared to dry eye patients 
without oGVHD (11, 123). As an anti-inflammatory treatment option, 
cyclosporine (CsA) eye drops are used in patients with treatment 
refractory dry eye disease. CsA acts as a calcineurin inhibitor and 
suppresses T-cell activation (11, 124), and its efficacy has also been 
proven in patients with oGVHD (11, 125). Hereby, it reduces ocular 
surface inflammation, increases conjunctival goblet cell density and tear 
production and improves symptoms of dry eye (5, 75, 125–129). If 
treatment is initiated before HCT, it probably reduces the risk for 
oGVHD manifestation (130). However, a reduced tolerance (burning 
sensation) of topical CsA may limit its use in some patients. Furthermore, 
tacrolimus eye drops or ointment have been studied in patients with 
oGVHD, probably allowing corticosteroid sparing (11, 131–133). 
Tacrolimus ointment may also be applied to the eyelids as an off-label 
treatment. Although topical non-steroidal anti-inflammatory drugs 
(NSAIDs) are also used in oGVHD, there is no evidence for their efficacy.

7.3. Autologous serum eye drops

Based on several uncontrolled trials in oGVHD and in analogy to 
other forms of dry eye disease, autologous serum eye drops are also 
used in patients with oGVHD, especially in severe cases (86, 117, 
134). Although the exact mechanism of action is not known, the high 
concentration of several growth factors combined with anti-
inflammatory effects are suggested to improve healing of epithelial 
defects (129, 135, 136). Systemically applied cyclosporin A or 
mycophenolic acid might also be detectable in serum eye drops (137) 
and could contribute to the observed beneficial effect. Patients 
impaired condition to donate blood (poor venous access, severe 
anemia, active infection, low body weight, cardiovascular 
comorbidities) as well as regulatory restrictions are potential obstacles 
that prevent access to this therapy. Other options that have been 
reported are allogeneic serum eye drops (136), cord blood sera (117, 
138, 139) and platelet lysate (116, 140). None of these options have 
become more widely available yet due to a couple of logistics and 
regulatory reasons.

7.4. Control of evaporation

Improving the lipid layer of the tear film with viscous eye drops and 
ointments, improving the Meibomian gland outflow with eyelid 
massage and eventually lipid sprays reduce evaporation of the tear film. 
The evidence for eyelid massage in oGVHD is low and the mechanical 
friction might even be counterproductive in oGVHD with affection of 
the corneal epithelium. Occlusive eye wear (52, 141) and an 
improvement of environmental factors as air humidity may also 
be helpful (117, 142).

TABLE 3 Grading of conjunctival disease in ocular graft versus host disease according to the international chronic oGVHD consensus group (15, 67).

Acute (79) Conjunctival hyperemia (Stage I), hyperemia with chemosis and/or serosanguineous exudates (Stage II), pseudomembranous conjunctivitis (Stage III), 

pseudomembranous conjunctivitis with corneal epithelial sloughing (Stage IV). Comment to pseudomembranes: Clinically, these are more probable 

membranes, as basement membrane is disrupted.

Chronic (66) Grade 1: conjunctival hyperemia occurring on the bulbar or palpebral conjunctiva in at least one eyelid.

Grade 2: palpebral conjunctival fibrovascular changes along the superior border of the upper eyelid, or the lower border of the tarsal plate of the lower 

eyelid, with or without conjunctival epithelial sloughing, involving <25% of the total surface area in at least one eyelid.

Grade 3: palpebral conjunctival fibrovascular changes occurring along the superior border of the upper eyelid, or the lower border of the tarsal plate of the 

lower eyelid, involving 25–75% of the total surface area in at least one eyelid.

Grade 4: >75% of the total surface area with or without cicatricial entropion in at least one eyelid

TABLE 4 Consensus Conference Proposal for diagnostic measures for assessment of ocular GVHD (75).

Baseline examination after conditioning treatment and before HCT Visual acuity test, slit-lamp examination including subtarsal inspection and fluorescein 

staining, Schirmer test, and fundoscopy

Baseline ophthalmological assessment at day 100–200 Visual acuity test, slit-lamp examination including subtarsal inspection and fluorescein 

staining, and Schirmer test

Ophthalmological assessment if any other manifestation of GVHD or ocular symptoms Visual acuity test, slit-lamp examination including subtarsal inspection, vital dyes, 

Schirmer test, additional tests if indicated (e.g., tear film breakup time), tonometry, and 

fundoscopy

Routine ophthalmological assessment for 5 years after HCT Including Schirmer test and glaucoma and cataract assessment

Conjunctival biopsy Indicated in individual or uncertain cases (e.g., ocular signs or symptoms with no other 

documented GVHD) or in clinical studies

Diagnostic measures should be adapted to the patient’s overall condition and age; for example, in general, the Schirmer test should not be performed in children.
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FIGURE 3

The Oxford grading scheme differentiates 5 grades of corneal and conjunctival fluoresceine staining. Image adapted from Bron et al. (90).

FIGURE 4

The NEI grading for corneal and conjunctival staining of the ocular surface is a standardized grading system that is summed up by the grading of 0 to 3 of 
each sector. Image adapted from Lemp et al. (91).
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7.5. Increase of tear and mucin production

Systemic treatment with oral muscarinic agonists as pilocarpine or 
cevimeline may increase tear production (117, 143, 144). As adjuvant 
treatment approaches, secretagogue eye drops as diquafosol and 
rebamipide may be used in patients with oGVHD (52, 101, 145). They 
stimulate secretion of aqueous and mucin and improve wound healing 
of the corneal surface (5, 101, 146).

7.6. Reduction of tear drainage

Reduction of the lacrimal drainage is a further approach to improve 
the tear film (11). Here, collagen or silicone punctal plugs (Figure 5A) 
may be inserted into the lacrimal ducts, or permanent punctal occlusion 
by thermal cauterization may be considered (147, 148). It has been 
speculated that reducing the tear drainage might result in a pooling of 
pro-inflammatory cytokines and increase damage of the ocular surface 
and patient discomfort (149). Positive effects of punctal occlusion 
predominate in the clinical situation (86, 147).

7.7. Scleral lenses

The use of scleral lenses (Figure 5B) in patients with severe oGVHD 
has been shown to reduce ocular symptoms and especially ocular pain 
(83, 150) and improve visual acuity due to their uniform surface (11, 83, 
107, 119, 150–155). These gas-permeable lenses cover most of the ocular 
surface, vault the cornea and limbus providing a fluid reservoir between 
the cornea and the lens (83). Furthermore, they protect the ocular 
surface from mechanical “scratching” from blinking (83). In a study by 
Schornack et  al., most patients were still on scleral lenses after a 
32-month observation period, indicating a relevant patient satisfaction 
(152). High costs, inadequate fitting, discomfort with blinking may 
be potential drawbacks (119). As an alternative to scleral lenses also soft 
contact lenses have been investigated in oGVHD (156), but may 
potentially bear a higher risk of infection (83).

7.8. Prevention of infectious disease

Especially in eyes with severe oGVHD, epithelial defects or even 
corneal melting may occur, due to the very dry and inflamed ocular 
surface. In this situation, infectious prophylaxis with topical antibiotics 
should be taken into consideration (19). In patients with extended wear 
of contact lenses (especially soft contact lenses and topical corticosteroid 
treatment) topical antibiotic prophylaxis should be considered (157). 
Furthermore, topical antibiotic ointments or eye drops but also systemic 
tetracyclines (e.g., doxycycline or minocycline) may be considered in 
patients with blepharitis as a sign of bacterial superinfection of the 
eyelids (11, 52, 75, 158).

7.9. Systemic treatment

Systemic treatment of oGVHD is absolutely indicated if severe 
oGVHD cannot be controlled with topical treatment alone.

High dose corticosteroids (methylprednisolone 1 mg/kg) remain the 
mainstay of initial systemic treatment of chronic GVHD, either given alone 

or in combination with calcineurin inhibitors, especially in high-risk disease 
(159). Second line treatment is indicated in case of steroid-refractory 
chronic GHVD with an increasing number of treatment options (160). Up 
to now, there is no standard yet (161). Levels of evidence for efficacy and 
treatment costs vary considerably and numbers of patients reported for eye 
response are usually low (162). Extracorporeal photopheresis (ECP) has 
been reported to resolve or improve eye manifestation in 30% compared to 
7% with standard therapy alone by Flowers et al. (163). Other studies could 
confirm these results in similar or higher magnitude. Recently, ruxolitinib 
(Janus kinase 1/2 inhibitor; FDA and EMA) and belumosudil (inhibitor of 
Rho-associated coiled-coil-containing protein kinase 2; FDA) have been 
approved for treatment of steroid-refractory chronic GVHD. Both have 
been shown to be effective in a proportion of patients with oGVHD. In the 
randomized open-label REACH3 trial overall response was 26% with 
ruxolitinib versus 10.8% with best available treatment (164). Belumosudil 
was studied in the phase 2 ROCKstar trial mainly in patients with advanced, 
steroid-refractory chronic GVHD with a remarkable overall response rate 
of 42% (14% complete responses, 28% partial remissions) (165). In contrast, 
there are no conclusive data with the third FDA-approved agent ibrutinib 
(inhibitor of Bruton’s tyrosine kinase) in oGVHD (166). Other agents that 
are frequently used are sirolimus (mTOR inhibitor), bortezomib 
(proteosome inhibitor), imatinib (tyrosine kinase inhibitor) and low-dose 
methotrexate (162). However, there are no randomized controlled trials that 
evaluated the effect of systemic treatment specifically on oGHVD, or that 
investigated superiority of one agent to another.

Several new systemic therapeutic principles are tested in preclinical 
studies including bromodomain inhibitors (167) and SYK inhibition by 
entospletinib (168).

7.10. Antifibrotic treatment

Currently, no specific treatment strategy is available for fibrosis. Given 
the pathophysiology of chronic oGVHD, anti-inflammatory and anti-
fibrotic treatment regiments might be beneficial. Topically, corticosteroids 
may have some local antifibrotic effect, but clinical relevance is unknown, 
and risks do not justify prolonged application. TGF-b signaling inhibition 
(tranilast) may be useful (169, 170). In contrast to topically applied agents, 
systemic DMARDs therapy is commonly recommended for severe 
oGVHD not properly responding to topical agents, as untoward side 
effects may occur. Agents such as corticosteroids and steroid sparing 
agents may be  applied, including ciclosporin, tacrolimus, sirolimus, 
mycophenolate mofetil, and particularly B cell blockade with rituximab. 
Case reports document the value of amniotic membrane transplantation 
(AMT) for preventing excessive fibrosis (171).

8. Surgical management of 
complications

No data exist on how often surgical treatment for complications of 
chronic oGVHD is necessary. This section gives an overview of different 
surgical interventions for the most common complications of oGVHD.

8.1. Cauterization of lacrimal punctum

Punctal occlusion with punctal plugs has been shown to be safe 
to treat severe dry eye in oGVHD (147) and is often used. In rare 
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cases plugs are not supported or extruded repeatedly. In such 
situations permanent surgical occlusion is possible. Yaguchi et al. 
described their method of punctal cauterization with a high-
temperature sterile disposable cautery device in 23 puncta from 10 
oGVHD patients (148). They achieved a 100% anatomical success 
without recanalization after 1 year and reported no surgical 
complications. Several other methods for surgical punctal occlusion 
in other etiologies of dry eye disease have been described, including 
thermal cautery, diathermy, laser coagulation and punctal suturing 
(172–177).

8.2. Tarsorrhaphy and botulinum toxin

Inflammation and tear deficiency in oGVHD can lead to severe 
corneal ulcerations (87, 178). In such situations, temporal or 
complete temporary tarsorrhaphies or botulinum toxin A induced 
protective ptosis (179) are good options to protect the cornea and 
gain time when systemic immunomodulatory treatment is initiated 
or escalated and not fully effective yet. Yeh et al. described a patient 
with oGVHD in whom even tarsorrhaphy and amniotic membrane 
transplantation (AMT) were not enough, and eventually the eye had 
to be eviscerated (180).

8.3. Amniotic membrane transplantation, 
cyanoacrylate glue or conjunctival 
(Gundersen) flap

Amniotic membrane transplantation (Figure  5C) is a surgical 
procedure that may help to prevent or stop corneal melting by 
reconstructing the ocular surface and supporting the epithelialization 
of the cornea (181–184). Epithelial recovery and suppression of 
inflammation may be achieved due to the contained cytokines and 
growth factors, additionally the amnion membrane acts as a mechanical 

barrier for frictional forces (184–187). Indeed, AMT has also 
successfully been used in progressive corneal ulcers in oGVHD patients 
(171, 188–190). However, only limited data are available about its 
success rate up to now. In deep corneal ulcers or descemetocele with 
pending perforation, cyanoacrylate glue may be an option to avoid or 
delay more invasive corneal surgery (80, 189). Conjunctival 
(Gundersen) flap may be another option to cover a corneal ulcer or a 
fresh corneal transplant. Xu et al. described four oGVHD patients in 
whom they combined tectonic penetrating keratoplasty with 
conjunctival flaps (191). Furthermore, Pellegrini et al. reported on one 
patient receiving a Gundersen flap for impending perforation in their 
case series of 283 patients with HCT (192).

8.4. Keratoplasty and keratoprosthesis

Despite intensive topical and systemic treatment and tarsorrhaphy 
and/or AMT, corneal perforations might still occur in severe 
oGVHD. In such situations, keratoplasties might be required. One 
option is to perform an urgent tectonic keratoplasty (Figure 5D) with 
the primary aim of saving the eye and gaining time to escalate the 
anti-inflammatory treatment. Another possibility is to perform a 
penetrating keratoplasty with the aim of restoring vision and globe 
integrity at the same time. Corneal transplant diameters from only 
few millimeters to large may be  used for such keratoplasties 
depending on the individual need. Sinha et al. determined that the 
prevalence of corneal perforation in patients with oGVHD was 3.7% 
(193). Zhang et al. reported 14 corneal perforations in patients with 
oGVHD during an observation period of 59 years at 4 large centers 
(80). They all were initially glued and 8 needed penetrating 
keratoplasty, which had diameters of 2 to 9.5 mm. The best corrected 
visual acuity outcomes at last visit were 20/100 or better in 5 patients 
(36%), and hand motion or worse in 7 patients (50%) (80). Xu et al. 
reviewed 198 oGVHD patients within an observation period of 
9 years and identified 9 eyes of 7 patients with corneal perforation 

FIGURE 5

Therapeutic interventions in eyes with oGVHD: silicone punctal plug (A), scleral lens (B), amniotic membrane transplantation (C), lamellar keratoplasty with 
loosening of the sutures (D), transpalpebral osteo-odonto-keratoprosthesis (E).
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necessitating penetrating keratoplasty (trepanation diameters of 2 to 
8 mm were used). Only two eyes of two patients achieved a final best 
corrected visual acuity of 20/100 or better (191). Sometimes even 
repeat keratoplasty cannot prevent perforations and re-establish 
functional visual acuity, reason why we had to perform a through-lid 
Osteo-Odonto-Keratoprosthesis (OOKP; Figure 5E) in one patient 
(194) and Osteo-Keratoprosthesis (OKP) in another. The outcome 
was successful in both patients with a best corrected visual acuity of 
20/32 or better. Liu et al. mentioned one oGVHD patient in their 
10-years review on 36 patients with OOKP (195). Furthermore, Orive 
Bañuelos et  al. also described an oGVHD patient who received a 
Boston keratoprosthesis Type II after several corneal perforations 
with repeated keratoplasties. As a further complication, probably 
related to the keratoprosthesis surgery, two cyclophotocoagulations 
had to performed. The final visual acuity was 20/20 but the visual field 
revealed glaucoma related damage (196). OOKP and OKP are high 
risk procedures that are not commonly performed but might 
sometimes be the last resort to restore vision in selected patients.

8.5. Cicatricial entropion repair and fornix 
reconstruction

Chronic conjunctival inflammation and subepithelial fibrosis, are 
often found in oGVHD and can eventually lead to progressive 
conjunctival scarring with entropion and trichiasis. In combination 
with keratoconjunctivitis sicca these complications can be devastating 
for the ocular surface, reason why cicatricial entropion and trichiasis 
have to be treated without delay (197). Komai et al. described the 
cultivated oral mucosal epithelial transplantation (COMET) as a 
method to treat fornix shortening/symblepharon in different chronic 
cicatrizing conjunctival diseases (198). One of their patients suffered 
from oGVHD and was successfully treated with this surgical method 
(198). Dulz et al. described a 7-year-old boy who developed a massive 
bilateral cicatricial entropion with trichiasis 5 years after HCT. They 
performed bilateral lamellar splitting via an eyelid crease and gray 
line incision. Cryocoagulation of persistent trichiatic lashes was 
additionally performed (199). Kheirkhah et al. utilized a combined 
approach with mucous membrane transplantation from the lower lip 
covering it with AMT for their series of symblepharon, among which 
was also a successfully treated oGVHD patient (200).

8.6. Cataract surgery

Cataracts frequently develop in patients after HCT. This is probably 
a side effect of the treatments with corticosteroids or total body 
irradiation, and not due to GVHD directly. The long-term use of topical 
corticosteroids, particularly when given at higher dosages increases the 
risk for cataract formation. In patients with oGVHD inactivity of the 
ocular surface inflammation and optimal stabilization of the dry eye 
disease is required before surgery (201), and a good peri-operative 
management is critical. Bae et al. described 77 cataract surgeries in 42 
patients suffering from oGVHD. Out of these patients, 19 postoperatively 
developed punctate keratopathy, that was being treated with artificial 
tears or autologous serum drops; another 7 eyes developed corneal 
epithelial defects, requiring non-steroidal anti-inflammatory eye drops, 
and another 3 eyes had cystoid macular edema (202). These findings are 
supported by others, additionally reporting on corneal melts and 
perforation after surgery (203–207). Taken together, oGVHD patients 

require close post-operative monitoring and prolonged anti-
inflammatory treatment.

9. Novel approaches and outlook

As described previously, the clinical manifestations of oGVHD are 
the result of various structural and functional changes in lacrimal and 
Meibomian glands, eye lids, quantitative and qualitative alterations of 
the tear film and damage of the ocular surface. It is likely that the 
contribution of each of this component to active oGVHD differs 
between individuals. Symptoms might manifest after the damage has 
already been set. Hence, a standardized ocular assessment and 
documentation as part of the posttransplant follow up as well as the 
identification of specific biomarkers might allow a better understanding 
of the pathophysiology of oGVHD, an earlier diagnosis in the future 
(47) and potentially also to identify eyes at risk for severe complications. 
Ophthalmologists should be constant members of multidisciplinary 
teams providing posttransplant care. More efficient treatments that 
prevent or treat inflammation and enable regeneration of the 
dysfunctional ocular surface, lacrimal glands and Meibomian glands 
are needed. Pre-clinical animal models of GVHD enable developing 
and investigating new treatments (208). During the last decade, the 
number of interventional studies in oGVHD has slowly increased. Most 
of them are single center trials of topical treatments involving limited 
patient numbers. Randomized controlled trials of topical and systemic 
treatment options in patients with oGVHD are urgently needed and 
could expand our current knowledge considerably.

Anti-inflammatory drugs as tocilizumab and sarilumab, that impact 
the IL-6 pathway, are promising as they have been shown to be beneficial 
in animal models of oGVHD (117, 209, 210). Furthermore, Janus kinase 
(JAK) inhibitors either alone or in combination with tyrosine kinase 
(SYK) inhibition are a further interesting option as an early intervention 
that had a favorable effect in a pilot study (211). Belumosudil is another 
promising new approach even in heavily pretreated chronic GVHD 
(165). It will be important to study the therapeutic potential of this drug 
on oGVHD in earlier lines of treatment because of its anti-inflammatory 
and antifibrotic action.

Innovative options coming from basic research and/or animal 
studies, like ATR type I antagonist, VAP-1 inhibitor, phenyl butyric acid, 
tranilast, heavy chain-hyaluronan/pentraxin 3 (HC-HA/PTX3), 
ABT-263 and vitamin A-coupled liposomes containing HSP4 siRNA 
reversed the changes seen in oGVHD (117). In a pilot trial pooled 
human immunoglobulin eye drops were promising for treating oGVHD 
(212). A variety of further ongoing trials in oGVHD investigate the 
potential of other therapeutic approaches, e.g., topical fibrinogen-
depleted human platelet lysate, brimonidine nanoemulsion, rhDNase 
eye drops as well as different types of contact lenses (23).

10. Conclusion

A better understanding of the pathophysiology of oGVHD, 
definition of standardized diagnostic criteria, introduction of grading 
systems, increasing experience with different topical and systemic 
treatments, but also with tools as, e.g., punctal plugs or scleral lenses, 
has improved the management of this disease. Nevertheless, oGVHD 
still has a relevant impact on the quality of life of HCT survivors. Severe 
and potentially blinding complications as corneal perforations cannot 
always be prevented. There is a high need for randomized controlled 
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trials comparing the efficacy of different treatment regimens and 
supporting measures.
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Mechanisms of macular edema
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Macular edema is the pathological accumulation of fluid in the central retina. 
It is a complication of many retinal diseases, including diabetic retinopathy, 
retinal vascular occlusions and uveitis, among others. Macular edema causes 
decreased visual acuity and, when chronic or refractory, can cause severe and 
permanent visual impairment and blindness. In most instances, it develops due to 
dysregulation of the blood-retinal barrier which permits infiltration of the retinal 
tissue by proteins and other solutes that are normally retained in the blood. The 
increase in osmotic pressure in the tissue drives fluid accumulation. Current 
treatments include vascular endothelial growth factor blockers, corticosteroids, 
and non-steroidal anti-inflammatory drugs. These treatments target vasoactive 
and inflammatory mediators that cause disruption to the blood-retinal barrier. 
In this review, a clinical overview of macular edema is provided, mechanisms of 
disease are discussed, highlighting processes targeted by current treatments, and 
areas of opportunity for future research are identified.

KEYWORDS

human, retina, macula, macular edema, diabetic retinopathy, retinal vein occlusion, 
uveitis

1. Introduction

Macular edema is the pathological accumulation of fluid in the macula, the central region 
of the retina essential for high-acuity vision. It is a complication common to many ocular 
diseases. Fluid can accumulate diffusely in the central retina or within cysts usually localized in 
the inner nuclear layer or Henle’s fiber layer, or in the subretinal space, disrupting and distorting 
the retinal architecture and decreasing visual acuity (1, 2). In combination with the underlying 
pathology, the edema can progress to cause irreversible tissue damage with death of retinal cells, 
and permanent visual impairment. The common feature of most diseases that cause macular 
edema is dysfunction of the blood-retinal barrier (BRB), a set of structures that, in health, 
strictly regulates the passage of proteins, salts, metabolites and other solutes between the blood 
and the retinal tissue. Vasoactive growth factors and inflammatory cytokines, including vascular 
endothelial growth factor-A (VEGF) and tumor necrosis factor (TNF)-α, are upregulated in the 
ocular fluids in macular edema and have been implicated in disruption of the BRB. Dysregulated 
entry and accumulation of solutes in the retina disturb the balance of osmotic and hydrostatic 
forces, and lead to fluid entry when mechanisms maintaining fluid homeostasis are overcome. 
Current treatments target proteins and processes that are involved in angiogenesis, inflammation 
and blood-retinal barrier (BRB) dysfunction. This review provides an overview of clinical 
aspects of macular edema and discusses cellular and molecular mechanisms that are targeted by 
current treatments.
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2. Clinical overview of macular edema

2.1. Associations and clinical features

Macular edema is a common feature of diverse eye diseases, such 
as diabetic retinopathy, retinal vascular occlusions, uveitis, post-
cataract surgery inflammation (pseudophakic macular edema or 
Irvine-Gass syndrome), retinal dystrophies, drug reactions, 
intraocular tumors, serous central chorioretinopathy, radiation 
retinopathy and other retinal vascular abnormalities including retinal 
arterial macroaneurysms and retinal telangiectasia (3). Subretinal 
neovascular membranes observed in conditions such as age-related 
macular degeneration (AMD) are also associated with intraretinal and 
subretinal fluid accumulation (4).

Symptoms of macular edema include metamorphopsia, micropsia, 
blurred vision, a central scotoma, and reduction of contrast or color 
sensitivity. The clinical diagnosis of macular edema can be challenging 
in mild cases or when visualization of the fundus is impaired by poor 
pupillary dilation, cataract and other ocular media opacities. 
Therefore, fluorescein angiography and optical coherence tomography 
(OCT) are commonly employed to make the diagnosis. The latter is 
preferred due to its non-invasive nature, accurate measurements of 
retinal thickness and capacity for identifying other structural 
abnormalities, such as epiretinal membrane and vitreomacular 
traction, and it is the standard method for evaluating macular edema 
in clinical trials. Figure  1 illustrates the retinal changes that are 
observed by OCT in macular edema.

The thickness of the retina is generally measured between the 
inner limiting membrane and Bruch’s membrane. By current 
spectral-domain OCT technology, the average and central (foveal) 
macular thicknesses in normal adult eyes are 334 and 226 μm, 
respectively, being thicker in males than in females (5). Three 
patterns of macular edema have been described using OCT: cystoid 
macular edema, diffuse macular edema, and subretinal detachment 
(6, 7). Diffuse retinal thickening is the main pattern in diabetic 
macular edema (4, 6), while in retinal vascular occlusions, 

accumulation of subretinal fluid is common (8). In uveitis, cystoid 
and diffuse macular edema are the typical forms of macular edema, 
whereas subretinal detachment is seen in less than one-third of 
cases, usually in combination with cystoid or diffuse edema 
(7, 9, 10).

2.2. Burden of disease

The distortion of the retinal architecture caused by fluid 
accumulation in the macula results in vision loss, and potentially 
irreversible visual impairment due to scarring when the condition 
becomes chronic. Macular edema is the main cause of vision loss in 
patients with diabetes mellitus (11), retinal vein occlusions (12, 13), 
and uveitis (14, 15). Populational studies have shown a mean 
prevalence of diabetic macular edema of around 6% in type 1 diabetes, 
and slightly higher in type 2 diabetes (11). Macular edema is extremely 
common in central retinal vein occlusions, while in branch retinal 
vein occlusion, macular edema occurs in 30% of cases (16, 17). 
Around one-third of patients with uveitis develop macular edema, 
being more frequent in intermediate uveitis and panuveitis, and less 
common in anterior uveitis (14, 15). The burden of macular edema 
not only relates to the decrease in quality of life experienced by 
patients, but also to the chronicity of the condition and the economic 
costs associated with treatment and frequent visits to medical centers 
(18–20). In uveitic macular edema in particular, the most affected 
population group is of working age, adding to the socioeconomic 
impact of the condition (21–23).

2.3. Current treatment

Treatment of macular edema depends on the underlying cause. 
The front-line therapy of macular edema associated with diabetic 
retinopathy or retinal vascular occlusions is anti-VEGF therapy, 
delivered into the eye by intravitreal injection and sometimes 
augmented with intravitreal corticosteroid and/or retinal laser 
photocoagulation (24–26). Ranibizumab, a recombinant humanized 
antibody fragment against VEGF, and aflibercept, a recombinant 
protein comprising the ligand-binding domains of VEGF receptors 1 
and 2 fused to the Fc portion of immunoglobulin G1, are 
FDA-approved anti-VEGF drugs, while bevacizumab, a humanized 
monoclonal antibody against VEGF, is widely used off-label. As well 
as VEGF, aflibercept binds to placental growth factor (PlGF). The 
treatment of macular edema secondary to neovascular AMD also 
relies heavily on the use of anti-VEGF therapy (27). Newer anti-VEGF 
drugs, brolucizumab and faricimab, have recently been approved for 
the treatment of neovascular age-related macular degeneration, and 
faricimab is also approved for use in diabetic macular edema (28, 29). 
Potential complications of anti-VEGF therapy include infectious 
endophthalmitis, sterile intraocular inflammation, and retinal 
vasculitis particularly with brolucizumab (30, 31). However, a 
population-based cohort study did not find any increase in the risk of 
myocardial infarction or cerebrovascular accidents in patients treated 
for neovascular AMD (32). Among the intravitreal corticosteroid 
therapeutics, intravitreal injections of triamcinolone acetonide and the 
dexamethasone ‘Ozurdex’ implant may be  given as 
adjunctive treatments.

FIGURE 1

Optical coherence tomography (OCT) scans of the human macula in 
cross-section. (A) Healthy macula. (B) Macula of a patient with mild 
uveitic macular edema showing small numbers of cystic spaces in 
the inner retina (asterisk) and limited subretinal fluid (arrowhead). 
(C) Macula of a patient with severe uveitic macular edema 
demonstrating extensive retinal cystic changes (asterisk) and 
subretinal fluid (arrowhead).
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In contrast, corticosteroids are the mainstay for managing 
macular edema in non-infectious uveitis. Corticosteroid eye drops 
may be used if macular edema is mild and associated with anterior 
uveitis. Among the topical corticosteroids, difluprednate has been 
shown to be most effective for treatment of uveitic macular edema (33, 
34). Periocular triamcinolone acetonide injections and intravitreal 
injections of triamcinolone acetonide or the dexamethasone implant 
are used in unilateral or bilateral uveitis as monotherapy, or in 
combination with systemic immunomodulatory therapy to achieve a 
more rapid resolution of the edema (35–38). The most common 
complications of local corticosteroid treatments are elevated 
intraocular pressure and cataract. Systemic use of corticosteroids is 
indicated mainly for bilateral macular edema and should be used for 
a limited time due to the extensive list of side effects (39). A variety of 
conventional and biologic systemic immunomodulatory agents are 
used in the treatment of non-infectious uveitis, and a number may 
have activity against macular edema even in the absence of apparent 
intraocular inflammation (40). Intravitreal injections of VEGF agents, 
such as bevacizumab and ranibizumab, or methotrexate may be used 
in refractory uveitic macular edema or when corticosteroid 
therapeutics are contraindicated (41–43).

Other approaches have been used to treat macular edema. 
Non-steroidal anti-inflammatory drugs have an adjunct role in the 
treatment approach, and mostly are used for pseudophakic macular 
edema (44). Acetazolamide, an inhibitor of carbonic anhydrase (CA), 
is occasionally employed in cases of failed corticosteroid therapy, but 
sometimes is used as primary therapy for pseudophakic macular 
edema or macular edema associated with retinal dystrophies (44). Pars 
plana vitrectomy is mostly reserved for treating mechanical factors 
contributing to macular edema, such as epiretinal membranes and 
vitreoretinal traction. It is the last resort for the treatment of macular 
edema without mechanical factors, owing to its inherent risks, which 
include retinal breaks and detachment, vitreous hemorrhage, cataract, 
glaucoma and hypotony, and limited data on outcomes (44–47).

3. Mechanisms of macular edema

3.1. Fluid forces driving macular edema

Macular edema is the outcome of the failure of mechanisms 
maintaining fluid homeostasis in the macula. The movement of fluid 
across capillaries throughout the body is classically described by 
Starling forces. A hydrostatic pressure gradient between the 
intravascular space and the tissue extracellular space tends to drive 
fluid into the tissue, and this is opposed by a colloid osmotic (oncotic) 
pressure gradient which tends to draw fluid out of the extracellular 
space into the blood vessels. A recent review by Cunha-Vaz discusses 
macular edema formation in the context of classic Starling forces (48). 
A relative increase in hydrostatic pressure in vessels versus the retinal 
tissue and a relative increase in oncotic pressure in the retinal tissue 
versus the vessels are the two forces that drive edema. Of these, 
macular edema in most diseases is thought to result from increased 
tissue oncotic pressure due to aberrant accumulation of solutes in the 
retinal extracellular space. The compliant nature of the retinal tissue, 
which can expand unimpeded into the vitreous, renders it particularly 
susceptible to edema as rises in tissue oncotic pressure readily incur 
increases in tissue volume. It should be noted that updated models of 

capillary filtration predict the tissue oncotic pressure to have limited 
effect on the rate of fluid flow across capillaries (49, 50). The relevance 
of these models to the retina is debatable, however, as in the absence 
of a known lymphatic system, the net movement of water between the 
retinal tissue and the blood must be zero or slightly outward due to 
metabolic water production, which counters the conjecture in these 
models that fluid flow is inward leading to a protected 
subglycocalyx space.

Tissues other than the macula are also susceptible to edema in 
unrelated conditions including pulmonary edema, cerebral edema and 
lymphedema. In all cases, the fundamental principle of imbalanced 
hydrostatic and osmotic forces applies. Pulmonary edema and 
lymphedema are quite distinct entities from macular edema, involving 
different barriers and unique underlying mechanisms. Cerebral 
edema, however, shares a degree of similarity with macular edema at 
the molecular level. It can be caused by disruption of the blood–brain 
barrier (BBB), the brain’s counterpart to the BRB, which is similar in 
its structural composition. Key molecules that disrupt both BRB and 
BBB integrity include VEGF (51) and matrix metalloproteinases (52), 
among others. The involvement of these factors in BRB disruption is 
discussed below. Shared mechanisms indicate the possibility of 
overlapping treatment opportunities.

It is unclear why the macula is uniquely vulnerable to edema as 
opposed to other regions of the retina. In their 2018 review, Daruich 
et  al. described several hypotheses, including that disruption of 
junctional interactions between highly elongated Müller cells and 
photoreceptor axons in the perifoveal Henle’s layer may permit 
accumulation of protein, which is normally excluded from this region 
(2). They also proposed that a glymphatic system involving Müller glia 
may play a major role in retinal fluid and solute homeostasis, and this 
is discussed below. While the existence of such a system remains to 
be demonstrated, the unique cellular architecture of the fovea and 
perifovea likely challenges the mechanisms of solute clearance and 
fluid homeostasis that suffice to counter the abnormal accumulation 
of fluid in other regions of the retina. Mechanistic studies of the 
macula are difficult given that only humans and some primates 
possess a macula. Many studies of mechanisms underlying macular 
edema are performed in rodents or using cultured cells in vitro, and it 
is not apparent a priori which mechanisms will translate to the 
situation in the human macula.

The dysregulated entry of solutes to the retina occurs due to 
disruption of the BRB, and this is the main focus of most efforts to 
understand the mechanisms of this condition. An array of molecules 
and other insults have been described to modulate function of the 
BRB, and those selected for discussion in this review mainly relate to 
current treatments.

3.2. Cellular composition and structure of 
the blood-retinal barrier

The BRB is a group of structures in the eye that separates the 
blood from the neural retina and retinal extracellular space. There are 
two components: the inner BRB, and the outer BRB. The inner BRB is 
based around the retinal endothelial cells (REC) which line the retinal 
blood vessels, and the outer BRB is formed at the level of the retinal 
pigment epithelial (RPE) cells. As there can be  non-selective 
bidirectional diffusion of solutes between the retinal extracellular 
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space and the vitreous, barrier processes between the vitreous and 
blood vessels at the ciliary body might also be considered to form part 
of the BRB, although this region is not grouped in either the inner or 
outer BRB.

3.2.1. Structure of the inner blood retinal-barrier
The walls of the retinal vessels form the inner BRB. The luminal 

surface of retinal blood vessels is uninterruptedly lined by a squamous 
layer of RECs, and the membranes of adjacent RECs are held together 
by a continuous network of tight junctions. Figure 2A depicts the 
inner BRB structure. The RECs are not fenestrated, and they contain 
few pinocytic vesicles. The RECs and their junctions form a barrier 
that facilitates the regulated passage of solutes between the blood and 
the retina (53). Basement membrane completely covers the abluminal 
surface of the RECs. Evidence collected in vivo indicates the basement 
membrane does not directly constitute a barrier (53–55), although 
some evidence indicates it can impede diffusion of molecular tracers 
in vitro (56). Larger vessels have additional layers of smooth muscle, 
basement membrane, and adventitia, differing in structure depending 
on the size and type of vessel (57).

Several cell types are situated in close proximity to the retinal 
vessels. Pericytes are embedded within the basement membrane of 
the abluminal wall of the vessels (57–59). In retinal capillaries, there 
is approximately a 1:1 ratio of endothelial cells to pericytes, meaning 

pericytes are abundant compared to most other capillary systems 
(58). Pericyte coverage of vessels is nonetheless discontinuous, so 
they do not form a barrier themselves. Müller glia, astrocytes and 
microglia directly border retinal vessels, separated by basement 
membrane from the RECs, pericytes or collagenous adventitia (60). 
Neurons are surrounded by Müller cells throughout the retina such 
that there is no direct contact between retinal vessels and neurons. 
Pericytes, astrocytes microglia and Müller cells are thought to 
contribute to the development of retinal vessels and the BRB (61–
67). Whether these cell types are required to maintain the mature 
BRB is less clear and warrants further research. For example, 
depletion of pericytes from adult mice by induction of a genetically 
encoded diphtheria toxin gene did not induce BRB leakage (63), 
which countered the standing notion of the necessity of pericytes for 
BRB integrity (68). All of these cell types are, however, likely to 
be  involved in a pathological or protective capacity in diseases 
affecting the BRB.

The supporting cell populations can influence fluid homeostasis 
via means other than direct effects on BRB integrity. As an example, 
Müller cells and astrocytes express the water channel aquaporin-4 
(AQP4) in a distribution enriched at the endfeet bordering the 
vitreous and retinal vessels. Given its similar distribution to the Kir4.1 
potassium channel, which plays a fundamental role in siphoning 
potassium from synapses to the blood and vitreous, AQP4 has been 
proposed as a mediator of ion-coupled water transport (69); however, 
this is uncertain with functional analysis indicating no interplay 
between Kir4.1 and AQP4 (70). Nevertheless, AQP4 is likely to 
be  involved in retinal water homeostasis. In the brain, a so-called 
glymphatic system operates, whereby cerebrospinal fluid is circulated 
in the perivascular space between vessels and astrocyte endfeet rich in 
AQP4 (71). In the human macula, Daruich et al. observed channel-
like structures outlined in the staining pattern of AQP4, particularly 
within Henle’s layer in the fovea, which is rich in AQP4 but absent of 
retinal vessels (2). They hypothesised that an AQP4-dependent fluid 
flow may exist to clear interstitial fluid from the central retina, with 
evidence of decreased AQP4 expression in the diabetic fovea. Direct 
evidence for this hypothesis is yet to be presented.

3.2.2. Structure of the outer blood-retinal barrier
The outer BRB is not situated at a vascular wall, but rather is 

formed by the retinal pigment epithelium, a monolayer of RPE cells 
situated behind the photoreceptors and immediately opposed to 
Bruch’s membrane which separates it from the vascular bed of the 
choriocapillaris (54, 72). Figure 2B depicts the outer BRB structure. In 
contrast to the inner BRB, the vessels of the choroid have thin and 
highly fenestrated endothelial cells, and do not form a selective barrier 
(53, 54, 73). As such, the epithelium is responsible for maintenance of 
the regulated environment required for retinal function. As applies to 
other epithelia, RPE cells are polarized and connected to one another 
laterally by tight junctions located at the apical side of their adjoining 
surfaces (72). Adherens junctions are present as well, located just 
basally of and partially overlapping the tight junctions (74). The RPE 
cells are also connected and electrically coupled via gap junctions (75). 
The polarized distributions of various membrane transporters in RPE 
cells facilitate the healthy functioning of the retina and are involved in 
retinal fluid homeostasis. Water injected into the subretinal space is 
predominantly cleared across the epithelium by mechanisms 
dependent on ion transport (76–78).

A

B

FIGURE 2

Diagrams of the inner and outer blood-retinal barriers (BRB). 
(A) Schematic cross-section of a retinal capillary indicating the 
location of junctions between retinal endothelial cells which form 
the inner BRB, along with surrounding cell types. (B) Diagram of the 
outer portion of the retina and choroid, indicating the junctions 
between retinal pigment epithelial (RPE) cells which form the outer 
BRB, along with surrounding structures.
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The outer limiting membrane must also be  considered when 
discussing the outer BRB. It is not a true basement membrane but is 
formed by tight-like and adherens junctions among Müller cells and 
the cell bodies of photoreceptors (2). The pore size of the outer 
limiting membrane is small, restricting the passage of large molecules 
including albumin (79), so the membrane may be an important factor 
in macular edema development or in the type or location of edema. 
For instance, it may play a key role in the development or localization 
of subretinal edema.

Although the choroid sits outside the site of the outer BRB, 
together with Bruch’s membrane, it may still influence fluid 
homeostasis across the barrier. For instance, the hydraulic 
conductivity of Bruch’s membrane decreases with age (80), which is 
a possible factor in the accumulation of subretinal fluid in exudative 
age-related macular degeneration (81). Changes to the choroid are 
also likely to affect processes of retinal fluid absorption across the 
RPE cells. There are choroidal changes in diabetes, including 
choroidal vascular loss, choroidal neovascularization, and altered 
subfoveal choroidal thickness, which are reported to correlate with 
edema (82, 83). There is conflicting data on the subfoveal thickness 
changes, which is discussed in a report by Lutty (84). A precise 
mechanistic link between these changes and formation of retinal 
edema is yet unclear. Choriocapillaris loss may decrease the capacity 
for local fluid clearance or induce local hypoxia and promote 
expression of VEGF (85), with subsequent neovascularization and 
elevated vascular permeability. Serum leakage resulting from 
neovascularization may influence RPE cell transport processes and 
osmotic balance.

3.2.3. Molecular composition of the intercellular 
junctions of the blood-retinal barrier

The key structures responsible for paracellular BRB integrity are 
the junctional interactions between the RECs or RPE cells. Junctional 
complexes connect adjacent cells completely and greatly limit the 
passage of solutes through the gaps between cells. Generally 
considered most crucial for this function are the tight junctions 
(zonulae occludens). Tight junctions are formed by the adherent 
interactions of specific protein complexes on adjacent cells. These 
complexes comprise various transmembrane and intracellular 
proteins, and their composition varies depending on the cell type or 
context. In general, the extracellular regions of transmembrane 
proteins adhere in a homo- or heterotypic manner to tight junction 
proteins on adjacent cells. Common transmembrane proteins include 
occludin and other MARVEL domain proteins, claudins, and JAMs. 
Occludin is present at tight junctions in both RECs and in RPE cells. 
Claudin −1, −2 and − 5 are the predominant claudins at REC tight 
junctions (86). Claudin-19 is the predominant claudin at RPE tight 
junctions, with claudin-3 and -10 also expressed (87, 88). The 
cytoplasmic regions of the transmembrane proteins contact 
intracellular proteins which link the tight junctions to the actin 
cytoskeleton, and which participate in cell signaling. Common 
intracellular proteins include the zonula occludens (ZO) proteins, 
ZO-1, −2 and − 3. Tight junctions are dynamic, with certain proteins 
diffusing within the junction or undergoing exchange between 
cytosolic and membrane-localised pools (89). In addition to restricting 
paracellular passage of solutes, tight junctions contribute to processes 
of cell polarity, especially in epithelial cells, where they are located at 
the boundary between apical and basolateral plasma membrane 

domains (90), although mature tight junctions are not necessary for 
polarization (91).

Adherens junctions (zonulae adherens) are another structural 
component that joins adjacent cells in the inner and outer BRBs. These 
junctions are also formed by interactions of like proteins between two 
cells. The nectin family and cadherin family are major adhesion 
proteins at adherens junctions. Vascular endothelial (VE)-cadherin is 
the main player in endothelial cells (92). In RPE cells, it has been 
reported that placental (P)-cadherin is most highly expressed – at least 
at the mRNA level – which differs from most epithelia, as epithelial 
(E)-cadherin usually predominates (93). The cytoplasmic regions of 
cadherins interact with members of the catenin family, p120-, α- and 
β-catenin which link to and locally modulate the actin cytoskeleton, 
and participate in cell signaling and transcriptional control (94). The 
nectins link to the actin cytoskeleton via afadin. While adherens 
junctions are not classically regarded as key mediators of the barrier 
function in barrier epithelia and endothelia, there is functionally 
important interplay between adherens junctions and tight junctions 
(95). In fact, intravitreal injection of an anti-VE-cadherin antibody in 
rat eyes reportedly increased vascular permeability by nearly five-fold, 
demonstrating a direct importance of adherens junctions in BRB 
function (96).

The composition of tight junctions and adherens junctions and 
roles of the proteins involved in these cell–cell contacts have been 
reviewed by others (see references (72, 94, 97, 98)). Here, mechanisms 
of disruption of the junctions, as well as disruption of the transcellular 
route of BRB dysfunction are discussed as related to macular edema.

3.3. Blood-retinal barrier dysfunction: 
routes of solute transit and molecular 
mediators

Dysfunction of the BRB underlies development of macular 
edema. Loss of selectivity of the exchange of molecules between the 
blood and retinal tissue at the level of either the inner or outer BRB 
permits entry of proteins and other solutes to the retinal tissue. 
Leakage is usually evident well prior to macular edema formation. It 
is likely that edema eventuates when the severity of leakage overcomes 
solute and fluid clearance mechanisms (99). The rate of clearance of 
solutes from the subretinal space is inversely proportional to their size 
(100). Injection of variously sized, tagged dextran tracers into patients 
with uveitic macular edema showed rates of leakage roughly 
proportional to the size of the tracer. Sizes up to 20 kDa leaked into 
the macula, but 150 kDa did not (101). These data indicate that, while 
infiltration of larger solutes likely poses a greater challenge for 
clearance, complete BRB breakdown permitting non-selective entry 
of the largest solutes is not necessary for edema to form.

Solutes can enter the retina across the dysfunctional BRB in two 
ways: paracellularly or transcellularly. The paracellular route involves 
passage of solutes via the gaps between cells due to disruption of the 
junctional contacts. The transcellular route involves increased 
vesicular transport of solutes across cells and/or increased passive 
diffusion due to elevated membrane permeability. The routes of 
breakdown may differ between diseases, and both routes may 
be involved (102).

The widespread nature of BRB leakage in many diseases suggests 
that soluble factors likely play a role. Many growth factors and 
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inflammatory cytokines have been found elevated in the intraocular 
fluids of patients with diseases complicated by macular edema, and 
there is evidence that several act to disrupt BRB integrity. These 
molecules can drive BRB breakdown in multiple ways. They may act 
directly on the RECs or RPE cells to increase permeability by affecting 
the expression or regulation of junctional molecules (103, 104); they 
may act on other retinal cell types to further induce their own 
expression or that of other inflammatory mediators, facilitating a 
persistent inflammatory state; or they may attract and promote 
adhesion of leukocytes to the retinal vasculature (105, 106) which then 
induce BRB breakdown directly or further release inflammatory 
mediators (107, 108). The relative importance of various inflammatory 
and vasoactive molecules, their cellular sources, and the precise 
sequence of events leading to BRB breakdown and macular edema is 
not yet clear, and likely differs between diseases and individual 
patients. A selection of mediators of BRB dysfunction of relevance to 
current macular edema treatments is discussed below.

3.3.1. Vascular endothelial growth factor-A and 
placental growth factor

Vascular endothelial growth factor-A is a major mediator of 
pathological vascular changes in several ocular diseases. The presence 
of VEGF is higher in the ocular fluids of patients with diabetic 
retinopathy and central retinal vein occlusion than in healthy controls 
(109). It is upregulated in experimental autoimmune uveoretinitis 
(110). Macular edema in retinal vascular occlusion is driven by VEGF 
in many but not necessarily all cases (111). Intravitreal levels of VEGF 
and IL-6 correlate with the severity of macular edema and the size of 
the non-perfusion area (112, 113). This is consistent with the 
observations that VEGF expression is induced by hypoxia in vitro in 
various retinal cell types, and hypoxia-conditioned medium stimulates 
proliferation of RECs (114).

Vascular endothelial growth factor-A increases permeability of 
bovine REC monolayers in vitro (115). Mechanistically, VEGF 
activates protein kinase C (PKC)β which directly phosphorylates 
occludin, targeting it for ubiquitination (116, 117). This alters 
trafficking of occludin and its normal localization at tight junctions 
(116). Inhibition of PKC, transfection of a dominant negative PKC, or 
mutation of the phosphorylated residue of occludin counters VEGF-
induced permeation of bovine REC monolayers (115, 118). Occludin 
content is lower in retinas of diabetic rats, and phosphorylation of 
occludin is elevated (118, 119). Intravitreal injection of VEGF induces 
fluorescein leakage from retinal vessels in rats in vivo, and this is 
almost completely abolished by inhibition of PKCβ (120). However, 
phase 3 studies of a PKCβ inhibitor showed limited benefit in 
treatment of diabetic retinopathy (121). There is a wealth of evidence 
supporting the mechanism of VEGF-induced alteration of occludin 
distribution leading to functional changes in tight junctions in vitro. 
When assessed at the ultrastructural level, however, REC tight 
junctions often appear non-leaky in models of diabetes, indicating 
other mechanisms of BRB breakdown are also likely at play (122–124). 
Intravitreal injection of VEGF in cynomolgus monkeys increased 
vascular permeability without opening tight junctions (125). Instead, 
there was a stark change in the distribution of pinocytic vesicles in 
RECs, said to indicate an increase in vesicular transport of 
macromolecules from the vascular lumen to the retinal extracellular 
space. It is possible that non-responsiveness to VEGF blockers may 
also occur where outer BRB breakdown is apparent. Both VEGF and 

anti-VEGF treatments are reported to have minimal effects on RPE 
cell tight junctions in vitro, meaning other mechanisms may need to 
be targeted (87). Outer BRB breakdown may also limit the proposed 
ability of the epithelium to remove VEGF from the subretinal 
space (87).

In endothelial cells, adherens junction components including 
VE-cadherin, p120- and β-catenin, and plakoglobin undergo tyrosine 
phosphorylation in response to VEGF which coincides with increased 
permeability (126). A more recent study showed that VEGF induces 
activation of the small GTPase, Rac, then p21-activated kinase (PAK), 
which phosphorylates a specific serine residue on VE-cadherin 
leading to its internalization, disassembly of the adherens junction, 
and increased permeability (127).

Placental growth factor is an angiogenic growth factor in the VEGF 
family, which may also be involved in promoting BRB permeability. It 
is greatly upregulated in retinae of Akita diabetic mice, and its knockout 
in this model protects against retinal capillary leakage and degeneration 
(128). The PlGF gene deletion not only abrogated the decrease in 
expression of ZO-1 and VE-cadherin in diabetic mice, but elevated their 
expression relative to non-diabetic controls. Expression of these 
junctional molecules correlated with expression of two putative 
regulators, sonic hedgehog and angiopoetin-1, the latter of which has 
been shown to protect against BRB breakdown (129). Hypoxia-
inducible factor (HIF)-1α and VEGF expression were upregulated in 
Akita mice, and this was countered by PlGF knockout.

Clearly, VEGF plays a major role in driving progression of retinal 
diseases and macular edema, which is irrefutably evidenced by the 
broad utility of anti-VEGF therapies. Targeting VEGF with intravitreal 
injections of monoclonal antibodies or high-affinity decoy receptors 
are effective means of treating most diseases complicated by macular 
edema, including wet age-related macular degeneration (130), diabetic 
macula edema (131, 132), and macular edema caused by CRVO (133), 
BRVO (134) and uveitis (135). However, there are concerns of ocular 
and systemic toxicity in targeting VEGF, and long-term frequent 
reinjection is required (136–138). Also, the fact that there are cases 
resistant to anti-VEGF treatment suggests other pathways may also 
be involved in these diseases.

3.3.2. Tumor necrosis factor-α and interleukin-1β
Tumor necrosis factor-α is a master inflammatory cytokine which 

has been shown to increase barrier permeability of REC monolayers 
in vitro (139). When injected into the vitreous in rabbits, TNF-α 
increased the proportion of REC tight junctions that appeared open, 
and albumin was detected within these junctions, indicating leakiness 
(140). Larger vesicles also stained positively for albumin in RECs in 
treated eyes, but not controls. These results indicate breakdown of 
both transcellular and paracellular pathways. Interestingly, 24 h after 
injection, TNF-α-induced tight junction changes had reversed, a 
promising sign for a potential treatment target. When injected into the 
vitreous in rats, it also induced barrier leakage, and the effect of 
injection recovered after 7 days (141). Huang et al. used two mouse 
models of diabetes to assess the pathological role of TNF-α (142). 
Vascular leakage late in disease was completely prevented by TNF-α 
knockout. Interestingly, these observations did not correlate with the 
expression of TNF-α in the control diabetic mice, as TNF-α expression 
was not elevated in mid or late diabetic retinae. Instead, it was 
proposed that early expression of TNF-α might initiate a chain of events 
leading to increased apoptosis of retinal cells and BRB breakdown in 
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later stages. In bovine REC monolayers, TNF-α treatment decreased 
expression of ZO-1 and claudin-5 but increased expression of occludin 
(139). It disrupted the normal border staining pattern of all three. The 
increase in barrier permeability induced by TNF-α was prevented by 
dexamethasone or by an inhibitor of PKCζ. The PKCζ inhibitor also 
prevented BRB disruption induced by intravitreal injection of TNF-α 
in rats in vivo.

Treatment of human fetal RPE cells in vitro with TNF-α decreased 
resistance of monolayers by 80% (143). Interestingly, in a particular 
serum-free medium, this effect was only observed when TNF-α was 
applied to the apical side of the monolayer. A clear molecular 
mechanism for TNF-α-mediated barrier disruption was elusive, with 
no changes observed in levels of several junctional molecules tested, 
but it was suggested that TNF-α may induce changes in tight 
junction tortuosity.

Anti-TNF-α monoclonal antibodies are sometimes used in the 
treatment of non-infectious uveitis (144). They show high efficacy, 
although corticosteroids and conventional immunosuppressive drugs 
are generally the first-line treatment (145). Tumor necrosis factor-α 
has essential roles as an infection-fighting agent, so patients require 
close monitoring due to risk of developing infections, and increased 
risk of cancer may also be  a concern. Some data suggest TNF 
inhibitors used for treatment of non-ocular diseases could even 
worsen or increase the risk of developing uveitis, a point which will 
require larger-scale studies to resolve (146).

Along with TNF-α, another master inflammatory cytokine which 
is of increasing interest is IL-1β. Similar to TNF-α, when injected into 
the rabbit vitreous, IL-1β increases the number of open, leaky tight 
junctions (140). It also increases the permeability of REC monolayers 
in vitro (139). In streptozotocin-diabetic rats, retinal IL-1β expression 
increased between 1.5 and 4.5 months of diabetes (147). IL-1β mRNA 
is induced by high glucose in bovine RECs in vitro (147). It induces its 
own expression in RECs, Müller cells and brain astrocytes in vitro, 
which is prevented by inhibition of protein kinase C (147). The effects 
of IL-1β may be due to elevated oxidative stress, decreased expression 
of occludin, ZO-1 and claudin-5, and altered distribution of 
VE-cadherin (148). Interleukin-1β may be a promising target for new 
therapeutics: a receptor antagonist (anakinra), a decoy receptor 
(rilonacept), and a neutralizing antibody (canakinumab) are already 
in clinical use for other indications.

3.3.3. Interleukin-6
Interleukin-6 is a cytokine intimately linked with inflammatory 

and autoimmune disease, and is a promising target for treatment of 
non-infectious uveitis (149). Circumstantial evidence implicates 
IL-6 in diseases leading to macular edema. It is elevated in patients 
with uveitis (150). It is elevated in diabetic macular edema (151) and 
correlates with macular thickness (152). IL-6 is also upregulated in 
patients with central retinal vein occlusion, especially those with 
ischemia (112). Its expression often correlates with that of VEGF.

Experimental evidence for the role of IL-6 in disease is less clear at 
present. IL-6 did not induce noticeable barrier permeability to mannitol 
when injected into the vitreous in rats (141). In vitro, IL-6 treatment 
disrupted the barrier formed by the ARPE-19 RPE cell line, as evidenced 
by increased permeability to 40 kDa dextran and decreased electrical 
resistance (153). Distribution of ZO-1 at the borders was disrupted, 
suggesting tight junction dysfunction may be involved. In contrast, IL-6 
had no effect on the permeability of human REC monolayers (153). It 

can, however, reportedly induce permeability of non-REC monolayers 
in vitro (104), although in some cases the effect requires exogenous 
addition of IL-6 receptor (154). Together, these data suggest IL-6 may 
be especially active on RPE cells in inducing permeability.

As opposed to or in addition to acting directly on the barrier cells, 
IL-6 may act via less direct means, promoting inflammation to 
indirectly facilitate disease progression. Knockout of IL-6 or treatment 
with anti-IL-6 or anti-IL-6 receptor antibody ameliorates mouse 
experimental autoimmune uveoretinitis, a model of human 
non-infectious uveitis (155–157). A major mechanism underlying the 
effectiveness of IL-6 blockade in this model is the prevention of 
differentiation and expansion of T helper 17 cells (155, 156). Clinical 
trials of biologic drugs that target IL-6 signaling – such as tocilizumab 
and sarilumab – for macular edema are ongoing, with initial positive 
results (149, 158).

3.3.4. Matrix metalloproteinases
Growth factors and inflammatory cytokines are not the only 

targets of treatments for macular edema. Corticosteroids provide 
effective treatment for macular edema resulting from various diseases, 
including diabetes mellitus, central and branch retinal vein occlusions, 
and uveitis (159–161). These drugs are very broad-acting and have 
potent anti-inflammatory effects. One of many mechanisms by which 
they may act is the suppression of matrix metalloproteinase (MMP) 
expression and activity (162). The MMPs are a family of 
endopeptidases which degrade extracellular matrix and basement 
membranes among other macromolecules, and they have been 
suggested to play a role in progression of diabetic retinopathy (163).

Matrix metalloproteinases, MMP2, MMP9 and MMP14, are 
upregulated in the retinal vessels at the RNA level in streptozotocin-
diabetic rats (96, 164). Retinal vascular permeability is induced in this 
model, and this could be prevented by intraperitoneal injection of a 
broad spectrum MMP inhibitor. Mechanistically, MMP inhibition 
prevented the loss of surface staining of VE-cadherin on RECs. The 
elevated presence of advanced glycation end products was proposed to 
underly the heightened activity of MMPs in the diabetic model. MMPs 
may play a role in modulating both inner and outer BRB integrity, with 
treatment of the ARPE19 RPE cell line, as well as bovine RECs, with 
recombinant MMP2 or MMP9 decreasing electrical resistance of the 
monolayers (164). In this study, the mechanism was proposed to 
be degradation of occludin and tight junction alterations (164).

3.3.5. Carbonic anhydrase
Carbonic anhydrase inhibitors, including acetazolamide, have a 

history of use for treating macular edema, especially that caused by 
retinitis pigmentosa and diabetic retinopathy (165–167). Isoforms CA-I 
and CA-II were found to be elevated in the vitreous of patients with 
proliferative diabetic retinopathy (168). Injection of CA into rat vitreous 
induced vessel leakage which was prevented by co-injection of CA 
inhibitors. It is possible that the elevated intravitreal CA derives from 
intraocular hemorrhage, as injection of lysed red blood cells 
recapitulated vessel leakage, and this can be prevented by CA inhibition. 
The effect of CA on BRB permeability was found to be mediated by the 
kallikrein-kinin system. Notably, injection of VEGF resulted in a 
similar magnitude increase in vascular permeability as injection of CA, 
VEGF did not act via the same pathway, and the effect of CA and VEGF 
together was additive, suggesting dual treatment could prove useful. In 
addition to the above mechanism, CA inhibitors also act on 
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membrane-bound CA on RPE cells and increase resorption of 
subretinal fluid across the epithelium (169–171). The precise 
mechanism by which this works is an area of continuing research. A 
recent mathematical model of ion transport across the RPE cell barrier 
predicted this behavior (78).

3.4. Dysfunction of the transcellular arm of 
the blood-retinal barrier

As is evident from this discussion, molecular studies of BRB 
breakdown frequently focus on changes in expression and localization 
of junctional proteins, which are key players in paracellular BRB 
integrity. There is ample evidence that many molecules elevated in 
retinal diseases affect paracellular integrity. However, the ultrastructural 
studies that have been performed have indicated transcellular routes of 
BRB dysfunction are likely equally important as paracellular 
dysfunction. There are several means of transcellular passage (92), 
including simple diffusion – which is minimal for hydrophilic molecules 
– ion channels for salts and small molecules, specific transporters for 
amino acids and metabolites, and small vesicles termed caveolae, which 
when dysregulated can facilitate non-selective entry of proteins and 
solutes. Small vesicles are scarce in RECs compared to non-barrier 
endothelia, and this is reportedly a key feature that contributes to the 
inner BRB (172). Electron microscopy shows that vesicles are 
predominantly located at the abluminal side of the RECs, which has 
been suggested to indicate most transport occurs in the retina-to-blood 
direction (125). Caveolae are the best studied means of trans-endothelial 
vesicular transport across the BRB, reviewed by Klassen et al. (92). 
Caveolin-1 is the predominant protein constituent of caveolae. Both its 
knockout (173), and its overexpression (174) have been reported to 
disrupt BRB function. Caveolin-1 and caveolae are likely multifunctional 
and are only beginning to be understood in the context of the BRB.

Based on the ultrastructural localization of albumin in animal 
models of diabetes and in diabetic human retinas, tight junctions 
between RECs or RPE cells rarely appear disrupted, with albumin 
leakage instead suggested to be predominantly transcellular via vesicles 
or via diffusion through hyperpermeable plasma membranes due to 
degenerative changes in RECs or RPE cells (122–124, 175). In a rat 
model of experimental autoimmune uveoretinitis, leakage of albumin 
into the retinal tissue and presence of albumin in REC vesicles and RPE 
vacuoles was evident prior to ultrastructural evidence of disruption of 
tight junctions (140). Tight junctions did subsequently open and also 
permit passage of albumin. Tight junctions also appear to remain intact 
in the face of acute ischemic or chemical injury despite significant 
damage to RECs and transcellular leakage of tracers, although leakage 
in this setting is likely due to gross damage to the RECs rather than 
dysregulated vesicle transport (55). The potential for the transcellular 
route of BRB transit to account for vessel leakiness is also apparent in 
the process of inner BRB development. Newly sprouting vessels in later 
stages of development are leaky to tracers, but possess functional tight 
junctions (176). Leakage occurs through RECs via vesicles, and the 
fully functional BRB only forms upon suppression of transcytosis (176).

It is not yet clear which route of breakdown is responsible for the 
greatest portion of solute entry during BRB dysfunction, and the 
situation in the human macula may differ to animal models and to 
peripheral regions of the retina. Paracellular and transcellular routes 
may both be involved in many cases of macular edema.

4. Conclusion

Current treatments for macular edema show effectiveness in 
some, but not all situations. The continued use of broad acting 
treatments such as corticosteroids as first-line agents in spite of 
significant side effects highlights the incomplete understanding of 
the mechanisms underlying disease and the need for continuing 
research. Ongoing efforts to understand mechanisms governing 
regulation of junctional complex molecules in response to growth 
factors and inflammatory cytokines may clarify the contexts in 
which these mediators are involved. Major holes in current 
knowledge also include the reason why the macula is uniquely 
vulnerable to edema, as well as the mechanisms underlying 
dysfunction of transcellular integrity. Dysfunction of the BRB has 
a diverse spectrum of causes, in addition to those presented here. 
Though macular edema may be  a common outcome of BRB 
dysfunction, the disparate causes of BRB dysfunction may require 
a battery of options such that treatment may be  tailored to the 
cause of each case.
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Introduction: The pathogenic role of variants in TCF4 and COL8A2  in causing 
Fuchs’ endothelial corneal dystrophy (FECD) is not controversial and has been 
confirmed by numerous studies. The causal role of other genes, SLC4A11, ZEB1, 
LOXHD1, and AGBL1, which have been reported to be associated with FECD, is 
more complicated and less obvious. We performed a systematic review of the 
variants in the above-mentioned genes in FECD cases, taking into account the 
currently available population frequency information, transcriptomic data, and 
the results of functional studies to assess their pathogenicity.

Methods: Search for articles published in 2005–2022 was performed manually 
between July 2022 and February 2023. We searched for original research articles 
in peer-reviewed journals, written in English. Variants in the genes of interest 
identified in patients with FECD were extracted for the analysis. We classified 
each presented variant by pathogenicity status according to the ACMG criteria 
implemented in the Varsome tool. Diagnosis, segregation data, presence of 
affected relatives, functional analysis results, and gene expression in the corneal 
endothelium were taken into account. Data on the expression of genes of interest 
in the corneal endothelium were extracted from articles in which transcriptome 
analysis was performed. The identification of at least one variant in a gene 
classified as pathogenic or significantly associated with FECD was required to 
confirm the causal role of the gene in FECD.

Results: The analysis included 34 articles with 102 unique ZEB1 variants, 20 
articles with 64 SLC4A11 variants, six articles with 26 LOXHD1 variants, and five 
articles with four AGBL1 variants. Pathogenic status was confirmed for seven 
SLC4A11 variants found in FECD. No variants in ZEB1, LOXHD1, and AGBL1 genes 
were classified as pathogenic for FECD. According to the transcriptome data, 
AGBL1 and LOXHD1 were not expressed in the corneal endothelium. Functional 
evidence for the association of LOXHD1, and AGBL1 with FECD was conflicting.

Conclusion: Our analysis confirmed the causal role of SLC4A11 variants in the 
development of FECD. The causal role of ZEB1, LOXHD1, and AGBL1 variants in 
FECD has not been confirmed. Further evidence from familial cases and functional 
analysis is needed to confirm their causal roles in FECD.
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1. Introduction

Fuchs’ endothelial corneal dystrophy (FECD) is a bilateral 
primary inherited eye disease associated with a gradual loss of the 
corneal endothelial cells (CEnCs) (1, 2). The formation of excrescences 
on the thickened Descemet membrane - guttae - is a characteristic 
sign of FECD (3). The main function of the CEnCs is to maintain the 
water balance in the corneal stroma (4). As the number of CEnCs 
decreases, they are unable to pump water out of the corneal stroma 
and prevent excessive aqueous humor flow from the anterior chamber 
and corneal edema develops. The progression of FECD is associated 
with the vascularization and fibrosis of the cornea. This results in the 
loss of visual acuity down to the point of light perception.

FECD is the most common primary corneal endothelial dystrophy 
but the prevalence varies between populations. Epidemiologic studies 
indicate that FECD is more prevalent in Europe and the United States 
than in Asian populations. For example, in Iceland, guttae were found 
in 11% of women and 7% of men over the age of 55 (5). In other 
European and American population studies, FECD was found in 
3.9–5.2% of the population over the age of 40 (1, 6, 7). In a Japanese 
population study of 107 cataract patients, four cases of FECD (3.7%) 
were identified (8). Another study compared the incidence of FECD 
between Chinese Singaporeans and Japanese (9). It was found that 
FECD was significantly more common in Singapore: 8.5% vs. 5.5% in 
Japan. A recent meta-analysis that includes the above studies showed 
a pooled prevalence estimate of 7.33% (10).

Clinically, FECD can be divided into early-onset and late-onset 
forms. The early-onset form manifests clinically in the second to third 
decades of life and has an autosomal-dominant mode of inheritance. 
Magovern was the first to describe a four-generation family with 
atypical histopathologic changes and the onset of symptoms in 
childhood (11). Biswas and co-authors investigated two other families 
with early onset of the disease. For the first time, they identified the 
Gln455Lys variant in the COL8A2 gene in patients with a family 
history of FECD and posterior polymorphous corneal dystrophy 
subtype 3 (PPCD3) (12). In general, this form is rare, although several 
cases have been described (13–17). In the predominant, late-onset 
form of FECD, the symptoms develop after the age of 50 years, with a 
global meta-analysis reporting a mean age of 61.9 (95% CI: 58.8–65.2) 
(1, 10, 18, 19). Autosomal-dominant inheritance has been established 
for late-onset FECD (1, 18–21).

Since the first studies of FECD, the preponderance of women over 
men was noted (22). This has been confirmed in the later studies, 
although the ratio has varied from 1.05 to 3.7:1, but in all cases women 
have been predominant (1, 5–7, 19, 23). It is worth mentioning that in 
a large family with early-onset FECD, the female-to-male ratio was 
1:1 (11).

The methods used to study the etiology of FECD are diverse and 
changing with technological advances. FECD is a genetic disease; up 
to 50% of clinical cases are familial, and large families with dominant 
inheritance of the disease have been described (1, 11). The first 

method used to study the genetics of FECD was linkage analysis. 
Probands and relatives in previously clinically described families were 
investigated. This led to the discovery of several loci, but only a few 
were refined down to the coordinates of the variants. The loci defined 
in linkage analyses have been used to detect early-onset FECD 
candidate variants in the COL8A2 gene and variants in LOXHD1, 
AGBL1, and ZEB1 genes (12, 13, 24–26). Later, genome-wide 
association studies (GWASs) were performed in cohorts of FECD 
patients (23, 27, 28). GWASs were efficient in detecting the association 
of FECD with variants in the TCF4 gene (27). The association of 
FECD with loci in KANK4, LAMC1, and ATP1B1 genes has been 
reported based on GWAS results (28). The next widely used method 
to study the genetics of FECD is Sanger sequencing. It has been used 
to genotype the single variants in replication studies, and whole-gene 
sequencing has been used to find new candidate variants. For example, 
Biswas and co-authors sequenced coding exons of the COL8A2 gene 
in all affected and unaffected members of a family with early-onset 
FECD to find the causal mutation (12). Riazuddin’s team searched for 
variants in the SLC4A11 gene by sequencing all coding regions in 
FECD patients (29). Massive parallel sequencing was also introduced 
in genetic studies of FECD as it became affordable. A custom capture 
panel was used in the study by Wieben et al. to establish the absence 
of a single causative variant for FECD in the TCF4 gene (30). Exome 
sequencing has been used to detect variants in LOXHD1 and AGBL1 
genes at previously identified loci (24, 25). A potentially pathogenic 
variant in the TSPOAP1 gene was discovered in the transcriptome 
data (31).

As a result, several genes have been implicated in the development 
of FECD. In recent reviews, TCF4, SLC4A11, ZEB1, COL8A2, 
LOXHD1, and AGBL1 genes have been repeatedly mentioned as being 
involved in the genetics of FECD (2, 32–37). Below, we briefly describe 
the genes harboring variants whose contribution to the etiology of 
FECD has been confirmed by segregation studies in families and by 
functional analysis.

The pathogenicity of COL8A2 variants NP_005193.1:p.
Leu450Trp, NP_005193.1:p.Gln455Lys, and NP_005193.1:p.
Gln455Val in the early-onset FECD patients has been confirmed by 
the results of genetic and molecular studies in native specimens and 
model systems (13, 38–42). Although there were early-onset cases 
with no identified variants in the coding exons and the second intron 
of the COL8A2 gene, the presence of single-nucleotide variants 
(SNVs), insertions and deletions, or copy number variations (CNVs) 
in the non-coding exon and the first intron was not excluded (43).

The association of TCF4 variants with late-onset FECD (especially 
in European descent populations) has been discovered by GWAS and 
confirmed by dozens of case–control studies (27). The single-nucleotide 
polymorphism (SNP) rs613872 in the TCF4 gene is the most studied 
association marker of the late-onset FECD and its association was 
significant in several studies and in the meta-analysis (30, 44–56). The 
CTG18.1 trinucleotide repeat expansion in the TCF4 gene has been 
detected in a large proportion of late-onset FECD patients and 
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segregated in familial cases, so it is currently considered a causal variant 
(30, 45, 48, 50, 51, 55, 57–64). Its discovery by Wieben and co-authors 
was a breakthrough in understanding the genetics of late-onset FECD 
(57). The pathogenic mechanisms of CTG18.1 trinucleotide repeat 
expansion-associated FECD have recently been comprehensively 
reviewed by Fautsch and co-authors (35). Briefly, the mechanisms 
investigated to date are repeat-associated RNA toxicity, repeat-associated 
non-AUG translation, and dysregulation of TCF4 expression (31, 
61, 65–73).

In summary, the presence of pathogenic variants in the COL8A2 
and TCF4 genes has been comprehensively demonstrated, although 
further investigation of unresolved familial cases and pathogenic 
mechanisms is warranted (35). Thus, we have chosen not to review 
variants in these genes here. The role of other genes, SLC4A11, ZEB1, 
LOXHD1, and AGBL1, in FECD genetics seems more complicated 
and less obvious. We found a systematic review of SLC4A11 variants 
(74). The association of the c.1195G > A variant with FECD was 
evaluated by meta-analysis. We had less stringent selection criteria, 
which allowed us to include more records and not limit the analysis 
to meta-analysis. We did not find any meta-analyses or systematic 
reviews on the variants identified in ZEB1, LOXHD1, and AGBL1 in 
FECD patients.

The search for variants in FECD has been going on for many 
years, but there has not been a comprehensive reevaluation of the 
pathogenicity of variants in terms of the ACMG guidelines (75). In 
brief, the frequency of a variant in the population is important in 
the assessment of the pathogenicity of a variant. The effect of the 
variant on the protein is also taken into account: loss-of-function 
variants are considered a very strong criterion for the presence of a 
pathogenic effect. Existing functional studies can also significantly 
influence assessing pathogenicity. Family case studies, especially the 
segregation of the variant with the phenotype, are important not 
only for assessing pathogenicity but also for confirming the causal 
role of the variant. If the variant identified in the proband is absent 
in another first-degree relative with FECD, this is a strong argument 
against the causal role of the variant. One element of evaluation that 
is not considered in the ACMG criteria is the presence of gene 
expression in the tissue affected by the disease or associated with its 
pathogenesis. The expression of the gene may be  assumed as a 
given, however, this is not always the case. Therefore, we considered 
it necessary to perform a systematic review of the variants in the 
SLC4A11, ZEB1, LOXHD1, and AGBL1 genes in the FECD, taking 
into account the currently available population frequency 
information, transcriptomic data, and the results of functional 
studies to assess their pathogenicity.

2. Methods

This systematic review was performed in compliance with the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines.

2.1. Eligibility criteria

For the systematic review of variants, we included records selected 
according to the following criteria:

 1. The record was published in a peer-reviewed journal as an 
original research article written in English, not as a review, 
abstract, poster, conference paper, or PhD thesis;

 2. The article described genetic variants in Homo sapiens;
 3. The article described variants identified in SLC4A11, AGBL1, 

LOXHD1, and ZEB1 genes in FECD or PPCD sporadic or 
familial cases, or functional experiments, including 
transcriptomic analysis in samples, harboring variants reported 
in these diseases.

 4. The coordinates of the identified variants have been explicitly 
described, or the cDNA and/or protein coordinates of the 
aberration have been reported.

For information on the expression of the genes of interest, we 
searched the following articles:

 1. The record was published in a peer-reviewed journal, an 
original research article written in English;

  2. Gene transcription (SLC4A11, AGBL1, LOXHD1, or ZEB1) 
was examined in human corneal endothelial samples (control 
donor samples, FECD patient samples, PPCD patient samples, 
primary cultures, cell lines, human embryonic stem cell-
derived corneal endothelium, and induced pluripotent stem 
cell-derived corneal endothelium);

  3. Gene expression (SLC4A11, AGBL1, LOXHD1, or ZEB1) was 
evaluated in transcriptome data (RNA-seq, microarray 
expression analysis, single-cell RNA-seq, cDNA libraries 
sequencing, and CAGE sequencing), not PCR;

  4. Gene expression defined from transcriptomic data was 
mentioned in the article text, figure, or supporting information.

2.2. Search methods

Search for articles on variants was performed manually from July 
2022 to November 2022 and included articles published between 2005 
and 2022. For AGBL1 and LOXHD1 genes, no studies of variants in 
FECD cases were found before 2012. Articles were initially searched by 
TT and VI, and independently by LS. TT and VI generated an “Initial 
pull 1” of articles from PubMed search results using the keywords: “gene 
(gene = ZEB1, LOXHD1, or AGBL1)” AND “variants”; “SLC4A11” AND 
“mutation.” LS generated “Initial pull 2” of articles from PubMed Central 
and Google Scholar search results by keywords: “gene (gene = SLC4A11, 
ZEB1, LOXHD1, or AGBL1)” AND “disease (disease = Fuchs OR 
PPCD).” The titles, abstracts, and full texts of articles from the initial pull 
were screened for compliance with the inclusion criteria. TT and VI also 
screened the reference lists of included articles from “Initial pull 1” and 
published reviews that appeared in the search results to identify 
additional relevant studies. Studies were grouped by genes of interest. 
After comparing “Initial pull 1” and “Initial pull 2” and removing 
duplicate articles, a “Final list of articles” of non-duplicate articles was 
created. LS screened the reference lists of articles from “Initial pull 2” that 
were missing from “Initial pull 1” to identify additional relevant studies 
and added them to the “Final list of articles (Supplementary Table S1).”

Search for articles on gene expression in transcriptome data was 
performed manually in February 2023, and included articles published 
between 2013 and 2022. The list of articles was generated by LS from 
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Google Scholar search results using the keywords: “gene (gene = ZEB1, 
LOXHD1, or AGBL1) transcriptome analysis human corneal 
endothelium.” Titles, abstracts, and full texts of articles from the 
search results were screened for compliance with inclusion criteria. 
Articles meeting the inclusion criteria were included in the “List of 
articles expression (Supplementary Table S1).”

2.3. Article data extraction

TT, VI, and LS independently screened the abstracts and full texts 
of articles included in the “Final list of articles.” TT and VI performed 
the initial data extraction from the articles, while LS reviewed all of 
the data in the tables and edited or added missing information. 
We assessed the compliance of the data presented in the text and on 
the figures or tables. If there was a discrepancy between the raw data 
(including experimental data) and their interpretation in the text, 
we used the raw data to reassess pathogenicity. From each article, data 
(including experimental) for each detected variant were extracted and 
entered into the Gene_cases table, here and below Gene = SLC4A11, 
ZEB1, LOXHD1, or AGBL1. We indicated the diagnosis of the 
proband(s) (FECD or PPCD) included in each study. We also reported 
the ethnicity or country of residence of probands enrolled in each 
study (Supplementary Table S1). If available, information on the 
proband’s relatives, including their phenotype and genotype status, as 
well as their segregation, was entered into the Gene_familial_cases 
table (Supplementary Table S1). If segregation data were available for 
the variant, this was noted in the corresponding column of the Gene_
cases table. If the functional analysis was conducted in the article, it 
was noted in the corresponding column of the Gene_cases table. The 
availability of information on the CTG18.1 repeats status in the carrier 
of the reported variant was noted in the corresponding column. In 
addition, the study design of the processed article was entered in the 
corresponding column of the Gene_cases table. If the processed article 
had a non-consecutive case series design or was a case report, the total 
number of alternative alleles in the probands and, if available, 
information on control group genotyping was entered. If the processed 
article had a consecutive case series design, information on the total 
number of unrelated probands screened and, if available, the number 
of probands with alternative alleles was entered in the appropriate 
columns. If the article was a case–control study, data on the total 
number of probands and controls screened, the number of probands 
and controls with alternative alleles, and the total number of 
alternative alleles in probands and controls were included. The minor 
allele frequency (MAF) was calculated for variants if more than 30 
probands were tested. p-values for association tests were also reported 
if available.

From articles describing gene expression in the transcriptomic 
data, we extracted tissue type, cultivation status (ex vivo or different 
types of cultured cells), the technology used to generate transcriptomic 
data, and data on the expression of the SLC4A11, ZEB1, LOXHD1, or 
AGBL1 genes. This information is available in the Genes_expression_
data table (Supplementary Table S1).

2.4. Variant description

For each described variant, rsID, HGSV genomic coordinate, 
reference allele, alternative allele, location of the variant in the gene region, 

the type of aberration, and variant effect were entered in the Gene_
cases tables.

Variant’s rsIDs from articles have been checked in dbSNP for the 
up-to-date rsIDs and mistypes (76). We used the dbSNP database from 
July 2022 to November 2022. Variant description according to HGVS 
recommendations on genomic, transcript, and protein levels was 
identified from dbSNP (77). SLC4A11 transcript NM_032034.4, 
SLC4A11 isoform NP_114423.1, ZEB1 transcript NM_030751.6, and 
ZEB1 isoform NP_110378.3, AGBL1 transcript NM_152336.4 and 
AGBL1 isoform NP_689549.3, LOXHD1 transcript NM_144612.7, and 
LOXHD1 isoform NP_653213.6 were used the most in included articles.

If variants were described using transcript or protein sequence in the 
original article, we validated them and identified genomic coordinates 
through the Mutalyzer using NM or NP IDs mentioned in the article 
(78). All variant descriptions on transcript and protein levels were 
assigned to the same transcripts and isoforms for each gene mentioned 
above. If the resulting variant descriptions on transcript or protein levels 
differed from those in the original article, we noted this in the table.

The variants described in the Gene_cases tables have been 
summarized in the Gene_variants tables (Supplementary Table S1). They 
contain a list of unique variants in each gene. Each variant was described 
using rsID, if available, genomic coordinates, transcript, and protein 
changes according to the HGVS nomenclature. We noted the number of 
articles describing probands with that variant (excluding functional 
studies). Population frequency was defined from gnomAD (v.2.1.1) for 
worldwide frequency and RUSeq because it was not previously available 
for assessment (79, 80). We used these databases from July 2022 to 
November 2022. We  did not use pathogenicity terms or copy the 
conclusions of the article. Pathogenicity status was reassessed using the 
Varsome database (81). In Varsome, pathogenicity status was determined 
according to the ACMG recommendations, taking into account the 
diagnosis, the presence of affected relatives, and the segregation of the 
variant in the family (75). Varsome also automatically takes into account 
ClinVar data, population frequency data, and predictive algorithms (82). 
If the segregation of the variant in a family was partial, we used the 
“Unknown” option in Varsome. The pathogenicity status and the date of 
accession to the Varsome and ClinVar databases were reported in the 
Gene_variants tables.

2.5. Quality control

Variants NC_000010.11:g.31319149_31319182delinsgggaggggtg
gaggcggaggggtGGGGGGGAAGG, NC_000010.11:g.31319183_3131
9189delinsGGGAGGG, NC_000010.11:g.31319190_31319193delins
AGGG from the article Tang H. et al. were not included in the review 
because checkup in Mutalyzer assigned them as reference 
sequences (83).

To control our variant classification methods, we performed the 
same process of search, data extraction, variant description, and 
synthesis of results for ZEB1 variants in PPCD, as ZEB1 null variants 
were confirmed to be pathogenic in PPCD subtype 3.

2.6. Synthesis of the results

If at least one article reported that the gene was expressed in the 
transcriptome of ex vivo corneal endothelial samples, the gene was 
considered to be expressed in the corneal endothelium.
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For each variant reported in FECD in the SLC4A11, ZEB1, 
LOXHD1, and AGBL1 genes, we assessed the pathogenicity status 
according to the ACMG criteria implemented in the Varsome tool, 
taking into account diagnosis, segregation data, and presence of 
affected relatives. If there was information that there were familial 
cases where this variant was studied, this was indicated in the 
Varsome input window as the presence of affected relatives. 
Non-segregation was indicated in the Varsome input window only 
if another family member with FECD did not have the evaluated 
variant (phenotype +, genotype -). Incomplete penetrance and 
age-dependent non-penetrance in family members were not 
counted as non-segregation. If the variant was observed in a case 
with a clear alternative genetic cause of the disease, the BP5 
criterion was added to the criteria defined by Varsome. If the 
population frequency from RUSeq was higher than >1%, the BA1 
criterion was added to the criteria defined by Varsome. Varsome 
also takes into account published functional studies, so we checked 
whether the results of the functional studies were included in the 
evaluation. If not, criteria accounting for the results of the 
functional analysis (PS3 or BS3) were added to the criteria defined 
by Varsome. The absence of gene expression data in the corneal 
endothelium was considered as a result of functional analysis and 
added to other available functional analysis results as BS3 criterion. 
No criteria (PS3 or BS3) were added when there were conflicting 
functional analysis results. The summarized pathogenicity status 
of the variant was entered in the corresponding Gene_variants 
column (Supplementary Table S1).

We carried out a meta-analysis for selected variants. We calculated 
MAF for these variants based on information from the articles. If 
control groups were included in the article, we also calculated the 
MAF in them. For variants without the described genotype, two allele 
frequencies were calculated:

 - the maximum frequency, based on the assumption that all 
carriers are homozygous.

 - the minimum frequency, assuming that all carriers 
are heterozygous.

Meta-analysis was carried out with the R packages Hmisc (v4.7-0)   
(84) and forest plot (v2.0.1; Gordon and Lumley, 2022) (85). 95% 
confidence intervals for allele frequencies were calculated as binomial 
proportion confidence intervals (exact binomial test) for the allele 
frequency of each variant from the article and gnomAD (v2.1.1) data. 
Allele frequencies and meta-analysis results were visualized using 
forest plots.

The number and frequency of variants grouped by pathogenicity 
status in each gene were estimated using only case–control studies and 
consecutive case series. Studies that did not report the number of 
probands harboring a variant (i.e., only MAF was reported) were 
excluded (28). Studies investigating a mixed group of corneal 
dystrophies where the number of probands with each diagnosis was 
not reported were also excluded (86).

2.7. Outcomes

We concluded that the causal role of the gene in the pathogenesis 
of FECD was not confirmed if none of the variants in this gene were 

classified as pathogenic or significantly associated with 
the phenotype.

2.8. Sources of potential bias

Because of the manual search, there is a potential bias in the 
selected articles, although it was conducted by three reviewers, one of 
whom conducted the search independently. In addition, data 
extraction was done manually, although the risk of errors was 
minimized by double-checking all data included. The genomic, 
coding, and amino acid sequence coordinates of each variant were 
validated for each variant by cross-search in dbSNP and ClinVar 
databases, Mutalyzer, and Varsome tools. To minimize personal bias 
in pathogenicity classification according to ACMG criteria, we used 
the automated tool Varsome.

3. Results

3.1. Search results

A search in the PubMed, PubMed Central, and Google Scholar 
databases, as well as screening of reviews and references, resulted 
in the inclusion of 51 unique articles into the review of variants 
and 20 unique articles with data on transcriptome analysis of the 
corneal endothelium. The flow diagram of the search is presented 
in Figure  1. The full list of articles is shown in 
Supplementary Table S1. Twenty articles investigating SLC4A11 
variants were included in the analysis (29, 43, 48, 53, 55, 56, 83, 87, 
91–99, 119, 150, 151). ZEB1 variants in PPCD subtype 3 were 
extracted from 23 articles (40, 114–118, 120, 130, 132–136, 139–
142, 152, 154, 156, 158–160). Fourteen articles provided 
information on ZEB1 variants in FECD patients (26, 40, 49, 53, 
55, 56, 83, 116, 119, 120, 151,  153, 155, 157). LOXHD1 variants 
in FECD patients were analyzed in six articles (24, 28, 48, 55, 83, 
157). AGBL1 variants in FECD were found in the five articles (25,  
28, 48, 55, 86).

Reasons for exclusion of records on variants included: written not 
in English, conference paper, poster, review, not in Homo sapiens, and 
variants identified not in FECD or PPCD patients. Reasons for the 
exclusion of articles on transcription included: conference paper, 
review, not in Homo sapiens, gene expression evaluated in tissue other 
than corneal endothelium, gene expression was evaluated by PCR or 
Western blotting.

3.2. SLC4A11 variants in FECD

We extracted and entered data on 64 unique SLC4A11 variants in 
FECD cases. Table 1 summarizes the types and pathogenicity status of 
the reported variants. SLC4A11 variants were mostly investigated by 
sequencing all exons and splice sites of the SLC4A11 gene or by 
genotyping selected SNVs in case series or case–control studies 
(Supplementary Table S1). For the first time, four missense and one 
frameshift SLC4A11 variants in the heterozygous state were described 
by Vithana et al. in a cohort of Chinese and Indian FECD patients 
(87). In the studies by Gupta et al., Okumura et al., Igo et al., and 
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Skorodumova et al., no missense variants were found in SLC4A11 in 
FECD patients (48, 53, 55, 56). In the study by Okumura et al., only 
synonymous or intronic variants were detected (55). All synonymous 
and intronic variants were classified as benign or probably benign 
(Supplementary Table S1).

Table  2 shows the total number of probands with variants 
identified in the consecutive case series and case–control studies, 
grouped according to their pathogenicity status. VUS, likely 
pathogenic or pathogenic variants were detected in 2.5% (17/675) of 
all genotyped FECD probands.

Some carriers of the variants identified in the case–control studies 
had a family history (29, 87). A three-generation family was described 
by Riazuddin et al. (29). The NP_114423.1:p.Gly742Arg variant was 
detected in all three affected members. One member who was too 
young to be affected also carried this variant. All other unaffected 
members had reference alleles, so this variant segregated with the 
phenotype in all members old enough to have FECD symptoms. In 
the case report of a large multigenerational family described by Tang 
et  al., no SLC4A11 variants were found to segregate with the 
phenotype (83). Of note, only synonymous and intronic variants were 
detected in this family.

SLC4A11 missense and loss-of-function variants in the 
homozygous state have been reported to cause congenital hereditary 
endothelial corneal dystrophy type 2 (CHED2) (88–90). In most cases, 

parents of CHED probands carry heterozygous pathogenic variants. 
Therefore, researchers investigated whether parents of CHED 
probands with defined SLC4A11 variants have FECD. Such an analysis 
was performed in two studies: Kim et al. described one family and 
Chaurasia et al. described eight families (91, 92). At least one parent 
in each family had cornea guttata, although they were clinically 
asymptomatic, including a 62-year-old mother in a family described 
by Kim et al. The mean age of the parents in the study by Chaurasia 
et al. was 32.5 years, so they were too young to have late-onset FECD 
manifestation. The Krachmer score or endothelial cell density for the 
62-year-old mother in the study by Kim et al. was not available to 
assess the diagnostic criteria. The authors concluded that parents of 
children with CHED are at risk of developing FECD. We considered 
that it is impossible to estimate the segregation of variants with FECD 
phenotype in studies by Chaurasia et al. and Kim et al.

In summary, of 28 missense and loss-of-function SLC4A11 
variants reported in FECD, 11 were found in families. Only in two 
familial cases, the family members have clinically manifested FECD, 
and only in one case, there was a segregation of the variant with 
the phenotype.

The effect of mutations associated with FECD and CHED2 on the 
SLC11A4 functionality has been extensively studied in cell culture 
models and in silico. Functional analyses were already performed in 
the first studies by Vithana et  al. and Riazuddin et  al. reporting 

FIGURE 1

Flow diagram summarizing the screening method and study selection process.
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SLC4A11 variants in FECD (29, 87). HEK293 cells were transiently 
transfected with the mutant and wild-type (WT) SLC4A11 cDNAs, 
respectively. Immunoblots showed that the immature form 
(monomer) was the predominant species of SLC4A11 mutants 
harboring p.Glu167Asp, p.Trp240Ser, p.Arg282Pro, p.Glu399Lys, 
p.Thr434Ile, p.Ser489Leu, p.Gly583Asp, p.Gly709Glu, and 
p.Thr754Met variants. Cell surface assays and immunolocalization 
results led to the conclusion that products of the SLC4A11 gene with 
the above-mentioned variants are predominantly accumulated inside 
the cell (retained in the endoplasmic reticulum) and are virtually 
absent on the cell surface (29, 87, 93). In a cell model that tested the 
correction of misfolding in the Gly709Glu-SLC4A11 mutant, glafenine 
was shown to restore trafficking and water flux activity at the cell 
surface (93).

Co-expression of the WT-SLC4A11 vector and vectors carrying 
SLC4A11 with FECD-associated variants (FECD-SLC4A11) did 
not lead to the restoration of dimer transport to the cell surface 
(94). Furthermore, the water flux function was significantly 
reduced. Cells co-expressed with Gly709Glu-SLC4A11 and 
WT-SLC4A11 had only 27 ± 2% of WT rate of cell swelling (95). 
The authors concluded that the absence of FECD-SLC4A11 
mutants on the cell surface, even in the presence of WT-SLC4A11 
expression, explains the nature of the autosomal-dominant 
inheritance type of FECD in patients harboring these variants (94). 
When the WT-SLC4A11 was co-expressed with SLC4A11 coding 
vectors carrying mutations associated with CHED (CHED-
SLC4A11), partial recovery of SLC4A11 dimers transport to the 
cell surface was observed. The authors speculate that the partial 

TABLE 1 Summarized types and pathogenicity status of the reported variants in SLC4A11, ZEB1, LOXHD1, and AGBL1 variants in PPCD3 and FECD.

Gene SLC4A11 ZEB1 LOXHD1 AGBL1

Disease FECD PPCD3 FECD FECD FECD

Classifier Unique variants 64 63 42 26 4

By type

Gross deletions 0 5 0 0 0

Upstream variants 0 2 0 0 0

Frameshift variants 2 29 0 0 0

Nonsense variants 3 14 1 0 1

Splice-site variants 0 3 0 0 0

Missense variants 23 1 15 19 2

Start loss variants 0 2 0 0 0

Synonymous variants 14 2 7 0 0

Intronic variants 20 5 18 5 1

3’ Untranslated region variants 2 0 0 1 0

Intergenic variants 0 0 1 1 0

By inheritance

Familial cases 24 43 2 3 1

Sporadic cases 40 20 40 23 3

By impact

Pathogenic 7 42 0 0 0

Likely pathogenic 11 11 1 0 0

Uncertain significance (VUS) 7 0 5 4 2

Likely benign 13 2 9 14 1

Benign 26 8 27 8 1

TABLE 2 Number of FECD probands with variants identified in studies with consecutive series design and case–control studies grouped by the 
pathogenicity status.

Gene SLC4A11 ZEB1 LOXHD1 AGBL1

Disease FECD PPCD3 FECD FECD FECD

Total genotyped probands 675 125 736 400 136

Pathogenic 1 27 0 0 0

Likely Pathogenic 10 3 1 0 0

VUS 6 0 4 4 1

Likely benign 70 0 10 56 0

Benign 50 23 100 18 0
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recovery of dimers transport to the cell surface in the presence of 
WT-SLC4A11 expression may explain the cause of the autosomal 
recessive inheritance of CHED.

Li with co-authors studied the functional effects of some above-
mentioned variants in the hamster fibroblast (PS120) cell line that 
lacks the Na + -H+ exchanger (NHE) (96). The results for the 
Trp240Ser-SLC4A11 mutant were in contrast to those obtained in the 
HEK293 cell model, as they indicated that it reaches the cell 
membrane. The results on the surface trafficking of the Val507Ile-
SLC4A11 mutant were consistent with the results reported by 
Soumittra et al. Li with co-authors confirmed reduced NH3-sensitive 
electrogenic H+ transport activity in Trp240Ser-SLC4A11 and 
Val507Ile-SLC4A11 mutants.

Some variants (p.Val507Ile, p.Tyr526Cys, p.Val575Met, 
p.Ser565Leu, and p.Gly834Ser) did not cause the reduction of total 
SLC4A11  in a cell model, and the amount of mature form was 
indistinguishable from WT-SLC4A11 (29, 43, 97, 98). Confocal 
immunolocalization was consistent with Western blotting results: 
mutants carrying p.Val507Ile, p.Tyr526Cys, p.Val575Met, and 
p.Gly834Ser variants were mostly located at the cell membrane with 
some cytoplasmic fraction (29, 43). In the water flux assay, mutants 
caring p.Tyr526Cys, p.Ser565Leu, or p.Val575Met variants were 
shown indistinguishable from WT-SLC4A11 or slightly reduced 
functionality (43, 98). This led to questioning the pathogenic 
mechanism of these variants.

Analysis of these variants in a three-dimensional model of 
SLC4A11 protein revealed that 526, 565, and 575 residues were 
located in an extracellular loop 3 (EL3) (98, 99). In the SLC4A11 
model, p.Val575Met and p.Val507Ile were predicted to result in a 
lack of symmetry at the close contact point between the subunits 
and alteration of the dimeric interface (99). No deleterious 
structural change induced by the p.Gly834Ser variant was found in 
a SLC4A11 model (99). The presence of four FECD-associated 
variants in EL3 suggested the involvement of EL3 in cell adhesion 
(98). HEK293 cells were transfected with vectors carrying SLC4A11 
with p.Tyr526Cys, p.Ser565Leu, or p.Val575Met variants. A 
significant reduction was observed in a cell adhesion assay (98). 
Additional experiments with cultured CEnCs transfected with the 
SLC4A11-EL3 transmembrane-GPA integrated chimera confirmed 
the role of EL3 in CEnC adhesion. The authors concluded that the 
pathogenic effect of variants in EL3 could be  explained by the 
defective adhesion of CEnCs to the Descemet membrane and their 
subsequent detachment.

The SLC4A11 expression in the transcriptomic data of corneal 
endothelial samples and cell cultures was reported in as many as 18 
studies as SLC4A11 is specifically expressed in the corneal 
endothelium (Supplementary Table S1) (100–104). These included 
studies using ex vivo corneal endothelial samples (100–104, 106–
109, 161). Expression of SLC4A11 has been reported in fetal and 
adult tissues (101). It was also expressed in H9 human embryonic 
stem cell-derived corneal endothelium, induced pluripotent stem 
cell-derived corneal endothelium, human corneal endothelial 
progenitor cells, differentiated human corneal endothelial progenitor 
cells, primary cultures of the corneal endothelium, and the corneal 
endothelial cell lines HCEnC-21 T, HCEC-12, and HCEC-B4G12 
(100, 102, 105, 109–111). Frausto et al. (112) reported decreasing in 
SLC4A11 expression level with passages. SLC4A11 total expression 
was upregulated in samples of FECD patients (69, 113).

In summary, transcriptomic data from studies confirm SLC4A11 
expression in the corneal endothelium. Functional analyses support 
the pathogenicity of several missense, nonsense, and frameshift 
variants. Two pathogenic mechanisms of missense variants were 
described: reduction of NH3-sensitive electrogenic H + -transport 
activity and impaired adhesion capacity. Segregation of SLC4A11 
variants with the FECD phenotype has been reported in one family.

3.3. ZEB1 variants in PPCD3

We extracted and entered the data on 63 unique ZEB1 variants in 
PPCD3 cases. In one article among 14 tested probands with PPCD3, 
no ZEB1 variants were identified (40). Summarized types and 
pathogenicity statuses of reported variants are presented in Table 1. 
The most common variant reported in PPCD3 was NM_030751.6: 
c.1576dup. It was identified in five probands (Supplementary Table S1). 
Fifty of 62 reported PPCD3 probands with variants in exons, splice 
sites, and gross deletions had information on phenotype and/or 
genotype in the family. This resulted in 41 cases when segregation 
information was available. In most familial cases, variant had full 
segregation with the phenotype, in one case – partial (114). There was 
one reported missense variant NP_110378.3:p.His157Asp in a patient 
that also harbored a loss-of-function variant, so the pathogenicity 
status was rated as likely benign (115). Two synonymous variants were 
evaluated as benign. All other exonic variants were rated as pathogenic 
or likely pathogenic.

The frequency of pathogenic or likely pathogenic ZEB1 variants 
in the included consecutive case series and case-control studies was 
estimated to be 24% (30/125, Table 2).

Functional analyses of 16 variants were available from the 
included records (115–118). Chung et  al. in an HCEnC-21 T cell 
model with transient transfection investigated functional 
consequences of 10 frameshifts and three nonsense mutations 
identified in PPCD3 patients (116). All mutations caused the 
truncation of the protein, and some mutations affected localization in 
the cell. Dudakova et al. assessed pre-mRNA splicing in transcript 
harboring NM_030751.6:c.482–2A > G splice-site variant using blood 
RNA (115). They showed that this variant causes exon 5 skipping and 
insertion of a premature termination codon. Chung et al. carried out 
transcriptional profiling of the cornea sample from the PPCD3 patient 
with NM_030751.6:c.1381delinsGACGAT variant in ZEB1 (117). 
Although differential gene expression analysis was limited by the small 
number of samples and their heterogeneity, authors observed a 
6.7-fold decrease in the corneal endothelial ZEB1 in a PPCD3 patient 
with the frameshift variant. Immunohistochemical analysis of the 
cornea sample of the patient with NM_030751.6:c.1613del variant 
indicated aberrant activation of canonical Wnt signaling (118). Thus, 
functional analyses of 16 variants confirmed the pathogenic impact of 
ZEB1 loss-of-function variants in PPCD3 pathogenesis.

3.4. ZEB1 variants in FECD

A total of 14 studies were included in which ZEB1 variants were 
investigated in FECD cases. Forty-two unique variants have been 
identified in FECD cases. In one article, none of the five genotyped 
variants were found in 36 probands (55). The summarized types and 
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pathogenicity status of the reported variants in FECD cases are shown 
in Table 1. Only one ZEB1 null variant was reported in FECD, and it 
was classified as likely pathogenic. Of the 15 missense variants, five 
were classified as VUS, five were classified as likely benign, and five 
were classified as benign. The frequency of ZEB1 VUS or likely 
pathogenic variants in the included consecutive case series and case–
control studies was estimated to be 0.6% (5/736).

Four studies investigated the association of ZEB1 variants in 
FECD and control groups, but none found a significant association 
(49, 56, 53, 119). Variants NP_110378.3:p.Asp64Asp (rs7918614) and 
NP_110378.3:p.Gln840Pro (rs118020901) were investigated in more 
than two cohort studies included in the review. We presented meta-
analyses of the minor allele frequencies reported in the articles and 
gnomAD (v.2.1.1) frequencies in Figure 2.

As shown in Figure 2, the frequency of rs7918614 minor allele is 
higher in African population controls (gnomAD (v.2.1.1) and 1,000 
Genomes) than in FECD patients. The risk allele rs118020901 does 
not reach significance compared to controls in any group.

It is interesting to note that NP_110378.3:p.Gln840Pro has an 
allele frequency of 1.11% in RUSeq cluster 1 (European part of Russia) 
and 1.33% in RUSeq cluster 3 (Siberian and Far Eastern parts of 
Russia), which is almost two times higher than the total gnomAD 
(v2.1.1) allele frequency of 0.76%. This did not support the 
pathogenicity of this variant.

Among the reported cases with ZEB1 variants, only two had 
familial phenotype and/or genotype information. No non-reference 
ZEB1 variants were found in probands in the multigenerational 
family described by Tang et al. (83). Therefore, this study was not 
included in the ZEB1_familial_cases table. One variant was 
identified in a familial case of keratoconus (120). FECD was 
diagnosed only in the mother of the proband. The proband did not 
have FECD at the time of molecular analysis. As the proband could 
not be excluded to have FECD in later years, we could not conclude 
the segregation of the variant with the phenotype. Thus, segregation 
information for the ZEB1 variants was only available in one FECD 
family (26). The segregation of the ZEB1 variant with the 
phenotype was partial. The NP_110378.3:p.Gln840Pro variant was 
absent in two family members diagnosed with FECD who were 
over 50 years of age. No FECD families with full segregation of 
ZEB1 variants were found.

Functional analysis of ZEB1 missense variants discovered in 
FECD patients has been reported in three articles (26, 116, 120). 
While Chung et al. did not find any effect of six missense variants 
on ZEB1 protein abundance, molecular size, or intracellular 
localization in a HCEnC-21 T cell model, Riazuddin et al. found 
an effect of two variants in an in vivo zebrafish embryo model (26). 
An antisense translation blocking morpholino suppressed the 
translation of zebrafish tcf8. Injection of RNA encoding WT ZEB1 
rescued the phenotype of the embryos. RNA encoding mutant 
ZEB1 variants p.Asn696Ser, p.Pro649Ala, p.Ala905Gly, and 
p.Gln840Pro rescued the phenotype of the embryos, so that they 
were almost indistinguishable from embryos injected with WT 
ZEB1 RNA. Injection of RNA harboring variants p.Asn78Thr and 
p.Gln810Pro only partially rescued the phenotype of the embryos. 
Thus, they may have some effect on ZEB1 functionality. However, 
p.Asn78Thr was classified as benign based on BA1 criterion: allelic 
frequency higher than 5% in the African gnomAD (v.2.1.1) 
population and homozygosity in 30 exomes and genomes.

Lechner et  al. investigated the effect of the His640Pro variant 
found in patients with FECD and keratoconus on cultured keratocytes 
(120). Dysregulation of COL4A1, COL4A2, COL4A3, COL4A4, and 
COL8A2 gene expression was demonstrated.

The ZEB1 expression in the transcriptomic data of corneal 
endothelial samples and cell cultures was reported in 10 studies 
(Supplementary Table S1). Its expression was detected in 
pediatric, young, and adult ex vivo corneal endothelial samples 
(100, 103, 108, 109). In one study, no ZEB1 expression was 
detected in ex vivo corneal endothelium from old donors (100). 
ZEB1 was expressed in H9 human embryonic stem cell-derived 
corneal endothelium, induced pluripotent stem cell-derived 
corneal endothelium, primary cultures of the corneal 
endothelium, and the corneal endothelial cell lines HCEnC-21 T, 
HCEC-12, and HCEC-B4G12 (100, 105, 109, 112). ZEB1 was 
reported to have a low but confident expression (112). It was not 
differentially expressed in corneal endothelial samples from 
FECD patients (113). However, its expression was decreased in 
corneal endothelial samples from PPCD patients (117, 118). 
ZEB1 was also a differentially expressed gene in ex vivo bullous 
keratopathy samples compared to control corneal endothelial 
samples (121).

To summarize, analysis of studies with the transcriptomic data 
confirmed ZEB1 expression in the corneal endothelium. The 
functional analysis did not support the pathogenicity of p.Asn696Ser, 
p.Pro649Ala, p.Ala905Gly, and p.Gln840Pro variants, whereas 
p.Gln810Pro and p.His640Pro may have some effect on ZEB1 
functionality. ZEB1 variant segregation with the FECD phenotype was 
reported only in one family and was partial.

3.5. LOXHD1 variants in FECD

Twenty-six unique LOXHD1 variants have been identified in 
FECD cases. In the study by Okumura et  al. in a cohort of 36 
probands, no variants were detected among three genotyped 
variants (55). Furthermore, Skorodumova et al. did not find any 
carriers of rs113444922 minor alleles in a cohort of 100 FECD 
patients (48). The summarized types and pathogenicity status of 
the reported variants in FECD cases are shown in Table 1. No 
variants were classified as pathogenic or likely pathogenic. Of 19 
missense variants, four were classified as VUS, 12 variants were 
classified as likely benign, and three variants were classified as 
benign. Although three variants were detected in familial cases, 
only p.Arg547Cys segregated at least partially with the phenotype. 
Linkage analysis using STR markers in the study by Riazuddin 
et al. showed that one family member was diagnosed with FECD 
but did not have the p.Arg547Cys variant (24). However, there was 
a locus that all affected members had and all unaffected members 
did not. This locus is between probes D18S484 and D18S1152, 
which define a region NC_000018.10:g.54211458–57049354 of the 
18th chromosome. This region does not contain the LOXHD1 
gene, but it does contain the known FECD-associated gene 
– TCF4.

Functional analysis was conducted only for the p.Arg547Cys 
variant (24). Immunofluorescence (IF) staining of LOXHD1 protein 
in corneal samples of FECD patients with variant, FECD patients 
without variants, and control corneal samples showed the effect of the 
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variant on protein localization. In addition, cells transfected with the 
plasmid encoding GFP-tagged mutant LOXHD1 showed distinct 
cytoplasmic puncta compared with cells transfected with the plasmid 
encoding GFP-tagged WT LOXHD1 (24).

The results of the transcriptomic analysis in four articles showed 
the absence of LOXHD1 expression in ex vivo corneal endothelial 
samples, contradicting the findings of Riazuddin et al. results (31, 100, 
108, 109). No LOXHD1 expression was detected in H9 human 

FIGURE 2

Frequency allele distribution of rs118020901 and rs7918614 minor alleles (95% confidence interval). The red box plots indicate the frequency in the 
affected groups, and blue boxplots show allele frequency in control groups from the studies and from population frequencies databases. The X-axis is 
log10 values of allele frequencies. For cases where the calculation of allele frequencies was impossible, we applied two assessments: up estimation 
point – assumption that all carriers are homozygotes for the variant, low estimation point - all carriers are heterozygotes for the variant.
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embryonic stem cell-derived corneal endothelium, induced 
pluripotent stem cell-derived corneal endothelium, primary cultures 
of the corneal endothelium, and the corneal endothelial cell lines 
HCEnC-21 T, HCEC-12, and HCEC-B4G12 (100, 105, 109). In 
corneal endothelial samples from FECD patients, no LOXHD1 
expression was observed (31).

In conclusion, the results of IF staining are inconsistent with the 
absence of the LOXHD1 gene expression in the transcriptomic data 
of corneal endothelial samples. The absence of LOXHD1 expression 
in corneal endothelium makes it impossible to synthesize protein and 
detect the effect of the variant.

3.6. AGBL1 variants in FECD

Four unique AGBL1 variants have been reported in FECD 
patients (Table 1). For AGBL1 variants reported in FECD, VUS was 
the highest pathogenicity score. There were two such variants. The 
study by Riazuddin et al. was the first to report an association of 
AGBL1 with FECD (25). A combination of linkage analysis and target 
sequencing was used to search for a causal mutation at a locus on 
chromosome 15 in a family of 12 individuals with FECD and four 
healthy family members. A nonsense variant NP_689549.3:p.
Arg1074* in the AGBL1 gene was identified as a candidate variant. 
The authors stated that the mutation, which was present in eight of 
the 12 affected family members, segregated with disease in the family 
under a multilocus model. A thorough analysis of the metadata and 
pedigree chart from the article resulted in two of the affected family 
members having trace signs of FECD and another five having <=2 
points on the Krachmer scale. Three affected members with FECD 
(>=1 Krachmer score) had reference genotypes (II-1, II-2, and III-4). 
One unaffected member carried NP_689549.3:p.Arg1074* variant 
(III-3). Segregation of the FECD phenotype with the nonsense 
variant genotype in family members was only partial. To date, this is 
the only familial FECD case in which the AGBL1 variant has 
been reported.

The NP_689549.3:p.Cys1036Ser variant was detected in sporadic 
FECD cases (25, 48). The rs118086539 variant was reported to have a 
modest association in GWAS, but did not reach the genome-wide 
significance threshold (28). NP_689549.3:p.Arg794His and 
NP_689549.3:p.Arg1074* variants were identified in patients with 
atypical corneal dystrophy, which were defined as FECD based on the 
detection of this variant (86).

Functional analysis was carried out for the NP_689549.3:p.
Arg1074* and NP_689549.3:p.Cys1036Ser variants (25). In an NIH 
3 T3 cell model, transient transfection of the vector encoding the 
mutant protein resulted in decreased protein abundance, while 
localization did not change. The presence of AGBL1 protein was 
detected by IF staining of the patient’s cornea (25). Serial analysis of 
gene expression (SAGE) also detected AGBL1 expression (122). 
However, transcriptomic analysis of donor and FECD corneal 
endothelium samples in four studies showed no AGBL1 expression 
(31, 100, 108, 109).

Overall, the results of IF staining of the cornea and SAGE conflict 
with the absence of AGBL1 expression in corneal endothelium 
according to RNA-seq results. The absence of AGBL1 expression in 
corneal endothelial cells makes it impossible to synthesize protein and 
detect the impact of the variant.

4. Discussion

The SLC4A11 gene encodes a protein that is a member of the 
Solute Carrier 4 (SLC4) family of bicarbonate transporters (previously 
known as BTR1, NaBC1). However, it has been shown to be  a 
Na+-dependent OH-(H+) and NH3+-dependent H+ transporter 
(123, 124). Ion transporters allow the endothelial cells to function as 
a barrier between the aqueous humor of the anterior chamber and the 
dehydrated corneal stroma, so the causal role of pathogenic variants 
in SLC4A11 in corneal dystrophies is not surprising. Vithana et al. first 
reported that pathogenic variants in SLC4A1 cause congenital 
hereditary corneal dystrophy 2 (CHED2). CHED2 is an autosomal 
recessive disease caused by homozygous variants in SLC4A11 (88). 
Clinically, it is characterized by bilateral diffuse corneal opacities 
(typically “ground glass” appearance) with corneal endothelium 
bedewing without associated corneal vascularization. In most cases, 
symptoms appear in infancy. However, delayed onset CHED is also 
possible (125). The disease is prevalent in populations where 
consanguineous marriages are common (89, 126, 127). Homozygous 
variants in SLC4A11 also cause Harboyan syndrome (128). This rare 
syndrome is characterized by corneal dystrophy and perceptive 
deafness. Because CHED2 and FECD are both endothelial dystrophies 
and share some common features, such as Descemet membrane 
thickening, it has been suggested that they may be caused by different 
variants in the same genes. Indeed, mutation screening in a cohort of 
Indian and Chinese patients with FECD revealed heterozygous 
variants in 4.5% of cases (87). Later, nine more case–control and case 
series studies of variants in SLC4A11 were investigated. Some studies 
have identified only synonymous or intronic variants that have been 
classified as benign or likely benign. Thus, the prevalence of VUS, 
likely pathogenic or pathogenic SLC4A11 variants among FECD 
patients is low (2.5% in case–control studies and consecutive case 
series) according to our analysis. Nevertheless, evidence for the 
pathogenic effects of missense SLC4A11 variants has been obtained 
from family cases and functional studies.

Many functional studies of variants have been performed to 
provide evidence for the pathogenic effect of variants in SLC4A11. 
Two main mechanisms have been discovered: by affecting the 
SCL4A11 transporter activity and its adhesion function (96, 98). They 
provided an interesting theory to explain the difference between 
variants causing CHED2 and FECD. FECD missense variants affect 
protein function so that the mutant protein has only 6–36% of the 
functional activity of the WT protein, and the presence of the WT 
protein does not improve its activity. Missense variants found in 
CHED2 affect the protein, but the mutant protein can perform its 
function at a level of 33–41% of the WT when it forms dimers with 
the WT protein (94, 95). In other words, individuals carrying these 
variants in the heterozygous state may not manifest the disease. This 
is consistent with the results of Kim et al. who found guttae in the 
mother of the proband with CHED2, but no subjective symptoms of 
FECD (91). In addition, other studies describing SLC4A11 variants in 
CHED2 probands did not report FECD in parents or grandparents. 
The presence of FECD in heterozygous carriers of CHED2 variants in 
SLC4A11 should be  further investigated in additional 
multigenerational families with members older than 50 years and 
careful grading, pachymetry, and specular microscopy data.

To conclude, although the prevalence of missense SLC4A11 
variants in FECD patients is low, there is sufficient information on 
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segregation in families and functional results to classify some of them 
as pathogenic, thus confirming their role in the pathogenesis of FECD.

Posterior polymorphous corneal dystrophy is a rare autosomal-
dominant endothelial dystrophy characterized histologically by the 
transformation of endothelial cells into epithelial-like cells. PPCD 
clinical signs include vesicles, bands, and geographic opacity of the 
posterior corneal layers, as well as iridocorneal adhesions, iris atrophy, 
pupil ectropion, and retrokeratic membranes (129). Genetic 
heterogeneity has been demonstrated in PPCD.

Previous studies have shown that loss-of-function variants in the 
ZEB1 gene are involved in the development of PPCD type 3 (115). 
Our analysis of consecutive case series and case–control studies 
showed that 24% of patients with PPCD harbor pathogenic or likely 
pathogenic variants in ZEB1. Pathogenic variants in two other 
epithelial-associated transcription factors that repress ZEB1 
transcription, ovo-like 2 (OVOL2) and grainy head-like transcription 
factor 2 (GRHL2), are known to cause PPCD types 1 and 4, 
respectively (118, 130, 131).

Patients with PPCD3 have been reported to have non-ocular 
phenotypes. These include inguinal hernias and corpus callosum (114, 
132–135). The age of PPCD3 manifestation varies from childhood to 
the third decade of life (114, 129). PPCD3 shows significant 
phenotypic variability, including intrafamilial, with incomplete 
penetrance (114, 136). Some carriers of pathogenic variants can 
be asymptomatic (137).

ZEB1 gene encodes zinc finger E-box binding homeobox 1 
transcription factor, also known as TCF8 (transcription factor 8). This 
transcription factor plays a role in epithelial–mesenchymal transition 
(EMT) by inhibiting the expression of E-cadherin 1 (encoded by 
CDH1). ZEB1 is expressed in a variety of cells, including neural cells, 
immune cells, mesenchymal cells, and corneal endothelial cells. ZEB1 
has been shown to play an important role in the cornea, regulating 
differentiation, wound healing, neovascularization, and production of 
extracellular matrix (138).

At first, the association between ZEB1 and PPCD3 was shown 
by Krafchak and colleagues (114). They revealed a frameshift 
variant (NM_030751.6:p.Gly973ValfsTer14) in a family with the 
PPCD3 history. This mutation showed full segregation with 
pathogenic phenotype and caused changes in the ZEB1 protein 
structure. In recent years also gross deletions were detected in 
PPCD3 patients (115, 139, 140). Almost two-thirds of the variants 
have been described in family cases with information on 
segregation (41/63). Some of them were confirmed de novo loss-
of-function variants (114, 115, 135, 141, 142). The functional 
analysis confirmed the pathogenic effect of 16 loss-of-function 
variants. All of these findings supported the causal role of loss-of-
function variants in ZEB1  in the development of PPCD3. A 
systematic review of ZEB1 variants in PPCD3 development was 
performed to control the quality of our methods. As the known 
role of ZEB1 variants in PPCD3 development was confirmed, this 
provides evidence for the adequacy of our methods.

The presence of candidate variants in the ZEB1 gene was 
investigated in FECD cases. Although studies of variants in the 
ZEB1 gene have genotyped more patients with FECD than studies 
of SLC4A11, fewer VUS or potentially pathogenic variants, and 
no pathogenic variants have been identified (0.6 and 2.5%, 
respectively). Likely pathogenic variant status was assigned to the 
single nonsense mutation found in a FECD patient. All other 

exonic variants were missense or synonymous. The detection of 
the ZEB1 nonsense variant in a patient with FECD is unusual. It 
would be desirable to investigate this case in more detail. Less 
likely, it is related to misdiagnosis (the patient has PPCD3). 
Another possible explanation could be the asymptomatic carriage 
of the loss-of-function variant, as was shown in the study by 
Dudakova et al. (137). In this case, the exclusion of the presence 
of the CTG18.1 expansion would be very helpful.

No FECD families with the full segregation of ZEB1 were found 
(26, 120). Therefore, in further analysis of variants in ZEB1 in patients 
with FECD, it would be highly valuable to include first-degree relatives 
in the study and to perform a comprehensive ophthalmic examination 
and genotyping.

Functional analysis of missense variants in cell line models did not 
support the pathogenicity of these variants (116). Analysis using an in 
vivo zebrafish embryo model detected the pathogenic effect of two 
missense variants (26). This model reflects the effect of the variant in 
the homozygous state, which cannot quite be transferred to its effect 
in the heterozygous state. Thus, these results should be treated with 
caution. To further investigate the action of missense variants in 
ZEB1, it would be desirable to use other functional methods, such as 
the creation of cell models; transcriptome analysis, chromatin 
immunoprecipitation coupled with high-throughput sequencing 
(ChIP-seq) or electromobility shift assay in cultured patient CEnCs or 
cell models (131, 143).

In summary, there was insufficient information on the segregation 
of variants in familial cases or functional analysis results to classify at 
least one variant as pathogenic. Thus, the causal role of the ZEB1 gene 
in the pathogenesis of FECD could not be confirmed. Aldave with 
coauthors has already questioned the role of ZEB1 in FECD (144).

Lipoxygenase homology domain 1 is a protein encoded by the 
LOXHD1 gene. It is conservative among vertebrates and consists of 
PLAT domains. LOXHD1 probably is involved in targeting proteins 
in the plasma membrane (145).

An analysis of the available literature on the LOXHD1 gene 
showed that the association between LOXHD1 and FECD was first 
reported in 2012 by Riazuddin et al. (24). Linkage analysis using STR 
markers in that study showed partial segregation of the p.Arg547Cys 
variant: one family member was diagnosed with FECD but did not 
have this variant.

The p.Arg547Cys variant is localized in the exon of the longest 
LOXHD1 isoforms, isoforms 1 and 6; in other isoforms, it is located 
in the 5′ upstream region. This means that the expression of isoforms 
1 or 6 is necessary for the manifestation of the missense variant 
p.Arg547Cys. Several studies reported the absence of LOXHD1 
expression in corneal endothelial transcriptomes (31, 100, 105, 108, 
109). According to the expression database GTex,1 the long isoforms 
are not expressed in any tissue.

Transcriptomic data contradict the results of LOXHD1 
protein staining in cornea samples by Riazuddin et al. LOXHD1 
aggregates were found in the corneal endothelium and in the 
Descemet membrane of the FECD patient with the p.Arg547Cys 
variant. Specific protein detection without RNA expression is 
unlikely. Therefore, we checked the antibody which was used for 

1 https://gtexportal.org/home/gene/LOXHD1
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IF staining: sc-85038 (Santa Cruz, USA). The description  
of this antibody states that the observed molecular weight of 
LOXHD1 protein in positive controls, IMR-32, Jurkat, and K-562 
cells is 150 kDa. However, a Western blotting image shows a band 
between 90 and 132 kDa. This band most likely corresponds to 
LOXHD1 isoform 3, not the long ones. There were no positive 
controls for the long isoforms. The detection of long isoforms 
with this antibody is not confirmed. This also does not support 
the interpretation of staining with this antibody as the  
detection of LOXHD1 long isoforms in the study by 
Riazuddin et al.

To summarize, there is currently no evidence for the expression 
of LOXHD1 in general, nor for the expression of its long isoforms in 
sufficient amounts in the corneal endothelium.

Expression of the LOXHD1 gene in humans may be restricted to 
a certain stage of development. Theoretically, this could explain the 
presence of at least some isoforms in the Descemet membrane (as was 
identified by IF in the Riazuddin et  al. study) and its absence in 
the endothelium.

Going back to the family from the Riazuddin et al. study, there 
was one locus that all affected members had and all unaffected 
members did not. This locus contained the TCF4 gene, but it did 
not contain the LOXHD1 gene. At the time of the article 
submission, the association of the TCF4 gene with FECD was 
already known according to the GWAS results from the Baratz 
et al. study in 2010 (27). Riazuddin et al. investigated the allele 
segregation of the rs613872 variant in the TCF4 gene in the family, 
but it was not confirmed. However, at the time the article was 
submitted, two facts were not known:

 - the trinucleotide expansion repeats are associated with FECD – 
Wieben’s et al.’s study was published in 2012 (57).

 - individual may harbor expansion without rs613872 minor allele 
– this was first mentioned in 2019 by Okumura et  al. for a 
German cohort (55).

Riazuddin et  al. did not have the opportunity to doubt the 
possible irrelevance of the rs613872 variant, or to examine the 
repeat expansion among family members, at the time of 
article submission.

Our review of reported variants in LOXHD1 with respect to 
segregation in FECD families and data on LOXHD1 expression 
in corneal endothelium did not reveal any pathogenic variants. 
Therefore, we can conclude that the causality of LOXHD1 gene 
variants for FECD was probably initially incorrectly identified 
and no substantial arguments have been found to date.

ATP/GTP-binding protein-like 1 is a protein encoded by the 
AGBL1 gene. It is believed that this gene catalyzes the 
deglutamylation of polyglutamylated proteins. An analysis of the 
available literature on the AGBL1 gene showed that the 
association between AGBL1 and some phenotypes was reported 
for the risk of coronary artery disease, carotid plaque, specific 
learning disorders, and cognitive endophenotypes of 
schizophrenia (146–149). No association had been reported 
between these phenotypes and FECD.

An association between AGBL1 and FECD was first reported 
in 2013 by Riazuddin et al. in a multigenerational family (25). 
NP_689549.3:p.Arg1074* variant was also detected in the 

unaffected member and not in all affected members. Thus, the 
segregation of this variant with phenotype was partial. It is worth 
noting that the authors did not exclude the presence of a CTG18.1 
expansion in affected members as a specific FECD-associated 
variant, which had already been identified in about two-third of 
FECD patients at the time of article submission (57).

Transcriptomic data from five studies showed no AGBL1 
expression in CEnCs (31, 100, 105, 108, 109). This contradicts 
SAGE results. SAGE with positive AGBL1 expression generated 
by Gottsch et al. in 2003 contains 10-bp fragments (tags) (122). 
These tags are very short and very ambiguous for 
conclusive results.

The most harmful variant was classified as VUS, and characterized 
by at least incomplete penetrance, and at most by the absence of 
expression and conflicts with protein detection in the endothelium. 
According to our analysis, the contribution of the AGBL1 gene to 
FECD pathogenesis was not confirmed.

5. Conclusion

Our analysis confirmed the causal role of SLC4A11 variants in 
the development of FECD. The causal role of ZEB1, LOXHD1, and 
AGBL1 variants in FECD has not been confirmed. Further evidence 
from familial cases and functional analysis is needed to confirm 
their causal roles in FECD. Since approximately two-third of late-
onset FECD cases are associated with CTG18.1 expansion, this 
cause should be  excluded before investigating other 
pathogenic variants.
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