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Editorial on the Research Topic
Reviews in: ophthalmology 2023

Introduction

Welcome to the Research Topic, “Reviews in: ophthalmology 2023.” As we step into
another year of exploration and discovery in the field of ophthalmology, this Research
Topic is dedicated to encapsulating the pivotal advancements, enduring challenges, and
future trajectories that define our current understanding of ocular health and disease.
The year 2023 marks another milestone in the relentless pursuit of knowledge, driven
by innovative research and technological breakthroughs that continue to transform the
landscape of eye care.

In this Research Topic, we have meticulously curated a series of reviews that encompass
a broad spectrum of ophthalmological research, from the latest in retinal therapy and
glaucoma management to cutting-edge surgical techniques and pediatric ophthalmology
developments. These reviews provide an insightful snapshot of contemporary knowledge,
emphasizing the progress achieved and the obstacles that remain.

Each review in this Research Topic offers a unique and comprehensive perspective,
underscoring the depth and diversity of current ophthalmic research. From assessing
the efficacy of novel therapeutic approaches and surgical advancements to dissecting the
genetic intricacies of ocular diseases, these articles represent the forefront of ophthalmic
science and clinical practice.

As we present “Reviews in: ophthalmology 2023 our aim is to enhance the
understanding of the current ophthalmological landscape, inspire continued research, and
ultimately contribute to the advancement of patient care. We invite you to explore these
thought-provoking reviews, expand your knowledge, and join us in the ongoing journey to
understand the complexities of the human eye.

Summaries of articles

Oz6g et al. provide an in-depth review of the epiretinal membrane (ERM), a
pathological tissue formed at the vitreoretinal interface, which can cause significant
vision disturbances. Their article explores the etiology, epidemiology, pathophysiology,
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and treatment of ERM, highlighting the various cell types and
cytokines involved in its formation.

Guo et al. conducted a meta-analysis to evaluate subclinical
changes in corneal dendritic cell density (CDCD) and corneal
subbasal nerve density (CSND) in asymptomatic contact lens
wearers. Their findings indicate an increase in CDCD among
contact lens wearers, while no significant difference was observed
in CSND, underscoring the utility of in vivo confocal microscopy
(IVCM) for such assessments.

Qu et al. delve into the complexities of neovascular glaucoma,
a condition often resulting from central retinal vein occlusion that
can lead to blindness. Their review discusses the pathogenesis of the
disease and evaluates the efficacy of pan-retinal photocoagulation
and intravitreal anti-VEGF injections, recommending a combined
approach for better long-term outcomes.

Wang et al. assess the efficacy and safety of intrastromal
lenticule implantation for hyperopia correction
They
improvements in uncorrected distance visual acuity and spherical

through
a comprehensive meta-analysis. report  significant
equivalent refractive outcomes, while calling for further research
on corneal biomechanics and long-term safety.

Yeh et al. review the etiologies and management of childhood
blindness in West Africa, a critical global health issue affecting
millions of children. Their study highlights treatable causes such
as cataracts and vitamin A deficiency, emphasizing the need for
ongoing research to standardize reporting and implement effective
public health measures.

Lin et al. (a) examine the rotational stability of toric intraocular
lenses (IOLs), which are designed to correct corneal astigmatism.
They discuss various factors influencing postoperative rotation and
advocate for a personalized approach to minimize rotation and
enhance visual outcomes.

Gong et al. review the complications associated with
Implantable Collamer Lens (ICL) surgery, particularly those
affecting intraocular pressure (IOP). They provide detailed insights
into common and rare complications, such as residual viscoelastic
and Toxic Anterior Segment Syndrome (TASS), emphasizing
prevention and early diagnosis.

Zhang et al. explore the impact of exercise and physical activity
on various ocular diseases. Their review highlights the benefits of
exercise on conditions like dry eye disease, cataracts, and glaucoma,
and discusses mechanisms such as improved blood circulation
and reduced oxidative stress, advocating for further research into
exercise-based therapeutic strategies.

Gan et al. provide a systematic review of complications
associated with XEN gel stent implantation, a minimally invasive
procedure for glaucoma. They identify common and rare
complications and stress the importance of vigilant postoperative
monitoring and early intervention.

Lentz et al. review the effects of hyperbaric conditions, such as
those experienced during SCUBA diving, on intraocular pressure
(IOP). They find that increased atmospheric pressure generally
reduces IOP, though the underlying mechanisms remain unclear.
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The authors highlight the potential of hyperbaric chambers for
glaucoma treatment, while noting the need for further research.

Lin et al. (b) investigate anterior capsular contraction syndrome
(ACCS), a complication that can occur after cataract surgery,
affecting visual outcomes. Their review covers the pathogenesis,
clinical course, and management of ACCS, calling for more
research to develop optimal prevention and intervention strategies.

The reviews compiled in this Research Topic not only highlight
the latest advancements and therapeutic strategies but also address
the ongoing challenges and gaps in our understanding of ocular
diseases. We hope that these reviews will inspire further research
and innovation, ultimately leading to improved care for patients
with ocular diseases. As we look toward the future, it is clear that
the work of today’s researchers and clinicians will pave the way for
tomorrow’s breakthroughs in eye care. We encourage you to dive
into these insightful reviews, learn something new, and get involved
in the exciting developments in ophthalmological research. By
staying informed and engaged, we can all help improve vision
health and the quality of life for those affected by eye diseases.
Thank you for your dedication to ophthalmology, and we eagerly
anticipate the progress and discoveries to come.
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Evaluation of corneal dendritic
cell density and subbasal nerve
density in contact lens wearers
using IVCM: A systematic review
and meta-analysis

Rongjie Guof, Jiaxuan Jiangf, Yanan Zhangt, Qi Liang,
Taige Chen and Kai Hu*

Department of Ophthalmology, The Affiliated Drum Tower Hospital, Medical School of Nanjing
University, Nanjing, China

Purpose: To evaluate the subclinical changes in corneal dendritic cell density
(CDCD) and corneal subbasal nerve density (CSND) in asymptomatic contact lens
(CL) wearers.

Methods: Databases including PubMed, Scopus, Web of Science, and Cochrane
Central Register of Controlled Trials were searched for trials and studies
reporting the changes of corneal CDCD and CSND in contact lens wearers
published until 25 June 2022. PRISMA guidelines as well as recommended
meta-analysis practices were followed. Meta-analysis was conducted using
RevMan V.5.3 software.

Results: After the screening, 10 studies with 587 eyes of 459 participants were
included. Seven studies reported the data of CDCD. Compared with the control
group, CDCD in the CL wearers was higher (18.19, 95% CI 18.8-27.57, p = 0.0001).
Type of in vivo confocal microscopy (IVCM), wear duration, and frequency of
lens change were sources of heterogeneity. The difference in CSND between CL
wearers and the control group was insignificant, and subgroup analysis did not
reveal a source of heterogeneity.

Conclusion: Overall, CDCD increased in CL wears, while CSND did not
show significant differences. IVCM is a feasible tool to assess subclinical
changes in CL wearers.

contact lens (CL), IVCM, dendritic cells, nerve, corneal

Introduction

Contact lenses (CL) are an essential part of vision care worldwide. It is commonly used
to correct refraction and slow the progression of myopia. However, up to 75% of CL wearers
reported eye discomfort, which can lead to CL intolerance (1, 2). A significant number of CL
wearers are clinically diagnosed with dry eye disease (DED) (2). Asymptomatic contact lens
wearers refer to CL wearers who have not been clinically diagnosed with CL-related diseases
such as DED and who have no subjective discomfort. Subclinical changes in asymptomatic

7 frontiersin.org
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contact lens wearers still require attention. Previous studies have
demonstrated that wearing contact lenses leads to changes in the
corneal nerves and increase in infiltrating immune cells (3, 4). The
alteration in the corneal nerves is responsible for the symptom of
eye discomfort (5), and the increased immune cells reflect rising
levels of inflammation on the ocular surface (6). Changes in the
corneal nerves and inflammation levels are core factors in the
pathogenesis of DED and mediate the development of CL-related
DED (7). Thus, the subclinical corneal changes of CL wearers and
their relation to CL discomfort requires in-depth investigation.

As a non-invasive method, in vivo confocal microscopy
(IVCM) has become increasingly important in diagnosing ocular
and systemic diseases. Due to its ease of operation and 800x
magnification of living cell structures, IVCM allows clinicians to
observe the eye at the cellular level under in vivo conditions (8).
In recent years, studies using IVCM have focused on assessing
the cornea’s neuronal changes and inflammatory states. Studies in
multiple diseases have demonstrated the alteration in the corneal
nerves and increased immune cells, such as keratitis (9) and corneal
dystrophies (10).

Although several studies have investigated the effects of CL
on the ocular surface using IVCM, divergent results were yielded.
Multiple clinical trials have examined the effects of CL wearing
on the corneal nerve density; however, the field has yet to reach
a consensus. Therefore, we conducted a meta-analysis of clinical
trials to evaluate the effects of CL on the cornea, including
corneal subbasal nerve density (CSND) and corneal dendritic
cell density (CDCD).

Methods

Search methods

The following databases were searched for studies published up
to 25 June 2022: Pubmed, Scopus, Web of Science, and Cochrane
Central Register of Controlled Trials, using these search strategies
(Contact Lens OR Lens, Contact OR Lenses, Contact) and (in vivo
confocal microscopy OR confocal microscopy OR IVCM).

Eligibility criteria for considering studies

Articles were included if they reported corneal dendritic cell
density (CDCD) and corneal sub-basal nerve density (CSND)
detected by in vivo confocal microscopy (IVCM). Exclusion
Criteria were as follows: (1) subjects included minors; (2)
inappropriate article type: such as reviews, case reports, conference
papers, editorials, short surveys, or letters; (3) published not in
English; (4) studies only contained cells and animal experiments;
(5) subjects with systemic or ocular diseases or surgery history.

Data collection

Search results from all electronic databases were exported to
Endnote X9 reference management software for screening. The
titles and abstracts of the articles were independently evaluated by

Frontiers in Medicine
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two reviewers (RG and JJ). In cases of disagreements, full texts
of articles were screened, and ambiguity was solved by discussion
or consulting a third reviewer (KH). Data from included studies
were extracted by a single reviewer (RG) in Microsoft Excel and
checked by a second reviewer (JJ). Extracted information includes:
the first author of the article, year of publication, country of the
first author, journal of publication, number of patients, sample size
(eyes), age of patients, gender of patients, type of IVCM systems,
CL type, CL wearing duration, the mean and standard deviation
of CDCD, and CSND.

Risk of bias assessment

The studies included in this research consisted of case-
control studies and cross-sectional studies. The 11-item checklist
recommended by the Agency for Healthcare Research and Quality
was used to assess the risk of bias in cross-sectional studies. Each
study was judged as follows: low quality = 0-3, moderate quality = 4-
7, and high quality = 8-11. The risk of bias in case-control studies
was assessed by the Newcastle-Ottawa Scale. Article quality was
judged as low quality = 0-5 stars, medium quality = 6-7 stars, and
high quality = 8-9 stars.

Data synthesis and analysis

We used Review Manager Software 5.3® for statistical analysis.
The data were analyzed by using the mean difference. We
calculated the weighted mean difference (WMD) and associated
95% confidence interval (CI) for CDCD and CSND. Pooled
estimates of effects were calculated by using random effects
models. Heterogeneity was quantified by the I? statistic; I> > 50%
defined high heterogeneity between studies. Subgroup analyses
were performed when I?> > 50% to compare the heterogeneity as
follows: country of study, type of IVCM, type of contact lens, CL
wearing duration, and whether a daily change of CL.

Results

Search results

After a systematic literature search, 2,121 references were
identified, and 10 randomized clinical trials that met the inclusion
criteria were included (Figure 1). The included studies consist of
2 case-control studies (11, 12) and 8 cross-sectional studies (5, 13—
19). A total of 459 patients with 587 eyes were included. Details
about the included studies are shown in Table 1.

Quality assessment

One trial was considered to have an overall high risk of
bias. Nine studies were of moderate quality, although some
uncertain risk of bias remained. Subgroup analysis for the outcome
comparing low versus moderate quality trials was performed. More
details are shown in Table 2.
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FIGURE 1
Flow diagram of the studies selection process

Corneal dendritic cell density

Seven studies were included in this analysis. CDCD was
significantly higher in CL wearers than in controls, with an overall
RR of 18.19 (95% CI 18.8-27.57, p = 0.0001), which supports the
inflammatory ocular environment of CL wearers. The included
studies showed high heterogeneity (I* = 72%). The detailed results
can be found in Figure 2. The subgroup analysis of the country
and the type of contact lens also showed high heterogeneity. In
the subgroup analysis of the type of IVCM, the HRTIII/RCM
subgroup showed lower heterogeneity (I* = 53%, p = 0.1). In the
comparison grouped by wearing duration, the subgroups with a
wearing duration of <3 months and >3 months both showed very
low heterogeneity (I2 = 25%, p = 0.26 vs. 2 = 0%, p = 0.55).
CL wearing time of more than 3 months significantly upregulated
CDCD (RR 32.68, 95% CI 21.22-44.13, p < 0.0001). Daily contact
lens replacement was also a source of heterogeneity. Both the
daily disposable CL (I* = 41%, p = 0.18) and daily reusable CL
(I? = 48%, p = 0.15) subgroups showed low heterogeneity. The daily
disposable CL group (RR 32.68, 95% CI 21.22-44.13, p < 0.0001)
showed a higher CDCD than the daily reusable CL group (RR 32.68,
95% CI 21.22-44.13, p < 0.0001). Further details are provided in
Table 3.
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Five studies were included, and no significant difference was
observed when assessing the change in CSND (p = 0.09), with an
overall RR of —2.86 (95% CI -6.18-0.46). Wearing contact lenses
did not significantly change CSND in the wearers compared to the
controls. Included studies show high heterogeneity (I> = 83%), and
subgroup analysis did not reveal a source of heterogeneity. The
details are shown in Figure 3 and Table 2.

Discussion

As a highly prevalent treatment method, CL are receiving
increasing attention. Although a significant number of CL wearers
are diagnosed with DED, subclinical changes in the corneas of the
wearers who are not clinically diagnosed remain of concern. When
searching electronic databases, we found that several relevant
studies had included subjects diagnosed with DED. This study
focuses on the subclinical changes in healthy CL wearers. Thus,
only studies investigating asymptomatic healthy CL wearers were
selected. Ten articles were included in this study after screening.
We analyzed CDCD, CSND, and assessed the effects of quality of
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TABLE 1 Characteristics of the included studies.

References Age (year) Quality CDCD CSND
Alzahrani et al. (11) 10 30+5 Contact lens Medium Vv
10 Control
Dogan et al. (13) 22 25.7+8.2 Asymptomatic contact lens group Moderate v
28 Control
Golebiowski et al. (14) 40 31.5+5 Contact lens Moderate J
40 Control
Hu etal. (15) 16 27.3%55 Asymptomatic contact lens group Moderate J
16 Control
Lépez-De La Rosa et al. (5) 20 25+5.19 Asymptomatic contact lens group Moderate J N
20 Control
Lum et al. (16) 18 28 +10 Soft contact lens Low N
orthokeratology lens
18 Control
Nombela-Palomo et al. (17) 35 24.8+3.9 Orthokeratology lens Moderate v
21 Seefree
15 Control
Saliman et al. (19) 20 31.1+£7.5 A2 Moderate J
20 AO
20 Control
Sindt et al. (18) 24 37+ 14 Traditional hydrogel wearers Moderate v
82 Silicone hydrogel wearers
20 Control
Tse etal. (12) 27 21.5+3.9 Scleral lens Medium J N
27 Control

CDCD, corneal dendritic cell density; CSND, corneal subbasal nerve density; A2, reusable Acuvue 2; AO, reusable Acuvue Oasys.

TABLE 2 Subgroup meta-analysis of CSND.

eterogeneity /2 (% P-value for
mm/mm?) (95% CI) |  heterogeneity

Country of study Western countries 4 196 87% —3.15(—7.68, 1.37) 0.007

Asian countries 1 32 N —2.11 (—4.66, 0.44) N
Type of IVCM HRTII/RCM 3 148 86% —3.34 (—7.75,1.07) N

HRTIII/RCM 2 80 82% —2.28 (-9.13, 4.56) 0.1
Wearing duration < 3 months 1 40 N —6.24 (-11.66, -0.82) 0.26

> 3 months 3 108 90% —3.01(—7.81,1.78) 0.55

WMD, weighted mean differences; CDCD, corneal dendritic cell density; IVCM, in vivo confocal microscopy.

the literature, country of study, type of IVCM, type of CL, wearing
duration, and daily change on the outcomes.

Dendritic cells (DCs) are considered the most important
resident corneal antigen-presenting cells (20). It has been
demonstrated that corneal DCs are involved in multiple ocular
surface diseases (21). The proliferation and maturation of DCs
represent an inflammatory state of the ocular surface (22). Due to
its real-time and non-invasive features, HRT/RCM of IVCM allows
real-time observation of the corneal DCs from the cellular level.

Consistent with previous clinical findings, our overall results
show a significant increase in CDCD in CL wearers (p = 0.0001).

Frontiers in Medicine

Our analysis demonstrated that even in asymptomatic healthy CL
wearers, the cornea exhibited subclinical inflammation status. The
changes, which were presented in asymptomatic healthy wearers,
indicated that the inflammatory state was caused by CL, not
CL-associated ocular surface diseases such as DED. Furthermore,
we hypothesized that CL-induced subclinical inflammation was
involved in the pathogenesis of DED in CL wearers. In subgroup
analysis, the HRTIII/RCM subgroup showed lower heterogeneity
compared to HRT/RCM and HRTII/RCM subgroups, suggesting
that the results of studies using HRTIII/RCM for CDCD assessment
are more stable and comparable.
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CDCD in CLW CDCD in Control Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV. Random, 95% CI IV, Random. 95% CI
Alzahrani, Y., etal. 2016 30 3 10 18 19 10 10.5% 12.00[-10.54, 34.54] ]
Dogan, A. S, etal. 2018 471 339 22 187 121 28 16.0% 27.40([12.54, 42.26] —
Lopez-De La Rosa, A, etal. 2018 100.3 81 20 575 702 20 35% 4280[4.18,89.79) T
Nombela-Palomo, M., etal. 2018 6912 59.21 35 4096 38.31 pal 9.0%  28.16(2.60,53.72)
Saliman, N. H., etal. 2020 241 1141 20 144 7.4 20 242% 9.70 [3.85, 15.55] -
Sindt, C. W, etal. 2012 69 77 82 29 23 20 12.4% 40.00([20.52,59.48] — =
Tse, V., etal. 2020 36 102 27 31 102 27 245% 5.00[-0.44,10.44] ™
Total (95% Cl) 216 146 100.0%  18.19 [8.80, 27.57] &>
Heterogeneity: Tau®= 85.95; Chi*= 21.44, df=6 (P = 0.002), F=72% k t + |
¥ C -100 -50 0 50 100
Test for overall effect: Z= 3.80 (P = 0.0001) CLW lower CLW higher
FIGURE 2
Forest plot of CDCD in CL wearer vs. control group. Cl, confidence interval; IV, inverse variance; SD, standard deviation; CLW, contact lens wearers;
CDCD, corneal dendritic cell density.

TABLE 3 Subgroup meta-analysis of CDCD.

No of studies Heterogeneity /2 (%) WMD of CDCD P-value for
(mm/mm?) (95% Cl) |  heterogeneity
Country of study Western countries 6 50 69% 15.87 (6.29, 25.45) 0.007
Asian countries 1 312 N 27.4 (12.54, 42.26) N
Type of IVCM HRT/RCM 2 156 91% 21.2 (—13.01, 55.40) 0.0007
HRTII/RCM 2 56 N 28.16 (2.6, 53.72) N
HRTIHII/RCM 3 150 53% 17.24 (5.14, 29.33) 0.1
Type of CL Silicone hydrogel 3 192 83% 23.96 (5.55, 42.38) 0.002
Hydrogel 1 20 N 12.00 (—10.54, 34.54) N
orthokeratology lens 1 56 N 28.16 (2.6, 53.72) N
Scleral lens 1 54 N 17.21(7.8,26.62) N
Wearing duration < 3 months 4 170 25% 7.81 (3.93,11.68) 0.26
> 3 months 3 192 0% 32.68 (21.22, 44.13) 0.55
Daily change Daily disposable CL 3 172 41% 27.72 (17.25, 38.18) 0.18
Daily reusable CL 3 150 48% 7.68 (3.74,11.61) 0.15

WMD, weighted mean differences; CDCD, corneal dendritic cell density; IVCM, in vivo confocal microscopy; CL, contact lens.

CSND in CLW CSND in Control

Study or Subgrou Mean _ SD Total Mean

Golebiowski, B., etal. 2017 3025 6.81 40 3029 666 40
Hu, L. etal. 2016 12.305 3.972 16 14.416 3.359 16
Lopez-De La Rosa, A, etal. 2018 17 42 20 16.2 35 20
Lum, E. etal. 2017 17.89 442 18 2587 5 18
Saliman, N. H., etal. 2020 9.2 ) 20 1544 998 20
Total (95% Cl) 114 114

Heterogeneity: Tau?= 11.51; Chi*= 23.71, df = 4 (P < 0.0001); F= 83%
Test for overall effect: Z=1.69 (P = 0.09)

FIGURE 3
Forest plot of CSND in CL wearer vs. control group. Cl, confidence interva
CSND, corneal sub-basal nerve density.

SD Total Weight IV, Random. 95% CI

Mean Difference
IV, Random, 95% CI

Mean Difference

208%  -0.04[2.99,2.91] ——
21.7%  -2.11 [4.66,0.44] —
220%  0.80}1.60,3.20] ——
20.5% -7.98 [-11.06,-4.90] ——
15.0% -6.24 [-11.66,-0.82] —_—
100.0%  -2.86[-6.18,0.46] -
10 -5 510

5
CLW lower CLW higher

l; IV, inverse variance; SD, standard deviation; CLW, contact lens wearers;

The changes in the cornea have been associated with CL wear
duration. A recent study showed that the density of corneal DCs
significantly increased 1 week after soft CL wear, peaked at 1 month,
and decreased after 3 months of CL wear (23). In our study, the
duration of CL wear in the included studies ranged from 8 h to
14 years. We set 3 months as the boundary to divide the duration
of wear into more than or less than 3 months. Unlike previous
studies, we found that CL wearing for more than 3 months resulted
in upregulated corneal DCs density compared with CL wearing for
less than 3 months, and there were significant differences between
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the two groups. This study included different materials and types of
contact lenses, and a comparison of wear duration for a particular
type of CL may be more relevant.

It was generally considered that daily reusable contact lenses
had a more significant impact on the cornea and carried a greater
risk of disease than daily disposable lenses (24). However, our
analysis demonstrated the opposite results. The CDCD of the daily
disposable CL group was higher than the daily reusable CL group.
Nonetheless, only 6 articles were included in this subgroup analysis,
and more research may be needed to confirm this conclusion.
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It has been demonstrated by IVCM and animal experiments
that the density of DCs in the central cornea is lower than in
the peripheral cornea (20). Five of the seven studies included did
not clarify whether the DCs were in the central or peripheral
cornea. Based on the analysis of their reported amounts, we
speculated that these results may be from the peripheral cornea, and
contacted the authors for confirmation. In two other studies, both
central and peripheral cornea data were reported. To maintain data
consistency, we only selected peripheral corneal data from these
two studies for analysis.

The effects of CL wear on corneal nerves have been
controversial. A few studies using IVCM have shown that wearing
CL does not affect corneal nerve density, morphology, and
distribution (8). Patel et al. (25) reported no reduction in corneal
nerve density after CL wear, but corneal sensitivity decreased in
CL wearers compared with the controls. Some studies presented
conflicting results. Lum et al. (3) demonstrated by IVCM that CL
wear resulted in decreased central corneal nerve density. Hiraoka
et al. (26) reported that overnight orthokeratology lens wearing
down-regulated corneal nerve density. Herein, we included five
studies for the analysis of corneal nerve density. Two of these five
studies reported a reduction in corneal nerve density, and the other
three showed no significant changes. Our results showed that CL
wear did not significantly alter the corneal nerve density. Although
the results had no statistical significance, the CL group still showed
lower corneal nerve density.

Subgroup analysis of the corneal nerve density was also
performed, but the results did not reveal the source of heterogeneity
and the differences between subgroups. This may be due to the
small number of studies included. In addition to corneal nerve
density, some studies have also investigated nerve fiber tortuosity,
nerve fiber interconnections, the density of nerve branches, and
nerve reflectivity. However, fewer than three studies reported these
data. Therefore, the data were not further analyzed.

Our results showed that wearing CL did not directly lead to
changes in the corneal nerves. Some studies have reported that CL
wear reduced corneal sensitivity (27, 28). The decrease in corneal
sensitivity has been attributed to disrupted corneal metabolism,
mechanical effects, and sensory adaptations (29) caused by CL.
In addition, CL wear can lead to the development of dry eye
disease, further contributing to corneal nerve changes associated
with the disease.

Our study has the following limitations: First, the number
of articles included in this study was limited. If more new
articles that meet the inclusion criteria can be included, more
convincing outcomes might be drawn. Second, despite the attempt
to control potential sources of heterogeneity, there were differences
in study design, patient populations, and IVCM measurements
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The epiretinal membrane (ERM) is a pathological tissue formed at the vitreoretinal
interface. The formation of this tissue is associated with numerous symptoms
related to disturbances of vision. These types of lesions may arise idiopathically
or be secondary to eye diseases, injuries and retinal surgeries. ERM tissue
contains numerous cell types and numerous cytokines, which participate in its
formation. The aim of this paper is to summarize information about the etiology,
epidemiology, pathophysiology and treatment of ERM, with a brief description of
the main cells that build the ERM — as well as the cytokines and molecules related
to ERM pathogenesis — being provided in addition.

epiretinal membrane, macular pucker, myofibroblasts, pre-macular fibrosis, retina,
cellophane maculopathy

1. Introduction

The epiretinal membrane (ERM), commonly known as macular pucker or cellophane
maculopathy, is a pathological tissue formed at the junction of the vitreous body and the retina -
the vitreoretinal interface. The formation of this tissue is associated with symptoms related to
visual disturbances. The lesions of this type may arise idiopathically or be secondary to eye
diseases, injuries and retinal surgery. In the case of idiopathic changes, a number of factors may
favor the development of these lesions (1).

ERM tissue contains many cell types deriving from different parts of eyeball: retinal pigment
epithelium (RPE) cells, fibrocytes, fibrous astrocytes, myofibroblast-like cells, glial cells,
endothelial cells (ECs), and macrophages. The cellular composition of this tissue varies
individually and depends on the cause of the lesions and the participation of numerous cytokines
such as growth factors, tumor necrosis factor (TGF) or chemokines (2).

The aim of this paper is to summarize information on the etiology, epidemiology,
pathophysiology, and treatment of ERM.

2. Pathophysiology of ERM

The vitreous body, consisting of a colorless, highly hydrated gel matrix, fills the space called
the vitreous chamber located posteriorly to the ciliary body. The vitreous body adheres loosely
to the retina, connecting most strongly around the ora serrata and the optic nerve (3). Its outer
layer — vitreous cortex — is made of collagen, while the inside is filled with vitreous humor
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containing mainly water (98-99%), fibrous protein called vitrosin,
type II collagen fibers, glycosaminoglycans, hyaluronates, opticins and
other proteins (4).

The vitreous body contains a small number of cells, mainly
phagocytes, that remove cellular debris and hyalocytes the main
function of which is to produce hyaluronans (5). Vitreous body is
involved in maintaining proper intraocular pressure, protecting the
lens against oxidative stress and is one of the optical centers (3, 6).

With age, an increase in liquefaction and fiber aggregation occurs,
one which may lead to many ophtalmic diseases (7, 8). As a result of
these processes, the volume of the vitreous body decreases, the said
body collapses, and the collagen fibers reorganize. This leads to changes
in the shape of the vitreous body and posterior vitreous detachment
(PVD). If this process is not complete, and macula and vitreous body
come into contact, a posterior vitreomacular adhesion (VMA) is
formed at the point of this contact. This process may lead to the
formation of vitreomacular traction (VMT), which involves foveal
contour distortion and retinal layer disorders, with a possible elevation
of the retina above the pigment epithelium (RPE), not interrupting,
however, the retina’s continuity. In this state most patients self-heal due
to completion of PVD. When VMT is not self-healed and a hole in the
macula occurs, the next step in the evolution of the pathology could
be vitreoschisis, which occurs in the case of the half of PVD patients.
During this process posterior vitreous cortex splits, leaving the
outermost layer attached to the macula, while the remainder of the
vitreous collapses forward. This can lead to the proliferation within the
retinal vitreous residue, i.e., the formation of an epiretinal membrane
(ERM) (9, 10) (Figure 1).

Formed ERM tissue can cause macular edema or distortion of the
vitreoretinal interface, which may lead to visual disturbances,
including blurred vision and a reduction of visual acuity (11)
(Figure 2).
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FIGURE 1
This illustration presents ERM tissue in relation to other eyeball parts.
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2.1. ERM tissue formation

Pathological cell proliferation on the internal limiting
membrane (ILM) surface is the basis for the formation of
pathological tissue at the interface between the vitreous body and
the retina. As a result of PVD, ILM dehiscence occurs, which
leads to the migration of microglial cells to the surface. Microglial
cells then interact with the neighboring hyalocytes and
laminocytes of the vitreous cellular membrane (12). These cells
then differentiate into fibroblast-like cells, which are directly
responsible for the formation of the collagen scaffolding of the
ERM (13, 14) (Figure 3).

ERMs can arise idiopathically or secondary to certain disease
states, and as a result of a trauma or surgery within the eyeball.

In the case of the idiopathic ERM retinal glial cells, hyalocytes,
fibroblasts, and myofibroblasts generated by cell migration and
differentiation of microglial cells, hyalocytes, and laminocytes
predominate (2, 14).

In secondary ERM, the presence of the retinal pigment epithelial
cells, macrophages, T cells, and B cells is observed due to inflammation
appearing in the etiology of this lesion (15, 16).

The leading theory presents the sequence of changes leading to the
emergence of the ERM thus:

1) Microglial cells migrate to the surface of the retina as a
consequence of PVD and the resulting formation of the cracks
within the ILM.

The fragments of the vitreous membrane remaining on the
surface of the ILM contain hyalocytes, which, due to contact
with microglial cells, differentiate into myofibroblasts, while
microglial cells may differentiate into fibroblasts.
PVD-induced ILM avulsion enhances the action of some
ERM-promoting cytokines (17-19).

2.2. ldiopathic ERM

The idiopathic form of ERM affects approximately 95% of
patients and is directly related to cellular proliferation resulting
from PVD.

It is possible to distinguish 2 types of iERM. Type I is formed due
to collagen of the vitreous body coming into contact with the internal
limiting membrane (ILM) of the retina, which results in the
production of a collagen membrane separating the two structures.
Type 11, on the other hand, results from cell proliferation that takes
place directly on the ILM surface with or without a small layer of
collagen in between (20).

2.3. Secondary ERM

The secondary form of ERM develops in the course of eye diseases
or as a result of injuries of the eyeball or the surgeries performed on it.

As a result of these disorders, inflammation within the retina
occurs, which leads to an inflammatory infiltration and, ultimately, a
migration of cells from other layers of the retina to the ERM being in
the process of formation (21) (Table 1).
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FIGURE 2

Transmission electron micrograph showing epiretinal membrane (ERM) and internal limiting membrane (ILM). a — original micrograph showing
comparison of ERM and ILM structure (original magnification x4200), b — micrograph showing detailed structure of ERM and phagocytes: N — cell
nuclei, asterix (*) — vacuoles, arrowhead (A) — dense granules (magnificated and focused micrograph a).

FIGURE 3
Transmission electron micrograph showing collagen fibers in epiretinal membrane. ERM — epiretinal membrane, ILM — internal limiting membrane,
¢ - collagen fibers.
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3. Histopatology of ERM
3.1. The cells that build ERM

ERM is usually made up of two layers placed on the ILM. The
outer layer directly overlying the ILM consists of randomly oriented

TABLE 1 Diseases associated with secondary ERM.

Type of complication Disease entities

Iatrogenic Cataract surgery

Vitrectomy surgery

Retinopexy (laser or cryotherapy)

Retinal vascular diseases Diabetic retinopathy

Retinal vascular occlusive disease

Coat’s disease

Retinal arteriolar macroaneurysm

Radiation retinopathy

Sickle-cell retinopathy

Intraocular tumors Retinal haemangioblastoma

Vasoproliferative tumor

Choroidal melanoma

Hamartoma of the retina and retinal

pigment epithelium combined

Retinal astrocytic hamartoma

Vitreomacular traction disorders Macular hole

Vitreomacular traction syndrome

Other retinal diseases Retinal tears

Retinitis pigmentosa

Other diseases of the eyeball Uveitis

Myopia

Trauma

Age-related macular degeneration

Neurofibromatosis type 2

TABLE 2 Cells that built epiretinal membranes.

10.3389/fmed.2023.1121270

proteins, while the inner layer consists of one or more layers of cells
from the retina (22). The cells observed are glial cells, hyalocytes, RPE
cells, macrophages, fibroblasts, and myofibroblast-like cells. Apart
from the latter type, the source of the cells within the ERM is
uncertain. It is known, however, that myofibroblast-like cells are
formed by differentiating from other cell types within ERM (22, 23)
(Table 2).

3.2. Cytokines and molecules related to
ERM pathogenesis

A number of cytokines and molecules related to this process
which directly or indirectly influence the development of this
pathology have been identified. These cells are responsible for the
production of proteins that constitute the ERM extracellular matrix
(31) (Table 3).

4. Epidemiology

The main risk factors for ERM are age and PVD. PVD is observed
in the case of 70% of patients in the initial stages of the disease.
Although PVD can appear early in life or childhood, ERM usually
appears after the age of 50, and the risk of its appearance increases
exponentially with age.

Gender was not observed to exert any influence as to the risk of
the appearance of ERM, although some studies indicate a slight
predominance of women among the afflicted (60). Statistically,
significant differences in risk of occurrence seem to emerge due to
ethnicity - in studies concerning the American society, the highest
number of ERM cases is identified in the population of Chinese
origin, followed by the ethnic groups of, respectively, Latin American,
Caucasian and African descent.

Geographic differences were also observed to play a part:
ERM is more common in Europe and South America, and the

Type of cells Description

Glial cells

Microglia are small cells of a monocytic / macrophagal origin, placed in retina and optic nerve. Those cells as parts of ERM tissue produce TGF-

beta, which is mainly involved in the differentiation of myofibroblast-like cells (24).

maculopathies (24).

Within the ERM there is low abundance of astrocytes (which migrate from retina and optical nerve), the presence of which appears more prominent

in other vitreomacular traction disorders such as vitreomacular traction syndrome (VMTS), lamellar macular holes (LMHs) and myopic traction

proinflamatory cytokines (25, 26).

The proliferation of Muller cells (a characteristic type of cells in retina) is believed to be one of the direct causes of ERM formation as source of

Hyalocytes

These are phagocytic cells, also of monocytic/macrophagal origin found on the surface of the vitreous base. Main function of this cells is production
of elements of the extracellular matrix. These cells are responsible for the production of TGF-b which is a major contributor to the differentiation of

myofibroblast-like cells (27, 28).

Retinal pigment

These cells, originally forming single layer arranged at the outermost layer of the retina, migrate through retinal breaks and attach themselves to the

myofibroblast-like-cells

epithelium (RPE) cells inner retina. They are likely to transform to myofibroblast-like cells (22).

Macrophages The presence of macrophages within lesion (which could be found by default in cornea, uveal tract and choroid) can be observed mainly in the
secondary ERM associated with vitreous haemorrhage. They are the source of many cytokines involved in the pathophysiology of the lesion (29, 30).

Fibroblasts and These cells are responsible for the production of proteins forming the ERM intercellular matrix and produce many pro-inflammatory cytokines (22).
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TABLE 3 Cytokines and molecules involved in epiretinal formation.

Cytokine or molecule Description

Vascular endothelial growth factor
(VEGF)

VEGF is a growth factor that stimulates mitosis and endothelial cell migration and chemotactic factor for leukocytes. One of the
main factors stimulating the production of VEGF is tissue hypoxia - in the case of its appearance, any type of cell is able to

commence the production of VEGF (23).

One of the phenomena observed in the course of PDR is capillary oclusion in the retina, which, by causing hypoxia, increases the
expression of VEGF by the cells that build the retina (32). Pathological retinal angiogenesis promotes the formation of subretinal
hemorrhages, which in turn promotes the development of ERM (33).

Increased VEGF expression has been observed not only in the retina of ERM patients, but also within the lesion itself. Additionally,
the presence of VEGF receptors in ERM-forming cells was demonstrated. This suggests that VEGF acts as a growth factor for ERM-
forming cells (34, 35).

Placenta growth factor (PIGF)

PIGF is a homologue of VEGF that shares receptors with it, but displays significantly lower mitogenic properties on endothelial cells.
PIGF has been demonstrated to act synergistically with VEGF and its low expression significantly stimulates the action of VEGF (36).

Tumor necrosis factor-alpha (TNF-a)

TNF-a is a family of pro-inflammatory cytokines with pleiotropic effects. They participate in the pathogenesis of many diseases such
as cancer and autoimmune diseases (37). In the case of the eyeball, TNF-a participates in the neovascularization of the retina after

hypoxia (38).

Platelet-derived growth factor
(PDGF)

PDGF is a cytokine that plays major role in wound healing. Its expression has been confirmed in the cases of many types of cells,
such as endothelial cells, macrophages and fibroblasts (39). High expression of this factor has been demonstrated in the case of all
retinal proliferative diseases (40). The expression of this factor in the eyeball is probably stimulated by retinal hypoxia. Apart from
the proangiogenic effect of PDGE, this cytokine is also a mitogenic and chemotactic factor for RPE and glial cells (41).

Transforming growth factors-b
(TGF-b)

TGF-b is a family of cytokines that exhibit pleiotropic effects on tissues. These cytokines are involved in the control of the
proliferation and migration of endothelial cells (34, 42). Within the ERM, this cytokine is responsible for the differentiation of cells
into fibroblast-like cells - responsible mainly for the production of ERM-building proteins (43).

Angiopoietins

It is a group of proangiogenic cytokines that are of greatest importance in embryonic angiogenesis. It is of great importance in the

maturation and stabilization of blood vessels (44, 45).

Interleukin-6 (IL-6)

It is a pleiotropic cytokine that plays an important role in the activation of lymphocytes (46). Increased expression of this cytokine

has been observed in the course of retinal injuries and in the case of diabetic patients (47, 48).

Vascular cell adhesion molecules

Intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), E-selectin, and P-selectin play an
important role in the circulation of leukocytes in areas of inflammation. TNF-a (and other cytokines) increase their expression,

which in turn increases the migration of leukocytes to the surrounding tissues (49, 50).

Tenascin-C

Tenascin-C is an extracellular glycoprotein that modulates cell growth and adhesion. Its participation is essential in the process of

blood vessel sprouting (51, 52).

Basic fibroblast growth factor (bFGF)

bFGF is a growth factor and a signaling protein involved in cell growth, morphogenesis and tissue regeneration. It plays an important
role in the survival of cells subjected to stress (53). Expression of bFGF and its receptors has been demonstrated within the retina,

where they probably influence the course of retinal ischemia (54-56).

Hepatocyte growth factor (HGF)

HGF is a kinase that plays an important role in regulating cell growth and morphogenesis. It has been shown to be pro-angiogenic

(57).

Glial cell line-derived neurotrophic

factor (GDNF)

GDNF is a cytokine that promotes the survival of many types of nerve cells. It is usually secreted by astrocytes, oligodendrocytes,

Schwann cells and motor neurons (58). It has a chemotactic effect on glial cells (59).

least common in Asia. This phenomenon is probably related to
lifestyle and diet. Other factors contributing to the development
of ERM are obesity, type II diabetes, hypertension and
hypercholesterolaemia (60, 61).

5. Symptoms and diagnosis

The symptoms reported by patients depend on the stage (phase of
development) and type of ERM. In some cases, the presence of ERM
does not produce clinical symptoms and is diagnosed accidentally.
Patients usually complain of: visual disturbances - metamorphopsia,
micropsia or macropsia, photopsia, decreased visual acuity, diplopia,
and a loss of central vision. The diagnosis of ERM is based on a clinical
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examination and Optical Coherence Tomography (OCT). In the case
of fundoscopy, a cellophane reflex or wrinkling on the retinal surface
resulting from the contracture of the membrane can be observed. It
usually affects the foveal and parafoveal area. Cystoid macular oedema
(CMO), lamellar or full-thickness macular holes (MHs) and/or small
retinal hemorrhages can be seen in association with ERM. The
diagnosis of idiopathic ERM is based on the exclusion of other
ophthalmic diseases like retinal vascular diseases including diabetic
retinopathy, retinal vein occlusion, uveitis and other inflammatory
diseases, trauma, intraocular tumors, and retinal tear or
detachment (62).

There are several ERM classification systems based on OCT
findings. No classification, however, is currently suggested for general

use in clinical practice (63) (Figure 4).
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FIGURE 4

Stages of ERM showed on optical coherence tomography (OCT) images. | — ERMs are mild and thin. Foveal depression is present. Il = ERMs with a
widening of the outer nuclear layer and loss of the foveal depression. Ill — ERMs with continuous ectopic inner foveal layers crossing the entire foveal
area. IV — ERMs are thick with continuous ectopic inner foveal layers and disrupted retinal layers. Based on clasification by Govetto et al. (64).

TABLE 4 Optical coherence tomography staging scheme proposed by Govetto et al. (64).

1 Thin layer of ERM on the retinal surface; foveal depression is present; the layered structure of the retina is preserved

II

11

Presence of ERM accompanied by the loss of the foveal depression; widening of the retinal outer nuclear layer, the layered structure of the retina is preserved

ERMs with continuous (ectopic inner foveal layers) hyporeflective or hyperreflective band, extending from the inner nuclear layer (INL) and inner plexiform

layer (IPL) crossing the entire foveal area; foveal depression is absent; the layered structure of the retina is preserved

From the additional diagnostic tools, one worth mentioning is
fluorescein angiography (FA), which is useful in the case of secondary
ERM when it comes to identifying preoperatively the underlying cause
of like intraocular tumors or retinal vascular diseases. Macular edema
can also be confirmed with angiography (62). The OCT examination
allows not only to deepen the diagnosis, but also to distinguish
different stages of the ERM development (64) (Table 4 and Figure 5).

6. ERM treatment

The management options for ERM are limited and consist of
observation or surgical intervention. Official guidelines for performing
the surgical ERM removal have not been established. Before taking
appropriate intervention measures, it is advisable to discuss with the
patient all the possible benefits and complications related to the
surgery in relation to the severity of the patient’s symptoms and their
lifestyle (65).
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Thick ERM with continuous ectopic inner foveal layers; foveal depression is absent; distortion of the retinal layers

During the surgical intervention called pars plana vitrectomy
(PPV), the epiretinal membrane is removed and the retinal tractions
are released. ILM is considered to be the scaffold for myofibroblast
proliferation, thus it is commonly removed alongside with ERM, in
order to minimize the risk of ERM recurrence. Sometimes PPV is
combined with a simultaneous cataract surgery involving intraocular
lens implantation (phacovitrectomy). During the surgery, special dyes,
like triamcinolone acetonide, trypan blue, indocyanine green (ICG),
and brilliant blue, are used to distinguish ERM from the retinal
layers (66).

It is possible to discern two types of PPV - complete vitrectomy,
which involves the whole vitreous body being detached from the
retina and removed, and limited vitrectomy, which involves removing
only the central part of the vitreous body. Most of the times, the
complete vitrectomy is performed, however, there is no difference
when it comes to the results of it and the limited vitrectomy. Limited
vitrectomy is usually faster and potentially produces fewer long-term
side effects (67).
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FIGURE 5

OCT images showing stage 3 and stage 4 of ERM. a — stage 3, b — stage 4.

The surgical treatment of ERM provides excellent postoperative
visual outcomes and is a relatively safe procedure. Improvement in the
vascularity of the choroid was also observed (68). Like any other
surgical intervention, ERM surgery can cause complications, such as
endophtalmitis, retinal detachment or ERM recurrence (69).

7. Conclusion

It is estimated that the main risk factor that significantly preceding
the development of ERM, i.e., PDV, occurs in about 2% of the
population. The main epidemiological factor associated with PDV is
old age (60, 61, 70). An increased incidence of ERM is therefore to
be expected due to the aging of the population. By understanding the
successive processes leading to the formation of ERM, we better
understand the causes of not only this pathology but also
PDV. Currently, it is not possible to predict the development of this
pathology based on biochemical tests, while the development of
knowledge about the histological structure of ERM and the expression
of cytokines and molecules related to ERM pathophysiology may in
the future allow for the detection of a biochemical marker allowing for
early detection of ERM development without the need for costly OCT,
development guidelines for qualifying patients for surgical treatment
and a potential conservative treatment regimen. Currently, there is
also no prophylaxis for idiopathic ERM development, but by
understanding the inflammatory factors involved in this process, it
will be possible to develop some. In the case of secondary ERM, in

Frontiers in Medicine

addition to reducing the risk by appropriate treatment of the cause, it
is possible, thanks to potential biochemical markers, to include some
of these patients in regular observation due to high risk of
ERM development.
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Neovascular glaucoma is a condition that results from central retinal vein
occlusion and often leads to blindness. Accurate evaluation and appropriate
treatment are crucial for patients. However, there is currently no uniform
and clear standard to differentiate between ischemic and non-ischemic
central retinal vein occlusion. Also, the assessment of neovascular glaucoma
progression is uncertain. Meanwhile, although pan-retinal photocoagulation
is a standard treatment to prevent the onset of neovascular glaucoma, its
actual efficacy and the timing of intervention remain highly controversial.
It is still challenging to balance the risks of side effects in the visual field
against the uncertain effectiveness of the treatment. This paper delves into
the pathogenesis of neovascular glaucoma to understand the development
of therapeutic approaches. By taking into account various assessment criteria
of central retinal vein occlusion and neovascular glaucoma over the years,
combining functional tests and morphological tests provides the most accurate
and rigorous solution. The age of patients, the extent, location, and duration
of retinal ischemia are the primary factors that affect the severity and extent
of ischemic central retinal vein occlusion and induce serious complications.
From the perspective of prevention and treatment, the ischemic index is
closely related to the development of neovascularization. The paper provides
essential insights into the mechanism, efficacy, complications, and optimal
timing of pan-retinal photocoagulation. Comparing the treatment effects of
pan-retinal photocoagulation and intravitreal anti-VEGF injections, we suggest a
combination of both treatments to explore effective treatment with fewer side
effects in the long term. This article details the debate on the above issues and
explores ideas for the clinical diagnosis and preventive treatment of neovascular
glaucoma that results from ischemic central retinal vein occlusion.

KEYWORDS

neovascular glaucoma, central retinal vein occlusion, pan-retinal photocoagulation,
anti-VEGF, neovascularization
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1 Introduction

Neovascular glaucoma is the most severe consequence of
central retinal vein occlusion (CRVO) that can lead to blindness
(1). Therefore, early diagnosis and prompt treatment are essential
for patients suffering from neovascular glaucoma (NVG). Further
research on the pathogenesis of NVG can aid in the diagnosis
and the treatment. Among the various factors contributing to the
etiology and pathogenesis of NVG, vascular endothelial growth
factor (VEGF) is a significant area of interest. It is responsible for
elevated intraocular pressure (IOP), a major symptom of NVG (2).

It is vital to accurately assess patients with CRVO before
treatment to reduce the risk of NVG. However, there is still
controversy surrounding the criteria for differentiating between
ischemic CRVO (iCRVO) and non-ischemic CRVO (3). A unified
and effective evaluation standard is expected to be established in the
future. During follow-up, it is important to pay attention to the risk
factors for the transformation of ischemic to non-ischemic CRVO.
Additionally, the severity of CRVO should be evaluated based on
high-risk factors for NVG, such as visual acuity and non-perfused
areas (4, 5).

The
neovascularization, especially NVG, is prophylactic pan-retinal
photocoagulation (6). However, more research is needed to explore

traditional treatment option to prevent ocular

the efficacy and timing of pan-retinal photocoagulation (PRP) (3).
It is also important to note that PRP may cause visual field damage
to patients with CRVO. The intravitreal anti-VEGF injection has
been applied to inhibit neovascular development, but observations
have shown that anti-VEGF only delays the development of
NVG rather than preventing it (7, 8). Several clinical trials have
investigated PRP in combination with anti-VEGF injections, with
further research needed in this area (8, 9).

This paper aims to provide an overview of the pathogenesis and
diagnosis of NVG. It also offers critical insights into the mechanism,
timing, efficacy, and complications of PRP and discusses the
treatment effects of PRP and intravitreal anti-VEGF injections. The
essay provides ideas for developing clinical diagnosis and treatment
of NVG secondary to iCRVO.

2 Etiology and pathogenesis of NVG

Tissue hypoxia and pathologic neovascularization of the
anterior eye segment cause NVG, resulting in increased intraocular
pressure and glaucomatous optic neuropathy (10, 11).

Abbreviations: ANV, angle neovascularization; AS-OCTA, en-face anterior-
segment optical coherence tomography angiography; CRVO, central
retinal vein occlusion; CRT, central retinal thickness; CVOS, Central
Vein Occlusion Study Group; ERG, electroretinography; FA, fluorescein
angiography; iCRVO, ischemia CRVO; INV, iris neovascularization; 10P,
intraocular pressure; IRS-1, receptor substrate-1; Isl, ischemic index; IVB,
intravitreal bevacizumab injection; MMP-9, matrix metalloproteinase 9; NVG,
neovascular glaucoma; OCTA, optical coherence tomography angiography;
PEDF, pigment epithelium-derived factor; p-MLM, prominent middle limiting
membrane sign; PRN, pro re nata; PRP, pan-retinal photocoagulation;
RAPD, relative afferent pupillary defect; RPE, retinal pigmented epithelium;
RVO, retinal vein occlusion; TGF, transforming growth factor; UWFFA,
ultra-widefield fluorescein angiography; VA, visual acuity; VEGF, vascular
endothelial growth factor; VEGFR2, vascular endothelial growth factor
receptor 2.
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Over the last few decades, the role of VEGF has received
extensive attention in RVO. VEGF is a secreted mitogen (12) that
promotes angiogenesis and increases vessel permeability (13-16).
A recent review (17) concluded that VEGF-VEGFR2 damages tight
intercellular junctions by inhibiting occluding and destroys the
blood-retinal barrier by activating MMP-9.

In 1995, research using an in vitro model showed that
VEGF levels from the retina were closely related to the onset
of angiogenesis (18). Subsequent studies have demonstrated that
when the iris is exposed to VEGF for a sufficient amount of time,
non-inflammatory iris neovascularization can occur, potentially
leading to NVG in non-human primate eyes (19). Additionally,
studies have shown that VEGF-specific antagonists can significantly
suppress iris neovascularization in mice and non-human primates
with retinal ischemia (20, 21). Péer et al. (22) used a VEGF-specific
probe to investigate elevated VEGF production in thin whole-eye
sections of patients with CRVO, revealing that VEGF is upregulated
in response to retinal hypoxia in eyes with CRVO. Furthermore,
a study has demonstrated that there is significantly more aqueous
VEGF in ischemic CRVO than in non-ischemic CRVO (23),
indicating the need for early anti-VEGF therapy in iCRVO patients.

The loss of a significant angiogenesis inhibitor such as
pigment epithelium-derived factor (PEDF) can also lead to
angiogenesis (24, 25).

As described, we can conclude that the common hypothesis
is that a hypoxic environment in ischemia CRVO disrupts the
balance between angiogenic stimulating factors (like VEGF) and
angiogenic inhibitors (like PEDF) that are closely controlled to
maintain homeostasis (25, 26). This disruption can explain the
formation of new vessels and fibrous tissue in the root and stroma
of the iris (27), leading to the formation of peripheral anterior
synechia and secondary angle closure (28). The result is highly
elevated intraocular pressure, which can cause glaucomatous optic
neuropathy and ultimately lead to NVG (10, 27).

3 Risk factors of NVG secondary to
RVO

3.1 RVO classification

3.1.1 CRVO and BRVO

Retinal vein occlusion (RVO) is classified by the location of
the obstruction, primarily involving either the branch retinal vein
obstruction (BRVO) or the central retinal vein obstruction (29,
30). Our paper focuses solely on discussing NVG that occurs as
a result of CRVO. This is because, BRVO disease rarely results in
NVG, unlike CRVO. A prospective observation of 264 eyes with
major and macular BRVO over 3-20 years revealed that ocular
NV occurred in 28.8% of the major BRVO cases, while none of
the macular BRVO cases showed any evidence of ocular NV (31).
Firstly, retinal ischemia-perfusion caused by BRVO is not sufficient
to cause NV. The severity and extent of retinal ischemia are major
factors in ocular NV development in patients with RVO (5, 31).
RVO necessitates an ischemic perfused area of over 50% to derive
NV (1). BRVO results from venous obstruction of any branch of
the central retinal vein; major BRVO is defined as retinal vein
obstruction in one quadrant, whereas macular BRVO is defined
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as obstruction of small intra-macular veins (32). Thus, in patients
with BRVO, NV occurs only in severe ischemic major BRVO with
extensive capillary non-perfusion (33). Secondly, even if NV is
present in branch retinal vein occlusion BRVO, the likelihood of
NVG is extremely low. NV in BRVO mostly occurs in the retina
and macula (31). But the mechanism of NVG is anterior chamber
stenosis caused by NV of the anterior chamber or angle (11).
Further studies may be necessary to develop a consensus
standard with both sufficient specificity and sensitivity to
differentiate non-ischemic CRVO from ischemic CRVO.

3.1.2 Ischemic and non-Ischemic CRVO

Central retinal vein occlusion (CRVO) is differentiated
into ischemic and non-ischemic CRVO by Hayreh (34). It
is crucial to differentiate between the two types during the
first clinical visit as it helps to improve the effectiveness of
treatment and reduce unnecessary damage caused by treatment
(3). A prospective clinical study (35) has shown that these
two types of CRVO have different clinical features, results,
complications, and prognoses, which require different treatments.
indicated that the
neovascularization (INV), angle neovascularization (ANV), and
secondary NVG is significantly higher in the ischemic type than

Previous studies have incidence of iris

in the non-ischemic type, based on the natural history of the
two types of CRVO (4, 31, 36). However, there is still a debate
around the criteria for evaluating the methodology and these
indicators for assessment.

3.1.2.1 Morphologic tests

As technology has evolved, morphological testing has
undergone constant innovation.

In earlier years, fundus fluorescein angiography (FA) was
often used as the sole criterion to differentiate between the two
types of CRVO to visualize retinal capillary occlusion. In 1993,
CVOS (37) identified that the presence of at least 10-disk areas
of non-perfusion is a significant risk factor for the development
of ischemic or non-ischemic CRVO. Further research conducted
in 1997 revealed that visual acuity worse than 20/200, 30 or more-
disk areas of obliteration, and moderate to severe venous tortuosity
are also crucial factors in predicting the occurrence of CRVO (5).
However, data suggests that eyes with less than 30-disk diameters
of non-perfusion from fluorescein fundus angiography have a
low risk of developing CRVO, provided there are no other risk
factors (38). In contrast, eyes with 75 or more-disk diameters of
retina capillary occlusion have the highest chance of developing
CRVO (38). Therefore, Hayreh (39) argues that the previous
standard relying solely on the 10-disk diameters of non-perfusion
is not sufficient to accurately distinguish between ischemic and
non-ischemic CRVO, which can lead to an imprecise diagnosis,
prognosis, and management.

Optical coherence tomography angiography (OCTA) is a fast
and trustworthy investigational modality for patients with RVO,
which can appraise the deep retina capillary non-perfusion area
and morphology of the foveal avascular zone (40-42). OCTA can
qualitatively illustrate most of the clinically relevant findings in
retinal venous occlusion (40-42).

Central retinal vein occlusion (CRVO) cases with a
hyperreflective line located in the outer plexiform layer, called
prominent middle limiting membrane sign (p-MLM), had worse
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final visual outcomes and were more likely to be diagnosed with
ischemia CRVO (43).

Even so, within the various limitations of the early stages
of CRVO, morphological examinations do not always provide
comprehensive and reliable evidence (39).

3.1.2.2 Comprehensive assessment

Hayreh (44) conducted a five-year prospective investigation
to establish a standard for distinguishing between ischemic
and non-ischemic types. Table 1 shows four functional tests
and two morphologic tests required for this purpose (44). The
functional tests included visual acuity (VA), visual fields, relative
afferent pupillary defect (RAPD), and electroretinography (ERG).
The morphologic tests included ophthalmoscopy and FA (44).
According to Hayreh (44), by combining all these tests in the
early acute stage of almost all cases, we can effectively differentiate
ischemic from non-ischemic types.

Nonetheless, different researchers have different emphases on
classification criteria. Hayreh’s (44) research consistently reported
that the combination of RAPD and ERG examination results
can increase diagnostic sensitivity and identify 97% of cases.
Joussen (45) emphasized the discovery of iris neovascularization
or angle neovascularization to diagnose the disease and considered
fluorescein angiography the most practical method to detect
the degree of ischemia. The Central Vein Occlusion Study
Group (CVOS) preferred to rely on the statistical significance
of visual acuity rather than initial fluorescein angiography in
diagnosis (5).

In conclusion, we still require a significant amount of clinical
data to develop more accurate and current diagnostic criteria.

3.2 Risk factors for transition to iCRVO

It is worth noting that various studies have indicated that non-
ischemic CRVO has the potential to progress into ischemic CRVO
at some point (44, 35). Therefore, it would be valuable to conduct
research identifying early warning signs of this transition from non-
ischemic CRVO to ischemic CRVO.

Age development has been identified as an important factor in
the transition of non-ischemic CRVO. Studies show that within
18 months from the first diagnosis of non-ischemic CRVO,

TABLE 1 Functional and morphologic tests for differentiation of
CRVO (44).

Functional tests RAPD > 0.70 log unit

ERG b-wave amplitude < 60% of normal
or reduced by > 1 SD

Visual acuity 6/120 or worse

Visual fields Central scotoma and peripheral
defect or cannot see 12e target of
Goldmann perimeter
Morphologic Ophthalmoscopy > Moderate hemorrhages in
tests posterior retina

Fluorescein fundus | Retinal capillary obliteration

angiography
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individuals aged 65 or older are more likely to convert to iCRVO
than other control groups (30).

Meanwhile, the type of CRVO may change with disease
progression. Studies have shown that 15% of eyes that were
previously perfused turn ischemic within the first four follow-up
months (5). A total of 34% of cases become ischemic after three
years (5).

The development of ultra-widefield fluorescein angiography
(UWPFFA) has led to the establishment of the ischemic index (IsI)
as a sensitive and specific tool for classifying CRVO types (46,
47). Several studies have demonstrated that a baseline IsI > 35%
increases the likelihood of being diagnosed with ischemic CRVO
after a systemic examination (46). Additionally, patients with
IsI > 35% have a higher probability of converting to ischemic
CRVO within one year of onset (46).

Recent research has indicated that the presence of primary
open-angle glaucoma in CRVO also significantly indicates an
increased risk of developing iCRVO and subsequent NVG, leading
to a worse visual outcome (48).

3.3 Monitoring of NVG occurrence

After diagnosing iCRVO, it is important to determine the
severity of the condition to assess the likelihood of developing
NVG. The most significant indicators for this assessment are
VA and non-perfusion (5). It is equally important to examine
the anterior chamber for NV to prevent the development of
NVG. Ultrasound, OCT, and FA can be used for prophylactic
examination of NVG.

In 1994, Williamson and Baxter (49) analyzed the relevance
between the development of INV and the blood velocities measured
by non-invasive color Doppler imaging. This showed that color
Doppler imaging could be a routine evaluation for patients
examined less than 3 months from the first diagnosis of the
occlusion (49).

A retrospective study highlighted that higher central retinal
thickness (CRT) on OCT at follow-up is a risk factor for the
development of NVG (8). Additionally, the en-face anterior-
segment OCTA (AS-OCTA) has been published as a non-invasive
method for detecting INV or iris vasculature distribution (50,
51). The data indicates that AS-OCTA quantitative examination
corresponds to the results from slit-lamp microscopy and provides
more detailed iris vasculature images than iris FA (52, 53).

The extent, location, and duration of retinal ischemia are
crucial in determining the degree of perfusion (54). Several studies
have reported that OCTA results significantly correlate with non-
perfused areas on FA and provide more detailed information about
anatomy and blood flow (42, 55, 56). Recently, some analysts
have attempted to link the IsI to the degree of non-perfusion
to predict the development of NV. A prospective study by Tsui
et al. (57) indicated that the IsI calculated from ultra-widefield
FA was linked to NV, and eyes with evidence of NV had an IsI
over 45%. DeBoer et al. (58) analyzed data from 11 eyes and
concluded that patients with low IsI values in the peripheral areas
were less likely to develop NVG, with no significant increase in
non-perfused areas. One study by Nicholson et al. (4) also reported
that posterior pole non-perfused areas of more than 10 indicate a
greater risk of neovascularization compared with peripheral non-
perfused areas greater than 10. Wykoft et al. (59) pointed out that
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eyes with anterior NV showed a weaker correlation with the level
of retinal non-perfusion than posterior segment NV. It would be
helpful to have more information on the connection between IsI
and neovascularization development to establish a greater degree of
accuracy on whether IsI can be applied in the prediction of NVG.

Currently, there is still no reasonable standard that can
be proven by clinical practice, which requires a lot of clinical
trials to verify.

4 PRP iniCRVO

4.1 PRP effect in reducing INV/ANV

There is a limited number of historical studies on the effect of a
single PRP in the development of INV/ANV. By analyzing several
highly credible prospective studies conducted in the 1990s, we can
see contrasting perspectives.

One survey by the CVOS group N found that patients did
not see a significant benefit from PRP before the occurrence
of INV/ANV (38). Instead, they found that laser treatment was
effective in reducing anterior segment neovascularization when
INV/ANYV appeared during strict and timely follow-up (38).

A study conducted by Hayreh et al. (60), over a long period of
time showed that PRP did not have any positive effect in preventing
NVG as aresult of iCRVO. On the contrary, itled to a certain degree
of peripheral visual field degradation in many treated eyes (60). The
study indicated that the incidence of INV was significantly lower in
the laser group than in the non-laser group, but only when PRP was
given within three months after the onset of iCRVO (60). However,
their report showed no statistically significant difference in the
incidence of NVG between the laser and non-laser groups (60).
This result may be explained from three aspects. Firstly, according
to the pathology of NVG, the obstruction of trabecular meshwork
by fibrovascular tissue proliferating onto the anterior chamber
angle plays an equally significant role (61), usually secondary to
widespread posterior segment ischemia (62). Hence, both INV and
ANV play a critical role in developing NVG in most cases (38).
However, the studies by Hayreh et al. (60) denied the effect of early
PRP on ANV, which may affect the positive impact of PRP on NVG.
Secondly, the lower possibility of NVG in iCRVO may decrease
the efficacy of PRP statistically. Finally, the study by Hayreh et al.
(60) showed that PRP may have missed the best time for treatment
after INV occurred due to the absence of close follow-up. When
high IOP has formed, it is difficult for PRP to have an expected
therapeutic effect on NVG (3, 60).

Some researchers also questioned the necessity of PRP in
iCRVO, considering the development of anterior segment NV and
the result of NVG. In 2012, Hayreh and Zimmerman (63) published
a strict paper defining iCRVO by the criteria from their previous
study. The data showed that within 6 months of the onset of
ischemic CRVO, the incidence rate of iris NV was 49%, angular
NV was 39%, and NVG was 29% (63). Despite different study
designs and the vague standard of iCRVO, we can still conclude
from most studies (31, 64-66) that no more than 49% of iCRVO
cases will result in INV or/and ANV, and not all INV or/and ANV
will lead to the emergence of NVG. The data suggests that about
55% of patients with ischemic CRVO may never develop an NVG
outcome (1).
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4.2 Side effects of PRP

Excessive PRP spot density may lead to a reduction or defect in
the peripheral field of view.

In 1990, Hayreh et al. (60) presented an analysis and discussion
on how PRP produces apparent constriction and a noticeable
peripheral visual field loss. This result led to a debate on whether
PRP does more harm than good to most eyes with iCRVO.
Oosterhuis and Sedney (67) and Laatikainen et al. (68) also
found severe visual field constriction in the treated eyes in their
investigations into PRP treatment in CRVO.

Visual fields will also decline in the natural history of CRVO.
A study by Hayreh et al. (69) found that 55% of patients with
ischemic CRVO have a 55% probability of developing scotoma
within 3 months of onset, with most being central blind spots.
Besides, 17% of patients with ischemic CRVO present with
peripheral visual field defects at first diagnosis (69). Another
study by Hayreh (70) reported that in patients with CRVO and
moderate to severe visual field defects at the beginning, the
occurrence of NVG deteriorated the visual field of 76% of the
eyes (70). In contrast, 38% of the eyes without NVG had visual
field deterioration.

As Hayreh et al. (60) mentioned, if patients with iCRVO who
will not develop into NVG receive unnecessary PRP treatment,
the loss of the peripheral visual field caused by PRP treatment
will worsen the vision of patients with central scotoma shown by
CRVO. This proves that PRP has no value in treatment and is
seriously detrimental.

It's important to note that although the occurrence of NVG is
not very common and PRP has the potential to cause visual field
and vision problems, NVG is a serious and irreversible condition
that can lead to blindness. Therefore, it's not advisable to avoid
PRP prophylaxis simply out of caution. These findings also have
significant implications for understanding the necessity of follow-
up to determine the extent and severity of iCRVO to decide when
PRP is suitable for the case.

4.3 Best time for PRP

As mentioned earlier, the findings of CVOS research support
the idea that prophylactic PRP may not entirely prevent INV/ANV
(38). But PRP is still a recommended option when INV/ANV
occurs to prevent NVG (38). Therefore, guidelines by the
European Society of Retina Specialists suggest that “PRP should be
recommended only after iris neovascularization becomes visible,
requiring weekly or biweekly follow-up of patients with extensive
capillary non-perfusion.” (6) However, since it is often difficult to
maintain close follow-up, guidelines suggest early prophylactic PRP
(within 90 days of the onset of the CRVO) as a second choice to take
precautions against INV in ischemic CRVO (6), as confirmed by the
results of the study by Hayreh et al. (60).

Observing the eyes with iCRVO closely for the first 6 months
is crucial to predict early NVG (63). After the first 6 months,
observation can be less frequent (63). Studies conducted by Hayreh
(29) in 1983 and by Zimmerman (63) in 2012 indicate that anterior
segment NV is most likely to occur during the first 6 to 7 months, as
shown in Figure 1. After this period, the chances of its occurrence
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are minimal (29, 63). Additionally, over 80% of cases of NVG
develop within 6-8 months (29, 63).

According to Hayreh et al.’s (29) research, early prophylactic
PRP within 90 days is as effective as PRP after INV appears,
since the incidence of INV increases rapidly in the first 3 months.
Researchers have found that NVG, also known as 100-day
glaucoma, usually occurs within three months of iCRVO onset
by analyzing the cumulative chance of NVG secondary to
iCRVO (1, 29, 69).

4.4 Mechanism of PRP

Neovascular glaucoma is a severe and blinding disease that can
result from ischemic CRVO, which occurs when the trabecular
meshwork becomes blocked by proliferated fibrovascular tissue
(71). INV and ANV are both indicators of non-perfusion and
can increase the risk of developing NVG (60, 72). For many
years, researchers have recommended PRP as a preventive measure
against INV/ANV in patients with iCRVO (3, 6). Specifically,
they have suggested PRP as a standard treatment after iCRVO to
prevent the onset of NVG (3, 6). However, it is still debatable
whether it is wise for patients with iCRVO to receive PRP to reduce
the risk of NVG.

The treatment mechanism of photocoagulation has two main
assumptions: (1) to establish a hyperoxic environment causing
vasoconstriction (73, 74), and (2) to adjust the angiogenic
stimulating factors and angiogenic inhibiting factors to suppress
neovascularization.

Oxygen pressure in the retina is determined by the balance
between oxygen diffusion by retinal arterioles and oxygen
consumption by retinal tissue (75). Photocoagulation damages the
pigment epithelium-photoreceptor complex (73), which consumes
oxygen. Simultaneously, it destroys viable retinal tissue to increase
oxygen diffusion from the choroid (76). Animals breathing air or
100% O, at atmospheric pressure show that the photocoagulated
retinal areas have a higher partial pressure of oxygen than the
normal retina (77-80). Therefore, photocoagulation creates a
hyperoxic state that causes retinal vasoconstriction (73, 74).

Retinal photocoagulation affects VEGF and PEDF levels. With
the in-depth discovery of VEGE it has been found that the retinal
pigmented epithelium (RPE), astrocytes, Miiller cells, vascular
endothelium, and ganglion cells create this growth factor (81).
PRP can destroy many retinal cells to restrain NV and the NVG.
Additionally, a study has demonstrated a temporal alteration and
transcriptional activity caused by retinal laser photocoagulation
in the area of VEGF production (82). However, Itaya et al. (83)
showed the contrary result: the growth factor, mainly from the
recruited monocytes, is upregulated at the early stage in the sensory
retina and RPE-choroid after retinal scatter laser photocoagulation.
Nevertheless, upregulation of angiogenic inhibitors, like PEDF
and TGF-beta 2, has been found following PRP (84-86). Further
experimental investigations are necessary to estimate whether PRP
downgrades VEGF and upgrades PEDF levels.

When considering the use of PRP as a preventive treatment
for NVG, there are two aspects to consider. Firstly, it is still
controversial whether PRP is a suitable option for reducing the
growth of anterior segment NV (1, 3). Secondly, we need to
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consider the impact of laser treatment on vision (3, 60, 87). By
taking both of these points into account, we can evaluate the pros
and cons of using PRP in iCRVO.

5 PRP and anti-VEGF

5.1 Anti-VEGF is not a substitute for PRP

To date, several studies have increasingly suggested anti-VEGF
injections to abate INV and thus make it play a role in the
prevention and treatment of NVG (88). Several researchers have
reported the regression of iris neovascularization with intravitreal
and intracameral bevacizumab (89-91). Likewise, some data have
investigated that single anti-VEGF therapy plays a significant
role in reducing the increase of IOP (92-94). These pieces of
evidence suggest that the aggressive blockade of VEGF may
be effectively applied to prevent NVG in iCRVO. However, it
is still controversial whether anti-VEGF can completely replace
traditional PRP therapy.

Blocking vascular endothelial growth factor does not stably
prevent neovascular complications, but only delays their onset
(7, 8). A small-scale study by Inatani et al. (94, 95) concluded
that intravitreal aflibercept injection leads to meaningful IOP
reductions in 5 weeks. But another study found that high levels
of CRT remained at 1-month follow-up after initial IVB therapy,
demonstrating the poor efficacy of single anti-VEGF therapy alone
(8). A long-term comparison study also pointed out that the
decrease of IOP has no difference between the eyes with and
without anti-VEGF in the longer follow-up (96). Therefore, in a
randomized controlled study of ranibizumab application in CRVO,
Campochiaro et al. (97, 98) reported that monthly ranibizumab
injections could reduce the proportion of eyes with retinal capillary
obstruction and the progression of retinal non-perfusion. However,
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the proportion of eyes with retinal non-perfusion increased after six
months when researchers changed monthly ranibizumab injections
to pro re nata (PRN) injections (97). Sophie (99) described the
same result: resumption of the PRN blockage of VEGF would
reverse retina non-perfusion. NVG statistically occurs an average
of 7 months after the last anti-VEGF injection (8, 100). Namely,
intravitreal anti-VEGF functionally delays the occurrence time of
the neovascularization compared to the natural history in patients
with iCRVO (100, 101).

The short-term and incomplete inhibitory effect of anti-VEGF
can be attributed to the short half-life (102, 103), the complexity of
multiple pathways in ocular angiogenesis (26), and the limitation
that anti-VEGF only works on the existing VEGF (104).

As can be seen, VEGF inhibition cannot stably control the
development of inner retinal non-perfusion and IOP for a long
time. Comparing anti-VEGF therapy with PRP to without PRP,
researchers illustrated that PRP substantially plays a leading
role in delaying and decreasing the need for IOP control
instead of bevacizumab administration (96). All of the above
suggests anti-VEGF as adjuvant therapy instead of an alternative
treatment for PRP.

5.2 PRP combined with anti-VEGF

Clinical experts recommend anti-VEGF drug injections taken
within 5-14 days before undergoing vitreous surgeries (105). To
begin with, the characteristic of anti-VEGF to rapidly regressing
NV prolongs the PRP treatment time window. PRP usually takes
several weeks to make efforts (106). While anti-VEGF treatment
can effectively bring the IOP under control within 1 month (107).
For another, injecting anti-VEGF before PRP treatment reduces
postoperative complications, including hyphema and NVG (93,
108-110). High levels of VEGF in the perioperative period predict
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postoperative vitreous hemorrhage and neovascular glaucoma
(111, 112). In order to prevent recurrence of NV-related vitreous
hemorrhage (VN) after PRP, intravitreal injection of anti-VEGF
every 3—-4 months is recommended (113).

Nevertheless, it is unclear whether combination therapy
can reduce PRP side effects and improve efficacy. Several
studies have achieved effective long-term treatment by combining
known endogenous angiogenesis inhibitors with conventional PRP
therapy (9, 114, 115). Further, the treatment program’s effectiveness
and potential adverse effects were evaluated through tests such
as assessment of VA, control of IOP, and evaluation of retinal
function. Unexpectedly, PRP with anti-VEGF treatment does not
improve or deteriorate the low VA outcomes significantly (9, 96,
116). Regarding the improvement of IOP control, researchers
hold different views. Combination therapy has several benefits
for treating IOP conditions. Firstly, it results in a quicker and
more consistent reduction in IOP and a faster regression of
NV (9). Additionally, studies conducted by Vasudev et al. (114)
have shown that combination therapy helps maintain open-angle
documented by fundoscopy over time. However, it is worth
noting that combination therapy does not significantly improve
IOP reduction in the long term (96, 116). Evaluating the retinal
function by full-field ERG, the outcomes demonstrated that the
photoreceptor function in patients with NVG was decreased by
bevacizumab therapy (116), which leads to worse side effects
of therapy. As described, while anti-VEGF creates conditions
for PRP, further studies are needed to confirm the gainful
effects of combination therapy in large samples of long-term
research.

In recent years, intracameral injections of anti-VEGF have
been proposed to achieve quicker and more precise therapeutic
outcomes (117). VEGF primarily derives from the retina,
with possible supplementary sources in the ciliary epithelium
(118). In primate eyes, intravitreal anti-VEGF injections resulted
in the highest drug concentrations in the iris and atrial
angle on day 1, and in the ciliary body on day 4 (119).
Administration of intracameral anti-VEGF injections seems to
have more targeted therapeutic effects for INV and ANV.
Further trials are needed to confirm the benefits of this surgical
approach. Meanwhile, when injecting drugs into silicone oil-
filled eyes, it is tough to ensure proper concentration in
the vitreous cavity (117). Therefore, injecting drugs into the
anterior chamber is a viable option for treating NVG in these
patients (117).

6 NVG treatment

Glaucoma is classified into three stages according to the
progression of the disease (109). Pre-glaucoma (Phase I) is
characterized by the presence of INV with normal IOP levels. With
elevated IOP, the NVG is divided into open-angle (Phase II) and
closed-angle (Phase III) types.

The primary objective of NVG therapy is to inhibit NV and
decrease IOP. If PRP and anti-VEGF treatments are ineffective
at Phase I, conventional glaucoma medications and surgical
procedures are suggested.

Medications for glaucoma are divided into two main categories:
IOP-lowering and anti-inflammatory. Drugs that topically reduce
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aqueous production include f adrenoceptor blockers, «-2
adrenoceptor agonists, and carbonic anhydrase inhibitors (109).
If the target IOP is still not reached with medication, there are
surgical options to help with the obstruction of aqueous humor
outflow. These options include trabeculectomy, glaucoma drainage
devices, and minimally invasive internal drainage procedures
(120). In cases where the first surgery fails, refractory glaucoma can
be treated with surgical options that reduce the amount of aqueous
humor produced by the ciliary, such as cyclophotocoagulation or
cyclocryotherapy (120).

7 Conclusion

In the medical field, PRP remains a commonly used treatment
for NVG prophylaxis. It is recommended that patients undergo
PRP as soon as possible after being diagnosed with iCRVO,
ideally within 90 days. However, the effectiveness and safety of
PRP in treating and managing NVG secondary to iCRVO is
still uncertain, and more randomized controlled clinical trials
are needed to determine the optimal treatment time and reliable
indications for PRP. Additionally, PRP can cause side effects
and complications, such as losing the peripheral visual fields
(60). Therefore, further research is needed to establish definitive
evidence of the etiopathogenesis of NVG and the mechanism of
PRP treatment. This will help promote the development of PRP or
other advanced treatment options.

Intravitreal anti-VEGF injections are performed before
vitrectomy to rapidly ablate neovascularization and to allow for
PRP treatment while reducing the risk of surgical complications
such as vitreous hemorrhage (105). In addition to the combination
of PRP and known anti-VEGF treatments, further research could
be done to assess the effectiveness of new substances that regulate
angiogenesis, such as PEDF (24, 25), and inflammatory proteins,
such as interleukin-6 (121, 122). Recently, a new emulsion-
formulated antisense oligonucleotide has been developed to
prevent NV by blocking insulin receptor substrate-1 (IRS-1) in
the intraocular retina with topical eye drops (123). This treatment,
which has attracted significant attention in preventing NVG,
is currently in phase II/III trials and shows excellent potential
(123). Gene therapy for endogenous angiogenic inhibitors also
has attractive prospects, such as plasminogen kringle 5 (124, 125),
recombinant adeno-associated virus (126), gene transfer of prolyl
hydroxylase domain 2 (127), and more.

It is important to note that there are several limitations in
clinical diagnosis and follow-up due to the subjective consciousness
of patients and hospital equipment. Patients often do not
seek preventive treatment, and even fewer complete follow-up
procedures on time. To assess ischemic and non-ischemic CRVO,
visual acuity and RAPD examinations are commonly conducted.
However, inadequate inspection can lead to incorrect assessments
and limited treatment options. Additionally, insufficient attention
to angle NV can delay the preventive treatment of NVG.
A study has shown that ANV can occur without pupillary
margin involvement in CRVO, indicating the need for screening
gonioscopy (65).
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In conclusion, the effectiveness of PRP in preventing NVG
as a complication of CRVO still requires further exploration.
A substantial amount of evidence is needed, ranging from basic
research to clinical practice. Diagnostic methods and prophylactic
protocols for NVG also need to be further improved.
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With the widespread application of Implantable Collamer Lens (ICL) implantation
surgery in the field of myopia correction, a comprehensive understanding of its
potential complications, especially those related to intraocular pressure (IOP),
becomes crucial. This article systematically reviews various complications that
may lead to IOP elevation after ICL surgery. Firstly, common complications
after ICL surgery, including residual viscoelastic, steroid response, and excessive
vault of the ICL, are detailed, emphasizing their potential impact on intraocular
pressure. Regarding residual viscoelastic, we delve into its direct relationship
with postoperative elevated IOP and possible preventive measures. For steroid
response, we stress the importance of timely adjustment of steroid therapy
and monitoring intraocular pressure. Additionally, excessive vault of the ICL is
considered a significant potential issue, and we elaborate on its mechanism and
possible management methods. In further discussion, we focus on relatively rare
complications such as Toxic Anterior Segment Syndrome (TASS), Urrets-Zavalia
Syndrome (UZS), Pigment Dispersion Syndrome (PDS), and malignant glaucoma.
For these relatively rare complications, this review thoroughly explores their
potential mechanisms, emphasizes the importance of prevention, and provides
guidance for early diagnosis and treatment. This is a comprehensible review
that aims to offer eye care professionals a comprehensive understanding and
effective management guidance for complications of elevated IOP after ICL
surgery, ultimately providing optimal care for patients’ visual health.

KEYWORDS

intraocular pressure, implantable collamer lens, complications, management
strategies, ophthalmic surgery

1 Introduction

Implantable Collamer Lens (ICL), a type of intraocular lens used for correcting refractive
errors, can be implanted between the iris and crystalline lens. It is widely employed for
correcting various degrees of refractive errors, including myopia, hyperopia, and astigmatism.
ICL as also used to treat irregular astigmatism in etcatic corneal disorders such as keratoconus
(1). ICL implantation surgery with a crystalline lens offers excellent visual correction, relatively
low risk, reversibility, and a broad range of applicability. It is suitable not only for patients who
do not meet the conditions for corneal laser surgery but also provides additional correction
options for those with a desire for spectacle independence (2).

34 frontiersin.org


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2024.1351272﻿&domain=pdf&date_stamp=2024-02-07
https://www.frontiersin.org/articles/10.3389/fmed.2024.1351272/full
https://www.frontiersin.org/articles/10.3389/fmed.2024.1351272/full
https://www.frontiersin.org/articles/10.3389/fmed.2024.1351272/full
https://www.frontiersin.org/articles/10.3389/fmed.2024.1351272/full
mailto:y1966@21cn.com
mailto:wangjiantao65@126.com
https://doi.org/10.3389/fmed.2024.1351272
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2024.1351272

Gong et al.

Before the clinical application of the V4c lens, patients undergoing
ICL surgery (such as V4a, V4b) required YAG laser peripheral
iridotomy before implantation to facilitate postoperative aqueous
humor circulation. The new generation ICL V4c, however, incorporates
three very small holes in the lens design. The central hole of the ICL
V4c not only allows smoother aqueous humor flow from the posterior
to the anterior chamber, effectively preventing postoperative elevated
intraocular pressure (3). Simultaneously, the presence of the central
hole, by providing more natural aqueous humor circulation around the
lens, may help reduce the occurrence of postoperative cataracts (4-6).
Therefore, the widespread use of V4c effectively reduces the occurrence
of complications after ICL implantation (7).

Despite being considered a safe and effective method for refractive
correction, ICL surgery is associated with a variety of postoperative
complications. Common complications include abnormal vault of the
lens, malpositioning of the lens, loss and decompensation of corneal
endothelial cells, elevated intraocular pressure (IOP), cataract
formation, and night vision symptoms (8). Among these, elevated IOP
accounts for approximately 10.8% of post-ICL complications,
presenting with symptoms such as eye bulging, eye pain, and even
systemic symptoms like headache and nausea. Common causes of
post-ICL elevated IOP include steroid response, residual viscoelastic,
pupil block, iris pigment deposition, and narrow anterior chamber
angle (ACA) (9). Early detection of signs of elevated IOP and
appropriate interventions can minimize the damage associated with
IOP elevation. Therefore, understanding the causes and management
strategies of elevated IOP after ICL surgery is of paramount importance.
This paper is a comprehensible review of the common causes of
elevated IOP after ICL implantation and their management strategies,
with a view to providing guidance to surgeons performing ICL surgery.

2 Residual ophthalmic viscosurgical
device

The initial surge in IOP following ICL implantation occurs on the
first day postoperatively, primarily due to the mechanical obstruction
of the trabecular meshwork caused by residual ophthalmic
viscosurgical devices (OVD) (9). OVDs are commonly utilized in
intraocular surgeries to maintain anterior chamber stability and
protect corneal endothelial cells during the surgical process (10). Early
postoperative elevated IOP due to residual viscosurgical substance in
ICL surgery often presents with unbearable eye pain and corneal
epithelial edema. The measured IOP peaks are commonly at 30 mmHg
or higher, posing a potential risk of retinal artery occlusion and
anterior ischemic optic neuropathy. To prevent postoperative IOP
elevation related to viscosurgical residue, a crucial step is the thorough
removal of OVD during surgery.

Currently, commonly used viscosurgical substances in
ophthalmology include sodium hyaluronate (HA) and hydroxypropyl
methylcellulose (HPMC). Studies suggest that HA, characterized by
high cohesiveness and dispersion, is challenging to completely flush
from the anterior chamber, making it more likely to cause
postoperative elevated IOP. On the other hand, HPMC, mainly
possessing viscosity, is relatively easier to remove from the anterior
chamber (9). However, a study by Ganesh S et al. compared the effects
of using 2% HPMC and 1% HA as viscosurgical agents during ICL
surgery on postoperative IOP and surgical time. The results indicated
that, compared to 2% HPMC, the HA group had a shorter total
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surgical time and a lower incidence of acute elevated IOP (11). Due to
the current lack of comparative research between the two types of
OVDs in ICL, further evidence from evidence-based medicine is
needed to guide the choice of viscosurgical substances.

The application of OVD in traditional ICL implantation is known
as the two-step OVD technique, involving two injections of OVD into
the anterior chamber during the surgery. The first injection occurs after
completing the corneal incision, where the OVD is injected to maintain
anterior chamber stability. The second injection is performed after
implanting the ICL lens, aiming to protect corneal endothelial cells from
mechanical damage while adjusting the ICL to the posterior chamber.
Subsequently, balanced salt solution (BSS) is used to flush the OVD after
placing the ICL in the appropriate position (12). Due to limited operating
space, OVD residue that has entered the posterior chamber may
be challenging to completely wash out, leading to trabecular meshwork
blockage and, in severe cases, causing pupil-blocking glaucoma. The
streamlined steps for the operation of the min-OVD technique are
shown in Figure 1. In recent years, experienced surgeons have
introduced a one-step viscosurgical device technique, also known as the
minimum ophthalmic viscosurgical device (min-OVD) technique, to
address the issue of posterior chamber OVD residue. The min-OVD
technique skips the first OVD injection, immediately implanting the ICL
after completing the corneal incision. The viscosurgical substance is then
injected between the ICL and corneal endothelium, followed by washing
the OVD after adjusting the ICL to its proper position. This technique
prevents OVD from entering the posterior chamber, significantly
reduces the difficulty of thoroughly flushing the OVD, thereby
decreasing the occurrence of postoperative elevated intraocular pressure
(IOP) and improving surgical quality (13, 14).

Building on the min-OVD technique, some surgeons have
proposed the non-ophthalmic viscosurgical device (non-OVD)
technique. This approach completely avoids the use of OVD and BSS
while maintaining anterior chamber stability during surgery (15-17).
Zhang Z et al. compared the safety of min-OVD and non-OVD
techniques for ICL implantation by evaluating visual outcomes,
corneal endothelial cell density (ECD), and corneal densitometry at 1,
2, 3, and 24h postoperatively. The results showed no statistically
significant differences in visual outcomes between the two groups,
while the non-OVD group had significantly shorter surgical times,
and IOP at 1 and 2 h postoperatively was significantly lower than that
in the min-OVD group (17). The non-OVD technique may be a safer
method for ICL implantation as it completely eliminates ocular
viscosurgical device-related complications. However, this method also
forfeits the positive effects of viscosurgical substances, potentially
leading to issues such as anterior chamber disappearance, operational
challenges, and loss of corneal endothelial cells. Therefore, surgeons
may choose the OVD application method based on their experience.

Management Strategy: If patients experience symptoms such as
eye swelling, headache, or nausea and vomiting within 24 h after ICL
surgery, the possibility of postoperative OVD residue should
be considered. After sufficient communication with the patient,
removing the eye dressing and conducting slit-lamp observation and
IOP measurement is recommended. If the IOP in the operated eye is
only mildly elevated, short-term application of ocular hypotensive eye
drops may be considered. If the intraocular pressure in the operated
eye exceeds 30 mmHg and continues to rise, considering another
anterior chamber washout is advisable to thoroughly remove the
remaining viscosurgical substance, thus preventing further visual
function damage caused by acute elevated IOP.
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FIGURE 1

The streamlined steps for the operation of the min-OVD technique. (A) incision in the temporal transparent cornea; (B) implantation of ICL;
(C) injection of the OVD into the anterior chamber and adjust the lens to proper position; (D) thoroughly flushing the OVD.

3 Steroid response

The second peak of elevated IOP after ICL surgery typically occurs
between 1 to 4weeks postoperatively. Steroid-induced ocular
hypertension (SIOH) is the primary cause of IOP elevation after ICL
surgery, accounting for approximately 64% of cases due to routine local
application of corticosteroid eye drops. The concept of SIOH is generally
defined as an IOP increase of >10 mmHg compared to the baseline after
corticosteroid use, with clinical significance. In the general population,
SIOH is estimated to occur in approximately 15-30% of cases (9, 18,
19). SIOH may lead to further damage to the optic nerve and visual
function, resulting in steroid-induced glaucoma (SIG) (20).

The exact mechanisms of SIOH and SIG are not fully understood,
but a reduction in trabecular meshwork outflow is considered a major
contributor to elevated IOP (18). Cortisol, as the most crucial human
glucocorticoid, plays a vital role in stress responses and the regulation
of natural feedback mechanisms, suppressing inflammatory reactions.
Therefore, glucocorticoids have broad pharmacological applications
for treating various diseases. Through membrane diffusion and
binding to intracellular receptors, glucocorticoids initiate a cascade of
signaling events, ultimately affecting the expression of hundreds of
genes. This implies a highly individualized response potential to
glucocorticoid treatment, including adverse reactions in susceptible
patients. The results of the first polymorphic whole-genome
association study designed to identify genetic variations related to
SIOH revealed two new genes, GPR158 and HCG22, associated with
the disease, offering prospects for prediction and diagnosis (20). In
addition to specific genetic mutations, various risk factors have been
identified, primarily including a personal or family history of primary
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open-angle glaucoma (POAG), with the type, route of administration,
dosage, and duration of treatment also playing crucial roles (19, 21).
The Precision Medicine Initiative announced by President Obama in
the 2015 State of the Union address outlined how it would extend to
ophthalmic practice, presenting an opportunity for the effective
application of precision medicine in SIOH/SIG (20).

Management Strategy: High-risk patients receiving corticosteroid
therapy after ICL surgery should be closely monitored. If elevated eye
pressure occurs between 1 to 4 weeks postoperatively, discontinuation
or replacement with a lower-potency corticosteroid is recommended,
accompanied by the topical application of glaucoma medications. In
most SIOH patients, eye pressure typically returns to normal within 1
to 4 weeks after discontinuing steroids. However, approximately 1-5%
of patients show no response to medication and require further
glaucoma surgical intervention. The most commonly used procedure
is trabeculectomy, but device

drainage implantation  or

cyclodestructive surgery can also be considered (19).

4 Excessive ICL vault

ICL vault refers to the space between the ICL and the natural lens
or iris of the eye. The height of the vault is an important factor in
determining the postoperative results of ICL implantation surgery
(22). If the vault is too low, it can lead to contact between the ICL and
the natural lens or iris, causing potential complications such as
cataract formation or pigment dispersion syndrome. On the other
hand, if the vault is too high, it can lead to increased IOP and potential
complications such as glaucoma (23, 24). Figure 2 shown the excessive
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vault after ICL implantation, causing stenosis of the anterior chamber
angle. Previous studies have investigated the effect of ICL vault height
on postoperative results, they found that a vault height of 250-750
microns is generally considered ideal for optimal postoperative
outcomes. A vault within this range minimizes the risk of
complications such as cataract formation and pigment dispersion
syndrome while also reducing the risk of increased IOP (2).

Although the exact mechanism of IOP caused by excessive ICL
vault needs to be further explored, existing studies suggest that may
be related to mechanical compression, inflammation and pigment
dispersion (25, 26). First, the excessive ICL vault can cause mechanical
compression of the surrounding structures, including the ciliary body
and the iris. This compression can directly cause the ciliary body
obstruct and the anterior chamber angle narrow or closure, potentially
affecting the production and drainage of aqueous humor, leading to
IOP. Furthermore, excessive vault can also lead to inflammation and
pigment dispersion syndrome, where inflammatory and pigment
granules from the iris are released into the anterior chamber. These
cause the aqueous humor outflow blockage and resistance, leading to
IOP. IOP due to excessive ICL vault after surgery can present with
various clinical signs, including anterior chamber shallowing, corneal
edema, iridocorneal touch, even if glaucomatous optic nerve changes
(27). When such signs appear after operation, we should consider the
possibility of IOP caused by excessive ICL vault.

Various factors can affect the position and stability of the ICL
within the eye, ultimately impacting the vault, which including ICL
size and power, anterior chamber depth (ACD), crystalline lens rise
(CLR), angle Kappa, iris configuration, surgical technique,
postoperative position, intraocular pressure and natural lens
movement (28-30). The study showed that ICL diameter and ACD
were the most influential factors, a relatively larger ICL diameter and
a greater preoperative ACD directly result in higher postoperative
vault. In addition, CLR, refers to the anterior movement of the natural
crystalline lens within the eye, is also an important factor in ICL

10.3389/fmed.2024.1351272

surgery (31). CRL can affect the position and movement of the natural
lens and the ICL, excessive CLR can lead to potential complications
such as contact between the ICL and the natural lens, which may
result in elevated IOP. Therefore, accurate preoperative ocular
measurements, such as ACD, white-to-white (WTW) distance, angle-
to-angle (ATA) distance, angle Kappa, accommodative amplitude,
sulcus-to-sulcus (STS) diameter and anterior segment optical
coherence tomography (AS-OCT) are very important for preoperative
crystal selection and appropriate postoperative ICL vault prediction
(22,32, 33).

Management Strategies: Prior to surgery, precise measurements
of various anterior segment parameters can be obtained through
devices such as AS-OCT, Ultrasound Biomicroscopy (UBM), and
Anterior Segment Comprehensive Analyzer (Pentacam). By
considering multiple factors and using predictive equations, a
reasonable selection of ICL size can be made, greatly reducing the
risk of postoperative elevated IOP due to excessive vault. Where
device availability permits, intraoperative use of OCT assisted ICL
implantation helps to achieve the ideal vault (34). After ICL
implantation, regular observation of vault changes using slit-lamp
microscopy and AS-OCT can help prevent early elevated IOP and
glaucoma, thus avoiding late-stage vision impairment (35). Figure 3
shows observation of lens vault using slit lamp after ICL
implantation. Since the axial rotation of the ICL can lead to changes
in vault height, the axial variations after ICL implantation should
also be considered as indicators for long-term observation. If
postoperative vault is excessively high and causes an increase in IOP,
timely use of antiglaucoma medications to lower IOP is
recommended to prevent further damage to the eyes. Furthermore,
if the patient was implanted with a lens that is not a toric ICL, the
vault can usually be reduced by rotating the lens in the vertical axis
(36, 37). In cases of pupillary block glaucoma, laser iridotomy or
iridectomy may be necessary, and if needed, the ICL should
be promptly removed.

1.015 [mm]

FIGURE 2

shows the vault was as high as 1.015 mm after ICL implantation, causing stenosis of the anterior chamber angle. (SS, scleral spur; AR, angle recess;
Lens-F, lens anterior surface intersection. The horizontal yellow dotted line is the SS connection line, and the vertical yellow dotted line is the mid-
penetration line of the SS connection line. The green dotted line is the indicator line of the crystal vault)
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FIGURE 3
Shows observation of lens vault using slit lamp after ICL implantation.

5 Toxic anterior segment syndrome

Toxic Anterior Segment Syndrome (TASS) is a rare and potentially
destructive aseptic inflammatory reaction occurring in intraocular
surgery. It is associated with the entry of various non-infectious toxic
substances into the anterior segment of the eye. Unlike infectious
endophthalmitis, this inflammatory reaction is limited to the anterior
segment, and Gram stain and bacterial cultures of aqueous and vitreous
humor are negative. Known major causes include preservatives in
ophthalmic solutions, denatured viscoelastic substances, bacterial
endotoxins, and inflammation induced by artificial intraocular lenses
(38). Although ICL implantation surgery is less time-consuming and
involves fewer steps, the entry of non-infectious toxic substances is
difficult to avoid, and there have been occasional reports of TASS
occurring after ICL implantation (39-41). TASS typically manifests
acutely within 12 to 48h postoperatively, with some cases exhibiting
delayed reactions. Key symptoms include elevated intraocular pressure,
corneal edema, and other anterior segment inflammatory reactions. In
severe cases, fibrinous exudation in the anterior chamber and even
purulent accumulation may occur. The primary mechanism leading to
increased intraocular pressure in TASS is the early inflammatory
exudate blocking the trabecular meshwork, resulting in elevated
intraocular pressure. Some reports also suggest that severe
inflammatory reactions triggered by TASS can lead to iris adhesions,
causing pupillary block and ultimately resulting in acute elevation of
intraocular pressure. TASS may also cause permanent damage to the
trabecular meshwork, leading to chronic elevation of intraocular
pressure (41).

Management Strategy: The most critical differential diagnosis for
TASS is infectious endophthalmitis. The management of TASS should
primarily focus on prevention because once toxic substances enter the
eye, clinicians have limited measures to address the ensuing
inflammatory response. Early diagnosis and treatment of TASS are
crucial for maintaining the integrity of eye function and structure, and
timely intervention can result in 100% recovery without sequelae. The
primary treatment for TASS involves the topical or systemic
application of corticosteroids. Corticosteroid eye drops should
be instilled every 1-2h, especially on the first day of onset, to prevent
the progression of inflammatory reactions. Routine anterior chamber
irrigation should not be performed for severe anterior chamber
reactions to avoid exacerbating anterior chamber damage. Daily
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examinations using slit-lamp microscopy and intraocular pressure
measurements are essential. Once intraocular pressure is under
control and the cornea becomes transparent, signs of damage to the
angle should be examined. The prognosis of TASS depends on the
type, quantity, and duration of exposure to toxic substances. If the
inflammatory response is mild, recovery can occur within days to
weeks. In cases of moderate severity, recovery may take weeks to
months, with the possibility of residual corneal edema and mild
intraocular pressure elevation. Severe cases may result in permanent
corneal opacity and secondary glaucoma, requiring medical or even
surgical treatment.

6 Urrets-Zavalia syndrome

Urrets-Zavalia Syndrome (UZS) is an unexplained pupillary
dilation that occurs after intraocular surgery. UZS is very uncommon,
especially in the implantation of the new generation ICL V4c. Patients
typically present with symptoms such as glare, halos, and photophobia.
On examination, elevated IOP, enlarged pupils, and unresponsiveness
to miotic drugs are observed (42). In addition to these manifestations,
UZS can lead to angle closure in the anterior chamber, further
increasing IOP and causing significant damage to the patient’s eye
health (43). Although the syndrome is rare, there have been occasional
reports of UZS occurring after ICL implantation (44-46). The exact
pathogenesis of UZS after ICL implantation is unclear, but early
postoperative elevation of IOP, increased intraocular pressure, and the
presence of air or gas in the anterior chamber appear to be significant
risk factors for UZS after ophthalmic surgery (42). Immediate control
of postoperative elevated intraocular pressure, light responsiveness after
dilation, and responsiveness to 2% pilocarpine eye drops have been
reported as potential reversible predictive factors for UZS (45). Despite
the relatively low reported incidence of UZS, the associated visual
symptoms can significantly impact patients’ daily lives, necessitating
ophthalmologists to take necessary management measures.

Management Strategy: In cases of short-term pupillary dilation
combined with elevated intraocular pressure after ICL surgery, UZS
should be considered after common complications have been ruled
out. Treatment options for UZS include mannitol, topical application
of intraocular pressure-lowering medications, removal of air or gas
from the anterior chamber, and, if necessary, iris resection to relieve
anterior chamber angle closure and prevent the development of
secondary glaucoma (42, 43).

7 Pigment dispersion syndrome

Although manufacturers have not reported glaucoma secondary
to pigment dispersion as a severe adverse consequence following ICL
implantation, occasional cases of PDS after ICL implantation have
been documented (47, 48). Pigment Dispersion Syndrome (PDS) is a
condition primarily affecting young, myopic adults. The primary
mechanism involves the release and deposition of iris pigment in
various structures of the anterior segment of the eye. While most
patients experiencing pigment dispersion episodes are asymptomatic,
extreme photophobia, eye pain, redness, and blurred vision may
occur. Other characteristic signs include iris contact, iris concavity,
360° peripheral iris transillumination, increased pigment deposition
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in the trabecular meshwork, and pigment deposition on the corneal
endothelium (Krukenberg spindle). Due to pigment deposition
causing trabecular meshwork blockage and reducing outflow facility,
there is an increased risk of elevated IOP and pigment dispersion
glaucoma (PDG) (49).

The implantation of the ICL can induce pigment deposition in the
trabecular meshwork and elevated IOP in the short term, leading to
the development of secondary glaucoma in the late postoperative
period. This is primarily attributed to laser iridotomy or iris friction
with the ICL. However, there are also reports suggesting that the
implantation of ICL has no effect on pigment changes in the trabecular
meshwork (50). Conversely, the results of a prospective observational
study indicate a significant improvement in the morphology of iris
concavity in highly myopic patients after EVO ICL implantation,
reducing the risk of intraocular pigment dispersion caused by iris
concavity (51).

Management Strategy: Given the risk of permanent visual field
loss, both patients and healthcare professionals should be aware that
PDG is a serious postoperative complication that threatens vision.
Due to the dynamic changes in the posterior chamber over time, PDG
may occur several years after the implantation of the ICL. Therefore,
close monitoring of IOP is essential, and meticulous slit-lamp
examinations should be conducted to assess signs of pigment
dispersion, including increased pigment deposition observed in the
angle during gonioscopy. UBM and AS-OCT can aid in evaluating
changes in ICL positioning over time. Once PDG and secondary
elevation of IOP occur, prompt management with IOP-lowering and
anti-inflammatory treatments is warranted. If necessary, ICL removal
should be considered to reduce friction between the lens and the iris.
Multiple studies have confirmed the safety and effectiveness of
filtration surgery in treating pigmentary glaucoma, but evidence
supporting minimally invasive glaucoma surgery for pigmentary
glaucoma is currently insufficient (47, 52).

8 Malignant glaucoma

Malignant glaucoma is a rare and alarming complication, with few
reported cases following ICL implantation (53-55). If not promptly
addressed, the condition of malignant glaucoma can persist,
eventually leading to corneal decompensation, glaucomatous optic
neuropathy, and blindness. The mechanism behind malignant
glaucoma is not yet fully understood, and the most widely accepted
theory is Shaffer’s proposal that anterior rotation of the ciliary body
causes aqueous to accumulate in the vitreous cavity (56). In a study by
Senthil et al., researchers suggested that the occurrence of malignant
glaucoma after ICL surgery may be due to stimulation and
inflammatory reactions to the ciliary body following ICL placement,
resulting in anterior rotation of the ciliary body, shallowing of the
anterior chamber (AC), and misdirection of aqueous humor into the
vitreous cavity (54). There are also reports suggesting that the cause
of malignant glaucoma after ICL implantation could be an undersized
ICL, leading to congestion of the ciliary body and damage to the
zonules, resulting in relatively poor forward flow of aqueous humor,
forcing a reverse flow into the vitreous cavity, ultimately forming a
malignant cycle (53).

Management Strategy: The diagnosis of malignant glaucoma after
ICL surgery is primarily based on clinical manifestations such as
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postoperative elevated IOP, corneal edema, and anterior chamber
disappearance. It is crucial to exclude conditions such as pupil block,
excessively high ICL vault, and suprachoroidal hemorrhage. Once
malignant glaucoma is confirmed, prompt resolution of aqueous
humor blockade is imperative. Drug therapy is the first-line treatment
for malignant glaucoma, involving the local use of potent ciliary
muscle paralytics, topical anti-inflammatory drugs, and aqueous
humor suppressants, coupled with systemic administration of
hyperosmotic agents. If conservative treatment proves ineffective,
further interventions such as vitrectomy combined with iridotomy or
iridectomy, with or without ICL removal, may be necessary (54,
55, 57).

9 Discussion

In summary, as a widely used surgical method for myopia
correction, ICL implantation still presents various complications, with
IOP elevation being a relatively common occurrence. This paper
provides a comprehensive analysis of the causes of IOP elevation after
ICL implantation and management strategies, as summarized in
Table 1. The aim is to offer ICL surgeons an in-depth reference to
enhance the safety of the procedure, reduce the risk of complications,
and provide patients with better corrective options. Future research
could further explore predictive factors for IOP elevation after ICL
surgery, safer surgical techniques, and more effective treatment
methods to continuously optimize the outcomes of this
corrective approach.
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TABLE 1 Causes of elevated IOP after ICL implantation and management strategies.

Causes Clinical manifestation Management strategies
Residual ophthalmic Intolerable ocular pain and corneal epithelial 1. Surgeons can choose the OVD application method based on their own experience.
viscosurgical device oedema in the first 24 h. Peak intraocular pressure | 2. If the IOP is only mildly elevated, short-term application of ocular hypotensive eye drops may be considered.
(IOP) is usually 30 mmHg or higher, and residual 3. If the IOP exceeds 30 mmHg and continues to rise, it is advisable to consider re-flushing the anterior chamber to
viscoelastic in the anterior chamber can thoroughly remove the remaining viscosurgical substance.
be observed by slit lamp.
Steroid response IOP elevation usually occurs 1 to 4 weeks after 1. Discontinuation or replacement with a lower-potency corticosteroid is recommended, accompanied by the topical
surgery. application of glaucoma medications.
2. If the intraocular pressure continues to rise, further surgical treatment is required. The most common surgery is
trabeculectomy, but implantation of a drainage device or ciliary disruption may also be considered.
Excessive ICL vault Corneal oedema, anterior chamber shallowness, 1. Precise measurement of various anterior segment parameters before surgery, and reasonable selection of ICL model.
iridocorneal contact, and imaging findings 2. If conditions permit, OCT can be used during surgery.
suggesting an vault>750um can be observed after 3. Use slit lamp microscope and AS-OCT to observe the crystalline arch regularly after surgery.
surgery. 4. Apply glaucoma medications to reduce IOP in a prompt period of time.
5. If the patient has a lens that is not a toric ICL, the vault can usually be lowered by rotating the lens in the vertical axis.
6. In cases of pupillary block glaucoma, laser iridotomy or iridectomy may be necessary, and if needed, the ICL should
be promptly removed.
Toxic anterior Acute manifestation within 12-48 h after surgery, 1. Excluding infectious endophthalmitis
segment syndrome with the main symptoms including elevated IOP, 2. The main method is topical or systemic application of steroids.
(TASS) corneal oedema and other anterior segment 3. The routine anterior chamber flushing should not be carried out, which may aggravate the damage of the anterior
inflammatory reactions chamber.
Urrets-Zavalia Early postoperative symptoms such as glare, halos 1. Mannitol, topical use of drugs to reduce intraocular pressure.
syndrome (UZS) and photophobia, signs such as increased 2. Remove air or gas from the anterior chamber.
intraocular pressure, pupil dilation and 3. If necessary, iridectomy can be conducted to alleviate the closure of the anterior chamber angle.
unresponsiveness to pupillary medication can
be observed.
Pigment dispersion Induced in the short-term postoperative period, 1. Detailed slit lamp examination to assess for signs of pigment dispersio.
syndrome (PDS) may present with extreme photophobia, ocular 2. IOP lowering and anti-inflammatory therapy should be performed as soon as PDG and secondary IOP elevation are
pain, eye redness and blurred vision, with signs present.
including iris contact, iris concavity, 360° 3. Consider removal of the ICL if necessary to reduce friction between the lens and the iris.
peripheral iris transillumination, increased 4. Filtration surgery is safe and effective in the treatment of pigmentary glaucoma.
pigment deposition in the trabecular meshwork,
and pigment deposition on the corneal
endothelium (Krukenberg spindle).
Malignant glaucoma Elevated IOP, corneal edema and anterior 1. exclude conditions such as pupil block, excessively high ICL vault, and suprachoroidal hemorrhag.
chamber disappearance occurred in the early 2. Pharmacological treatment is the first line of treatment for malignant glaucoma, including topical potent ciliary muscle
postoperative period. paralysers, topical anti-inflammatory agents and aqueous humor inhibitors, as well as systemic hypertonic agents.
3. If conservative treatment is not effective, further surgical intervention is required, such as vitrectomy combined with
iridotomy or iridectomy, with or without removal of the ICL.
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Toric intraocular lenses (IOLs) have been developed to enhance visual acuity
impaired by cataracts and correct corneal astigmatism. However, residual
astigmatism caused by postoperative rotation of the toric IOL is an important
factor affecting visual quality after implantation. To decrease the rotation of
the toric I0OL, significant advancements have been made in understanding the
characteristics of toric |IOL rotation, the factors influencing its postoperative
rotation, as well as the development of various measurement techniques and
interventions to address this issue. It has been established that factors such
as the patient's preoperative refractive status, biological parameters, surgical
techniques, postoperative care, and long-term management significantly impact
the rotational stability of the toric IOL. Clinicians should adopt a personalized
approach that considers these factors to minimize the risk of toric IOL rotation
and ensure optimal outcomes for each patient. This article reviews the influence
of various factors on toric IOL rotational stability. It discusses new challenges
that may be encountered to reduce and intervene with rotation after toric IOL
implantation in the foreseeable future.

KEYWORDS

astigmatism, cataract surgery, toric intraocular lenses, rotational stability, reposition

1 Introduction

According to various studies, it has been estimated that approximately 15 to 29% of
patients with cataracts exhibit corneal or refractive-based astigmatism exceeding 1.5 diopters
(D) (1, 2). Cataract surgery, which has evolved into a refractive procedure to reduce patients’
dependence on spectacles, can effectively correct regular astigmatism through toric intraocular
lens (IOL) implantation (3, 4). However, the rotation of toric IOLs is a significant factor that
impacts the visual outcomes (5). Various studies have demonstrated that a misalignment of
toric IOLs by approximately 1° can reduce astigmatic correction by approximately 3.3%.
Moreover, a misalignment of 30° may fail to correct or even increase astigmatism on a new
axis (6, 7). Enhancing the rotational stability of toric IOLs has become a critical focus of
contemporary refractive cataract surgery. Recent advancements in technology, particularly in
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IOL materials and design, have significantly improved the rotational
stability of toric IOLs, leading to more precise visual outcomes (8-10).

This article provides a comprehensive review of the research
conducted on the rotational stability of toric IOLs, along with the
factors affecting their stability (Table 1).

2 Method to evaluate the rotation of
toric IOL

2.1 Subjective measurement method

Rotation can be directly evaluated using a slit lamp equipped with
degree marks on the beam, which is considered the gold standard for
assessing the rotation of toric IOLs. By aligning the slit beam with the
toric IOL axis markings in the dilated eye, the slit-lamp axis position
was recorded and compared with the baseline axis position (initial
measurement data) to determine the degree of rotation. This method
is simple to perform and has minimal equipment requirements;
however, it has certain limitations. As this is a subjective measurement
method, the patient’s head position and other subjective factors can
influence the results. Previous studies have shown that this method
may have an error range of approximately 1-2 (11).

2.2 Objective measurement method

With the advancement of technology, various objective
measurements have become available in clinical practice to assess the
rotation of toric IOLs. Wolffsohn proposed a new photography
method called digital retroillumination, independent of eye rotation
(12). Using iTrace wavefront aberrometry (Tracey Technologies Corp.,

TABLE 1 Risk factors for rotation of toric IOLs in this review.

Long axial length

Large dimensions of the capsular bag
Biological parameters

With-the-rule and oblique

astigmatism

C-loop haptic design
Characteristics of toric IOL Polymethyl methacrylate materia
Small toric IOL diameter
Inaccuracy in marking

Unsuitable CCC diameter

Postoperative hypotonia

Surgery factors Incomplete removal of the OVD
Grade 4 ACO
Nd: YAG laser posterior capsulotomy
CTR was not implanted

Other risk factors Excessive physical activity

IOL, intraocular lens; CCC, continuous curvilinear capsulorhexis; OVD, ophthalmic
viscosurgical device; ACO, anterior capsular opacification; Nd:YAG, Neodymium:YAG;
CTR, capsular tension ring.
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Houston, TX, United States), the intraocular astigmatic axis of patients
was recorded, and the actual axis of the IOLs inside the eye
(perpendicular to the intraocular astigmatism axis) was calculated
(13). In the study by Lucisano et al. (14), an anterior segment optical
coherence tomography system was used to assess the topographic
astigmatic axis and the postoperative position of the axis
simultaneously. However, when objective devices, inadequate pupil
dilation, fibrosis in later stages and senile rings in the elderly can
potentially obstruct the accuracy of toric markings (15). Similarly, the
issue of improper patient head positioning may arise Therefore, none
of these methods have been able to replace the traditional slit-lamp
observation. Deep learning, similar toconvolutional neural network
(CNN), may potentially enhance the accuracy of analysis.

3 Characteristics of toric IOL rotation
3.1 The timing of toric IOL rotation

To ensure the timely detection of early postoperative rotation of
toric IOLs and maintain long-term visual stability, it is important to
investigate the timing and trends of rotational changes in toric IOLs
postoperatively. Rotations of the C-loop haptic IOL were observed as
early as 1h after surgery, with most occurring within the initial 10 days
(8, 16, 17). Our team recently reached a similar conclusion in plate-
haptic toric IOLs (18). The results revealed that most rotations in the
toric IOL occurred within the first 3 days postoperatively, with the
maximum degree occurring between 1h and 1 day after surgery. All
the patients included in the study underwent outpatient surgery. This
necessitated commuting between the hospital and their homes for
postoperative examination the following day, which may have
contributed to the maximum rotation of the IOL observed between
1hand 1 day postoperatively. As for the long-term stability, a previous
study showed that the diameter of the capsular bag gradually
decreased after cataract surgery. This suggests that IOL stability
increased as the capsular bag contracted (19). Seth et al. observed that
the rotation change between 1 and 3 months after surgery was
significantly smaller than at other time points (20). The rotation of the
toric IOL may decrease when the anterior and posterior capsules fuse.
Capsule fusion typically begins at approximately 2 weeks, and minimal
IOL rotation is observed after 1 month.

3.2 The direction of toric IOL rotation

Both clockwise and counterclockwise rotations are possible
postoperatively and primarily depend on the IOL design (8, 21). In
past studies, the C-loop haptic toric IOL has been described as tending
to rotate clockwise (8, 22). However, according to recent research,
there is no consensus, as counterclockwise (23) and no direction (24)
tendencies have been reported. This can be attributed to a reduction
in the circumference of the capsular bag, which may exert pressure on
the haptics (25). Regarding the plate-haptic toric IOL, no specific
rotation direction has been identified yet (26). Further research is
needed to investigate the relationship between the direction of
postoperative rotation and the design of toric IOLs.
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4 Risk factors for rotation of toric IOL

4.1 Biological parameters and toric IOL
rotation

4.1.1 Axial length (AL) and toric IOL rotation

Early studies suggested that the AL of the eye is one of the main
factors contributing to the early postoperative rotation of IOLs
following cataract surgery (8, 22, 27). Vass et al. (28) indicated that a
longer AL may be associated with a wider capsule width, potentially
leading to the implantation of mismatched IOLs. Large capsular bags
may reduce friction between the capsular bag and the haptic,
decreasing IOL stability (29). Furthermore, in cases where the AL is
longer, the implanted IOL tends to be thinner and has a smaller
volume, further diminishing the contact and friction between the IOL
and capsular bag (27). However, He et al. (30) examined rotational
stability in patients with an AL>25 mm and did not find a significant
correlation between AL and rotation. This study also found that in
eyes with longer AL, there was no positive correlation between AL and
capsule diameter. Moreover, previous research has shown that the
plate-haptic toric IOL remains relatively stable and is not significantly
affected by an increase in AL (25, 31, 32). For patients with along AL,
the implantation of a toric IOL can still be considered a correction for
astigmatism. Nonetheless, factors such as fragile zonules and posterior
subcapsular cataracts should be considered in patients with highly
myopic eyes. In these eyes, the occurrence of capsular contraction
syndrome (CCS) and IOL dislocation is relatively higher, relating to
these factors, presenting a significant challenge to the stability of toric
IOLs (33, 34).

4.1.2 Dimensions of the capsular bag and toric
IOL rotation

Earlier investigations have indicated a strong correlation between
rotation and the dimensions of the capsular bag (35). However,
currently, there are no devices for the direct and accurate measurement
of capsular bag size. Consequently, estimations based on parameters
such as the white-to-white (WTW) distance (distance between the
horizontal borders of the corneal limbus) and the anterior segment
length (distance from the corneal endothelium to the posterior
crystalline lens) are sometimes used to approximate the capsular bag
dimensions (19, 36). It is recommended to subtract 1 mm from the
WTW. If WTW exceeds 12.5 mm, it indicates a significant risk of
rotation (37). WTW indirectly reflects the horizontal diameter of the
lens capsule. Lens thickness (LT) represents the anterior—posterior
diameter of the lens capsule (38). Our study found a strong association
among LT, age, and toric IOL rotation. Specifically, our results suggest
that toric IOLs may have a higher tendency to rotate in eyes aged >70
years and with a LT of >4.48 mm (18). With age increasing, there are
often increases in LT (39). Li et al. (40) reported a similar finding.
Consequently, the combined factors of WTW and LT play a synergistic
role in determining the volume of the anterior segment and offer a
three-dimensional perspective for estimating the bag size. Utilizing
these two parameters in conjunction makes it plausible to anticipate a
higher level of predictability in the preoperative assessment of
rotational stability in toric IOLs (36). However, some studies have
suggested no correlation between LT and toric IOL rotation (17, 30).
Additional studies are necessary to confirm the relationship between
the LT and rotation.
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4.1.3 Direction of corneal astigmatism and toric
IOL rotation

The direction of corneal astigmatism may determine the
orientation of toric IOL implantation, which could be attributed to the
different designs of toric IOLs and the diameter of the vertical capsular
bag (41, 42). Several studies comparing loop-haptic toric IOLs found
that patients with with-the-rule (WTR) and oblique astigmatism are
more prone to significant rotational deviations than patients with
against-the-rule astigmatism (43, 44). In addition, in a study
conducted by Miyake et al. involving 378 eyes, they reported that out
of six eyes with the AcrySof IQ toric IOL that experienced IOL
rotation of >20°, all had WTR astigmatism (8). A vertically fixated
IOL may exhibit a higher propensity for rotation. Regarding the plate-
haptic toric IOL, no definitive conclusion indicates a relationship
between the rotation of the toric IOL and the direction of corneal
astigmatism. In order to achieve precise analysis and calculation of
corneal astigmatism, it is essential to develop novel technologies
capable of yielding improved data.

4.2 Characteristics of toric IOLs and toric
IOL rotation

4.2.1 Shape design and rotation of toric IOL

Toric IOLs can be classified into one- or three-piece designs, with
haptic structures available in C-loop or plate haptic configurations.
The design of these IOLs is critical for ensuring rotational stability.
According to a study by Gyongyossy et al. (45), one-piece C-loop
haptic toric IOLs exhibit excellent long-term rotational stability
without postoperative complications.

Kramer et al. compared different brands of C-loop haptic toric
IOLs, namely, AcrySof and Tecnis (46). The results revealed that the
rotational stability of the AcrySof toric IOL was higher than that of the
latter. In a study conducted by Sun et al. (26) the long-term rotational
stability of two designs of toric IOLs (AcrySof toric IOL with a C-loop
haptic and AT TORBI 709 M IOL with a plate haptic) was
comprehensively investigated at the 3-month postoperative mark. The
plate-haptic IOL exhibited superior stability compared to the toric IOL
with a C-loop haptic (36). The plate-haptic toric IOL was anchored to
the capsular bag through its four haptics, resulting in increased
friction between the lens and capsular bag, thereby reducing the
effects of capsular bag compression and rotation. Additionally, the
presence of two positioning holes at the corners of the IOL allowed for
the migration of lens epithelial cells, further enhancing the stability of
the lens. With its one-piece ‘C’ shaped loop, the IOL might have had
areduced frictional interaction with the capsular bag due to the space
between the lens column and the haptic, potentially leading to IOL
rotation. Nevertheless, it has also been reported that the loop-haptic
design exhibits excellent memory and flexibility, effectively addressing
optical fluctuations resulting from capsular bag shrinkage and
ensuring stable positioning within the capsular bag (47). The
rotational stability of toric IOLs with different shape designs requires
further investigation with larger sample sizes.

Therefore, new designs are being constantly developed. A new
type of toric IOL, Mini Toric Ready (SIFI S.p.A.), has recently been
introduced to the market (48). This innovative design features four
fenestrated haptics that enhance the surface area of contact between
the IOL and equator of the capsular bag. Fenestrations also facilitate
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interactions between the anterior and posterior capsules of the eye. As
a result, this novel IOL demonstrated superior long-term rotational
stability compared to the conventional two-haptic toric IOL. In
contrast to the previous generation of TECNIS monofocal IOL, the
TECNIS Toric II IOL (Johnson & Johnson Vision) has undergone
design modification with frosted haptics. This modification aims to
increase the friction between the haptic and equator of the capsular
bag, leading to a remarkable improvement in postoperative rotational
stability compared to its predecessor (49, 50). We can expect the
continuous emergence of new toric IOL designs in the future.

4.2.2 Material design and rotation of toric IOL

The first reported toric IOL made of polymethyl methacrylate
(PMMA) exhibited substantial postoperative rotation (2). Various
materials, including hydrophobic acrylates, hydrophilic acrylates, and
silicone gels, can be used to produce toric IOLs. The materials used in
IOLs play a significant role in determining their stability. For example,
the adhesiveness of the lens surface is believed to promote stability
(51). In particular, hydrophobic acrylic IOLs exhibit stronger adhesion
owing to the charge effect and higher fibronectin content (26). Prior
research has indicated that toric IOLs made with hydrophobic
acrylates exhibit superior postoperative rotational stability compared
to those made with hydrophilic acrylates (43, 52). The occurrence rate
of postoperative complications, such as rotation, may vary depending
on the adhesive force of the posterior capsule for different materials
of IOLs.

4.2.3 Size and rotation of toric IOL

Toric IOLs with a smaller overall diameter, especially for eyes with
larger capsular bags, can alleviate contact between the lens and
capsular bags, thus increasing the risk of rotation. Chang et al. (29)
found that a Toric IOL with a total diameter of 11.2 mm (Staar
AA4203TL) had a lower incidence of rotation than a Toric IOL with
a total diameter of 10.8 mm (Staar AA4203TF). Different IOL sizes
may result in variations in surgical duration and technique, potentially
leading to rotation.

4.3 Surgery factors and toric IOL rotation

4.3.1 Manual marking and computer navigation
Accurate alignment is a fundamental prerequisite for effective
refractive correction using toric IOLs. Traditionally, manual
marking has been the most frequently described technique for
surgical eye marking prior to placing a toric IOL (53). Although the
accuracy of manual marking methods is high, computer-guided
methods, such as observing plane inconsistencies or tracking dye
diffusion, have been developed to overcome the limitations of
manual approaches (54). The digital methods are based on previous
research, specifically iris fingerprint techniques (55), intraoperative
wavefront aberrometry (56), or techniques that use real-time eye
tracking based on iris and blood vessel characteristics. Recently,
Elhofi et al. (57) found clinically and statistically significant
differences between digital and manual marking procedures using
Verion, a digital marker published by Alcon Laboratories, Inc. Their
findings indicated that preoperative planning and intraocular
digital guidance for toric IOL implantation offer advantages over
manual marking, resulting in reduced postoperative rotation.
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Therefore, the Callisto Eye system (Carl Zeiss Meditec AG) is an
application of a new virtual reality-based technology that
theoretically has the potential to optimize the alignment of artificial
IOL and achieve optimal refractive outcomes. It proved that the
computer-assisted marker system provided better results than
manual marking regarding the postoperative IOL alignment (54).
Additionally, using a digital system results in faster intraoperative
IOL alignment and shorter overall surgical time (53). In the future,
with the involvement of artificial intelligence, we expect improved
accuracy and effectiveness of digital marking systems.

4.3.2 Continuous curvilinear capsulorhexis (CCC)
and toric IOL rotation

A well-centered CCC that covers approximately 0.5 mm of the
IOL is crucial for ensuring the long-term stability of the IOL
postoperatively. Insufficient coverage of the IOL owing to excessive
tearing of the capsulorhexis causes postoperative rotation. In contrast,
a smaller capsulorhexis can lead to anterior capsule contraction,
affecting IOL stability. In a study by He et al. (30) there was a positive
correlation between TECNIS toric IOL rotation and capsulorhexis
size. Therefore, a moderately smaller CCC contributes to improved
rotational stability. However, recent studies have attributed the factors
affecting IOL rotational stability to the state of anterior capsule
coverage over the IOL optical surface, suggesting that complete
coverage leads to significantly greater stability than partial coverage.
The size of the capsulorhexis did not have a significant impact on
rotational stability. Hence, ensuring that the CCC completely covers
the IOL optical surface can help achieve postoperative rotational
stability without excessively reducing the capsulorhexis size to avoid
excessive anterior capsule contraction (17). Considering the
commonly used diameter of C-loop toric IOLs in the current market
is approximately 6 mm, a capsulorhexis diameter of approximately
5.0-5.5 mm is generally recommended. A retrospective study
suggested that the capsulorhexis size is crucial in preventing lens
rotation. The study concluded that maintaining a capsulorhexis
diameter ranging from 5.0 to 5.8 mm effectively enhanced the
rotational stability of Toric IOLs (40). Currently, research on the
impact of CCC diameter on the postoperative rotational stability of
toric IOLs with plate haptics is limited. Future studies should explore
this aspect in greater detail.

4.3.3 Other surgical factors and toric IOL rotation

Studies have shown that postoperative hypotonia and incomplete
removal of the ophthalmic viscosurgical device (OVD) can lead to
postoperative IOL rotation (58, 59). Postoperative changes in pressure
can destabilize the anterior chamber, leading to decreased rotational
stability. Tak introduced hydroimplantation, using balanced salt
solution (BSS), to maintain anterior chamber shape during the
implantation of IOL, instead of using OVD (60). In a study by Chen
et al. (61), the hydroimplantation technique yielded outcomes
comparable to the conventional technique using an OVD. However,
the non-OVD technique offers several advantages, including increased
efficiency, reduced surgical time and cost, and elimination of concerns
regarding OVD-induced elevated intraocular pressure. Additionally,
the hydroimplantation technique ensures complete IOL fixation on
the posterior capsule, which is particularly important for AcySof toric
IOLs (59). This technique is also beneficial for decreasing the
misalignment of toric IOLs during surgery and ensuring postoperative
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stability. Further research is needed to explore the impact of these
operative factors on rotational stability.

4.4 Anterior capsular opacification (ACO)
grade and toric IOL rotation

The grading of ACO is negatively correlated with the degree of
rotation of Toric IOLs and is an independent factor affecting long-
term rotational stability (27). One contributing factor is the increased
adhesion between the IOL and the capsule caused by anterior capsular
fibrosis. In addition, capsular shrinkage resulting from capsular
fibrosis can reduce the space available for the IOL, thereby enhancing
its stability. As a result, preserving some lens epithelial cells (LECs)
from the anterior capsule during cortical aspiration may help
minimize rotation and subsequently reduce residual astigmatism
(RAS) (62). Therefore, among ACO grades 0 to 3, a higher ACO grade
may help reduce Toric IOLs’ rotation (63). However, grade 4 ACO,
characterized by excessive capsular bag contraction, can induce
anterior folding of the IOL, leading to optical decentration or tilting
and severe visual impairment (64). Besides, ACO and sac shrinkage
risks with hydrophobic acrylics are lower than those with hydrophilic
acrylics and silica gels (65). Nevertheless, the effects of the materials
presented here on rotation contradict those of previous reports, which
indicated that the hydrophilic acrylic toric IOL exhibited similar rates
of postoperative misalignment and surgical repositioning in
comparison to the hydrophobic acrylic toric IOL (43). This suggests
the necessity for additional research.

4.5 Neodymium:YAG (Nd:YAG) laser
posterior capsulotomy and toric IOL
rotation

(PCO),
complication, can directly contribute to the asymmetric contraction

Posterior capsule opacification a postoperative
of the capsular bag, leading to rotational instability of Toric IOLs (66).
However, effective research is lacking to establish a direct correlation
between the PCO and lens rotation stability. The most commonly used
clinical method to treat PCO, Nd: YAG laser posterior capsulotomy,
carries the potential risk of inducing rotational instability in toric IOLs
(67). Due to the ACO, preserving a certain number of LECs may help
improve the rotational stability of toric IOLs. However, the migration
of LECs may also further increase the incidence of PCO. Further
research is needed to determine whether anterior capsule polishing,
as a method for removing residual LECs following cataract surgery,
can enhance the rotational stability of toric IOLs.

4.6 Other factors and toric IOL rotation

Excessive physical activity during the early postoperative period
is assumed to increase the likelihood of toric IOL rotation, and in a
multicenter study conducted by our team, a patient who underwent
right-eye toric IOL implantation participated in a marathon race a few
days after surgery (68). During the 1-week follow-up, the toric IOL in
the patient’s right eye rotated by more than 80°. The patient had
undergone toric IOL implantation in the left eye a few weeks prior and
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remained stable postoperatively. Vigorous activity in the early
postoperative period may contribute to toric IOL rotation. As
significant rotation of toric IOLs typically occurs within the first 3 days
after surgery, it is clinically advisable to advise patients to avoid
strenuous activities, first

especially during the 3 days

postoperatively (68).

5 Interventions for toric IOL rotation

5.1 Intraoperative interventions for toric
IOL rotation

Previous studies have provided evidence supporting using a
capsular tension ring (CTR) to limit the rotation of plate-haptic or
C-loop haptic toric IOL (11, 69, 70). After the implantation of the
CTR, the capsular sac is effectively supported, enhancing its symmetry.
The anterior capsules tightened, reducing the contraction of the
anterior capsule. In contrast, the posterior capsule closely adheres to
the optical portion of the IOL, reducing the asymmetrical contraction
of the capsular bag and minimizing the tilt and eccentricity of the IOL,
thereby increasing rotational stability. Additionally, by reducing the
gap between the posterior capsule and the IOL, the migration and
proliferation of lens epithelial cells are prevented, which further
contributes to the improved rotational stability of the IOL (71). There
is no definitive consensus regarding the ideal timing for CTR
implantation. A recent meta-analysis has been conducted by our team
(72), and it was demonstrated that the use of CTR significantly
improves the rotational stability of toric IOLs by mitigating the
influence of LT. Based on these findings, the co-implantation of CTR
is strongly recommended for patients with LT of >4.5mm, WTW of
>11.6mm, or high astigmatism.

The implantation methods of CTR also exhibited variations.
Safran employed a single CTR in conjunction with Toric IOL
implantation (73). Sagiv et al. (74) preferred the combined
implantation of two CTRs. Ucar et al. (70) employed suture fixation
between the CTR and Toric IOL following the combined CTR and
Toric IOL implantation. Jiang et al. (75) conducted a 6-month
follow-up study on patients to compare the outcomes of two different
types of CTR during toric IOL implantation in cataract surgery. One
type featured two eyelets; in contrast, the other type had four eyelets.
The CTR with four eyelets provided an additional contact area with
the toric IOL as it exerted pressure on the posterior capsule. The two
additional eyelets helped secure the toric IOL onto the posterior
capsule, increasing the contact area and reducing the rotation risk by
enhancing friction. However, no consensus exists on whether CTRs
should be implanted during surgery. Further research is required to
compare the effects of different designs, materials, and surgical
techniques on rotational stability.

5.2 Postoperative interventions for toric
IOL rotation

5.2.1 Surgical approaches for repositioning the
toric IOLs

The intraoperative methods for rotating toric IOLs vary depending
on the duration since the initial surgery and the extent of attachment
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between the IOL and the capsular bag (68). If repositioning surgery is
performed approximately 3 weeks after cataract surgery, the previous
corneal incision is reopened. Subsequently, the OVD is injected into
the anterior capsule bag, and the toric IOL is rotated to the desired
position. Alignment of the IOL axis is meticulously confirmed, and
the incision is hydrated after complete removal of the OVD. If
repositioning surgery is performed within 3 weeks postoperatively,
two incisions are made on the lateral side of the cornea. One incision
is used for anterior-chamber irrigation; the other is used for IOL
repositioning. However, this method does not require OVD. Previous
studies indicated that repositioning surgery is necessary when the
rotation of the toric IOL exceeds 10° from the intended axis. If the
rotation is <10° and the change in refractive power of the eye is below
0.50 D, it generally does not significantly impact vision (76).

5.2.2 Timing for the surgery to reposition the
toric IOLs

Many other studies have used previously reported timeframes of
1-3 weeks (2, 77). During our team’s retrospective evaluation of 2,745
eyes that underwent toric IOL implantation, a realignment procedure
was necessary in 1.68% of cases (68). In this study, the optimal time
for repositioning was approximately 15 days, which aligns with
previous findings. However, calibrating the lens prematurely may
result in lens rotation. Our team found that immediate postoperative
repositioning was not the optimal timing choice (68). While delaying
the calibration process can result in a more secure fixation of the IOLs
within the capsule, it is important to note that rotation occurring after
firm fixation has the potential to cause zonular rupture (2, 47, 68).
Hence, ensuring proper stability entails selecting the optimal timing
for the repositioning procedure and carefully assessing any potential
complications in the patient. Research has shown that conducting
back-calculation before determining the optimal axis and predicting
post-rotational refraction based on the current position and cylinder
power of the IOL can lead to improved refractive outcomes,
particularly for IOLs with high cylinder power (78). As for recurrent
postoperative toric IOL rotation cases, a new technique involving
transscleral and trans capsular suture passage through haptics in two
opposite directions has been reported (79).

5.3 Correction of RAS after toric IOL
implantation

In rare cases where a significant RAS cannot be corrected solely
by repositioning due to prolonged postoperative time or excessive
RAS, various options can be considered, including corneal ablation
procedures, arcuate keratotomy, or IOL replacement (58). Among
ablative procedures, photorefractive keratectomy and laser-assisted in
situ keratomileusis (LASIK) yield similar outcomes; however, LASIK
is preferred because of its faster visual rehabilitation and satisfactory
results (80-82). Excimer LASIK has been proven superior to IOL
replacement and piggyback IOL, significantly reducing spherical and
cylindrical refractive errors (83). Generally, a waiting period of
approximately 3 months after cataract surgery is considered
appropriate (84). However, this procedure may not be feasible under
certain conditions. For example, it may not be recommended for
patients with corneas at risk of developing post-laser ectasia (85).
Additionally, the necessary technology may not be readily available in
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some public health systems and departments. Thus, it is more
important to prevent the postoperative rotation of the toric IOL than
to focus on correcting it.

6 Conclusion

Several factors affect the rotational stability of toric IOLs.
Consequently, clinicians should analyze each patient’s situation in a
more personalized manner, considering the preoperative refractive
status, anatomical structures, surgical techniques, postoperative care,
and even long-term management of posterior capsule opacification to
minimize postoperative toric IOL rotation to the greatest extent
possible. Conventional manual marking has been replaced by image-
guided systems and intraoperative aberrometry, which offer markless
IOL alignment and contribute to a reduction in postoperative IOL
rotation. Whether CTR implantation is necessary to reduce
postoperative rotation of toric IOLs remains controversial. With
advancements in design and materials, new IOLs are being introduced
for commercial use that provide improved visual quality and
demonstrate good rotational stability. More relevant studies are
anticipated in future research.
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Efficacy and safety of
small-incision corneal
intrastromal lenticule
implantation for hyperopia
correction: a systematic review
and meta-analysis

Yue Wang?, Jingjing Zheng?, Zuofeng Guo®! and Xuejun Fang’?*

!Ophthalmology, Liaoning Aier Eye Hospital, Shenyang, China, 2AIER School of Ophthalmology,
Central South University, Changsha, China

Purpose: To assess the efficacy and safety of intrastromal lenticule implantation
for the treatment of hyperopia.

Methods: A systematic search of PubMed, Web of Science, Embase, Cochrane
Library, China National Knowledge Internet, and Wan Fang Database identified
studies on small-incision intrastromal lenticule implantation for hyperopia
correction until January 2023. The Joanna Briggs Institute (JBI) critical appraisal
tool was used to assess the quality of the retrospective research, and the
Methodological Index for Non-randomized Studies (MINORS) was used to
assess the quality of the prospective research. This study included postoperative
visual outcomes, corneal morphology, and biomechanical outcomes.

Results: A total of 456 articles were identified, of which 10 were included in the
meta-analysis. Ten single-arm studies involving 190 eyes were included. A meta-
analysis demonstrated that corneal intrastromal lenticule implantation treatment
significantly improved hyperopia. Uncorrected distance visual acuity (UDVA)
significantly improved compared to the preoperative value (p=0.027), corrected
distance visual acuity showed no difference compared to the preoperative value
(p=0.27), and 87% eyes have no loss of one or more lines in the Snellen lines
of CDVA (p<0.00001). There was a significant difference between the spherical
equivalent refractive (SE) and preoperative examination (p<0.00001), 52% of eyes
had +0.5 diopters (D) postoperative SE (p<0.00001), and 74% eyes had +1.0 D
postoperative SE (p<0.00001). The central corneal thickness (CCT) increased by
72.68um compared to that preoperatively (p<0.00001), and corneal curvature
increased by 4.18D (p<0.00001). The Q-value decreased by 0.82 (p<0.00001), and
higher-order aberration (HOA) decreased by 0.66 (p<0.00001).

Conclusion: Small-incision intrastromal lenticule implantation may be an
effective solution for correcting hyperopia. The effect of improved vision is
significant, but further exploration is needed for changesin corneal biomechanics
and long-term safety.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/, identifier:
CRD42023432343.

KEYWORDS

lenticule implantation, hyperopia, small incision lenticule extraction, refractive,
meta-analysis
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1 Introduction

Hyperopia not only leads to blurred vision, but also poses a risk
factor for diseases such as strabismus and bilateral amblyopia (1). For
patients who want to correct hyperopia through refractive surgery,
transepithelial photorefractive keratectomy (T-PRK), femtosecond
laser-assisted in-situ keratomileusis (FS-LASIK) and small incision
lenticule extraction (SMILE) can be used for the correction of
hyperopia. These surgical methods can effectively correct hyperopia
and ametropia; however, they all increase the risk of corneal swelling,
refractive regression, and corneal epithelial implantation after
surgery (2-4).

SMILE produces a corneal intrastromal lenticule with a diameter
of 6-7mm and a thickness of typically 30-130 um while correcting
myopia. Currently, there are reports of the application of corneal
intrastromal lenticule in the treatment of diseases such as keratoconus
(KC), corneal ulcers, corneal dilation caused by corneal refractive
surgery, and corneal infection perforation (5-8). In addition, corneal
intrastromal lenticule implantation has also been applied to the
surgical treatment of hyperopia, and the postoperative effects are
significant (9, 10). The long-term safety of corneal intrastromal
lenticule implantation for hyperopia has not been confirmed, and
owing to difficulties in preserving corneal intrastromal lenticule, it has
not yet been widely approved for clinical use.

More recently, the number of SMILE surgeries has rapidly
increased worldwide, and research on the preservation and reuse of
corneal intrastromal lenticules is also becoming more mature. Corneal
intrastromal lenticules can be preserved using various methods,
including ultra-low temperature freezing, glycerol preservation, and
commercial cryopreservation solutions (11, 12). This study conducted
a systematic review of clinical studies on the treatment of hyperopia
with corneal intrastromal lenticule implantation, and a meta-analysis
of postoperative indicators such as UDVA, CDVA, CCT, corneal
curvature, HOAs, and changes in corneal biomechanics. The aim was
to explore the effectiveness and safety of corneal intrastromal lenticule
implantation in the treatment of hyperopia, and to provide new
treatment ideas for corneal refractive surgery for clinical hyperopia
refractive errors.

2 Methods

We performed a systematic review and meta-analysis in
accordance with the Reporting Items for Systematic Reviews and
Meta-Analyses Statement (13). This study was registered in the
International Prospective Register of Systematic Reviews (PROSPERO;
ID: CRD42023398935). The study adhered to the tenets of the
Declaration of Helsinki.

2.1 Search strategy

Two researchers (YW and JZ) independently performed database
searches of PubMed, EMBASE, Web of Science, the Cochrane Library,
China National Knowledge Internet, and the Wanfang Database to
identify relevant studies on small-incision corneal intrastromal
lenticule implantation for hyperopia correction up to 2023.01.01. The
search terms included “small-incision intrastromal lenticule,
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“lenticule implantation,” and “hyperopia” The search strategy was
determined after multiple pre-searches, combined with subject
headings and free words.

2.2 Inclusion and exclusion criteria

The inclusion criteria were as follows: (1) the research subjects are
hyperopia patients who have undergone small-incision corneal
intrastromal lenticule implantation surgery. (2) For single-arm
studies, the treatment modality in the included studies was corneal
intrastromal lenticule implantation. For case-control studies, the
experimental group comprised eyes treated with corneal intrastromal
lenticule implantation, and there were no limitations on the control
group intervention measures. (3) Studies that reported at least one
major outcome (UDVA, CDVA, SE, and CCT) or secondary outcome
(corneal biomechanical indicators and HOAs). (4) The patients
included in the study had no other eye diseases. (5) Complete at least
three months of follow-up.

The exclusion criteria were as follows: (1) the included patients are
not those who have undergone small incision matrix lens
transplantation surgery. (2) Lack of standard deviation in the research
results. (3) No outcome was related to the purpose of the study. (4)
Data with significant errors in research results. (5) Studies with fewer
than five eyes were included. (6)Research involving duplicate patients.

The study was independently reviewed by two researchers (YW,
JZ) to determine whether the included studies met the inclusion or
exclusion criteria. When there was any disagreement, a third
researcher (ZG) participated.

2.3 Data extraction

For all included studies, the basic characteristics of the article and
the main clinical data were extracted. The basic characteristics of the
article included: the lead author, year of publication, language of
publication, sample size of patients and eyes, age, surgical method, and
postoperative outcomes.

The primary outcome measures were visual outcome, refractive
outcome, and corneal morphology change. The visual outcome
included the mean logMAR value of uncorrected distance visual
acuity (UDVA), mean logMAR value of corrected distance visual
acuity (CDVA), and the eyes changes in the Snellen chart of
CDVA. The refractive outcome included the mean postoperative
spherical equivalent (SE), the percentage of eyes within +0.5 diopters
(D) of the target refraction and the percentage of eyes within +1.0
D. The corneal morphology change outcome included the mean
increment of corneal curvature and changes in central corneal
thickness (CCT).

Secondary outcomes included postoperative high-order
aberrations (HOAs), changes in Q values, and corneal biomechanical
indicators. Among them, corneal biomechanical indicators include
Corneal compensated intraocular pressure (IOPcc), Goldmann
correlated intraocular pressure (IOPg), corneal hysteresis (CH), and
corneal resistance factor (CRF).

Data were extracted independently by two authors (YW and JZ),
and any differences were resolved through discussion until consensus
was reached or a third author (ZG) is consulted.
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2.4 Assessment of risk of bias

The Joanna Briggs Institute (JBI) critical appraisal tool was used
to evaluate the methodological quality of retrospective studies (14,
15), and the Methodological Index for Non-randomized Studies
(MINORS) was used to evaluate the methodological quality of
prospective studies (16, 17). Studies were not included in our analysis
if they scored lower than 6 out of 8 (75%) in retrospective studies, the
scores of prospective studies must be greater than 10, and two
reviewers (YW and JZ) independently evaluated the quality of the
include studies. If there was a disagreement, another reviewer (ZG)
participated in the discussion to obtain the results. Funnel plot and
Egger’s test were used to evaluate the risk of publication bias, with
Pp<0.05 indicating a statistically significant bias.

2.5 Statistical analysis

Statistical analysis was conducted using Stata V.16.0 software
(StataCorp, College Station), and forest maps were created using
RevMan software (version 5.4.1; Cochrane Collaboration). In this
meta-analysis, continuous variables were extracted as mean and
standard deviation (mean +SD), and estimated using the weighted

10.3389/fmed.2024.1320235

mean difference (WMD), and 95% confidential intervals (CI).
Random-effects models were used when study heterogeneity was high
(I*>50%), and fixed-effects models were used when heterogeneity was
low (2 <50%) (18, 19).

3 Results
3.1 Study selection

We identified 465 related articles through a preliminary search, of
which 171 duplicate articles were excluded using EndNote X9 software
(Clarivate Analytics, US), and 294 articles underwent title and abstract
reviews. After selecting titles and abstracts, 272 studies were excluded
for the following reasons: irrelevant topics (n=75), inconsistent
research contents (n=64), reviews (n=53), case reports (n=18), in
vitro experimental studies (n=17), animal studies (n=39), literature
corrections (n=2), letters (n=2), and conference literature (n=1). A
total of 22 articles were reviewed, of which 12 were excluded for the
following reasons: no major outcome (1 =3), missing data (n=3), and
duplicate data (n=6). The remaining 10 reports met the qualification
criteria and were included in the meta-analysis (9, 10, 20-27). The
literature screening process is illustrated in Figure 1.

Identification of studies via databases and registers

Record identified from database
s ( n=495)
= Pubmed (n=82)
3 Embase (n=123)
= Cochane Library(n=11)
c Web of Science(n=138)
[ CNKI(n=95)
2 Wanfang(n=46)
Records screened
(n=294)
o)
£
c
()
{9
O
(72}
Reports assessed for eligibility
(n=22)
. |
()
'S Studies included in review
© (n=10)
=
FIGURE 1
Preferred reporting items for systematic reviews and meta-analyses flow diagram of study selection.

Record removed before screening:
Duplicate record removed(n=171)

Records excluded(n=272)
Irrelevant (n=75)

Non-Lenticule Implantation(n=64)
review(n=53) Case Report(n=18)
Letter(n=2) Meeting Abstract(n=1)
In vitro experiment(n=17)

Animal experiment(n=19)

Reports excluded(n=272)
Non-primary outcomes(n=3)
Missing data(n=3)

Data duplication(n=6)
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3.2 Study characteristics

A total of 130 (190 eyes) cases were included in the study, with an
average age of 24.98 (95% CI: [22.51, 27.44]). The characteristics of the
included studies are summarized in Table 1.

3.3 Quality assessment

Six of ten prospective single-arm uncontrolled studies (9, 21-23,
25, 26) were evaluated using the MINORs, with a score of 11-13
(Table 2A). The remaining four retrospective uncontrolled studies (10,
20, 24, 27) were evaluated using the JBI case series key assessment
checklist and met 9 or more of the 10 criteria (Table 2B). The quality
of the included studies met these criteria.

3.4 Outcomes

3.4.1 Visual outcomes

A total of six studies (9, 20, 22, 24-26) reported the of logMAR
values of postoperative UDVA. At the last follow-up, postoperative
UDVA increased by 0.40 logMAR compared to preoperative UDVA

TABLE 1 The basic clinical characteristics of included studies.

10.3389/fmed.2024.1320235

(WMD=-040, 95% CI: [-0.61, —0.19], ’=88%, p=0.0002,
Figure 2A). A total six studies (9, 21-23, 25, 26) reported the logMAR
values of postoperative CDVA. At the last follow-up, postoperative
CDVA increased by 0.02 logMAR compared to preoperative CDVA
(WMD =—-0.02, 95% CI: [=0.05, —0.01], >=0%; p=0.27, Figure 2B).
All studies reported changes in the Snellen of CDVA. 87% of eyes had
no loss of one or more lines in the Snellen lines of the CDVA after
surgery (95% CI: [0.73, 1.01], ’=0%, p<0.0001, Figure 2C).
Sensitivity analysis showed that, regardless of which article was
excluded, the changes in UDVA and CDVA were stable, with no
changes in heterogeneity or results.

3.4.2 Refraction outcome

All 10 studies reported the results of postoperative SE, which
decreased by 5.73D compared to preoperative SE, (WMD =—-5.73,
95% CI: [—6.04, —5.42], I"=82%, p<0.00001, Figure 3A). A total of 5
studies (21-24, 26) reported the results of the proportion of
postoperative and expected refractive error within the range of +0.5D,
and the proportion of postoperative and expected refractive error
within the range of £0.5D was 51% (95% CI: [0.27, 0.74], ’=0%,
p<0.0001, Figure 3B). A total of four studies (20, 22, 24, 26) indicated
that 74% of the eyes had an error range of £1.0D compared to the
expected SE. (95% CI: [0.54, 0.94], *=0%, p<0.0001, Figure 3C).

Study Language Design Surgical Lenticule Age Outcomes
Implantation
single-arm Autologous/ Mean + SD
study Allogeneic

Jing Zhang English Retrospective SMILE Allogeneic 26.40+5.82 UDVA, CDVA, SE,

(10) 2 HOAs, CCT, IOPg,
I0Pcc, CH, CRE,
Km, Q value

Jie Hou (20) English Retrospective . SMILE Allogeneic 20.00+1.48 UDVA, SE, CD,
CCT, Km

Meng Li (23) English Prospective 10 LASIK Autologous 24.70+5.82 CDVA, SE

Jiawei Wu English Prospective 0 LASIK/PTK Allogeneic 22.80+3.29 CDVA, SE, Q value,

1

@n HOAs

Ling Sun (24) | English Prospective 5 LASIK Autologous 24.60+5.30 UDVA, CDVA, SE,
Km, CCT

Shengtao Liu English Prospective 5 SMILE Allogeneic 21.00+2.60 UDVA, CDVA, SE, Q

(26) value, CCT, Km

Shengtao Liu English Prospective SMILE Allogeneic 29.00+9.17 UDVA, CDVA, SE,

14

(25) CCT, Km

Sheetal Brar English Retrospective SMILE Allogeneic 27.04+5.33 UDVA, CDVA, SE,

(22) 42 CCT, Km, Q value,
HOAs

Mengfei Hu Chinese Retrospective " SMILE Autologous 29.25+5.02 SE, CCT, Km

(27)

Yuehua Zhou | Chinese Prospective SMILE Allogeneic 28.00+9.00 SE, Km, IOPg,

9) 37 10Pcc, CH,
CRECCT

SMILE, small incision lenticule extraction; LASIK, laser in situ keratomileusis; UDVA, uncorrected distance visual acuity; SE, spherical equivalent; CCT, central corneal thickness; Km, K value;
CD, corneal densitometry; IOPg, Goldmann correlated intraocular pressure; IOPcc, corneal compensated intraocular pressure; CH, corneal hysteresis; CFR, corneal resistance factor.
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TABLE 2 Quality assessment of included studies.
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(A) MINORS index for included non-randomized studies

Vv Vi
Meng Li (23) 2 2 2 2 1 2 2 0 13
Jiawei Wu (21) 2 2 2 2 1 2 2 0 13
Ling Sun (24) 2 2 2 2 1 2 2 0 13
Shengtao Liu (26) 2 2 2 2 0 2 2 0 12
Shengtao Liu (25) 2 2 2 2 0 2 2 0 12
Yuehua Zhou (9) 2 2 2 2 1 2 2 0 13

(B) JBI critical appraisal checklist for case series for included retrospective studies

Q7 Q8 Q9 Q10 Overall
appraisal
Jing Zhang (10) Yes Yes Yes Yes Yes Yes Yes Yes No Yes Include
Jie Hou (20) Yes Yes Yes Yes Yes Yes Yes Yes No Yes Include
Sheetal Brar (22) Yes Yes Yes Yes Yes Yes Yes Yes No Yes Include
Mengfei Hu (27) Yes Yes Yes Yes Yes Yes Yes Yes No Yes Include

Sensitivity analysis shows that regardless of which article is excluded,
the changes in the above results are stable, with no heterogeneity or
changes in the results.

3.4.3 CCT and corneal curvature

A total of eight studies (9, 10, 20, 22, 24-27) reported the results
of CCT, with an average increase of 72.68 pm in postoperative CCT
compared to preoperative CCT (WMD=72.68, 95% CI: [55.00,
90.36], =82%; p<0.00001, Figure 4A). Seven studies (9, 10, 20, 22,
24, 25, 27) reported the results of corneal curvature, with an average
increase of 4.18D in postoperative corneal curvature compared to
preoperative (WMD=4.18, 95% CL [3.65, 4.71], I’=8%;
p<0.00001,Figure 4B). Sensitivity analysis showed that regardless of
which article was excluded, the changes in CCT and corneal curvature
were stable, with no changes in heterogeneity or results.

3.44 HOAs and Q-value

Three studies (21, 22, 26) reported the results of Q-values, with a
difference of —0.82 between postoperative and preoperative Q-values,
indicating a relative tendency towards swelling (WMD =—0.82; 95%
CI: [-1.10, —0.53], ?=90%, p <0.00001, Figure 5A). Two studies (21,
22) reported the results of HOAs, with a difference of —0.55 between
postoperative and preoperative HOAs (WMD =—-0.55, 95% CI: —
[0.66, —0.45], P=0%, p<0.00001, Figure 5B). Sensitivity analysis
showed that regardless of which article was excluded, the changes in
Q-values and HOAs were stable, with no changes in heterogeneity
or results.

3.4.5 Corneal biomechanics

Two studies (9, 10) reported the results of corneal biomechanical
indicators, including IOPg, IOPcc, CH, and CRE. IOPg decreased by
2.25mmHg compared to that before surgery (WMD =—2.25; 95% CI:
[—3.50, —1.01]; "= 0%; p=0.0004, Figure 6A). There was no significant
difference in IOPcc compared to preoperative values (WMD =—0.88,
95% CIL: [—1.92, 0.15], *=0%; p=0.10, Figure 6B). CH increased by
1.02 compared to the preoperative value (WMD =1.02, 95% CI: [0.29,
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1.96], =40%, p=0.006, Figure 6C). There was no significant
difference in postoperative CFR compared to preoperative values
(WMD=0.02, 95% CI: [—1.03, 1.06], *=57%, p=0.97, Figure 6D).
Sensitivity analysis shows that regardless of which article is excluded,
heterogeneity and results will change.

3.4.6 Sensitivity analysis and publication bias

Publication bias was evaluated intuitively using a funnel plot of
postoperative changes in UDVA (Figure 7A), CDVA (Figure 7B), SE
(Figure 7C), and CCT (Figure 7D). We also conducted Egger
regression to quantitatively evaluate publication bias, and found that
p (UDVA)=0.54, p (CDVA)=0.81, p (SE)=0.49, and p (CCT)=0.31,
indicating that the funnel plot was symmetric, and there was no
publication bias in this study.

4 Discussion

This study included 10 studies with a total of 130 patients (190
eyes). The meta-analysis results showed that the postoperative UDVA
of corneal intrastromal lenticule implantation for hyperopia was
significantly increased. The proportion of postoperative CDVA that
reached or surpassed the preoperative CDVA was 87%. The proportion
of postoperative SE error within +£0.5D was 52%, and the proportion
of postoperative SE error within +0.1.0D was 74%. The above results
suggest that the application of corneal intrastromal lenticule
implantation to correct hyperopia can effectively improve the
refractive state of patients and achieve correction of refractive errors.
Although LASIK surgery can also achieve the effect of correct
hyperopia, significant refractive regression was observed in long-term
follow-up studies (28, 29). Studies by Zhang (10), Li (23), and Sheetal
(22) were followed up for 1year, 2years, and 3 years (1-7 years) after
surgery, all showing good refractive stability.

The difference in postoperative Q-value compared to the
preoperative Q-value was —0.82, which is directly related to the
implantation of corneal intrastromal lenticule, leading to a relative
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Test for overall effect: Z=12.19 (P < 0.00001)

FIGURE 2

postoperative CDVA (Snellen).
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(A) Forest plot showing the weighted mean difference of postoperative UDVA (logMAR) and preoperative UDVA (logMAR). (B) Forest plot showing the
weighted mean difference of postoperative CDVA (logMAR) and preoperative CDVA (logMAR). (C) Forest plot showing the risk difference of

tendency of the cornea to bulge. After surgery, HOAs decreased by
0.55 compared to before surgery. In theory, the smaller the eccentricity
of the optical region center, the lower the introduction of higher-order
aberrations (30). SMILE surgery is superior to LASIK in this regard
(31, 32). Different types of corneal refractive surgery can cause
changes in the Q-value (33). Currently, Q-value guided LASIK surgery
can be performed, and a large amount of clinical data has achieved
good results (34, 35). However, this issue needs to be addressed
further in the treatment of hyperopia with corneal intrastromal
lenticule implantation.

The average increase in postoperative CCT compared to
preoperative was 72.68 pm. After surgery, the corneal curvature
increased by an average of 4.18D compared to before surgery. Corneal
intrastromal lenticule implantation increases corneal thickness and
effectively preserves corneal stromal thickness, avoiding the risk of
corneal dilation (36). Postoperative corneal topography shows that the
central part of the cornea has become significantly convex, with
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increased curvature, which changes the refractive power of the central
part of the cornea and corrects hyperopia. At the same time, this new
surgical method for correcting hyperopia avoids the possibility of
passive formation of excessively high central curvature of the cornea
and does not lead to surgically induced KC. In addition, changing
corneal morphology through implantation is a reversible surgical
approach when there are other diseases that require feasible lenticule
removal surgery. In our meta-analysis, the results of the two included
studies were inconsistent, and convincing and consistent evidence
regarding corneal biomechanical indicators has not yet been found,
which deserves further validation through case-control studies.

The corneal stroma accounts for 90% of the corneal thickness,
which is crucial for ensuring the corneal transparency and refractive
function necessary for normal vision. Currently, scientific research on
corneal stroma mainly includes acellular or decellularized and
decellularized human or animal corneas and non-corneal tissues,
acellular bioengineered stromal scaffolds, tissue adhesives, 3D
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FIGURE 3
(A) Forest plot showing the weighted mean difference of postoperative SE and preoperative SE. (B) Forest plot showing the risk difference of
postoperative and expected refractive error within the range of +0.5D. (C) Forest plot showing the risk difference of postoperative and expected
refractive error within the range of +1.D

bioprinting, and stromal stem cell therapy (37, 38). As of 2022, the
global surgical volume of SMILE has exceeded 6 million cases,
generating a large number of corneal stromal lenses annually.
Currently, attempts have been made to apply corneal intrastromal
lenticule for the treatment of diseases such as hyperopia correction,
ulcerative keratitis, KC, and corneal dilation after LASIK; however,
they have not yet achieved widespread clinical application. When
using corneal intrastromal lenticule implantation to treat hyperopia,
the corneal stroma tissue implanted in the capsule has an ordered
arrangement of collagen fibers, with a lens diameter of 6.5mm,
without blood vessels or lymphatic tissue. The corneal stroma capsule
is in a sterile environment, and the donor corneal stroma is not in
contact with aqueous humor or tears. Therefore, the probability of
corneal graft rejection and corneal infection is very low. However, in
Brar’s study (22), four eyes experienced immune rejection, all of which
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were cryopreserved. The use of fresh corneal intrastromal lenticules
can also improve graft survival and reduce the rejection rate (39). At
present, research has achieved non-traditional cryopreservation of
corneal stromal lenses, improving their activity and meeting the needs
of corneal intrastromal lenticule implantation (40-42).

4.1 Study limitations

Through literature review and meta-analysis, we found that there
are few studies on the treatment of hyperopia with corneal intrastromal
lenticule implantation, and the research design has certain limitations.
The number of included research cases was small, and due to the
limited number of cases, it was not possible to perform subgroup
analysis of corneal intrastromal lenticule implantation surgery and

frontiersin.org


https://doi.org/10.3389/fmed.2024.1320235
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Wang et al. 10.3389/fmed.2024.1320235

A

Postoperative Preoperative Mean Difference Mean Difference
Study or Subgrou| Mean  SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Jie Hou 2022 607.14 3228 31 53852 3084 31 153%  68.62([52.90, 84.34) =
Jing Zhang 2021 556.59 36.91 24 52925 4125 24 137% 27.34[5.19, 49.49) I
Ling Sun 2016 616.2 36.27 5 560 35.86 5 82% 56.20(11.49,100.91] I
Mengfei Hu 2021 62917 41.41 12 53833 2212 12 125% 90.84 [64.28,117.40] =
Sheetal Brar 2022 62576 4169 42 55002 2968 42 154%  75.74([60.26,91.22) =
Shengtao Liu 2021 675.8 2587 14 5723 1288 14 154% 103.50[88.34, 118.66] =
Shengtao Liu 2022 689 71.91 5 5632 49.56 5 41% 125.80(49.25, 202.35) —
Yuehua Zhou 2015 612 KTAN TS 549 30 37 154%  63.00[47.65,78.39) =
Total (95% Cl) 170 170 100.0%  72.68 [55.00, 90.36] L 2

Heterogeneity: Tau®= 467.21; Chi*= 37.98, df=7 (P < 0.00001), = 82%

Testfor overall effect: Z= 8.06 (P < 0.00001) 200 =0 § e

Favours [Post-op] Favours [Pre-op)

B Postoperative Preoperative Mean Difference Mean Difference
Study or Subgroup _Mean _ SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Jie Hou 2022 46.75 2.61 31 4294 1.44 31 255% 3.81([2.76, 4.86] e
Jing Zhang 2021 4919 3.87 24 4319 437 24 5.1% 6.00[3.66, 8.34]
Ling Sun 2016 46.04 2.38 5 4098 0499 5 5.5% 5.06[2.80,7.32)
Mengfei Hu 2021 4786 3.25 12 429 1.92 12 6.1% 4.96[2.82,7.10]
Sheetal Brar 2022 47.48 2.02 42 4372 1.55 42 47.3% 3.76[2.99,64.53] -

Shengtao Liu 2022 49.64 216 5 4408 235 5 3.6% 5.56[2.76, 8.36)
Yuehua Zhou 2015 48.22 3.99 37 43.28 4382 37 6.9% 4.94[2.92, 6.96)

Total (95% CI) 156 156 100.0% 4.18[3.65,4.71] *
Heterogeneity: Chi*= 6.53, df= 6 (P=0.37); F=8%
Test for overall effect: Z=15.47 (P < 0.00001)

10 5 0 5 10
Favours [Post-op] Favours [Pre-op]

FIGURE 4
(A) Forest plot showing the weighted mean difference of postoperative CCT and preoperative CCT. (B) Forest plot showing the weighted mean
difference of postoperative corneal curvature and preoperative corneal curvature.
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FIGURE 5
(A) Forest plot showing the weighted mean difference of postoperative Q-values and preoperative Q-values. (B) Forest plot showing the weighted
mean difference of postoperative HOAs and preoperative HOAs.
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FIGURE 6
(A) Forest plot showing the weighted mean difference of postoperative IOPg and preoperative IOPg. (B) Forest plot showing the weighted mean
difference of postoperative IOPcc and preoperative IOPcc. (C) Forest plot showing the weighted mean difference of postoperative CH and
preoperative CH. (D) Forest plot showing the weighted mean difference of postoperative CRF and preoperative CRF.

in future clinical studies to address this issue, providing more sufficient
evidence for the safety and effectiveness of corneal intrastromal
lenticule implantation in the treatment of hyperopia.

5 Conclusion

Corneal intrastromal lenticule implantation surgery can effectively
improve the refractive state of patients with hyperopia, improve their
vision, and reduce the risk of postoperative corneal dilation and
keratoconus caused by corneal refractive surgery, achieving the
reversibility of corneal refractive surgery.
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Anterior capsular contraction syndrome (ACCS) is a challenging complication
that can occur following phacoemulsification cataract surgery. Characterized
by capsular bag wrinkling, intraocular lens (IOL) decentration and tilt, ACCS can
have negative effects on visual outcomes and patient satisfaction. This review
aims to investigate the pathogenesis, clinical course, influencing factors, and
intervention approaches for ACCS after cataract surgery. By understanding
the underlying mechanisms and identifying factors that contribute to ACCS,
surgeons can enhance their ability to predict and manage this complication.
Various intervention strategies are discussed, highlighting their importance in
reducing complications and improving surgical outcomes. However, further
research is needed to determine optimal prevention and management strategies
through long-term follow-up and comparative analyses. Advancements in this
field will ultimately lead to improved visual outcomes and optimized cataract
surgery for patients.
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1 Introduction

In modern cataract surgery techniques, phacoemulsification has become the preferred
method for lens extraction (1, 2). However, as these techniques have been widely applied, it
has been increasingly recognized that there are some less common postoperative complications
(3). Anterior capsular contraction syndrome (ACCS), characterized by capsular wrinkling,
fibrosis leading to reduced equatorial diameter of the capsular bag, intraocular lens (IOL)
decentration and tilt, was initially named by Davison (4). The ACCS will have a negative
impact on the patient’s vision and visual quality. In severe cases, it may also lead to IOL
dislocation (5-7). As a result, research on the factors influencing ACCS and intervention
measures has become the foundation for ensuring postoperative visual quality stability in
patients, especially for high myopia, retinitis pigmentosa (RP), and other high-risk patients.
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Therefore, this article provides a comprehensive review of the research
progress, influencing factors, and intervention measures for ACCS
following cataract surgery (Table 1).

2 Pathogenesis of ACCS

The pathogenesis of ACCS is not fully understood but can
be primarily categorized into two aspects: cellular and mechanical.

The cellular pathogenesis involves various factors such as trauma
during cataract surgery, inflammatory response following IOL
implantation, disruption of the blood-aqueous barrier and blood-
retinal barrier, and stimulation from IOLs. These factors can stimulate
residual lens epithelial cells (LECs) present at the capsulorhexis
opening, leading to the production of excessive ECM, mainly collagen
fibers (8). The proliferation and transdifferentiation of LECs ultimately
result in ACCS, posterior capsule opacity (PCO), and other
complications. In this process, the involvement of various cytokines
has been confirmed, including interleukin (IL), transforming growth
factor-beta (TGF-p), and alpha-smooth muscle actin (a-SMA) (9, 10).
For instance, the inability of TGF-p2 in the aqueous humor to inhibit
LECs activity and induce apoptosis due to the obstruction of aqueous
humor circulation caused by IOL implantation leads to LECs
proliferation (11, 12).

As for mechanical studies, it has been indicated that the decrease
or enlargement of the capsulorhexis area is associated with the
resultant centrifugal force from the contraction of normal lens fibers
and the resultant centripetal force from the contraction of lens fibers
at the edge of the capsulorhexis area (13, 14). Therefore, ACCS occurs
in patients with weaken zonules because of the imbalance between the
centrifugal force generated by the contraction of zonules and the

TABLE 1 Influencing factors for ACCS in this review.
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centripetal force generated by the contraction of lens fibers at the edge
of the capsulorhexis area. This supports the application of capsular
tension ring (CTR) for intervening ACCS (14, 15). Wang et al. (16)
suggested that the mechanism by which Neodymium:YAG (Nd:YAG)
anterior capsulotomy prevents further deterioration of ACCS may
be related to the relaxation of stress on the anterior capsule following
continuous curvilinear capsulorhexis (CCC). The biomechanical
mechanisms of ACCS need to be given sufficient attention in
future researches.

3 Incidence and course of ACCS

Early studies have shown that the incidence of ACCS ranges from
1.4% to 14.0%, with most cases occurring within 3 to 30 weeks after
surgery. After 3months, the contraction of the capsular bag slows
down and tends to stabilize (4, 17). However, with recent in-depth
studies, we have found that the course of ACCS can develop in the
weeks to years following surgery and in high-risk patients such as those
with pseudoexfoliation (PEX), high myopia, and RP, the incidence of
ACCS may increase to 10% to 30% or more (18, 19). Furthermore, a
comprehensive population study with a 30years follow-up indicates
that late in-the-bag IOL dislocation can occur after cataract surgery,
ranging from 6 months to 25 years or even longer, and it is associated
with zonular dehiscence and capsular bag contraction (20, 21).

However, not all cases of ACCS will necessarily result in IOL
dislocation. The progression of ACCS can be divided into multiple stages
(4,7). In the early stage (approximately less than 1 month) of ACCS, the
patient exhibits fibrosis of the capsulorhexis edge, along with mild
thickening and opacification of the anterior capsule. Wrinkling of the
capsular bag is observed, resulting in a slight reduction in the area of

Risk factors Prevention factors

CCC factor

Oversized or undersized capsulorhexis area diameter

Suitable capsulorhexis area diameter

IOL factors Hydrophilic material

Hydrophobic material

Single-piece design

“Peak-like” shape edge design

C-Loop haptic

Plate haptic

Hinge-based accommodative IOL

More haptics IOL

Diseases factors High myopia

RP

Uveitis

PEX syndrome

No Relevant Diseases

Diabetes

Dystrophia myotonica

Intervention factors No Intervention Conducted

Anterior capsule polishing

Implantation of CTR

IOL modification

Anti-inflammatory medications

Prophylactic laser anterior capsulotomy

Other factors Advanced age

ACCS, anterior capsular contraction syndrome; CCC, continuous curvilinear capsulorhexis; IOL, intraocular lens; RP, retinitis pigmentosa; PEX, pseudoexfoliation; CTR, capsular tension ring.
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CCC. Visual acuity and contrast sensitivity remain unaffected, and the
patient does not experience significant glare symptoms. With the
continuous progression of capsular bag contraction, the area of CCC
significantly decreases. The degree of contraction varies in different
quadrants, with the opening tending to shrink more rapidly in the
corresponding quadrants. This leads to a slight displacement of IOL. At
this point, due to the change in the position of IOL, there is a change in
refractive status. Research has shown that when the decentration of the
IOL exceeds 1.0 mm or the tilt angle is greater than 5 degrees, it will have
an impact on vision (22, 23). Additionally, the contraction of the capsule
causes wrinkling of the posterior capsule, resulting in the Maddox rod
effect, which can induce glare. As time passes, the area of the anterior
capsular opening continues to decrease due to the contraction of the
capsular bag, leading to compression on the haptics, causing them to
bend and resulting in more significant eccentricity and displacement
(24). Finally, when the zonules are unable to withstand the contraction
of the capsular bag, it can result in zonular dehiscence and dislocation of
the IOLs. Based on the patient’s corrected distance visual acuity, fibrotic
tissue appearance, and residual anterior chamber opening, previous
researchers have clinically graded the ACCS (Table 2) (23). With the
continuous advancement in research on ACCS, early intervention for
high-risk patients has led to a reduction in the number of severe ACCS
cases. Future studies should focus on determining the precise timing of
capsular contraction, in order to better determine the appropriate
follow-up schedule.

4 Influencing factors for ACCS
4.1 Impact of CCC on ACCS

The direction of changes in the capsulorhexis area diameter is
directly related to the size due to the forces generated during fibrosis
contraction (14). An appropriately sized CCC maintains the opening
area of the anterior capsule during postoperative capsular fibrosis,
ensuring a stable position of the IOL within the capsular bag and
preventing PCO (25, 26). Through the comparison of openings with
different capsulorhexis diameters, Joo et al. (24) propose that a CCC
larger than 5.5mm exhibits an increasing trend in the subsequent
changes of the opening area of the anterior capsule, while a CCC
smaller than 5.0 mm results in a gradual reduction in the opening area

TABLE 2 Classification of anterior capsular contraction syndrome.
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of the anterior capsule. When the CCC is too small or off-center,
postoperative wrinkling and contraction of the capsular bag can lead
to a decrease in the opening area of the anterior capsule and even the
occurrence of IOL decentration (24). However, the capsulorhexis area
larger than 6.5 mm can damage the attachment point of the zonules,
reducing the safety of the surgical procedure and causing zonular
laxity. Therefore, when implanting an IOL with an optic diameter of
6.0 mm, the capsulorhexis area diameter should be in the range of 5.5
to 6.0mm. Our team also recommends performing such diameter for
highly myopic patients (27). In order to reduce the incidence of ACCS
in patients at high risk of capsular contraction, it is essential to
conduct further research to determine the optimal capsulorhexis size.

4.2 Impact of IOL characteristics on ACCS

4.2.1 Optic of IOL

It has been observed that IOL optic materials have a significant
impact on this condition among the controllable factors (28). The
materials of optic can also be classified based on their chemical
properties, such as silicone gel, hydrogel polymethyl-methacrylate
(PMMA) and acrylate acid. Several previous studies have consistently
reported that the extent of ACCS is greater after implantation of
silicone or hydrogel IOLs compared to PMMA or acrylic IOLs (28, 29).
However, currently, acrylic IOLs are the most commonly used in
clinical practice, with PMMA IOLs being almost obsolete.
Furthermore, in terms of the acrylic IOLs’ reaction to water, IOLs can
also be categorized into hydrophilic and hydrophobic materials. Chen
et al. (30) conducted a large-scale meta-analysis which showed that
greater ACCS occurred in hydrophilic IOL groups compared to
hydrophobic IOL groups at postoperative 1 month, 3 months, 6 months,
and 1year, which is consistent with most studies (31). The findings may
be explained by the adhesion of optic materials to the capsule. During
the early stages following implantation, the superior biocompatibility
of hydrophobic IOLs enables them to securely adhere to the capsule,
limiting space for LECs proliferation and ECM synthesis. Consequently,
this reduces fibrosis and contraction of the anterior capsule (32). In
order to improve the biocompatibility of optic, scientists have started
to modify IOLs and have achieved promising results (33). In the future,
it will be necessary to further compare the impact of different materials
on ACCS and develop new types of IOL materials.

Grade?® Residual AC  Fibrotic tissue IOL status Refractive Visual symptoms
opening (mm) appearance changes
Dense white fibrosis ring at None to mild night glare,
I <4.0 Haptic deformation None to minimal
capsulotomy edge light sensitivity
IOL tilt <10° or IOL
SE change >0.5 D/internal
I <3.0 Fibrosis ring visible in pupil margin | decentration <1.0mm Zonule Decrease in CDVA <2 lines
astigmatism
stress
IOL tilt >10° or IOL
Fibrosis ring in central visual zone Internal astigmatism, Decrease in CDVA >2 lines
I <2.0 decentration >1.0 mm IOL optic
(2.0mm), possibly asymmetric HOAs image distortion
deformation
IOL surface covered by dense white | Loosening of capsular bag or
v <1.0 Refraction not measurable | Decrease in CDVA >3 lines
phimosis material ciliary body detachment

AC, anterior capsule; CDVA, corrected distance visual acuity; HOAs, higher order aberrations; IOL, intraocular lens; SE, spherical equivalent.*From this table, 3 of 5 columns must be fulfilled

to be graded I'to IV.
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The optical edge of the IOL includes sharp-edged and round-
edged. In recent years, extensive research on PCO has confirmed that
square-edged designed IOLs can inhibit the growth of LECs from the
peripheral capsular bag towards the visual axis, thereby preventing
posterior capsule opacification (34). However, the impact of such IOLs
on ACCS remains unclear. Recent research has revealed that an
anterior edge design with a “peak-like” shape is more effective than a
flat design in preventing the spread of LECs towards the edge of the
anterior capsule opening. It helps to maintain the morphology of the
anterior capsule opening during the early stages after surgery (35).
Additionally, a few studies have indicated that certain factors, such as
single-piece design or IOLs with thin optics, may increase the risk of
capsule contraction (32, 36). However, research on the optic design is
still far from sufficient, and further in-depth studies are needed to
understand its impact on ACCS.

4.2.2 Haptic of IOL

The haptic component of a IOL plays a crucial role in the
interaction with the capsular bag. Regarding the materials commonly
used for IOL haptics, including PMMA, polyvinylidene fluoride
(PVDEF), and acrylate, current studies have indicated that the material
of IOL haptics does not have a significant impact on capsule
contraction (6, 37). Some studies have compared an IOL with a
PMMA haptic and a hydrophobic acrylic optic (Hoya YA60BBR;
Hoya, Tokyo, Japan) to other commonly used IOLs. Although no
statistically significant differences were found, it was observed that the
ACCS of this type of IOL was less than others at 3months
postoperatively. Additional researches are required to explore the IOLs
that effectively minimize ACCS.

In contrast to the optic, the haptic of the IOL has a greater
mechanical influence on the capsulorrhexis area through direct
interaction with the capsular bag (38). As the lens capsule is
surrounded by the zonule system, an imbalance of forces can occur
due to unmatched number, position, and shape of the haptics (35). For
instance, plate haptic IOLs are known to exhibit more pronounced
ACCS due to less capsule dilation caused by the centrifugal haptics
(38). Moreover, the number and arrangement of haptics may interact
with the capsule in a more complex manner. Studies have indicated
that IOLs with four haptics can provide more precise fixation within
the capsule, resulting in a larger contact area and more stable
capsulorhexis margins (39). Choi et al. (38) suggested that to prevent
ACCS, it is essential that the haptics uniformly support the zonule. For
hinge-based accommodative IOLs, the presence of a hinge makes it
more susceptible to the effects of ACCS, which can impact surgical
outcomes (40). However, there is currently a lack of research on
whether the presence of a hinge can trigger ACCS. Exploring effective
haptic designs that minimize ACCS remains a critical area for
additional research and study.

4.3 Impact of ocular and systemic diseases
on ACCS

4.3.1 High myopia

High myopia, defined by a refractive error exceeding —6.0
diopters (D) or an axial length (AL) greater than 26 mm, is more
common in Asian populations (27). According to our research based
on a large sample of over 4000 cataract patients, the incidence of
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ACCS in highly myopic cataract patients was reported to be 2.1%,
which is significantly higher compared to the incidence rate of 0.15%
to 0.86% observed in the general population with age-related cataracts
(41). Tehrani et al. (42) proposed that the degree of capsular
contraction is positively correlated with AL, based on their
measurements of eye axis and postoperative capsular bag diameters in
58 patients within 6 months after surgery. This implies that as the AL
increases, the degree of capsular contraction also increases. As the
axial length of the eye increases, there can be elongation and
weakening of the zonular processes. This can be attributed to the
imbalance between the size of the lens and the size of the eyeball (15).
Additionally, the heightened levels of growth factors and
proinflammatory status in highly myopic eyes are believed to play a
role in the proliferation of LECs, leading to the development of ACCS
(43). Our team identified elevated levels of TGF-B2 in the aqueous
humor and upregulated expression of TGF-BRII (the type II receptor
for TGF-P2) in LECs in highly myopic cataract patients, particularly
in those with dark nuclei. This finding suggests that the severity of
ACCS may be related to the severity of cataracts (27). Both
inflammation and zonular weakness have a combined impact on the
development of ACCS in highly myopic patients. In more severe cases,
as Jeon and Kim reported, the incidence of IOL dislocation in highly
myopic patients was significantly greater compared to the general
patient population (44). Therefore, in Chinese patients, high myopia
is the most common risk factor for in-the-bag IOL dislocation (45).
Hence, in clinical practice, for highly myopic patients, it is advisable
to select IOLs with milder capsular contraction and implement
appropriate intervention measures to prevent the occurrence of severe
ACCS and even IOL dislocation (Figure 1).

4.3.2 Retinitis pigmentosa

The association between ACCS and RP was initially reported by
Hayashi et al. (46). On the one hand, in patients with RP, zonular
weakness has been documented and is associated with the imbalance
between the outward zonular force and inward force caused by
capsular fibrosis at the capsulorrhexis margin (47). The degeneration
of zonule might be caused by a lipid peroxidative mechanism (48,
49). Researches have also demonstrated that degeneration of
photoreceptors can lead to an upregulation of pro-inflammatory

FIGURE 1
Anterior segment photograph of anterior capsular contraction
syndrome in a high myopia patient.
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cytokines and chemokines, resulting in the development of a chronic
inflammatory state in patients with RP (50). RP was also reported to
be one of the predisposing factors of late spontaneous IOL-capsular
bag complex dislocation (49, 51). On the other hand, recently,
numerous studies have confirmed the role of inflammatory response
and cytokines, such as platelet-derived growth factor AA (PDGF-
AA), matrix metalloproteinase-2 (MMP-2), MMP3, MMP-7 and
MMP-8, in the development of ACCS following cataract surgery in
RP patients (52, 53). That may reveal the pathogenesis of ACCS in
RP patients. Additionally, the liquefaction of the vitreous may lead
to postoperative insufficient support of the capsular bag, which
could potentially become one of the reasons for IOL dislocation
(53). Further works are required to determine the conclusive
evidence of the pathogenesis to identify targeted and effective
therapeutics, and specific prevention to limit the occurrence of
surgical complication (Figure 2).

4.3.3 Uveitis

Uveitis is a prevalent ocular condition characterized by
inflammatory processes that cause structural and functional damage
to both the anterior and posterior segments of the eye (54). In the past,
cataract surgery was not recommended for patients with intraocular
inflammation due to the higher risk of complications after the
procedure (55). In uveitis cases, it is possible for inflammation to
extend to the pars plicata, leading to zonular instability. The
inflammation of the ciliary body can exacerbate the destabilization of
the zonules at their insertion sites. This is related to the adherence of
white blood cells or fibrin on the surface of the ciliary body (56).
Moreover, patients with uveitis not only experience inflammation
associated with the condition itself but also in relation to the cataract
surgery procedure. The presence of inflammatory factors stimulates
LECs to secrete an increased amount of growth factors, which
promotes fibrotic growth of the capsular bag. This ultimately increases
the risk of early occurrence of ACCS (54). In the study conducted by
Chen et al. (57), it was found that the active inflammation tends to
subside by 3 months, while the restoration of blood-aqueous barrier
function may require a longer period of time. In order to minimize
the occurrence of postoperative ACCS, it is of utmost importance to
adequately control inflammation prior to surgery, ensure meticulous
surgical technique, and enhance anti-inflammatory measures during

FIGURE 2
Anterior segment photograph of anterior capsular contraction
syndrome in a retinitis pigmentosa patient.
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the postoperative period (58, 59). Nevertheless, uveitis is a broad
classification, and further research is needed to understand the impact
of different types of uveitis on ACCS (Figures 3, 4).

4.3.4 PEX syndrome

PEX is a disorder of the ECM that is associated with aging and can
result in various ocular complications (60). The prevalence of PEX
shows significant variation based on geographic location and ethnicity.
Studies examining specific populations have revealed a higher
occurrence (ranging from 25% to 30%) in certain ethnic groups,
including northern Scandinavians, Saudi Arabians, and Navajo
Indians (61, 62). Previous studies have indicated that the accumulation
of PEX material causes mechanical weakening of the zonule and
disrupts their attachment to the ciliary epithelial basement membrane,
both at their origins and insertions. Moreover, PEX eyes demonstrate
heightened elastinolysis, resulting in enzymatic degradation of the
zonules and increased fragility (63). Ruotsalainen and Tarkkanen (64)
conducted a study and concluded that the elevated rate of
complications observed in eyes with PEX could be attributed to the
presence of relatively fragile zonules commonly found in PEX cases.
Furthermore, it has been reported that PEX can compromise the
integrity of the blood-aqueous barrier (65, 66), leading to the
increased release of inflammatory cytokines and ECM material into
the anterior chamber. This can further contribute to the occurrence of
ACCS. Additionally, PEX is the most common underlying condition
for spontaneous in-the-bag IOL dislocation (19). It is currently
believed that implanting a CTR or postoperative use of nonsteroidal
anti-inflammatory drugs (NSAIDs) can be effective in reducing
postoperative ACCS in patients with PEX (62, 67, 68). Currently,
many substances have been found to be possibly associated with PEX
and ACCS. Identifying and potentially distinguishing factors involved
in the complex pathophysiological steps corresponding to LEC stress
response remains a priority, which may help prevent the occurrence
of these two complications.

4.3.5 Diabetes

Takamura et al. (69) found that diabetes mellitus serves as a
systemic risk factor for capsule contraction, especially in the presence
of diabetic retinopathy (DR), when comparing the ACO area with
nonproliferative DR, those without DR, and those without
DM. Further, the intensity of aqueous flare in diabetic patients 1 week
after surgery was significantly correlated with the severity of ACCS
postoperatively. On the other hand, researchers have demonstrated
through immunohistochemical analysis that LECs in diabetic eyes
exhibit higher levels of IL-1 and TGF-p activities compared to normal
eyes. Diabetic eyes show a stronger proliferation of LECs compared to
normal eyes (9). The glycemic control could potentially impact the
severity of postoperative ACCS. However, despite a case report (70),
there is currently a lack of research investigating the relationship
between patients’ blood glucose or glycated hemoglobin levels and the
severity of ACCS.

As for intervention for ACCS in diabetic patients, preventing
anterior inflammation may play a critical role in inhibiting the
development of postoperative ACCS. NSAIDs have been demonstrated
to inhibit the synthesis of prostaglandins, suppressing anterior
inflammation (69). Recently, Baldysiak-Figiel et al. (71) have
discovered that octreotide exhibits the capacity to decrease
proliferative responses of LECs and effectively inhibits cell

frontiersin.org


https://doi.org/10.3389/fmed.2024.1366576
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Linetal.

FIGURE 3
Anterior segment photograph of anterior capsular contraction
syndrome in a chronic iridocyclitis patient.

FIGURE 4
Anterior segment photograph of anterior capsular contraction
syndrome in a traumatic sympathetic ophthalmia patient.

proliferation induced by growth factors. This suggests that octreotide
shows potential as a medication for preventing growth factor-related
proliferative complications, including PCO and ACCS, in diabetic
patients undergoing cataract surgery.

4.3.6 Dystrophia myotonica

Dystrophia myotonica, an autosomal dominant disease, is caused
by a mutation in the dystrophia myotonica protein kinase gene. It has
been found to have a higher prevalence in European regions
compared to non-European regions, and it was observed to be rare
in East Asia and sub-Saharan Africa (72). Some researchers proposed
that in dystrophia myotonica, the atrophy of the ciliary body may
lead to an imbalance of forces, specifically an unopposed centripetal
force at the margin of the capsulorhexis (73). It is possible that LECs
in individuals with dystrophia myotonica have a higher tendency to
undergo an exaggerated fibroblastic, proliferative response after
cataract surgery, leading to increased contractility following
metaplasia to myofibroblasts. Genetic examinations of LECs in
dystrophia myotonica patients have revealed the presence of the
dystrophia myotonica-protein kinase (DMPK) gene mutation in
these cells (74). However, there is only a few research in this area and
more studies are needed to gain further insights.
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4.3.7 Other disease factors

In clinical practice, in addition to the aforementioned conditions,
other diseases have been reported to be associated with ACCS, such
as chronic angle-closure glaucoma (75, 76), Marfan syndrome (77)
and those following full-thickness penetrating keratoplasty (78). These
may also be associated with weakened zonules or inflammatory
responses. However, currently, there is a lack of research revealing the
correlation between these diseases and ACCS. It is anticipated that
more studies in these fields will be conducted in the future to shed
light on these associations.

4.4 Other influencing factors

Many studies have indicated that advanced age (>80years old) is
a risk factor for ACCS after cataract surgery, possibly due to the
increased fragility of zonules in elderly individuals (4, 20). This
suggests that the older the patient, the more important it is to
implement appropriate interventions. Recent study has indicated that
in congenital cataract patients who undergo surgery at a younger age,
there is a significantly increased level of proinflammatory cytokines in
the aqueous humor postoperatively. However, there is no statistically
significant correlation between these cytokine levels and postoperative
capsular contraction (10). Further research could explore the
relationship between age and the incidence of ACCS, but it is essential
to consider the differences in the etiology of cataract patients across
different age groups.

5 Interventions for ACCS
5.1 Intraoperative intervention methods

5.1.1 Anterior capsule polishing

Reducing the number of LECs can be considered as one of the
intervention methods for postoperative ACCS. Currently, several
approaches are being employed in clinical practice to clear LECs,
including the use of antimetabolic drug mitomycin (79), drug-loaded
delivery systems (80), and physical treatments (81) such as heating or
cryotherapy. However, each of these approaches has its limitations.

In contrast, anterior capsule polishing is considered most widely
used method (82-84). The ultrasound irrigation and aspiration tip has
been identified as the most effective instrument for mechanical
polishing (85). Numerous studies have demonstrated that the
aspiration of LECs from the anterior lens capsule is a beneficial
approach in preserving the size of a capsulorhexis, subsequently
serving as a preventive measure against ACCS (83, 86, 87). The study
by Zhao et al. (88) compared a group of cataract patients in which
anterior capsule polishing was performed in one eye and not in the
other. They successfully demonstrated that this approach reduces the
severity of anterior capsule contraction and enhances the stability of
IOLs in highly myopic patients. However, the efficacy of anterior
capsule polishing during phacoemulsification surgery continues to
be a topic of debate and controversy (89). Also, as the cataract becomes
more mature, the zonule become increasingly delicate (90), eventually
leading to the IOL dislocation, a condition in which the aspiration of
anterior epithelial cells can become remarkably challenging or even
unfeasible. Thus, for patients at high risk of ACCS, a thorough
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examination of the zonular condition is essential before considering
anterior capsule polishing. Combining anterior capsule polishing with
CTR implantation may be a safer approach.

5.1.2 Implantation of CTR

The implantation of CTRs provides centrifugal force to
redistribute forces between existing zonules, preventing force
concentration and protecting fragile areas. This effectively prevents
significant capsular bag shrinkage in eyes with or without zonular
weakness. This preservation plays a crucial role in preventing
substantial decentration and tilt of the IOL, as well as the occurrence
of severe ACCS. This helps to maintain the effective position and
stability of the IOL, improve higher-order aberrations, and enhance
visual quality (91). Therefore, we recommend the intraoperative
implantation of CTR for cataract patients who have risk factors, as a
preventive measure against postoperative ACCS (30, 92). For instance,
a retrospective study conducted on patients undergoing cataract
surgery with RP revealed that the incidence of ACCS was lower in
those who received CTR implantation compared to those without
CTR (93). In a 3 months follow-up study of 20 highly myopic patients
with axial length exceeding 28 mm, Yang et al. (94) found that those
who received CTR implantation had lager ACO area and less
pronounced IOL tilt compared to those without CTR implantation.
However, even with the implantation of a CTR, complete prevention
of IOL dislocation may not be guaranteed (95). Interestingly, although
there is limited similar research, Vanags et al. (96) compared the effect
of a basic (11 or 12mm) or Cionni (12mm) CTR on ACCS. They
observed differences in the effects at 1 month after the surgery, with
the larger diameter CTR demonstrating better intervention outcomes.
Looking ahead, further research into CTRs is expected to shed light
on their optimal use and effectiveness in preventing ACCS and IOL
dislocation. Moreover, in recent years, several modified CTR designs
have emerged, awaiting further investigation and study.

5.1.3 IOL modification

The biocompatibility of IOL is a crucial aspect in minimizing
postoperative inflammation. In the past, IOL modification, especially
the utilization of heparin-surface-modified (HSM) IOLs, has been
widely employed for several years to enhance their biocompatibility.
The application of heparin surface modification technology was
initially introduced to PMMA lenses in the early 1990s, and it has
demonstrated notable benefits in reducing inflammation (97). It can
effectively mitigate the breakdown of the blood-aqueous barrier and
diminish the foreign body response and imparts a negative charge to
the surface of IOLs, thereby reducing the associated complications
(98). In studies conducted by Krall et al., the inflammation levels of
HSM hydrophobic acrylic IOLs were compared to un-coated acrylic
IOLs. The findings revealed that in the early postoperative stage, the
HSM IOL group exhibited lower inflammation levels compared to the
un-coated IOL group. However, Maedel et al. (99) found that the
heparin surface modification had no impact on postoperative ACCS
when implanting hydrophobic acrylic IOLs. Furthermore, Tan et al.
(100) conducted a new synthesis of a hydrophilic copolymer, and the
resulting modified IOL demonstrated a significant reduction in
postoperative inflammation and ACO. We can anticipate the
development of more modified materials that can be used to
prevent ACCS.
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5.2 Postoperative intervention methods

5.2.1 Anti-inflammatory medications

Inflammatory response is a significant factor that influences
capsular contraction. Therefore, it is crucial to administer anti-
inflammatory treatment before and after the surgery to high-risk
patients with significant inflammatory reactions (101). Researchers
have found that both NSAIDs and corticosteroids are effective in
preventing ACCS in rabbit eyes (102). On the other hand, both
corticosteroids and NSAIDs are associated with noticeable side effects
when used long-term, which necessitates caution, particularly in
patients such as PEX, RP, and uveitis (103). However, there is currently
limited research on the use of anti-inflammatory drugs for preventing
ACCS. Further studies are needed to explore this area in depth.

5.2.2 Laser anterior capsulotomy

To prevent the occurrence of ACCS, Davison first proposed
performing Nd:YAG laser anterior capsulotomy 2-3weeks after
cataract surgery (4). For patients with mild cases of ACCS, it is a
simple non-surgical treatment option. Nd:YAG laser primarily works
through the ionization effect, generating plasma within the target
tissue. It utilizes the shockwave produced by the resulting explosion
to disrupt and disintegrate the tissue. This makes it an ideal
non-surgical choice for treating ACCS (104). Hayashi et al. (105)
analyzed the anterior capsulotomy area before and after Nd:YAG laser
capsulotomy in 32 eyes, and found that contrast sensitivity at most
visual angles significantly improved following the procedure. The way
of laser incision needs to be adjusted based on the degree of wrinkling
in the anterior capsule. In the early stages of capsular contraction,
before any visual impairment occurs, incisions can be made near the
area of contraction. When the size of the anterior opening is smaller
than the size of the pupil and accompanied by fibrotic proliferation of
the anterior capsule, a radial Nd:YAG laser capsulotomy should
be performed in all four quadrants. Interestingly, Hayashi et al. (106)
compared the effects of different numbers of incisions and found that
three relaxing incisions made in the anterior capsule decrease anterior
capsule contraction, whereas two incisions do not. Further, it is
reported that more than four incisions without extending beyond the
IOL optic edge are needed to prevent free-floating remnants from
dropping into the anterior chamber, impacting the sight during
reading (107). Regarding the capsulotomy method, radial incision is
currently the most widely used. Elmohamady et al. (108) found that
circular Nd:YAG anterior capsulotomy is considered more effective
and safe than radial capsulotomy in a 1 year follow-up study. However,
it is important to note that capsular contraction or Nd:YAG laser
anterior capsulotomy carries the risk of zonular breakage or
weakening. Furthermore, anterior capsulotomy alone cannot halt the
progression of intrinsic zonular weakness (109, 110). Complications
such as hyphema, inflammation, and elevated intraocular pressure can
occur as secondary effects of Nd:YAG laser anterior capsulotomy
(111). With the advancement of technology, the utilization of
femtosecond laser technology in cataract surgery has allowed for a less
invasive and safer approach, minimizing injury to the zonules. This
technique has been widely adopted to effectively and safely enlarge the
capsulorhexis (112). Further research is needed to investigate whether
a femtosecond laser can offer advantages over existing treatment
methods in intervening ACCS (Figure 5).
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FIGURE 5

capsulotomy.

Anterior segment photographs in a patient with capsular contraction syndrome before (left) and after (right) Neodymium:YAG laser anterior

FIGURE 6

Anterior segment photographs in a patient with capsular contraction syndrome before (left) and after (right) capsular bag relaxation surgery.

5.2.3 Surgical methods for intervention in ACCS
For patients with severe ACCS, the presence of densely
hyperplastic fibers that cannot be disrupted by laser treatment poses
a challenge. Moreover, the large fragments of fibrous membrane that
result from the disruption of hyperplastic fibers may not be absorbed
spontaneously. In these cases capsular bag relaxation surgery (CBRS)
emerges as a suitable alternative (113). The CBRS procedure in this
study involved two techniques: actinoid relaxing incision and
secondary CCC, the latter is mainly used for cases where the anterior
capsular opening is approaching closure. The traditional method
mainly use capsulorhexis forceps, whereas Yeh et al. (114) proposed
using a vitrector handpiece to achieve a more circular opening, albeit
at the cost of increased time consumption. However, it is worth noting
that this method may have drawbacks when dealing with poor zonular
function, as it can potentially cause zonule damage and result in IOL
deviation (40). Additionally, for patients with severe conditions such
as IOL dislocation, anterior capsule release may be not effective. In
such cases, procedures such as IOL suspension or ciliary sulcus suture
fixation may be necessary to restore good visual acuity for the patient
(115). Importantly, it should be clear that thorough preoperative
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assessment and proactive postoperative prevention are essential. These
are far more important than surgical treatment (Figure 6).

6 Conclusion

In conclusion, ACCS remains a challenging complication in
cataract surgery, affecting both the visual outcomes and patient
satisfaction. Important factors influencing capsular contraction
include surgical techniques, choice of IOL, intraocular
inflammation and various diseases. Interventions include
avoiding excessive manipulation of intraocular tissues, utilizing
IOLs with good biocompatibility, managing intraocular
inflammation appropriately, and regular follow-up with prompt
management of early capsular contraction. These interventions
are vital in reducing surgical complications and improving
surgical outcomes. Future studies should focus on long-term
follow-up and comparative analyses to determine the most
successful interventions for

preventing and managing

ACCS. Ultimately, with continued research and advancements,
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we can strive towards minimizing the occurrence of this syndrome
and optimizing visual results for cataract surgery patients.
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Childhood blindness is an issue of global health impact, affecting approximately
2 million children worldwide. Vision 2020 and the United Nations Sustainable
Development Goals previously identified childhood blindness as a key issue
in the twentieth century, and while public health measures are underway,
the precise etiologies and management require ongoing investigation and
care, particularly within resource-limited settings such as sub-Saharan Africa.
We systematically reviewed the literature on childhood blindness in West Africa
to identify the anatomic classification and etiologies, particularly those causes
of childhood blindness with systemic health implications. Treatable causes
included cataract, refractive error, and corneal disease. Systemic etiologies
identified included measles, rubella, vitamin A deficiency, and Ebola virus disease.
While prior public health measures including vitamin A supplementation and
vaccination programs have been deployed in most countries with reported data,
multiple studies reported preventable or reversible etiologies of blindness and
vision impairment. Ongoing research is necessary to standardize reporting for
anatomies and/or etiologies of childhood blindness to determine the necessity
of further development and implementation of public health measures that
would ameliorate childhood blindness and vision impairment.

KEYWORDS

childhood blindness, severe vision impairment, measles, vitamin A deficiency, West
Africa, refractive error, Ebola, childhood vision impairment

1 Introduction

Childhood vision health, which includes both the prevention and treatment of ophthalmic
disease, remains a key global health initiative related to the United Nations Sustainable
Development Goals and in the International Agency for the Prevention of Blindness (IAPB)
Vision 2020 plan (1). The recent “2030 in Sight” strategy document published by the IAPB has
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reinforced childhood vision initiatives including the goal of eye health
programs in every school by 2030 (2).

The magnitude of childhood blindness is profound, with an
estimated 2 million blind children worldwide (3). Blind children also
have a higher mortality rate compared to sighted children, given
systemic risk factors including measles and vitamin A deficiency that
can be associated with mortality and childhood blindness (4).
Moreover, the number of blind children living in developing countries
within sub-Saharan Africa is disproportionately high. This disparity
is due to a combination of factors including supply chain challenges,
limited health infrastructure, access to trained subspecialists, and
cultural and social factors that may change healthcare-seeking
behavior (5). Immunization and nutritional supplementation, which
are critical to childhood vision health, for conditions such as measles
and vitamin A deficiency (VAD), respectively, may vary between and
within countries, although efforts have been made to improve these
areas of health prevention. The UNICEF Multiple Indicator Cluster
Survey (MICS) has provided valuable insight into country-level data
that highlights improvements in vitamin A supplementation and
measles vaccination over time (6).

The relationship between childhood blindness and systemic
disease may involve infectious disease processes, nutritional
deficiencies, and inherited conditions where vision impairment and
systemic illness may intersect. Prior research has identified measles
and corneal blindness along with VAD as key risk factors (7), although
public measures in some countries, including measles immunization
and vitamin A supplementation programs, have been deployed to
combat these ailments (8). Nonetheless, epidemiologic studies of
childhood blindness may reveal additional infectious disease
conditions, including rubella, toxoplasmosis, and recent reports of
Ebola virus disease (EVD) in association with childhood vision loss.

Within West Africa and other developing countries, childhood
blindness surveys have been employed to provide useful information
about the epidemiology of blindness (9). We sought to systematically
review ophthalmologic studies to determine anatomic locations of
blindness, precise etiologies of blindness identified, and whether key
relationships between childhood vision impairment and systemic
illness could be identified. This synthesis of the literature examines
studies of schools for the blind and key informant interviews of
communities in multiple countries in West Africa to ascertain the risk
factors, anatomic and etiologic causes of childhood vision impairment,
as well as systemic disease associations.

2 Methods

We performed a PubMed literature search without date
restrictions to identify the causes of childhood visual impairment and
blindness (VI/BL) in West Africa (Figure 1). We identified a total of
75 papers following the United Nations definition of West Africa and
included the following countries: Benin, Burkina Faso, Cabo Verde,
Chad, Gambia, Ghana, Guinea, Guinea-Bissau, Ivory Coast, Liberia,
Mali, Mauritania, Niger, Nigeria, Saint Helena, Ascension, and Tristan
da Cunha, Senegal, Sierra Leone. One study combined outcomes from
Togo, Ghana, Benin, and Chile as well as Southeast Asia (10).

Search terms included multiple countries in West Africa,
including the previously mentioned United Nations country list.
Search terms related to childhood vision impairment included
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“blindness,” “vision impairment,” and “vision loss.” The majority of
articles reviewed followed the WHO definition of vision impairment
and blindness for classification of subjects assessed. WHO criteria for
“moderate visual impairment” included better eyes worse than 6/18
and equal to or better than 6/60, while “severe visual impairment”
included better eyes worse than 6/60 and equal to or better than 3/60.
Blindness was defined as worse than 3/60 in the better seeing eye. The
articles assessed in our study utilized the WHO/Prevention of
Blindness Examination record for children (11). Articles selected for
full review met the following criteria: documented visual acuities and
reported causes of VI/BL, greater than or equal to 20 subjects assessed,
and data were derived from a country in West Africa. Manuscripts
could also include research where multiple countries were assessed,
provided that at least one West African country was reviewed.
Demographic restrictions including maximum mean age of
18years-old or younger, and studies could include females, males, or
unreported. Our literature search focused on peer-reviewed
manuscripts in English and studies including quantitative data while
excluding systematic reviews and meta-analyses.

Papers selected for a full review were assessed for the following
parameters where available: reporting country, practice setting, data
extraction method, number of patients assessed, rural or urban
setting, associated systemic diseases, study population (e.g., blind
school or community-based study), classification of vision loss, year(s)
when the study was published, key recommendations, and etiology of
disease associated with vision loss. In addition to etiologic causes of
blindness, we also extracted the anatomical locations of blindness
from the studies. If the study contained both anatomic and etiologic
disease associations, both were included in the summary (Table 1) and
key observations were summarized in this review.

Besides these parameters related to childhood blindness, we also
recorded the methodology for each study, and obtained anatomic and
etiologic data by distributing surveys to patients using one of two
methodologies: (1) School for the blind surveillance methodology; or
(2) Key informant (KI) method. The schools for the blind surveillance
method involves the selection of these school(s) from the region the
study assessed, followed by measurements of the students’ visual
acuities and eye examinations. The methodologies often utilized a
magnifying loupe and penlight to observe the anterior segment and
either the indirect or direct ophthalmoscopes to observe the posterior
segment of the eye. The KI method involved the selection and training
of KIs to identify children in their communities who are suspected of
having visual impairment. The children then received an eye exam, in
which their visual acuity, etiology, and anatomical cause of VI/BL
were documented.

3 Results/findings

Our review of childhood blindness in West Africa resulted in 75
studies of which 13 were selected and abstracted for full review by the
two primary authors (CY and CH). The majority of the studies were
performed in Nigeria (n=8) with additional studies in Ghana (n=3),
Sierra Leone (n=1), and one study that contained data from Togo,
Ghana, and Benin (11). The results of our study are shown in Table 1
and are categorized by country.

Patient cohorts were examined from schools for the blind
surveillance (n=10) and through KI methods (1 =3). Of the 13 studies
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reviewed, 4 studies (30.8%) classified causes of childhood blindness
by anatomic location only and 9 (69.2%) classified studies according
to both anatomic location and etiology. We identified 10 of 13 studies
(76.9%) where any systemic disease association (i.e., 1 or more

attributable systemic conditions) was described in association with
childhood blindness.

3.1 Etiologic categories of systemic disease
associated with childhood vision
impairment infectious diseases

A spectrum of pathogens was identified as causes or in association
with blindness including viral, parasitic, and bacterial causes. Viral
diseases included measles, rubella, and Ebola. Parasitic diseases
included toxoplasmosis. Onchocerciasis was not recorded in the
manuscripts reviewed. Ophthalmia neonatorum due to chlamydia was
also observed.

Measles was the most commonly occurring infectious disease
identified in the studies reviewed, appearing as an etiologic cause of
severe VI/BL in 9 of 13 (69.2%) studies. Of these studies, the
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percentage of measles defined as an etiologic cause of severe VI/BL
ranged from 10 to 26%. Measles was the most identified etiologic
cause of severe VI/BL in 4 (44.4%) studies; however, oftentimes, it was
grouped with other causes, including 2 studies in which the collective
group including measles was the most common etiologic cause
of blindness.

Rubella was the second most common systemic disease defined as
an etiologic cause, identified in 6 of 13 studies (46.2%) with
percentages ranging from 2 to 7%.

In one study where pediatric Ebola survivors and close-contacts
were examined, uveitis was observed in 10.8% of Ebola survivors
compared to 1.7% of close-contacts (21). In patients in whom uveitis
was identified, vision impairment was observed in a high proportion
of individuals. Ocular complications were also found to be significantly
associated with a reduction in vision-related quality of life in both
Ebola survivors and close-contact control patients.

Non-viral infectious diseases associated with childhood blindness
were found in a lower percentage of patients. Specifically,
toxoplasmosis varied between 1 and 6.5% while ophthalmia
neonatorum was attributed to childhood blindness in 0.4-2% of
patients in the studies reviewed.
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TABLE 1 Anatomic and etiologic causes of childhood blindness by West African country.

References Setting/Data No. patients Anatomic diagnosis = Etiologic Associated
extraction assessed diagnosis systemic
method diagnoses

Nigeria

Ezegwui et al. (12) Three schools for the 142 Cataract (23.6%) Measles (25%) Measles (25%)
blind in southeastern Corneal scarring (21.4%) Rubella (7.9%) Rubella (7.9%)
Nigeria (Oji River, Phthisis bulbi (12.1%) Trauma. (7.2%)

Enugu State; Isulo, Glaucoma/Buphthalmos HTEM (7.2%)
Anambra State; and (9.3%)
Afara, Umuahia Abia Microphthalmos or
State) Disorganized globe (9.3%)
Retina (7.9%)
Optic nerve atrophy (7.1%)
Uncorrected aphakia (5%)
Retinitis pigmentosa (5%)

Mosuro et al. (13) All the schools for the 86 Cornea (29.1%) Measles (29.1%) Measles keratopathy/VAD
blind in Oyo State, Lens (26.7%) Congenital cataract in (29.1%)
Nigeria (located in Retina/Optic nerve (18.6%) (26.7%) Rubella (4.7%)
Ogbomosho, Oyo, Optic atrophy (14%) Glaucoma (12.8%)

Ibadan, and Eruwa) Glaucoma (13%) Congenital rubella
Globe (10.5%) syndrome (4.7%)
Cortical blindness (2.3%)
Qcular inflammation (3.5%)

Omolase et al. (14) Owo School for the 62 Cataract (21%) Hereditary (21%) Toxoplasmosis (6.5%)

Blind Glaucoma (12.9%) Intrauterine (37.1%)
Phthisis bulbi (9.7%) Childhood (16.1%)
Microphthalmia (3.2%) Unknown (22.6%)
Leucoma (9.7%) Trauma (3.2%)
Retinitis pigmentosa (11.3%)

Optic atrophy (12.9%)
Squint (3.2%)
Aphakia (3.2%)
Anophthalmus (1.6%)
Maculopathy (1.6%)
Pseudophakia (1.6%)

Muhammad et al. (15) Gwadabawa local 58 Corneal opacity (55%) Childhood factor (75%) Childhood factors (VAD,
government area (LGA)/ PB (20%) Hereditary (10%) infectious keratitis, and
KI Method Cataract (15%) Couching (5%) trauma) (75%)

Anterior uveitis (10%)

Duke et al. (16) Child Eye health tertiary = 1,020 Lens (35%) NR
facility (CEHTF) at the Cataract (28%)

University of Calabar ‘Whole globe (19%) Cornea

Teaching Hospital using (16%)

KI Method Retina (8%)

Optic nerve (8%)

Refractive error (8%) Cortical
blindness (4%)

Nystagmus (1%)

Aghaji et al. (17) 3 schools in Southeast 127 Cataract (28.2%) Measles/VAD (18.6%) Measles/VAD (18.6%)
Nigeria (data extraction Whole globe (27.6%) Rubella (5.8%) Rubella (5.8%)
method not specified) Cornea (20.5%) HTEM (4.8%)

Glaucoma/Bupthalmos (1%) = Trauma (3.2%)
Optic NERVE (7.9%)
Retina (3.9%)

(Continued)
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References Setting/Data No. patients Anatomic diagnosis = Etiologic Associated
extraction assessed diagnosis systemic
method diagnoses

Olowoyeye et al. (8) Nigeria Society for the 116 Phthisis bulbi (17.2%) Measles (12.9%) Measles (12.9%)
Blind Vocational Optic nerve atrophy (17.2%) CNS infections (8.6%)

Training Center, PSB, Corneal scarring (12%) Rubella (4.3%)
and Nigeria Farm Craft Retina dystrophy (7.8%) Trauma (1.7%)
Center for the Blind Cataract (6.9%) Malaria (1.7%)

Microphthalmos (5.2%)

Buphthalmos (5.2%)

Retinal detachment (4.3%)

Glaucoma (1.7%)

Aphakia (3.4%)

ROP (0.9%)

Aghaji et al. (18) South-Eastern Nigeria 68 Cataract (40%) Hereditary factors NR
(ages 0-15years)/KI Optic atrophy (13.3%) (26.7%)

Method Corneal scar (13.3%) Prenatal factors (6.7%)
Refractive error (13.3%)
Microphthalmia (6.7%).
Optic nerve hypoplasia
(6.7%)
Phthisis bulbi (6.7%)

Ghana

Ntim-Amponsah et al. School for the Blind at 199 Cornea (42.21%) Measles (26.6%) Measles (26.6%)

(19) Akropong, Ghana Congenital and acquired Traditional Medicine Malnutrition (2.5%)

globe abnormalities (37.19%) | (25.1%)

Lens (23.12%) Trauma (3.0%)
Glaucoma (15.58%) Malnutrition (2.5%)
Retina (9.05%)

Optic nerve (8.54%)

Tumor (2.01%)

Anophthalmos (0.50%)

Huh et al. (7) ‘Wa Methodist School for | 190 Optic nerve atrophy (12%) Other unknown etiology | Measles (10%) and
the Blind in Northern Corneal scar (11%) (22%) Rubella (2%)
Ghana, survey Glaucoma (9%) Abnormality since birth

Microphthalmos (9%) (17%)

Cataract (9%) Hereditary Disease
Cortical blindness (7%) (15%)

Phthisis bulbi (4%) Measles (10%)
Uveitis (4%)

Retinitis pigmentosa (2%)

Refractive error (2%)

Tlechie et al. (20) The Akropong (the 252 Cataract (24.2%) VAD (6.7%) Measles/VAD (13.1%)
oldest school for the Corneal scarring (19.8%) Measles (6.4%) Rubella (2.8%)
blind in Ghana) and Glaucoma (9.9%) Toxoplasmosis (3.6%)

Cape Coast Schools for Corneal dystrophy (5.6%) Rubella (2.8%)
the blind in southern Microphthalmos (5.2%) Trauma (3.6%)
Ghana, and the Wa Other retinal lesions (5.2%) HTEM (3.2%)

School for the Blind in

northern Ghana survey

Cortical blindness (4%)
Aphakia (1.6%)

Retinitis pigmentosa
(1.2%)

Albinism (0.4%)
Ophthalmia neonatorum
(0.4%)

Retinoblastoma (0.4%)
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References Setting/Data

extraction

No. patients
assessed

Anatomic diagnosis

10.3389/fmed.2024.1349093

Associated
systemic

Etiologic
diagnosis

method

Sierra Leone

diagnoses

Shantha et al. (21) Lowell and Ruth Gess 81
Kissy Eye Hospital in

Freetown, Sierra Leone

Vernal keratoconjunctivitis
(21%)

Corneal scar (12%)
Glaucoma (6%)

Uveitis (7%)

Synechiae (3%)

Cataracts (2%)

Corneal edema (2%)

Ebola survivors (70%)

Close contact (57%)

Ghana, Togo, Benin

Gilbert et al. (10) Blind Schools (does not 284

specify)

CS/PB (35.9%)
Retina (20.4%)
Lens (15.5%)
Glaucoma (13%)
Whole globe (8.5%)
Optic nerve (5.6%)
Uvea (1.1%)

VAD/measles/TEM
(29%)

Rubella (7%)
Ophthalmia neonatorum
(2%)

VAD/Measles/TEM
(29%)
Rubella (7%)

HTEM, harmful traditional eye medicine; TEM, traditional eye medicine; ROP, retinopathy of prematurity; CS, corneal scar; PB, phthisis bulbi; VAD, vitamin A deficiency; ROP, retinopathy

of prematurity. NR: not reported.

3.2 Nutritional deficiencies

Prior studies have documented the association of VAD with
xerophthalmia, corneal ulceration, and blindness. Concomitant
measles infection with associated keratitis compounds VAD
leading to corneal scarring (CS). In addition, malnourishment
and immune dysfunction from VAD predisposes children
to measles.

In the setting of severe ulceration and perforation from VAD,
phthisis bulbi (PB) may also ensue. Given the inter-relatedness of
these conditions, several studies combined VAD and measles as a
collective cause of vision loss (13, 17, 19, 20). The proportion of
children with blindness due to this combination of VAD and measles
ranged between 13.1 and 29% in these studies.

3.3 Harmful traditional eye medicine/
trauma

Harmful traditional eye medicine (HTEM) is a common cause
of severe VI/BL resulting from a combination of factors that may
include a lack of access to medical treatment and healthcare services
or dissatisfaction with health care providers. These treatments can
involve the direct instillation of herbal preparations into the eye
(19). HTEM was found to be the etiological cause of blindness in
four studies, ranging from 4.8% to as high as 25.1% of
patients assessed.

Trauma was found to be an etiological cause of blindness in six
studies, varying between 2.3 and 7%. Whether other systemic
traumatic not

injuries were observed concomitantly was

specifically recorded.
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3.4 Hereditary and genetic causes

Hereditary factors classified as an etiologic cause of severe VI/BL
were found to be the etiologic cause in three studies ranging from 15
t0 26.7%.

3.5 Anatomic locations of disease leading
to childhood vision impairment

Besides assessing the systemic associations of childhood
blindness, multiple studies classified childhood blindness according
to anatomic location including corneal scarring/phthisis bulbi (CS/
PB), cataract, or glaucoma. The most common anatomic locations
defined are summarized.

3.6 Cornea

Corneal disease was the most commonly defined anatomic
location of blindness observed in our review of the literature. In four
studies, corneal disease was the most common anatomic cause or
location of blindness, reported in 29.1-42% of patients (10, 13, 15, 19).
The most common cause documented was CS, and often associated
with PB, leading to these two terms appearing as the cause of blindness
in several studies. The combined category of CS and PB was
responsible for 35.9% of visual impairment in a study by Gilbert et al.
(10). Corneal opacity, which potentially could be associated with CS,
was observed in 55% of the patients with visual impairment in a report
by Muhammad et al. (15). In this report, CS alone was the most
common cause of blindness. Seventy-five percent of etiologies in this
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report were associated with a childhood factor including VAD and
measles, comprising patients with CS and PB.

3.7 Lens

Of the 13 studies reviewed, the most common lenticular
conditions leading to blindness—“cataract” and “aphakia”—were
present in 11 and 5 studies, respectively. Cataract was observed to
be an anatomic cause of blindness in 11 studies, leading to blindness
from an estimated 7-40% of the VI/BL and notably was the leading
cause of blindness in 5 studies (12, 14, 17, 18, 20). Patients were
referred for surgery in several reports, but the outcomes were not
reported in these manuscripts.

Aphakia was associated with 1.6-5% of VI/BL. Aphakia was
deemed to be associated with rubella or intrauterine causes of
blindness in the studies where aphakia was documented.

3.8 Retina

Blindness due to retinal disease was variable across 5 studies in
which these anatomic locations were documented and ranged from
3.9 to 20.4%. These diseases included retinoblastoma, retinitis
pigmentosa (RP), retinopathy of prematurity (ROP), and retinal
detachment. RP, a hereditary disease, was the most commonly
appearing retinal cause of blindness while retinoblastoma and ROP
were documented in <1% of cases in two independent studies (8, 20).
Of the 4 studies discussing RP, the percentage of blindness caused by
RP ranged from 1.2 to 11.3%. Given the findings that may overlap
between retinal disorders and optic nerve disease, one study combined
both anatomic locations and reported that 18.6% of patient blindness
was located at the retina and optic nerve (13).

3.9 Optic nerve and glaucoma

The most common optic nerve finding associated with blindness
was optic atrophy, which was reported in 6 studies with a frequency
of blindness association ranging between 7.1 and 17.2%. Glaucoma
was reported in 11 studies and led to VI/BL in 2 to 40% of patients
with vision impairment. Congenital glaucoma, which was sometimes
grouped with buphthalmos, was identified in over 12% of patients in
one study (17).

3.10 Whole globe and other categories of
childhood blindness

The terminology “Whole Globe” was included as an anatomic
location or cause of blindness in all the studies reviewed. This category
was perhaps the most diverse group, encompassing conditions such
as glaucoma and buphthalmos, as well as conditions such as PB. PB
was described in association with corneal scarring in multiple studies,
representing an unfortunate, final common pathway from multiple
etiologies (e.g., untreated uveitis, corneal perforation from measles/
VAD and use of HTEM).

Frontiers in Medicine

10.3389/fmed.2024.1349093

Microphthalmia/Microphthalmos also fell into this category as a
cause of visual impairment in 5 studies. This disease could also
be attributed to congenital rubella and while infrequent, the range of
blindness associated with microphthalmos varied in a significant
minority of patients ranging from 3.2 to 9%.

Other notable categories of childhood blindness that were
observed infrequently included refractive error (2-13%) and uveitis
(4-10%) including patients with a history of EVD or clinical
manifestations indicative of toxoplasmosis. Cortical blindness was
identified ranged from 2.3 to 7% in 4 studies where this was reported.

3.11 Child vision health and quality-of-life

The relationship of child vision health and impairment with
quality-of-life reduction has been reported previously. However,
whether pediatric vision health predicts poorer quality-of-life in
resource-limited countries is less well-characterized. In the literature
search conducted, we also assessed whether specific relationships were
observed between child VI/BL and quality-of-life metrics.

Shantha et al. assessed vision impairment in a cross-sectional
study of EVD survivors or close-contact control patients at the Lowell
and Ruth Gess Eye Hospital in Sierra Leone (21). Eighty-one pediatric
patients were evaluated for visual acuity, eye disease, and quality-of-
life changes. Quality of Life was assessed using the Pediatric Quality
of Life Inventory Version 4-0 (PedsQL) and Effect of Youngsters
Eyesight on Quality-of-Life (Eye-Q), with a comparison between
Ebola survivors and close contact control patients. A high proportion
of EVD survivors showed eye disease with 47% of eyes demonstrating
ocular disease, while 32% of eyes in the close-contact control
population also showed ocular findings. Interestingly, when ocular
findings were observed, individuals in both the EVD and control
cohort showed a reduction in vision-related quality of life and
function. These indicate that while pediatric EVD survivors were
observed to have a higher prevalence of uveitis and ocular
inflammation, the eye disease burden within the entire cohort
including control patients was high and contributed to reduced quality
of life.

4 Impact of public health
interventions on child vision health
and blindness

While the studies in West Africa are illustrative of the burden of
disease ranging from anterior segment to posterior segment disease,
as well as whole globe changes, public health interventions and their
impact have continued to be deployed with variability across countries
and even regions within countries. Within Nigeria, Olowoyeye et al.
described a significant decrease in VI/BL from 2000 to 2017, which
could be associated with public health measures including an increase
in measles immunization, vitamin A supplementation, and the
establishment of tertiary eye facilities through implementation
initiatives aligned with the WHO’s VISION 2020 initiative (8).

In Ghana, health sector reform in 1997 coincided with an increase
in measles immunization coverage and a notable decrease in the
proportion of CS/PB-caused VI/BL (7). Within Ilechie et al. reported
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a higher proportion of students located in South Ghana became blind
between the age cohort of 1-15 compared to North Ghana (20). This
observation could potentially be associated with an increase in the
coverage of measles immunization and vitamin A supplementation
programs within Northern Ghana. Moreover, the use of HTEM
remains a leading issue, as Ntim-Amponsah et al. reported corneal
blindness due to HTEM as around 13% people who had eye disease
in a Ghanaian community resorted to traditional herbal medicine
(19). Evidenced-based, public health measures targeting both different
countries and regions within countries are clearly needed.

5 Discussion

A comprehensive synthesis of the literature from West Africa
showed that the major anatomic causes of blindness included CS and
lens/cataract-related, while a significant minority of patients showed
evidence of VI/BL from optic neuropathy, glaucoma, and retinal
disease. Within the literature reviewed, viral diseases including
measles, rubella, and Ebola virus were observed to lead to vision
impairment, but nutritional deficiencies, in particular, VAD
contributed to disease morbidity (Table 2). Other genetic/hereditary
conditions and neoplastic disease including retinoblastoma were
observed. However, many of the most prevalent diseases and etiologies
for childhood blindness are preventable including cataract, refractive
error, and corneal conditions not associated with PB. In addition, with
growing interventions and the importance of childhood screening,
blindness secondary to congenital glaucoma and retinal disease can
also be prevented with early identification and prompt treatment.

Another major focus of this synthesis of the literature from West
Africa was related to the relationships of systemic illness with
childhood blindness, given prior documented relationships between
vision loss and childhood morbidity and mortality. Vitamin A
supplementation has led to widespread reduction in VAD symptoms
and associated morbidity and mortality; however, within the literature
reviewed, we still found 13.1-29.1% of patients who had ocular
findings associated with VAD. Therefore, while the increase in vitamin

TABLE 2 Leading causes of childhood blindness in West Africa.

Category ‘ Key causes

Infectious diseases Measles

Rubella

Malaria

Ebola

Other central nervous system infections

Ophthalmia neonatorum

Nutritional deficiencies Vitamin A deficiency (VAD)

Prenatal factors Congenital rubella syndrome

Toxoplasmosis

Hereditary factors Glaucoma
Retinitis pigmentosa
Others Trauma

Harmful traditional eye medicine
Couching

Cortical blindness
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A supplementation has hinted toward improvements in ocular
diseases instigated by VAD, the progress has varied between countries
and even within countries. Within Nigeria, improved eye health has
been realized. Yet, within Ghana, improvements were seen through a
decrease in CS/PB cases in northern Ghana from 1987 to 2014
compared to an increase in cases from 1989 to 2003 within southern
Ghana (20). Rubella was the only other systemic disease that was
prevalent enough to warrant a specific recommendation, which
suggested additional research be conducted to assess the necessity of
vaccination in Nigeria (8).

Identification of ophthalmic findings due to malaria, chlamydia
and gonorrhea in ophthalmia neonatorum, and Ebola are reminders
of the range of infectious diseases that may lead to eye disease,
potentially requiring anti-infective or anti-inflammatory therapies.

Our review of the literature revealed some limitations inherent to
reporting with the two major methods of reporting being the KI
method or the child schools for the blind surveillance method.
Potential advantages of utilizing the KI method include avoidance of
sampling bias through surveillance of government areas/local
communities as opposed to just blind schools. However, because the
process is labor intensive, undercoverage bias is possible due to the
small number of VI/BL children whom key informants can identify.
Additionally, a relatively high proportion of identified individuals do
not show up to their eye examinations, further decreasing the number
of patients assessed.

Limitations of schools for the blind surveillance method include
the high male-to-female ratio, which may potentially reflect selection
bias as many female VI/BL students are withheld from attending
schools for the blind. In some scenarios, SVI children might attend
regular schools or be denied entry into schools for the blind due to
other handicaps. Schools for the blind studies are also potentially
under-representative of rural areas as all the studies of blind schools
reviewed were set in urban areas. National approaches to population-
based data in West African countries could minimize the population
biases associated with assessment of children from blind schools and
could provide more accurate epidemiological data. Significant
heterogeneity was also observed in reporting as overlap between
anatomic and precise etiologic causes of blindness. For example,
congenital cataract could be reported as both an anatomic and
etiologic cause of blindness, but the underlying etiology (i.e.,
infectious, genetic, or other) could not be determined from the
manuscript. Despite these limitations, a full understanding of
childhood blindness through literature from West Africa and other
countries within sub-Saharan Africa represent an opportunity to align
terminology, identify relationships between child vision health and
systemic illness that would inform public health measures for vision
health intervention.

Public health recommendations including VAD and measles
immunization were found to have made positive impacts on reporting
countries such as Nigeria and Northern Ghana, which are consistent
with the United Nations Sustainable Development Goals and WHO’s
Vision 2020 plan. The importance of childhood vision screening
through school programs is further emphasized in the IAPB 2030 in
Sight strategic document. Other key recommendations that have been
emphasized include additional research and studies to obtain a better
grasp on both regional etiological patterns and the necessity of certain
vaccines, eye health education of local communities to raise awareness
on the benefits of early screenings of infants to identify diseases like

frontiersin.org


https://doi.org/10.3389/fmed.2024.1349093
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Yeh et al.

cataract and glaucoma. A better understanding of traditional eye
medicines and remedies, as well as awareness of primary and tertiary
eye care services could potentially reduce cases of preventable
blindness. Interestingly, as there were cases of treatable vision loss
identified in children enrolled in schools for the blind, strengthening
vision health and vision rehabilitation services for schools for the
blind could also be emphasized across public and private sectors.

6 Conclusion

With the wide range of causes of childhood blindness reported,
the spectrum of disease in different countries within West Africa and
landscape of childhood vision impairment likely requires further
investigation to inform public health measures. Placing a greater
emphasis on the research of etiologic causes of childhood blindness
would help initiate preventative measures unique to each region while
observing the development and evolution of these causes. Additional
research focusing on a national assessment of the relationship between
childhood blindness and infectious diseases could also improve the
distribution of immunizations such as the MMR vaccine. The
implementation of standardized vision screening protocols with
national databases could align defined causes of childhood blindness
with resources via local Ministries of Health and external partnerships.
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In the field of eye health, the profound impact of exercise and physical activity
on various ocular diseases has become a focal point of attention. This review
summarizes and elucidates the positive effects of exercise and physical activities
on common ocular diseases, including dry eye disease (DED), cataracts, myopia,
glaucoma, diabetic retinopathy (DR), and age-related macular degeneration
(AMD). It also catalogues and offers exercise recommendations based on the
varying impacts that different types and intensities of physical activities may
have on specific eye conditions. Beyond correlations, this review also compiles
potential mechanisms through which exercise and physical activity beneficially
affect eye health. From mitigating ocular oxidative stress and inflammatory
responses, reducing intraocular pressure, enhancing mitochondrial function, to
promoting ocular blood circulation and the release of protective factors, the
complex biological effects triggered by exercise and physical activities reveal
their substantial potential in preventing and even assisting in the treatment of
ocular diseases. This review aims not only to foster awareness and appreciation
for how exercise and physical activity can improve eye health but also to
serve as a catalyst for further exploration into the specific mechanisms and
key targets through which exercise impacts ocular health. Such inquiries are
crucial for advancing innovative strategies for the treatment of eye diseases,
thereby holding significant implications for the development of new therapeutic
approaches.

KEYWORDS

exercise, physical activity, ocular diseases, oxidative stress, inflammation

1 Introduction

Eye health is vital for maintaining physical and mental well-being, which has
extensive implications on individual quality of life, economic prosperity of nations, and
sustainable development of societies (1). However, global eye health statistics show an
alarming picture, with more than 2.2 billion people worldwide suffering from visual
impairment, of whom more than 1 billion face moderates to severe visual impairment or
even complete blindness (2). Unfortunately, numerous instances of visual impairment
within this demographic can be prevented or intervened early, such as cataracts,
refractive errors and glaucoma (2). Nevertheless, countless individuals and families
endure the repercussions of visual impairment or complete loss of vision due to obstacles
in obtaining affordable and high-quality eye care and treatment (2). Recognizing that eye
health is a global public priority and repositioning it as a development and health issue,
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the Global Commission on Eye Health has gained increased
attention (1).

In recent years, exercise and physical activity have gained
growing attention as cost-effective, feasible and accessible lifestyle
interventions for the treatment of various human ailments, notably
cardiovascular and other chronic diseases (3). Several studies have
indicated that long-term regular exercise and physical activity serve
as crucial and modifiable interventions for enhancing the
management of diverse medical conditions, including, but not limited
to, hypertension, diabetes, obesity, cancer, osteoporosis, osteoarthritis,
and depression (4). A cohort study of 110,482 healthy middle-aged
adults over an 8years period revealed that low physical fitness was
linked to a higher incidence of mortality from various causes (5). It
has been reported that physical inactivity has the highest prevalence
among risk factors that can be intervened upon by humans (3).
Despite the extensively documented benefits of physical activity in
many systemic disorders, exercise is underutilized as an intervention
in practice. Astonishingly, only about 26% of men and 19% of women
are estimated to meet international physical activity guidelines (6, 7).

The positive impacts of exercise on eye health are increasingly
recognized and widely validated by a growing body of research (8-11).
This review synthesizes existing studies to describe the potential benefits
of exercise and physical activities on common ocular diseases. Based on
current epidemiological evidence and exercise guidelines, this review
provides exercise recommendations for early to mid-stage patients of
specific ocular diseases or high-risk individuals who are physically fit for
exercise. It is hoped that this will elevate the awareness and importance
of exercise in eye health among various sectors of society. Additionally,
this review summarizes and elucidates possible mechanisms through
which exercise and physical activity impact common ocular diseases,

10.3389/fmed.2024.1353624

including direct mechanisms such as lowering intraocular pressure and
blood glucose, as well as indirect mechanisms like inhibiting oxidative
stress and inflammatory responses, and promoting the release of
protective factors. The discussion on mechanisms aims to encourage
researchers to delve deeper into unveiling the specific mechanisms and
key targets through which exercise positively affects eye health, thereby
providing theoretical support for the development of new treatment
strategies for ocular diseases.

2 Exercise and physical activity

For sedentary people, the lack of specific knowledge about
exercise is one of the main obstacles to the implementation of effective
“exercise therapy,” including the differentiation and selection of the
type and intensity of exercise (Figure 1).

2.1 Simple classification

The terms “exercise” and “physical activity” are frequently used
interchangeably in literature. Nonetheless, a thorough analysis of these
two concepts reveals that they are not precisely the same (12). Exercise
refers to organized, planned physical activity that can be categorized
into three groups: aerobic exercise, resistance training, and flexibility
training. Aerobic exercise uses oxygen as the primary energy supply
and includes activities such as running, cycling, swimming, brisk
walking, and jumping rope. Resistance training, also known as
strength training, involves countering external resistance to increase
muscle strength and mass. This can include weight lifting, gymnastics,

Exercise———Aerobic exercise
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f % o2
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Any physical movement that is
produced by skeletal muscle and
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=y 7. @

Lifting weights Leg extension Bench press

Exercise———Flexibility training

Designed to improve flexibility and joint range of motion

8 X e
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FIGURE 1

Type, intensity and recommended amount of exercise and physical activity (created with Biorender.com).
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pull-ups, and the use of devices such as machines or rubber bands.
Flexibility training is designed to increase flexibility and joint range of
motion and includes activities such as yoga, Pilates, stretching, and
gymnastics (13). Physical activity involves a variety of movements
generated by skeletal muscles, leading to energy expenditure and
encompassing an extensive array of occupational, recreational, and
daily activities (12). However, overly detailed requirements and
divisions have the potential to confuse and overwhelm individuals in
regards to the implementation of “exercise therapy, leading to a
decrease in enthusiasm towards adhering to it. Based on the above
explanations, it appears that various exercise modalities have been
subsumed into the broader category of physical activity, potentially
accounting for why the two terms are often used synonymously in
existing literature. Therefore, this review does not make a specific
distinction between the two.

2.2 Intensity

Variations in exercise intensity have been strongly associated with
effects on ocular disease. The metabolic equivalent of task (MET) is a
unit of measurement of the body’s energy expenditure at different
levels of activity, with 1 MET representing the energy expenditure of
a person at quiet sitting and rest, which is approximately 3.5 mcal/kg/
min (14). It allows for the comparison of various forms of exercise and
physical activity relative to energy expenditure during periods of rest,
thus classifying the intensity of exercise, which is widely recognized
and applied (15).

Low-intensity exercise has an energy expenditure of less than 3.0
METs, usually in the range of 1-3 METs, and specifically includes
walking slowly (2.0), sitting and using hand tools such as mice and
keyboards (1.5), standing for light physical activities such as making
beds and washing dishes (1.5-2.5), playing pool (2.5), fishing (2.5),
throwing darts (2.5), playing a musical instrument (2.0-2.5), etc.

Moderate-intensity exercise has METs between 3-6, comparable
to a brisk walk which significantly accelerates the heart rate. Similar
physical activities include washing windows, cars (3.0), sweeping
floors (3.0-3.5), carrying & stacking wood (5.5), playing badminton
recreationally (4.5), bicycling slowly on flat ground (6.0), dancing
(3.0-4.5), playing table tennis (4.0), swimming leisurely (6.0), playing
volleyball noncompetitively playing volleyball noncompetitively (3.0-
4.0), etc.

High-intensity exercise, with jogging being a typical example, is
defined as exercise greater than 6.0 METs, which can cause shortness
of breath and a large increase in heart rate. Also included are carrying
heavy loads such as bricks (7.5), heavy farming such as bailing hay
(8.0), basketball game (8.0), bicycling on flat terrain with moderate
(12-14 mph) or fast (14-16 mph) effort (8.0-10.0), cross country
skiing (7.0-9.0), playing soccer (7.0-10.0), swimming with moderate
to hard effort (8-11), playing competitive volleyball at the gym or
beach (8.0), etc.

2.3 Modulation of ocular physiology by
exercise and physical activity

The biological effects of exercise and physical activity extend
across multiple facets and locations, positively impacting eye health
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by maintaining the health of normal physiological mechanisms of the
eye and offering protection against diseases. Research indicates that
exercise can increase tear production, contributing to the stability of
the tear film and improvements in DED (16). In terms of corneal
health, exercise regulates intraocular pressure, aiding in the
maintenance of corneal health and mitigating acute corneal thinning
and endothelial cell damage caused by acute high intraocular pressure
(17). For the lens, there is a negative correlation between the intensity
of physical activity and the degree of lens opacity (18); moderate
exercise can reduce levels of inflammation and oxidative stress,
slowing down the aging process of the lens (19). Exercise and physical
activity also aid in weight control, reduces blood pressure and blood
sugar levels, thus diminishing the impact of metabolic factors on the
structure and function of the lens (20). The retina, with its intricate
structure and complex functions, has a high blood flow and is
susceptible to internal and external pathogenic factors. Exercise
contributes to improving retinal microvascular blood supply and
oxygen return, maintaining the health and functionality of retinal cells
(21). Furthermore, exercise enhances the body’s antioxidative capacity
and anti-inflammatory responses, protecting retinal cells from
oxidative stress and inflammation, thereby reducing the risk of ocular
diseases such as AMD and DR (22, 23). By boosting the expression of
various neurotrophic factors, such as brain-derived neurotrophic
factor (BDNF), exercise potentially offers retinal neuroprotection (24).
Additionally, exercise can lower the risk of diabetes, hypertension, and
other chronic diseases, preventing associated retinal pathologies
such as DR.

2.4 Recommendations

According to the Global Recommendations on Physical Activity
for Health and the United States Health and Human Services
Physical Activity Guidelines for Adults, it is advised that adults
engage in at least 150 min of moderate-intensity exercise or 75 min
of vigorous-intensity exercise per week, with the possibility of
combining both types based on individual circumstances (7, 25, 26).
Exercise sessions should be spread across at least 2 days per week,
and additionally, engaging in resistance training twice weekly is also
recommended. Pertaining to eye health, the epidemiological
evidence cited in this review primarily focuses on the positive
impacts of moderate to vigorous-intensity exercise on specific ocular
diseases, with the included study subjects being well-suited for
physical activity. Consequently, we recommend that early to
mid-stage patients of the ocular diseases listed in this review (who
are in good physical condition) or high-risk individuals, persistently
engage in long-term moderate to vigorous-intensity physical
activities, such as running, walking, swimming, and cycling, in a
suitable environment to potentially slow the progression of diseases
should be noted that our
recommendations come with certain prerequisites, as this review

or ameliorate symptoms. It
does not purport to suggest that exercise can serve as a direct
treatment modality for specific ocular conditions. When afflicted
with any eye disease, seeking medical assistance always takes
precedence. Our aim is for patients to thoroughly assess their own
conditions against the backdrop of medical treatment and consider
maintaining physical activity and exercise as a supplementary means
to assist treatment and improve their condition.
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3 Effects of exercise and physical
activity on ocular diseases

3.1DED

3.1.1 Effect of exercise and physical activity on
DED

DED is a chronic disease affecting the ocular surface, caused by
various factors and thought to be a functional unit disorder of the
lacrimal gland, resulting in insufficient quantity and quality of tears to
lubricate the eyes (27, 28). DED can cause persistent symptoms of
irritation or burning in the eyes and vision impairment that negatively
impacts daily life. Epidemiological studies have found that up to 75%
of adults over the age of 40 may have DED, and it tends to worsen over
time once it develops (29, 30).

In recent years, ample evidence has linked DED with lifestyle,
highlighting the impact of exercise, diet, and sleep on its development
(31). Two extensive cross-sectional studies based on questionnaires
discovered that an increased level of exercise contributes to a reduced
prevalence of DED. Individuals experiencing DED had reduced
physical activity levels and increased sedentary behavior compared to
those without DED (32, 33). Additionally, research indicates that
physical activity can positively impact alleviating symptoms of DED. A
cross-sectional study conducted among 944 web-based workers in
China revealed that individuals who engaged in exercise at a minimum
of three times per week experienced significantly reduced discomfort
associated with their eyes, including decreased visual clarity (34).
Another randomized controlled trial focusing on sedentary young
adults in the office setting observed a significant decrease in
discomfort symptoms, including eye pain, soreness, and eyestrain,
after 3months of exercise following an exercise guideline (35). These
findings imply that exercise and physical activity may contribute to
delaying the onset and slowing the progression of DED.

3.1.2 Potential mechanisms

Numerous studies have demonstrated that loss of tear film
homeostasis is the central mechanism of DED (31). In addition, tear
hyperosmolarity, ocular surface inflammation, oxidative stress, ocular
surface injury, and neurosensory abnormalities have all been identified
as significant etiological factors in DED (36). Based on
pathophysiological differences, DED can be classified into two
categories: aqueous-deficient dry eye (ADDE) and evaporative dry eye
(EDE) (29). Tear hyperosmolarity caused by decreased tear production
(ADDE) or excessive evaporation (EDE) is one of the fundamental
mechanisms of DED. Elevated osmolarity triggers apoptosis in
epithelial cells and goblet cells, consequently reducing the lubrication
ability of the ocular surface. This results in rapid tear film breakup and
an additional rise in hyperosmolarity, thereby creating a self-
perpetuating cycle. With increasing osmolarity, ocular surface damage
increases and oxidative stress intensifies, eventually resulting in tear
film homeostasis disruption (37). Studies have shown a temporary
surge in tear volume and extended tear film rupture following aerobic
exercise, indicating enhanced tear film stability (16). A prospective
cross-sectional study involving 43 healthy participants found
significant reductions in tear fluid levels of inflammation-related
cytokine, including interferon-y (IFN-y), tumor necrosis factor-o
(TNF-a), interleukin (IL)-1f, IL-4, IL-5, and dozens of others, after a
20min exercise session in comparison to the baseline levels (38). More
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excitingly, exercise reduced the tear fluid concentration of the marker
of oxidative stress, 8-hydroxy-2’-deoxyguanosine (8-OHdG),
suggesting that exercise may play a role in alleviating DED by reducing
the oxidative stress present in tears (39) (see Table 1).

3.2 Myopia

3.2.1 Effect of exercise and physical activity on
myopia

Myopia, or nearsightedness, is the prevalent refractive error that
results in images being focused in front of the retina due to
overstretching of the eye’s axis, thus making distant objects appear
blurry (51). This condition is most prevalent during childhood and
early adulthood (51). Myopia is a widespread ophthalmic disease
globally, with an incidence of up to 80%-90% among young
populations in certain regions of East and Southeast Asia (52). Its
prevalence poses an escalating health issue worldwide. Any degree of
myopia increases the likelihood of pathologic changes in ocular
tissues, with a corresponding positive co-relation to the severity of
myopia (53). High and pathological myopia substantially raise the
likelihood of encountering vision-related complications such as
glaucoma, retinal detachment, and macular degeneration (54).
Therefore, preventing the onset of myopia and delaying its progression
have been identified as crucial targets for public health interventions
related to myopia (52).

Numerous studies have shown that physical activity positively
affects the prevention of myopia and delays its progression (55-58).
Those who engage in physical activity for over 3h a week stand to
reduce their chances of developing myopia by approximately 40%
(40). One cohort study discovered a critical relevance between higher
levels of physical activity and a reduction in the incidence of myopia,
and that sedentary behavior increases the risk of myopia (59). Another
longitudinal cohort study, based on a questionnaire, found that
myopic students spend less time engaging in physical activity per day
compared to nonmyopic students (60). Additionally, multiple studies
have identified a substantial inverse relationship between time spent
outdoors and the onset of myopia, with outdoor time being one of the
primary protective factors against myopia (61, 62). A recent meta-
analysis presented a notable nonlinear negative correlation between
the time spent outside and the prevalence of myopia (63).

3.2.2 Potential mechanisms

The specific mechanisms by which exercise and physical activity
prevent and protect against myopia have not yet been clearly
established. Some studies have proposed potential mechanisms.
Physical activity and exercise can cause the choroidal layer to dilate by
enhancing blood flow, potentially hindering eye axis lengthening (64).
Studies on animals suggest that eye growth is suppressed when blood
flow and choroidal thickness increase (65, 66). Exercise and physical
activity may also impact myopia in non-visual ways by influencing
vascular function, blood pressure, peripheral and central growth
factors, insulin resistance, oxidative stress and inflammation (60).
Prior studies have shown that exercise-induced growth hormone and
these systemic mechanisms are involved in regulating ocular growth
(60). Additionally, studies have shown that engaging in outdoor
exercise is more effective in preventing and controlling myopia
compared to indoor exercise (62). This is due to the stronger light
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environment outdoors, which is considered to be a crucial factor in
myopia protection (62). Research on animals has demonstrated that
myopic susceptibility and dopamine-related genes and proteins can
be affected by light intensity and peripheral defocus (67). Among
these, dopamine has been found to hinder ocular axis growth, and its
protective effects can be counteracted by the presence of its antagonist,
spiperone (68). Environmentally influenced peripheral defocus might
also contribute to the emergence or progression of myopia (69, 70).
When engaging in outdoor sports, objects are typically positioned
farther away from the eyes, and refractive conditions are uniform, thus
reducing peripheral defocus and decelerating eye axis growth to
prevent myopia (53) (see Table 1).

3.3 Cataract

3.3.1 Effect of exercise and physical activity on
cataract

The lens is a transparent structure located at the front section of
the eye that resembles a convex lens and possesses elastic properties.
As one of the refractive media of the eye, the lens has the capacity to
alter its shape due to its elasticity, enabling it to refract and focus light
rays from varying distances onto the retina, consequently producing
a sharp image (71). Cataract refers to the loss of clarity in the lens
caused by clouding resulting from various factors (72). Globally,
cataracts are a major contributor to visual impairment and blindness.
Research indicates that this condition also increases the likelihood of
depression and decreases life expectancy (73).

Long-term regular exercise and physical activity have
demonstrated a favorable effect on the development and progression
of cataract. Two prospective studies indicate that both moderate-
intensity (walking) and high-intensity (running) exercise significantly
reduce the risk of cataracts in men (9, 11) and women (9). Meanwhile,
a case—control study identified an inverse relationship between lens
cloudiness and the intensity of physical activity (18). Additionally,
various detailed studies were conducted on different types, intensities,
and durations of physical activity and exercise. The findings revealed
a significant negative correlation between total physical activity and
cataract incidence (49). Individuals who participated in rigorous
physical labor experienced a 16% reduced risk of developing cataracts
compared to those who led a sedentary lifestyle. Similarly, individuals
who engaged in walking or biking for over 60 min daily recorded a
12% lowered prevalence of cataracts in comparison to those who
rarely partook in such activities (49). Low-intensity physical activities,
such as housework, did not seem to be associated with cataract risk
(49). The evidence from these studies indicates that engaging in
moderate to high intensity exercise and physical activity over a
prolonged period can have a more clear-cut and recognized effect on
reducing the risk of cataract.

3.3.2 Potential mechanisms

3.3.2.1 Enhancement of antioxidant defense in the lens

It is currently believed that reactive oxygen species (ROS) damage
directly contributes to crystal clouding (72). Aging is an important
driver of this process. In youth, antioxidants from the aqueous humor
are sufficient to scavenge oxygen free radicals to prevent oxidative
damage to the lens and, together with nutrients, maintain high
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metabolic activity of the lens, which is essential for normal clarity and
refractive index (71). The levels of antioxidant enzymes, including
dismutase (SOD) and glutathione peroxidase (GPX), in both the
serum and lens notably decline with age (74). Furthermore, the level
of reduced glutathione (GSH), which is the most critical antioxidant
factor in the lens, decreases almost linearly and to an even greater
extent (75, 76).

Research has indicated that consistent aerobic exercise aids in
improving cellular capacity to fight against excessive build-up of ROS
(77). Regular moderate-to high-intensity exercise increases the
activity of endogenous antioxidant enzymes (SOD, GPX, and CAT),
which improves the antioxidant capacity of the lens and slows down
the aging process (78). However, this antioxidant effect does not
appear to apply to all forms of exercise. For a single session of vigorous
aerobic exercise, ROS and reactive nitrogen species are overproduced
as a result of rapidly increased metabolism, which may instead induce
oxidative stress and related injury (49). Therefore, finding the right
form of exercise (regular and periodic exercise of moderate or higher
intensity) is also crucial for improving lens turbidity.

3.3.2.2 Suppression of inflammation

Inflammation is an additional crucial risk factor for cataract.
Inflammation is intimately related to oxidative stress, and both
tend to occur concurrently in multiple pathological conditions,
such as cataract (79). An 11 years cohort study found that elevated
plasma C-reactive protein (CRP) levels were significantly
associated with the risk of developing cataract (80). Aging is a
major factor in age-related cataract, and chronic inflammation is
one of the hallmarks of aging (81). With aging, circulating levels of
pro-inflammatory factors such as IL-6, TNF-a, and CRP generally
increase (82). Regular exercise has been found to reduce circulating
levels of IL-6 and CRP, which has been associated with exercise-
induced upregulation of the anti-inflammatory factors lipocalin
and IL-10 (83, 84). In addition, after 10-12 weeks of appropriate
exercise in sedentary elderly subjects, circulating levels of TLR4
and other pro-inflammatory biomarkers were found to be reduced
to levels similar to those in young adults (19). These findings
suggest that chronic inflammation during aging may be ameliorated
or even reversed by appropriate exercise, thereby decreasing the
likelihood of cataract development or delaying the progression of
crystalline opacity.

Analogous to oxidative stress, the modulation of inflammation by
exercise and physical activity is strongly connected to the type and
intensity of exercise and the physical state of the exerciser. Different
studies on resistance and aerobic exercise have found that both have
inhibitory effects on chronic inflammation, but aerobic exercise seems
to be better suited to modulate the immune system and markers of
inflammation in older adults than resistance exercise (85, 86). In
contrast, prolonged resistance exercise did not produce positive anti-
inflammatory effects in frail older adults.

3.3.2.3 Amelioration of some systemic diseases

Various systemic diseases play a role in the onset and advancement
of cataract. Men with hyperlipidemia (>250 mg/dL) were discovered
to have a heightened risk of developing cataract (87). Diabetic patients
have a 5-fold increased risk of cataract compared to normal subjects
(20). Case-control studies have identified a heightened risk of cataract
in populations with hypertension, particularly in the case of posterior
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TABLE 1 Effects of exercise and physical activity on common eye diseases:

Disease

Citation

Pre-
clinical
VS.
clinical

Study design

insights into myopia, cataract and DED with potential mechanisms explored.

Study
population

Interventions

Study

duration/
follow-up

period

Key findings

Participating in three or more hours of physical activity

Potential mechanism

Hansen et al. 1,443 Physical activity
Clinical Prospective cohort 16years per week significantly reduced the likelihood of
(40) participants (>3 h/week)
developing myopia
Holton et al. 6,200 Outdoor activity An hour of outdoor activity a day reduced the odds of
Clinical Cross-sectional o b/ 5years bei ic by 139
“n participants (z1h/day) eing myopic by 13% (1) Increased release of dopamine
An additional 40 min facilitated by st licht (outd
1,903 Cumulative incidence of myopia in intervention group acilitated by stronger light (outdoor
Heetal. (42) Clinical Prospective cohort class of outdoor 3years exercise)
schoolchildren o is 9.1% lower than control group
activities (2) Reduction in time spent in near-
Myopia R
The trend toward higher rates of myopia was more work activities
French et al. 863 .
Clinical Cohort study Outdoor activity 6years pronounced among children who spent less time (3) Involvement of induced growth
(43) schoolchildren R R
outdoors hormone in growth regulation of the
5,048 male eve
Less outdoor activity significantly associated with
Leeetal (44) | Clinical Cross-sectional military Outdoor activity 3years
) myopia prevalence
conscripts
2,339 Outdoor exercise negatively correlates with myopia
Ip etal. (45) Clinical Cross-sectional Outdoor activity /
schoolchildren rates
Kawashima 425 office High, moderate or
Clinical Cross-sectional / More Exercise, lower dry eye quality of life scores
etal. (32) workers low PA
Kawashima 36 office Aerobic and Higher level of physical activity was associated with a
Clinical Randomized controlled trial 2months
etal. (35) workers resistance exercises lower prevalence of DED
Cheng et al. 915 office Higher level of physical activity was associated with
Clinical Cross-sectional Physical activity /
(34) workers fewer symptoms of DED
(1) Improvement in tear film
Nugyen et al. ) .
(46) Clinical Cross-sectional 48,418 subjects | Sedentary behavior 6years Higher sedentary time increased the risk of DED stability (by increasing tear volume
DED and prolonging tear film breakup)
19 helicopter . . .
Veraetal. (47) | Clinical Quasi-experimental ! Treadmill exercise 10 min Exercise reduced tear osmolarity (2) Reduction of tear inflammation
ilot:
priots and oxidative stress levels
Peart et al. Cycloergometer
Clinical Quasi-experimental 12 subjects 15min Exercise reduced ocular surface disease index
(48) exercise
52 healthy and Exercise was associated with increased tear break-up
Sunetal. (39) | Clinical Experimental Jogging 30 min
DED patients time
Hanyuda et al. 102,582 Lack of exercise linked to higher risk of DED among
Clinical Cross-sectional Physical activity 6years
(33) participants middle-aged and elderly in Japan
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subcapsular cataract. Moreover, a linear relationship exists between
blood pressure and the risk of cataract (88, 89).

The advantageous impacts of exercise and physical activity on
regulating blood glucose, blood pressure, and blood lipid levels are
well acknowledged. The American Diabetes Association (ADA)
recommends adults with diabetes to participate in at least 150 min of
moderate-intensity physical activity per week (90). A systematic
review and meta-analysis suggests that a combination of moderate-to

(1) Inhibition of oxidative stress and
enhancement of antioxidant capacity
(2) Suppression of inflammation and
enhancement of anti-inflammatory
(3) Regulation of blood glucose,

Potential mechanism
blood pressure and blood lipids

capacity

high-intensity aerobic exercise and resistance training followed by

regular exercise (>4 weeks) reduces blood pressure by approximately
2-5mmHg in normotensive adults and 5-7 mmHg in hypertensive
adults (91). Exercise and physical activity are now thought to improve
hyperlipidemia by modulating plasma lipoprotein levels, and a
randomized controlled clinical trial found a significant increase in
plasma high density lipoprotein (HDL) (4.4mg/dL) in the exercise
group after 1year of regular exercise (running at least 8km per
week) (92).

Similarly, the extent to which exercise improves systemic disease

Vigorous physical activity delayed the onset of cataract
Moderate (walking) and vigorous (running) exercise
were both significantly associated with lower cataract
The intensity of lens opacity and cataract are
significantly related to physical activity

High physical activity may be associated with
decreased risk of age-related cataract

Physical activity was significantly associated with

S is strongly linked to the duration and intensity of exercise. In
'-g hyperlipidemia, for example, a significant correlation was found
£ 5 between weekly exercise distance and low-density lipoprotein
E‘ % § cholesterol (r=—0.31), plasma HDL cholesterol (r=0.48) and HDL2
- ° (r=0.41). In addition, regular exercise for at least up to 9months was
=g required to observe significant changes in lipid profiles (93, 94) (see
-§’_g '; % § N § 5 Table 1).
- © 0 [i“ ] — =
wn s= V=1 [a)]
S Qe

3.4 Glaucoma

) =
C 5 & 3 - - - .
12 =z g ¢ 2 FlE 3.4.1 Effect of exercise and physical activity on
] " %;’ g4 ;1':’ g% glaucoma
o £ g 2 g8 838 8 Glaucoma is the primary cause of irreversible vision loss globally
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IS 2 E 2 §>: R E g E,E: (95). As a classification of neurodegenerative diseases, is characterized
- o Y - by the gradual degeneration of retinal ganglion cells (RGCs) and
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- S E EE . g $ o B . = axons (96). Degeneration of the optic nerve results in cupping, which
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3 g E ‘é g = 5: g £ § g E 5 is the distinctive appearance of the optic disc and accompanying loss
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o 8‘ § ; S & * e 7 g g of vision (97). Intraocular pressure (IOP) is the most significant, and
= N - = the only controllable risk factor for glaucoma, so reducing IOP
through medication or surgery is currently the mainstay of glaucoma
treatment (98). However, some clinical studies have found that
glaucoma patients continue to progress even when IOP is lowered (99).
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k=) < S s - In recent years, numerous studies have disclosed that modifiable
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% ; § 2 ,.;j § environmental factors, such as exercise, smoking, alcohol
2 g 3 g 3 g consumption, and nutrition, possess a significant impact on the
o j=% o @
= 3 3 £ 3 8 development of glaucoma (100). Long-term, regular exercise and
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physical activity have been demonstrated to reduce the incidence of
o glaucoma or slow its progression (8, 101, 102). A prospective study
S S = = = = including 9,519 adults for up to 5years discovered a significantly lower
- g £ g S
g = g3 5 5 GE 5 5 occurrence of glaucoma in those who abided by physical activity
guidelines compared to those who did not engage in exercise (2.24%
= = = . = versus 1.14%) (8). A further retrospective analysis examined 24
~ ~ 12 © °
& g 2 E < E s patients with primary open-angle glaucoma (POAG) or
5 S ] = S 5 o s
T By = = £ 3 § 5 &% 2 seudoexfoliation glaucoma and found that those who engaged in
. p 8 &ag
2 KS = = €8 NI S3¢ . . . .
£ exercise habits (>30min per week) experienced less glaucomatous
§ ° visual field deterioration compared to these non-exercising
= § 3 counterparts (10).
g ] g A considerable amount of research suggests that exercise and
= b physical activity have the potential to prevent and mitigate various
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forms of damage to RGCs and optic nerves (103). A cross-sectional
study with over 40,000 participants discovered that increased levels
of physical activity led to an augmentation of the thickness in the
plexiform layer within the retina (104). Experimental studies offer
more unambiguous evidence. An experiment investigating
age-related optic nerve injury revealed that regular aerobic exercise
(swimming for 60 min per day, 5 days per week for 6 weeks) led to
similar responses to acute ischemia-reperfusion-induced optic
nerve injury in older mice (12months) as compared to
non-exercised young mice (3 months) (105). Additionally, exercise
reduced injury-induced retinal neuroinflammation in aged mice.
Another study on injury caused by optic nerve severance
demonstrated that retinal ganglion cell survival significantly
increased following a 4 weeks period of aerobic exercise, specifically
running at 9 m/min for 30 min per day (106).

The effect of exercise and physical activity on glaucoma is
intricately linked to the type and intensity of exercise undertaking.
In a substantial 7.7 years cohort study comprising over 29,854 male
runners belonging to running clubs located throughout the
United States, an evident dose-dependent correlation was
discovered between exercise patterns and glaucoma hazards, with
swifter running speeds and longer running distances demonstrating
a decreased risk of glaucoma (107). Another retrospective study
involving 10,243 South Korean men aged 40 or older uncovered an
inverse relationship between the development of glaucoma and
engagement in medium-to-high intensity physical activity (108).
Furthermore, a longitudinal study observing 141 patients with
glaucoma discovered that the rate of visual field loss decreased with
increased moderate to high activity levels (according to
accelerometer measurements) (109). However, another study
revealed that low and high-intensity exercise might elevate the risk
of glaucoma in comparison to the moderate-intensity exercise
recommended by the American College of Sports Medicine
(ACSM) guidelines (110). The study also uncovered that
undertaking high-intensity exercise daily was linked to a greater
occurrence of glaucoma than exercising three times weekly. It is
noteworthy that not all types of exercise and physical activity are
advantageous for individuals with glaucoma. The study has
demonstrated that engaging in vigorous isometric workouts such
as wall push, suspension training, resistance band training, among
others, as well as performing exercises in inverted body positions,
and playing high-resistance wind instruments such as trumpet,
trombone, French horn, and others have been shown to elevate
IOP, thereby elevating the risk of developing glaucoma (111, 112).

It should be noted that there are multiple types of glaucoma,
and exercise and physical activity may be considered a risk factor
for certain types, such as pigmentary glaucoma. Pigmentation of
corneal endothelial cells occurs in patients with pigment dispersion
syndrome. When pigment particles enter the trabecular meshwork
endothelial cells, they can gradually lead to pigment overload and
death of the trabecular meshwork cells. This, in turn, causes
trabecular collapse, obstruction of atrial aqueous outflow pathways,
and increased intraocular pressure. Ultimately, this can lead to
pigmentary glaucoma (113). Studies have shown that after aerobic
exercise, patients with pigmented dispersion syndrome and
pigmentary glaucoma experience a dispersion of pigments in the
anterior chamber that is significantly increased (114, 115). A
patient with pigment dispersion syndrome presented with typical
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symptoms of elevated IOP, blurred vision, and halos after strenuous
exercise (116). However, after expanding the sample size, it was
found that exercise did not significantly increase clinical IOP in
patients with pigmentary glaucoma (117). Iris depressions have
been suggested as a possible mechanism for pigment release (118).
Patients with pigmentary glaucoma experience a significant
increase in iris depressions following exercise (119). Research has
demonstrated that exercise can increase the IOP pulse and affect
atrial fluid dynamics, resulting in enhanced cyclic atrial fluid flow
through the pupil. This, combined with reverse pupillary
obstruction, can cause intermittent excessive iris depression,
leading to an increase in pigment dispersion (119). Although
current research does not suggest that all patients with pigmentary
dispersion syndrome or pigmentary glaucoma should avoid all
forms of exercise, highly stimulating exercise should be avoided as
much as possible. It is necessary for these patients to carefully
consider their condition and seek evaluation by a healthcare
professional prior to exercising at a low or moderate intensity (114).

3.4.2 Potential mechanisms

3.4.2.1 Regulation of IOP

Excessive IOP can compress, deform, and alter the sieve plate on
the inner eye wall, leading to mechanical axonal damage and transit
disorders that impede the brainstem’s provision of trophic factors to
RGCs (120). When IOP exceeds ocular perfusion pressure (OPP),
blood supply to the optic nerve is restricted (121). The various
factors listed above ultimately lead to the demise of RGCs and
initiate the onset of glaucoma. Lowering IOP is a crucial factor in
preventing and delaying the progression of glaucoma through
exercise and physical activity (122). According to a randomized
controlled study, a notable decrease in IOP was observed among
healthy adults who engaged in 20 min of aerobic exercise with a
return to baseline levels in approximately 1h (123). Furthermore,
post-exercise IOP levels decreased by 2.7mmHg in a study of
resistance training (124). Another prospective, interventional study
found that aerobic exercise reduced the baseline level of IOP in
subjects with glaucoma by 4.6 + 0.4 mmHg after 3 months, and this
reduction was maintained for 3 weeks (125). Therefore, examining
the specific mechanisms by which exercise improves glaucoma
requires an examination of how exercise regulates IOP. Maintaining
normal intraocular pressure depends on a balanced interplay
between the production of aqueous humor by the ciliary body and
its drainage through the trabecular meshwork and uveoscleral
outflow pathway (96). The present study suggests that acute exercise
may alter JOP by, among other things, decreasing blood pH,
increasing plasma osmolality, increasing blood lactate, decreasing
norepinephrine concentration, increasing the nitric oxide/
endothelin ratio (resulting in increased NO production and
decreased endothelin content), stimulating 2 receptors, and altering
ocular blood flow after exercise (122). Different types of exercise
have been found to have varying effects on IOP regulation. Isometric
exercise has primarily been associated with hyperventilation and
hypocapnia, resulting in a decrease in IOP, while isotonic exercise
has been primarily linked to an increase in colloid osmolality (126-
128). However, research on the mechanisms by which long-term
exercise and physical activity impact baseline levels of IOP is lacking,
which suggests an avenue for future research.
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TABLE 2 Effects of exercise and physical activity on common eye diseases: insights into glaucoma with potential mechanisms explored.

Disease

Glaucoma

Citation

Pre-
clinical vs.
clinical

Study design

Study
population

Interventions

Study
duration/
follow-up
period

Key findings

29 healthy A decrease in IOP after aerobic exercise in healthy
Yan et al. (123) Clinical Paired comparative Jogging 20 min
participants subjects
Prospective, 45 healthy Aerobic exercise and strength Regular exercise significantly reduces intraocular
Yeak et al. (129) Clinical 6 weeks
interventional cohort | participants training pressure in healthy people
9,519 Higher level of physical activity was associated with a
Meier et al. (8) Clinical Prospective cohort Physical activity 5.7 years
participants lower risk of incident glaucoma
24 POAG Glaucoma progresses slower in patients with self-
Yokota et al. (10) Clinical Retrospective cohort Exercise (>30 min/week) 3years
patients reported exercise habits
3,627 Higher overall PA level was associated with thicker
Madjedi etal. (104) | Clinical Cross-sectional Physical activity 5years
participants mGCIPL
Williams et al. Prospective 29,854 male
Clinical Running 7.7 years Vigorous physical activity may reduce glaucoma risk
(107) epidemiologic cohort | runners
Exercise intensity negatively correlates with odds of
Seo etal. (108) Clinical Cross-sectional 10,243 men Different intensity of exercise 5years
developing glaucoma
Longitudinal, Moderate-to-vigorous physical activity was associated
Leeetal. (109) Clinical 141 participants Different intensity of exercise 1week
observational study with slower visual field loss in glaucoma patients
Randomised Treadmill exercise (5 days/week, Exercise increased retinal BDNF protein levels by 20%
Lawson et al. (24) Pre-clinical 48 mice 2 weeks
controlled 60 min, 10 m/min) compared with inactive mice
Randomised Treadmill exercise (3 days/week,
Kim et al. (130) Pre-clinical 24 mice 12 weeks Regular exercise can reduce retinal oxidative stress
controlled 30-60 min, 5-12 m/min)
Treadmill training effectively rescues RGCs that
Randomised Treadmill exercise (5 days/week,
He et al. (106) Pre-clinical 24 mice 4weeks develop neurodegeneration after optic nerve
controlled 30 min, 9m/min)
transection
Chrysostomou Randomised Exercise protects the aged optic nerve against
Pre-clinical 30 mice Swimming (5 days/week, 60 min) 6weeks
etal. (105) controlled functional loss

Potential mechanism

(1) Decrease in intraocular pressure
(decreases blood pH, increases plasma
osmolality and blood lactate, decreases
norepinephrine concentration...)

(2) Inhibition of oxidative stress and

inflammation

(3) Improvement of mitochondrial
dysfunction
(4) Increased protective myokine

expression (BDNF, Irisin...)
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3.4.2.2 Inhibition of oxidative stress and inflammation in
the trabecular meshwork and retina

Oxidative stress, cellular senescence, and mitochondrial
dysfunction increase in the aging retina and are significant risk factors
for glaucoma (131). Oxidative stress and lipid peroxidation are
principle initial contributors to the onset of para-inflammation in the
retina (132). ROS activate retina-resident macrophages and
neuroimmune cells, such as microglia and astrocytes, which release
proinflammatory mediators and trigger neuroinflammation,
ultimately accelerating the death of RGCs (132). Moreover, the
trabecular meshwork serves as the “gateway” of aqueous humor
outflow in the eye and is a highly vulnerable tissue to oxidative stress.
This stress disrupts the normal drainage of aqueous fluids and
ultimately leads to increased intraocular pressure and damage to the
optic nerve (131). Research has shown that individuals with glaucoma
exhibit elevated levels of oxidative stress markers, including 8-OH-dG
and malondialdehyde, within their aqueous humor, trabecular
meshwork, and serum (133, 134).

Prolonged aerobic exercise has been demonstrated to reduce
oxidative stress and enhance antioxidant capacity in elderly individuals
(135). An experimental study demonstrated a reduction in levels of
oxidative stress within the retinas of mice after 12 weeks of regular
bench running exercise (5-12m/min, 30-60 min/day, 3 days/week)
(130). This provides more direct evidence of the benefits of aerobic
exercise. Previous studies have revealed that aerobic exercise reduces
inflammatory factors in the bloodstream, spinal cord, cortex, and
hippocampus, such as IL-1, IL-6, and TNF-a (136). At present, there
is no direct evidence indicating that exercise ameliorates retinal
inflammation, it has been found that exercise-induced myokine Irisin
can inhibit oxygen-induced pathological angiogenesis, inflammation,
and apoptosis in the retina in vivo (137).

3.4.2.3 Improvement of mitochondrial function

Mitochondria contribute to oxidative stress in living organisms.
Mitochondrial dysfunction is a critical aspect of aging, characterized
by changes in biogenesis, protein inhibition, mitochondrial autophagy,
and kinetics (138, 139). The retina is among the most metabolically
active tissues within the body and contains a substantial quantity of
mitochondria. These mitochondria are primarily located in the
myelin-free axons of RGCs and the inner segments of photoreceptors,
fulfilling a crucial role in normal energy transportation (140).
Mitochondrial dysfunction, potentially caused by various mechanisms
such as dysregulation of signaling, dysfunction of pathways, genetic
variations, and oxidative stress, is significantly associated with a
majority of blinding eye conditions, including glaucoma (141, 142).
The mitochondria in the RGCs are the first to be affected by glaucoma
(143). Furthermore, the expression of OPA 1, a gene that is present in
RGCs soma and axons and linked to both spontaneous and hereditary
mitochondrial optic neuropathy, exhibits noteworthy down-regulation
in patients identified with POAG, providing evidence of a genetic
association connecting mitochondrial function and POAG (144).
Mitochondrial abnormalities in morphology, reduced mass, decreased
oxidative capacity, and abnormal autophagy, among other factors, can
all contribute to glaucoma development (142).

Numerous studies indicate that aerobic exercise boosts the
mitochondrial biosynthetic pathway and cellular respiratory capacity,
leading to improved mitochondrial mass, structure, and function.
Exercise improves an organism’s resilience against inhibitors of
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mitochondrial complex I, which is the initial enzyme-protein complex
in the mitochondrial OXPHOS pathway. The downregulation of this
complex may result in mitochondrial dysfunction. Physical activity
also boosts the expression of mRNAs associated with mitochondrial
complex I (145). Experimental studies have demonstrated that aerobic
exercise can preserve mitochondrial metabolism by preventing
age-related mitochondrial damage in skeletal muscle, achieved
through inhibiting mitochondrial schizopyranin expression in a
PGC-1la-dependent manner (146). Other studies have indicated that
aerobic exercise enhances mitochondrial biogenesis and function by
activating Nrf2 (139). Elevated mRNA levels of lysosome-associated
membrane protein 2 (LAMP-2), Atg and LC3II in lateral femoral
muscles was found in overweight older women after 6 months of
weight loss and moderate-intensity exercise. Additionally, this study
discovered that lifelong physical activity preserves LC3II and Atg at
youthful levels (147). This indicates that physical activity enhances
mitochondrial autophagy and consequently attenuates mitochondrial
dysfunction. However, further validation is necessary to determine
whether these particular mechanisms apply to the optic nerve injury
model of glaucoma.

3.4.2.4 Facilitating the release of protective factors

3.4.2.4.1 BDNF

BDNE a protein from the neurotrophic factor family, is produced
by retinal neurons like RGCs, anaplastic synaptic cells, retinal
neuroglia (Miiller cells), astrocytes, and photoreceptors (148). It has
been shown that BDNF protects RGCs’ survival in pathological
conditions such as glaucoma and optic nerve injury (149). BDNF can
enhance the retina’s resistance to injury by regulating the formation
and maintenance of retinal neural circuits. Studies have shown that
exercise can effectively prevent complement-mediated synapse loss
(150). This helps to resist neurodegenerative changes in the structure,
function, and molecules of the inner retina caused by glaucoma (151,
152). Currently, BDNF is widely recognized as a pivotal factor that
mediates the impact of exercise on varying forms of retinal damage
(153). Aerobic exercise, including long-term endurance training and
short-term acute exercise, enhances circulating levels of BDNF in both
healthy and chronically ill individuals. However, resistance training
did not have such an effect (154). Experimental studies have found
that damaged retinas of untrained mice had significantly decreased
levels of BDNE, whereas retinal BDNF levels were significantly
increased in trained mice (24). The primary mechanism of BDNF
action relates to its binding to the TrkB receptor, which triggers the
initiation of numerous signaling cascades. Activated TrkB enhances
Erk1/2, which are responsible for retinal ganglion cell (RGC) survival,
while concurrently inhibiting glycogen synthase kinase 38 (GSK3p)
activity through enhancing PI3K/Akt signaling, thereby promoting
neuronal axon growth and cell survival (152, 155). Inhibiting TrkB
effectively impairs the ameliorative effects of exercise on retinal
damage in disease models, including glaucoma and DR (150). In a
mouse model of glaucoma, administration of BDNF resulted in
increased survival of the RGC and improved retinal function (156).
(IGF-1) and
neurotrophic growth factor (NGF) have also been validated for their

Furthermore, insulin-like growth factor-1
neuroprotective effects in cases of retinal injury (103). Nonetheless, it
is still unclear if they contribute to the protective effects of exercise,

necessitating further comprehensive investigation.
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3.4.2.4.2 Dopamine

Dopaminergic neurons are considered a crucial component of the
motor system, with physical exercise and activity known to stimulate
dopamine release (157, 158). Extensive animal studies have
demonstrated that regular aerobic activities such as running and
swimming lead to significant increases in serum and brain dopamine
levels in mice or rats (158, 159). The dopaminergic system’s role in
regulating the balance of aqueous humor dynamics, a key
pathophysiological process in glaucoma, has been widely studied since
the 1980s. Dopamine’s activity is mediated primarily through five G
protein-coupled receptors belonging to two subfamilies: the D1-like
receptors (D1R and D5R) and the D2-like receptors (D2R, D3R, and
D4R) (160). Activation of D2R and D3R helps lower intraocular
pressure (161-164). Many classic D2R agonists, including
bromocriptine, cabergoline, lisuride, and lergotrile, have been used to
reduce intraocular pressure in humans and animals (160). In 2000, a
study on the selective D3R agonist 7-OH-DPAT revealed its potential
role in reducing rabbit intraocular pressure, marking the first
indication of D3R’ involvement in lowering eye pressure (163).
Subsequent research on various D3R agonists and D3R~ mice further
confirmed this view (165, 166). The presence of D3R in the
sympathetic nerve fibers of the ciliary body suggests that D3R
activation could block the inflow of aqueous humor, thereby reducing
intraocular pressure (162). A recent study by Reyes-Resina et al. (167)
found that D3R expression in the ciliary body slices of glaucoma
patients was significantly lower than that in controls, although the
sample size of two was too small for statistical analysis, the findings
undeniably further elucidate the connection between the
dopaminergic system and glaucoma. While D2R and D3R have been
detected in the human retina, there is a lack of research on
abnormalities in the dopaminergic system within the retina of
glaucoma patients. However, a study on a quail model of glaucoma
found a reduction in dopaminergic cells and dopamine rhythms in the
retina following glaucoma (168). In summary, physical exercise and
activity may positively impact glaucoma by promoting dopamine
release and its interaction with D2R and D3R. Nonetheless, this
hypothesis requires further substantiation through more in-depth and
direct evidence (see Table 2).

3.5DR

3.5.1 Effect of exercise and physical activity on
DR

DR is the leading retinal vascular ailment that results in visual
impairments like floaters, distorted vision, blurry vision, and in more
severe cases, retinal detachment that can cause total or partial vision
loss (169). DR can also affect the macula and lead to diabetic macular
edema (DME). DME is featured by vascular leakage and results in
swelling of the macula, which is the primary reason for blindness
among diabetic patients (170).

Clinical studies have confirmed that regular exercise or physical
activity and maintaining a healthy diet can significantly reduce the risk
of developing diabetes and related ocular complications (171). A
retrospective study of 3,031 adults demonstrated that individuals who
consistently engaged in higher levels of physical activity over an
extended period had a lower incidence of DR (172). Conversely, a
sedentary lifestyle was found to significantly increase the likelihood of
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diabetic patients developing DR (173). Another pre-and post-clinical
trial conducted on patients with DR indicated significant reductions
in fasting blood glucose and central macular thickness in participants
who underwent long-term moderate-intensity aerobic exercise
regularly (45min, three times per week for 12weeks) (174). Basic
research has provided further evidence that 8 weeks of treadmill
exercise (8 m/min, 30min per day, 6days per week) yielded a
significant reduction in retinal vascular endothelial growth factor
(VEGF) expression and retinal cell apoptosis in diabetic mice
models (175).

The intensity of exercise and physical activity is associated with
their ameliorative effect on DR. Previous research suggests that the
benefits of moderate-intensity aerobic exercise and physical activity
for DR are greater than those of low-and high-intensity exercise (176).
High-intensity interval training (HIIT) has been found to enhance
choriocapillaris perfusion in healthy individuals. Nevertheless, clinical
trial studies have not observed any ameliorative effects of HIIT on the
microvasculature in patients with type 1 diabetes (T1D) (177, 178). At
present, research on the influence of exercise and physical activity on
DR primarily concentrates on the advantages of aerobic exercise.
Additional studies are necessary to explore and showcase the impacts
of other forms of exercise and physical activity on DR.

3.5.2 Potential mechanisms

3.5.2.1 Regulation of blood glucose

Briefly, DR is a microangiopathy with a complex pathophysiology
and unclear pathogenesis (179). Various studies have established a
correlation between hyperglycemia and retinal microvascular damage,
indicating the former as a major and direct cause (180). Hyperglycemia
leads to several pathophysiological alterations, such as oxidative stress,
accumulation of sorbitol and advanced glycosylation end-products
(AGESs), C (PKCQ),
neuroinflammation, and others (181). These pathways result in

activation of protein kinase chronic
dysfunction of the vascular endothelium of the retina, marked by the
loss of pericytes and endothelial cells, thinning of the basement
membrane, increased retinal permeability, and the absence of
neuroprotective molecules (182, 183). Retinal vascular endothelial
dysfunction worsens retinal hypoxia, neuronal dysfunction, and leads
to the development of various angiogenic factors such as VEGE
growth hormone-insulin-like growth factor (GH-IGF), and
erythropoietin. Ultimately, this results in retinal neoangiogenesis,
which is a typical feature of DR and a hallmark of its progressive
development (182, 184).

The effectiveness of exercise and physical activity in improving
blood glucose levels has been well-established through numerous
studies. Different types of physical activity, like aerobic exercise,
resistance training, and high-intensity interval exercise (HIIE), have
been found to boost blood glucose levels in patients with type 2
diabetes by augmenting insulin sensitivity, promoting mitochondrial
function, and adjusting metabolic parameters such as blood pressure
and blood lipids (185-191). It has been found that combined exercise
produces a more significant effect on blood glucose intervention than
any single type of exercise alone (192, 193). A meta-analysis on
resistance training demonstrated that high-intensity resistance
training is more effective than low or moderate-intensity for reducing
insulin levels and overall glycemic management (189). Furthermore,
numerous studies indicate that engaging in exercise after a meal is
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more effective in regulating glycemic levels by reducing sudden spikes
in blood glucose. The advantages are particularly evident for exercise
sessions lasting 45 min or longer (188, 194).

3.5.2.2 Retinal neuroprotection

A rising number of studies have shown that pure microvascular
injury cannot fully elucidate the pathogenesis of DR. Neuroretinal
damage is found to be equally indispensable in DR’s development,
even before microvascular injury (195). Diabetes mellitus
influences the functioning and structure of all retinal cell types,
and an increased expression of apoptotic markers of RGCs
(caspase-3, Fas, and Bax) was noticed in diabetic patients’ retinas
(196). Animal studies show that hyperglycemia speeds up retinal
neuron apoptosis in mice, while also promoting glial cell activation
and impaired metabolism (195). Additionally, a rat model of
diabetes-induced early retinal neuropathy showed reduced BDNF
levels, which further increased aberrant autophagy (197). BDNF
upregulation has been suggested as a possible therapeutic avenue
for DR, as it protects retinal cells by restoring proper autophagic
responses in the retina (198).

As previously described, exercise and physical activity enhance
the expression of multiple neurotrophic factors, including mainly
BDNE, exhibiting greater levels, particularly in the retina and
serum (24). BDNF has the potential to mitigate DR by promoting
neuroretinal repair and survival caused by ischemia through the
activation of TrkB and corresponding downstream pathways
(199, 200).

3.5.2.3 Inhibition of hyperglycemia-induced oxidative
stress and inflammation in retinal vessels

Oxidative stress is a significant contributor to the
development of DR due to hyperglycemia leading to ROS
overproduction (201). Oxidative stress causes damage to the
cytoarchitecture and mitochondria, leading to apoptosis and
depletion of pericytes (one of the major cell types of the retinal
microvasculature, which controls endothelial cell proliferation
and protects endothelial cells from lipid peroxide-induced
damage), ultimately triggering or exacerbating the onset and
progression of DR (202-204). Additionally, oxidative stress
activates the inflammatory cascade. It has been found that
hyperglycemia can lead to abnormal signaling pathways, among
them phosphoinositide 3-kinase/Akt/protein kinase B and
inducible NOS (iNOS). One specific manifestation is the
inhibition of eNO synthase (eNOS) activation and the promotion
of up-regulation of inflammatory mediators such as iNOS, IL-6,
and TNF-a (205). The paracrine inflammatory response is
activated, causing abnormal interactions between leukocytes and
endothelial cells, ultimately resulting in retinal microvascular
damage (132).

Exercise has been found to provide protection to retinal cells
from damage caused by diabetes by inhibiting inflammatory and
oxidative stress that are fundamental to the disease (22). For DR,
Cheng et al. (175) reported that engaging in long-term regular
platform running exercise could suppress vascular inflammation
and oxidative stress in diabetic mice by upregulating miR-181b
through activation of AMPK, further improving endothelial
dysfunction in DR. Another study, based on a survey of 157
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patients with retinopathy, found a negative correlation between
moderate to high intensity physical activity and systemic
inflammation (206).

3.5.2.4 Others

Chronic  hyperglycemia-induced retinal microvascular
pathological changes and structural abnormalities can result in
hemodynamic abnormalities that could facilitate DR progression
(183, 207). Studies have shown that exercise may improve retinal
hemodynamics by promoting the expression of related adipokines,
such as lipocalin, in the plasma and retina. Fundamental research
has discovered that lipocalin impedes tube formation in human
retinal microvascular endothelial cells. This suggests that lipocalin
could be a potential treatment target for angiogenesis in DR (208).
In a clinical study involving patients diagnosed with type 2
diabetes, researchers found that an increase in plasma lipocalin
levels was positively associated with retinal vessel diameter, retinal
blood velocity and flow, while being negatively associated with the
total peripheral resistance of retinal arteries (209).

Furthermore, exercise and physical activity may improve DR
by influencing 25-hydroxyvitamin D (25 OH-D) levels. A wealth
of evidence supports the notion that enhanced physical activity
leads to better 25 OH-D status in individuals of all ages, which is
linked to microvascular events (210-212). It has been shown that
the impact of physical activity on fasting blood sugar levels may
be influenced by the genotype of the vitamin D receptor (213) (see
Table 3).

3.6 AMD

3.6.1 Effect of exercise and physical activity on
AMD

The macula is situated in the posterior central portion of the
retina, representing the most visually acute part of the retina. AMD
is a degenerative condition of the macula caused by the malfunction
of retinal pigment epithelium (RPE) and the death of photoreceptor
cells (219). AMD is the primary cause of irreversible vision
impairment in individuals aged 60 and above. Advanced AMD can
drastically diminish visual acuity, impacting overall quality of life
(220). Clinically, AMD has two subtypes: non-neovascular and
neovascular (219). Between 80 to 85% of patients are diagnosed
with non-neovascular AMD, characterized by the loss of
photoreceptors and RPE cells, and exposure of the underlying
choroidal vessels, generally leading to a better visual prognosis.
Conversely, neovascular AMD, marked by the formation of new
blood vessels beneath the RPE, within the retina, or under the
retina, accounts for less patient numbers but is responsible for
nearly 80% of severe vision loss associated with AMD (221, 222).

Age is considered the primary factor in AMD, while smoking
is the top modifiable risk factor associated with AMD (219).
However, several studies have also confirmed the correlation
between exercise and AMD. A study spanning 15years and
including 3,874 adults indicated a marked reduction in the
incidence of neovascular AMD among those who maintained an
active lifestyle (exercising at least thrice weekly) over an extended
period, compared to those who remained inactive. After adjusting
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TABLE 3 Effects of exercise and physical activity on common eye diseases: insights into DR and AMD with potential mechanisms explored.
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for variables, the study discovered that incorporating more daily
walks into one’s routine can reduce the risk of developing AMD
(215). A sedentary lifestyle can exacerbate AMD progression,
whereas patients who engage in regular exercise and physical
activity tend to have better vision (216). Additionally, a systematic
review and meta-analysis determined that physical activity is
linked to a decreased incidence of both early and late-stage AMD
(223). Animal studies indicate that aerobic exercise may safeguard
photoreceptor cells and RPE from harm and hinder reduction in
retinal and photoreceptor layer thickness in a mouse model of
retinal degeneration (217).

3.6.2 Potential mechanisms

Various risk factors for AMD, such as age, smoking, diet, sun
exposure, and alcohol consumption, can induce or exacerbate a
common pathophysiologic process known as oxidative stress at
the molecular level (224). The macula ensures high metabolic
activity to safeguard the large amount of energy required for light
sensing and visual signal processing by the cone cells. This
finding suggests that the macula is exposed to high levels of ROS,
making it more susceptible to damage from oxidative stress (224).
In atrophic AMD, accumulated ROS directly damage the cell
membranes, DNA, and proteins of RPE cells and photoreceptor
cells, leading to structural and functional impairments. Oxidative
damage also results in the accumulation of cellular metabolic
byproducts like lipofuscin within the RPE cells, further
exacerbating cellular dysfunction and death by disrupting
autophagy and affecting normal metabolism (222, 225). VEGF-
mediated abnormal vascular generation is a key factor inducing
CNV in late-stage neovascular AMD. The NF-kB pathway,
activated under oxidative stress, translocates to the nucleus,
directly enhancing VEGF gene transcription and stimulating
neovascularization (226, 227). Signaling pathways such as MAPK
and PI3K/Akt are also involved in the regulation of VEGF by
oxidative stress (228, 229). ROS clearance is a popular research
topic in AMD treatment. Studies demonstrate that engaging in
regular exercise and physical activity can boost the activity of
antioxidant enzymes, halt neovascularization (230), and increase
resistance to oxidative stress (23).

Inflammation plays a significant role in the pathophysiology
of AMD. Research has shown that the AMD pathology is
accompanied by the infiltration of various inflammatory cells,
primarily microglia and macrophages. Inflammatory responses,
mediated by the release of cytokines such as TNF-a and
Interleukins, activate signaling pathways including NF-kB and
MAPK. This process not only damages RPE and photoreceptor
cells but also enhances the transcription and translation of the
VEGF gene, inducing retinal neovascularization (231). Laser-
induced choroidal neovascularization in CNV mice was
restrained by experimental depletion of macrophages (232).
Studies indicate that exercise and physical activity play a
significant role in inhibiting the inflammatory response through
down-regulating the expression of inflammatory factors and
adhesion molecules, promoting the release of the anti-
inflammatory adipokine lipocalin, decreasing macrophage
activation and aggregation, and inhibiting microglial cell
expression (218, 233) (see Table 3).
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4 Conclusion and perspectives

This review synthesizes the current knowledge on the impact
and potential mechanisms of exercise and physical activity on
common ocular diseases such as DED, cataracts, myopia,
glaucoma, DR, and AMD, as depicted in Figures 2-6. It provides a
relatively comprehensive elucidation of the relationship between
physical activities and eye health. According to existing research,
it can be inferred that for individuals suffering from DED, myopia,
cataracts, glaucoma, DR, and AMD, or those at high risk, when
physical activity is appropriately tailored to their conditions, long-
term, regular exercise of moderate to vigorous intensity can help
delay the onset and progression of these diseases or alleviate their
symptoms. This offers a promising avenue for the prevention and
treatment strategies of a variety of ocular diseases. Aligning with
the Global recommendations on physical activity for health and
United States Health and Human Services physical activity
guidelines for adults (25, 26), combined with the findings of this
review, we propose that for early to mid-stage patients or at-risk
groups of these ocular diseases, long-term adherence to moderate-
intensity physical activities (>150 min per week) like running,
walking, and cycling in suitable environments (considering
temperature, humidity, light intensity, etc.) could be instrumental
in preventing or delaying the progression of these common
eye conditions.

The impact of exercise and physical activity on other eye
disorders has also been thoroughly researched. For instance,
studies on retinitis pigmentosa (RP) have discovered that patients
maintaining higher levels of physical activity exhibit superior
overall visual function, color vision, and peripheral vision
compared to their less active counterparts, despite the limited
sample size and reliance on subjective questionnaire surveys. These
findings necessitate further validation in future research (234,
235). Additionally, the benefits of exercise and physical activity on
retinal microvasculature, including reductions in blood pressure
and glucose levels, decreased plasma viscosity, and enhanced
antioxidative capacity of red blood cells (236-239), suggest
potential improvements in the development and progression of
retinal vein occlusion (RVO), a condition significantly influenced
by high blood sugar, hypertension, arteriolar narrowing, or
occlusions (240). Moreover, the positive effects of exercise and
physical activity on autoimmune diseases, such as rheumatoid
arthritis, may extend to uveitis, a common extra-articular
manifestation of rheumatoid arthritis (4, 241, 242). In the
regulatory mechanisms, a novel myokine, irisin, induced by
exercise and secreted by skeletal muscles, has been shown to
be downregulated in the aqueous humor of patients with RVO and
AMD, as well as in the retinas of mice with oxygen-induced
retinopathy, suggesting it may be a marker of retinal damage (137,
243). Current research indicates that irisin can exert anti-
inflammatory, antioxidative, and anti-apoptotic neuroprotective
effects through several signaling pathways, including Akt and
ERK1/2 (244), integrin aVP5/AMPK (245), and ROS-NLRP3
(246), among others. Further investigation into the impact of this
molecule on ocular diseases may enrich the understanding of
exercise’s protective mechanisms and potentially offer a new
therapeutic strategy for neuroprotection of the visual system.

frontiersin.org


https://doi.org/10.3389/fmed.2024.1353624
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Zhang et al.

10.3389/fmed.2024.1353624

(@

4

-\®
'-'

NN

. Exercise & Physical Activity |

Hypertonic
tears

Eye injury

5

\J

=
82>

(Dry Eye Disease)

FIGURE 2

Inflammationn

Potential mechanisms

Tear film (normal)

Schematic representation of the impact and potential mechanisms of exercise and physical activity on DED (created with Biorender.com).

e Improvement in tear film stability
(by increasing tear volume and
prolonging tear film breakup)

e Reduction of tear inflammation
and oxidative stress levels

Loss of tear ﬁlm
homeostasis

= Lipid layer

°
®

Aqueous layer

Mucous layer

] Corneal epithelium

It's noteworthy that in epidemiological studies included in this
review, the form and intensity of exercise were adapted to the
subjects. Under this premise, the positive impact of exercise or
physical activity on dry eye syndrome, cataracts, glaucoma,
diabetic retinopathy, and other ocular diseases has been validated.
However, it is undeniable that in certain specific situations, exercise
and physical activity should be reduced or even temporarily
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prohibited. These include: (1) late stages or acute episodes of
vision-impacting ocular diseases, such as cataracts, glaucoma,
diabetic retinopathy, where the patient’s vision and/or visual field
is severely compromised, making the positive impact of exercise
and physical activity almost negligible and potentially exacerbating
the condition or increasing the risk of accidental injury (111, 247,
248); (2) the recovery period following ocular surgery (e.g.,
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cataract surgery, vitrectomy, laser treatment), where vigorous
exercise should be avoided to ensure proper healing of the wound
(249, 250); (3) environments that are dry, windy, or dusty may
exacerbate symptoms of dry eye syndrome, and intense sunlight or
dim lighting may worsen eye pressure issues in glaucoma patients
(251-253); (4) patients with high myopia are at increased risk of
retinal detachment and should avoid high-impact and vibration-
inducing activities, such as running and lifting heavy objects (254);
(5) when specific complications are present, such as diabetic
retinopathy patients with concurrent macular edema, short-term
high-intensity exercise should be avoided (255).

This review aims to summarize the positive effects of exercise
and physical activity on common ocular diseases, but this does
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not imply that exercise and physical activity can directly serve as
a treatment modality. Seeking medical assistance and clinical
treatment is necessary and primary for any ocular disease.
We hope this review serves as a catalyst to stimulate interest
among researchers and medical professionals in further exploring
the relationship between exercise and eye health. We look
forward to future studies revealing the specific mechanisms and
key targets through which exercise benefits ocular health, thereby
facilitating the development of innovative strategies for treating
eye diseases.

This review also has limitations. Different studies may involve
participants of varying ages, genders, races, etc., and employ
different forms of exercise and physical activity, leading to
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Schematic representation of the impact and potential mechanisms of exercise and physical activity on glaucoma (created with Biorender.com).
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variability in type, intensity, frequency, and duration. The
classification of exercise intensity in this review utilizes metabolic
equivalents (METs), a widely accepted standard. However, it is not
the sole method available; other measures such as maximum
oxygen uptake (VO, Max), heart rate, and heart rate reserve also
have their advantages. Relying on a single measurement standard
could potentially affect our interpretation and summary of the
outcomes. Additionally, long-term follow-up studies included in
the review may be subject to response bias, such as self-reported
exercise and physical activity data potentially being influenced by
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respondents’ subjective biases. There are also certain limitations
and gaps in research on different types of eye diseases. For example,
some studies may not have accounted for confounding factors,
such as genetic predispositions, environmental factors, and
behavioral factors (e.g., near work and screen time usage), making
it difficult to ascertain the impact of exercise on dry eye syndrome
and myopia. In the case of diseases like AMD, existing research
lacks unified recommendations for specific types of exercise,
intensity, frequency, and duration, making it challenging to provide
optimal exercise guidelines.
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Purpose: SCUBA diving exposes participants to a unique hyperbaric environment,
but few studies have examined the effects of such an environment on intraocular
pressure (IOP) and glaucoma. This systematic review aims to consolidate recent
literature findings regarding the impact of increased atmospheric pressure on
IOP and glaucoma.

Methods: Three online databases were searched to identify publications
encompassing the subjects of diving or increased atmospheric pressure in
conjunction with IOP or glaucoma. Three reviewers independently screened
the publications and identified eligible articles. Relevant data was extracted from
each article. The heterogeneity of the data precluded the conduct of a meta-
analysis.

Results: Nine studies met the inclusion criteria. Six experimental studies
employed hyperbaric chambers to measure |IOP under simulated diving
conditions. Among these, IOP exhibited a reduction with increased atmospheric
pressures in four studies, while the findings of two studies were inconclusive.
One study measured IOP pre- and post-dive and another measured IOP with
and without a diving mask. Post-dive, a decrease in IOP was observed, and a
statistically significant reduction was noted when subjects wore a diving mask.
A retrospective study examining the incidence of acute angle closure glaucoma
attack found no association with weather or atmospheric pressure.

Conclusion: The majority of studies found IOP to decrease with increased
atmospheric pressure and after diving. The mechanisms underlying this reduction
remain incompletely understood, with potential contributors including changes
in ocular blood flow, sympathetic responses, and increased oxygenation.
Hyperbaric chambers may have potential in future glaucoma treatments, but
more studies are required to draw reliable conclusions regarding the safety of
diving for glaucoma patients.
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Introduction

In recent years, SCUBA diving has seen significant growth in
global popularity as both a professional and recreational activity (1,
2). While relatively safe with appropriate prerequisite training and
certification, diving is still associated with potential risks. Divers are
exposed to a hyperbaric environment, defined as an environment with
increased atmospheric pressure, which may have diverse effects on the
body, potentially exacerbating various medical conditions (3).
Consequently, SCUBA diving presents several contraindications,
including cardiac, pulmonary, otolaryngic, and neurologic diseases (4).

The effects of SCUBA diving on the eye have also been reported.
These include conditions such as ocular barotrauma, caused by a
pressure differential between the interior and exterior of the diving
mask (mask squeeze) (5-7), ophthalmic manifestations of
decompression sickness (8, 9) such as retinal vein occlusion and
choroidal ischemia, as well as other ophthalmic manifestations,
including nystagmus, diplopia, optic neuropathy, and visual field
defects (10).

While the effects of diving on human physiology (11) have been
well reported, its ocular manifestations, particularly on intraocular
pressure (IOP), have been less studied. The relationship between
diving and IOP can be important in patients with glaucoma, as IOP
remains a major modifiable risk factor for the disease and has been
shown to significantly influence disease progression. Glaucoma also
remains the leading cause of irreversible blindness globally, with its
prevalence estimated to be as high as 3.5% of adults, between the ages
of 40 to 80years old (12).

The hyperbaric environment (13) experienced during diving may
affect
vasoconstriction, as well as increased blood pressure and ocular

IOP by various mechanisms, including peripheral
perfusion pressure (14, 15). Besides high atmospheric pressures,
several other factors experienced during diving, such as cold
temperatures (16) and increased oxygen concentration (17-20), may
also affect IOP.

Hence, this systematic review aims to summarize the current
literature to provide a comprehensive overview of the effects of diving

and hyperbaric environment on IOP.

Methods

This systematic review was conducted in accordance with the
guidelines stated in the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) (21). An electronic search of
the PubMed, Medline, and CENTRAL databases was performed from
the date of database inception until July 1, 2023, as illustrated in
Figure 1.

We limited our literature search to studies that explored the
relationship between diving or increased atmospheric pressure, with
IOP or glaucoma. A combination of subject headings and text
headings were used to define search terms as needed. Our search
included the terms “(Intraocular Pressure OR Glaucoma) AND
(Diving OR Underwater OR Atmospheric Pressure OR Hyperbaric)
NOT Oxygen.” The decision was made to exclude the term “oxygen”
from the search criteria to mitigate potential confounding factors,
such as the inclusion of studies related to hyperbaric oxygen therapy.
A secondary search was conducted by reviewing the references of all
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retrieved articles and relevant review articles to identify any additional
potentially pertinent studies.

Three authors (PCL, LSY, BBK) independently assessed studies to
determine eligibility for inclusion. In the event of discrepancies,
differences were resolved by a senior author (SD, BCHA). Non-English
articles and those that did not involve human participants were
excluded from this review. Full text articles were assessed for eligibility.
Papers unrelated to atmospheric pressure or diving, with a primary
focus of high altitude or hypobaric environments, and those published
over 25years ago, were excluded from analysis. Ineligible article types
included case reports, reviews, and letters to the editor. One report
was excluded as it focused on sport diving.

A risk of bias assessment was performed by two authors (PCL,
SYM) on applicable studies with the Risk of Bias in Non-Randomized
Studies—of Intervention (ROBINS-I) tool (see Table 1) (22).
Discrepancies in assessment were resolved through discussion until a
consensus was reached.

Results
Study characteristics

Table 2 provides a summary of the key characteristics of the
included studies. Two hundred and ninety studies were identified of
which nine were eventually included. Six of the nine included studies
focused on measuring IOP within hyperbaric chambers to simulate
the increased atmospheric pressures experienced while diving. One
retrospective study investigated potential correlations between
changes in atmospheric pressure and weather patterns with acute
closed-angle glaucoma attacks. One prospective study examined
changes in eye parameters before and after SCUBA diving. The final
study measured the IOP of subjects wearing a SCUBA diving mask,
compared to baseline.

IOP before and after SCUBA diving

Deleu et al. was the only study reporting IOP readings measured
pre- and post-diving in a healthy Caucasian population. Their results
demonstrated a decrease in mean IOP from 16.4+2.0mmHg to
14.3+2.3mmHg (88.1%; p<0.0001), measured 30 min after a 5-min
dive to 25 meters, with the Nidek Tonoref III (NIDEK Co., Ltd.,
Tokyo, Japan) (23). This effect was found to be persistent, with IOP at
the 60-min post-dive timepoint continuing to remain low compared
to baseline, at 15.0 +£2.7 mmHg (91.4%; p <0.0001).

Hyperbaric chamber studies

Various articles studied the results of a high-pressure environment
on IOP in a controlled setting within the hyperbaric chamber. Mazo
et al. reported findings in a healthy population of students and
instructors at the National Navy Diving and Rescue School in a
multiplace hyperbaric chamber (24). IOP measurements were taken
using a Tonopen XL (Reichert, Depew, New York, United States) at
10min intervals. Measurements were recorded during simulated
descent every 20 feet until reaching 2.8 absolute atmospheric pressure
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290 articles identified through PubMed,
MEDLINE, and CENTRAL databases
v
183 unique articles after removal of
duplicates
89 articles excluded:
» - Non-English (44)
- Non-human (45)
v
94 Full-text articles
assessed for eligibility 85 Full-text articles excluded:

- Unrelated to atmospheric pressure or
diving (58)
- Related to high altitude or low
atmospheric pressure (14)
- Published over 25 years ago (6)

Y - Ineligible article type (6)
- Related to sport diving (1)

9 Studies included in
systematic review
FIGURE 1

PRISMA flowchart.

(ATA) or 60 feet, and during simulated ascension at 50 and 30 feet. The
mean adjusted IOP, adjusted for central corneal pachymetry, was
found to decrease from 14.3+2.2mmHg to 13.1+2.6mmHg
(p=0.012) as the participants pressurized from sea level to 60 feet (2.8
ATA). During the depressurization phase to 30 feet, the mean adjusted
IOP continued to decrease to 11.9+2.7 mmHg (p <0.001) and rose to
13.1+2.9mmHg (p=0.012) by the end of the session, demonstrating
a residual effect on IOP even after returning to lower
atmospheric pressures.

Van De Veire et al. reported similar results in 27 healthy
volunteers in a hyperbaric chamber, with the use of a Perkins
applanation tonometer (Clement-Clarke International, Harlow,
Essex, United Kingdom) (25). Mean IOP was found to decrease
significantly from 11.8mmHg to 10.7mmHg in the right eye
(p=0.024) and 11.7 mmHg to 10.3 mmHg in the left eye (p=0.0006)
when pressure was increased from 1 to 2 bars (equal to conditions
experienced during underwater diving at 10 m). The IOP remained
low during the period of the atmospheric pressure increase over
40min and was independent of temperature change. Additionally,
IOP was found to remain decreased from baseline after completion
of the hyperbaric cycle (60 min), with the IOP in the right eye
reducing from 11.8mmHg to 11.0mmHg and left eye from
11.7mmHg to 11.2mmHg, although these changes did not reach
statistical significance.

In addition to studying the absolute change in IOP in a high-
pressure environment, two studies also compared measurements
between IOP measuring devices. Vercellin et al. performed a
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comparison study between the Perkins applanation tonometry and
Icare rebound tonometry (Icare, Tiolat Oy, Helsinki, Finland) on 12
eyes from 12 healthy volunteers (26). Measurements were taken with
each type of tonometer on a different eye on all patients in a hyperbaric
chamber at 1, 2, 3, and 4 bar during the compression phase and at 3
and 2 bar during the decompression phase. An acclimatization period
of 5min was given before each measurement. IOP measured with
applanation tonometry had a mean baseline value of 13.8 +2.6 mmHg,
decreasing to 10.2+1.9mmHg at 4 ATM (p<0.0001). Rebound
tonometry measured a mean baseline IOP of 15.3+2.5 mmHg that
decreased to 12.3+1.7mmHg at 4 ATM (p<0.0001). IOP increased
toward baseline with both tonometers during decompression. The
difference between IOP measurements with each tonometer remained
constant at each measurement.

Albis-Donado et al. also compared the difference in IOP
measurements between two IOP measurement devices—the
Goldmann applanation tonometry (GAT) and dynamic contour
tonometry (DCT), within a hyperbaric chamber (27). Measurements
were taken with both tonometers in 44 eyes from 22 healthy volunteers
at 1, 1.1, 1.2, and 1.25 Queretaro Atmospheric Pressure (QATM). An
acclimatization period of 5 min was given after each pressure change,
prior to IOP measurement. The mean IOP measured with the GAT at
1 QATM was 12.2 +2.84 mmHg and measured 11.1+2.8, 11.1+2.5,
12.4+3.1mmHg at 1.1, 1.2, and 1.25 QATM, respectively. With the
DCT, IOP was 16.4+2.8mmHg at 1 QATM and decreased to
15.6+3.0,15.4+2.9,and 14.9+2.7mmHgat 1.1, 1.2, and1.25 QATM,
respectively.
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Two studies examined the relationship between high-pressure
003 environments and IOP in post-operative patients. Huang et al.
(2 %:'; conducted a prospective study to quantify the change in visual acuity
© E g g 2 g 2 208 2 and IOP with increased atmospheric pressure in eyes that underwent
m - = a - — a - = . . .
g g - LA A < refractive surgery, compared to healthy control eyes with no prior
©= === =)= == == refractive surgery (28). The study cohort included 6 eyes that had
undergone radial keratotomy (RK), 5 eyes that had undergone myopic
© laser in situ keratomileusis (LASIK), and 9 control eyes. IOP was
o 3 measured with Tonopen XL before, during, and after exposure to 4
g "g ATM for 15min in a hyperbaric chamber. No significant differences
E @- E _]g E E _]g E E E = in IOP between the post-surgical and control groups were observed,
leading authors to suggest that recreational diving could be safe
post-RK or LASIK, although the study power was limited given the
w“
) small number of participants. Similar findings were demonstrated by
(%)
< Peters et al., who compared visual acuity and IOP between 4 eyes
g @ which underwent previous RK against 4 control eyes matched for age
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g £ ol o N ol ol d M t taken i diately bef d aft
a § _g g g § é g hyperbaric chamber exposure to a pressure of 3 ATM for 1 h (29). No
(9] S . L
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Low light environments have been reported to increase the risk of
acute angle closure glaucoma through causing physiological mydriasis
= 2 (30). To explore this relationship, Boji¢c et al. performed a
0 4 5 p p» boj p
=5 s retrospective study into the relationship between weather and
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5 o€ & meteorological factors and the incidence of acute angle closure
— 2
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£9 3 To provide a watertight seal while diving, diving masks need to fit
LR N s = s oz oz g tightly against the periorbital region, with the potential risk of raising
O£ SRR S 45 2 7 2 the IOP. Goenadi et al. explored this possible relationship by studying
%_ the effect of dive mask wearing on IOP, in a cohort of 40 eyes from 20
g healthy volunteers (32). The AVIA Tono-Pen (Reichert Inc., NY,
N re) }’E’ % United States) was used to measure IOP at baseline with and without
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s K SS 3 S S S 3 33 8 decrease in IOP with increased atmospheric pressure, whether in a
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g g hyperbaric chamber or in an actual diving environment. Only two
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= ¥ in this review demonstrated an increase in IOP while diving.
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The relationship between IOP and hyperbaric environments may
be a result of several physiological mechanisms relating to changes in
the partial pressure of oxygen and ocular blood flow, as well as other
factors including exercise, temperature, and equipment. High
atmospheric pressures result in peripheral vascular constriction,
which in turn results in high ocular perfusion pressures, which may
decrease IOP (13, 14). Changes in the partial pressure of oxygen may
also cause vasoconstriction, which decreases IOP by decreasing
choroidal blood volume (18), as demonstrated in animal models and
human experiments (17-20). In hyperbaric chambers, at high
atmospheric pressures the partial pressure of oxygen is also increased,
hence resulting in a decrease in IOP.

In addition to environmental pressure and oxygenation,
temperature may also influence IOP during diving. A recent study by
Hartmann et al. showed a significant relationship between lower
temperatures and increased IOP (33). This was attributed at least
partly to higher systolic blood pressures, which increase with lower
temperatures. Among the studies included in this review, only Van de
Veire et al. (25) investigated the impact of temperature change on
IOP. The study found a small decrease in IOP when temperatures were
reduced from 28°C back to baseline (24°C), with the atmospheric
pressure kept constant. However, this result did not reach statistical
significance. Boji¢ et al. (31) revealed a significant correlation with
winter months and the incidence of acute angle closure glaucoma,
even though no correlation was found for hours of sunshine, air
temperature and atmospheric pressure. This relationship was further
supported by Zhu et al. who reported a rise in incidence of acute angle
closure glaucoma in colder temperatures (34). This may be a result of
mechanical or anatomical changes in the peripheral iris and angle
structures (35), thus as divers are exposed to cold temperatures during
their course of activity, predisposed individuals may possibly be also
at a greater risk for acute angle closure glaucoma.

Exercise may also be a confounding variable that influences IOP
during SCUBA diving, an activity that requires both endurance and
strength, hence demanding significant energy expenditure (36). The
relationship between exercise and IOP reduction has been well
established (37-39), with this effect observed to be transient and
directly correlating with the intensity of exercise (40). In the study by
Deleu et al. (23), subjects underwent a dive for 25 min and authors
postulated that the IOP reduction in their study may have been due to
the sympathetic response triggered by exercise. An exercise-induced
sympathetic response is accompanied by p2-adrenergic receptor
activation, which is thought to contribute to increased aqueous humor
outflow through an increase in trabecular meshwork thickness, along
with expansion of both the area and perimeter of Schlemm’s canal
(41). Sympathetic activation also causes vasoconstriction of choroidal
vasculature, which decreases choroidal blood flow and IOP. Other
theories involve the physiological impact of exercise on blood
parameters, including a decrease in blood pH, elevation of plasma
osmolarity, and an increase in blood lactate levels, although the
mechanisms behind these parameters and their influence on IOP
remain poorly understood (40).

It should be noted that the use of different IOP measuring
techniques and devices may affect IOP readings in environments with
different atmospheric pressures. Albis-Donado et al. (27) reported
increasing differences in IOP measurements between Goldmann
applanation tonometry (GAT) and dynamic contour tonometry
(DCT) with lower atmospheric pressures, with the difference in
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readings increasing by approximately 1 mmHg per 673 m of increased
altitude above sea level. Authors concluded that the GAT may not
adjust to changes in atmospheric pressure as well as DCT and hence
the GAT may be less reliable at higher atmospheric pressures. The
authors elaborated that DCT is able to calibrate itself by performing
zeroing based on atmospheric pressure, whereas the results of
applanation tonometry will be affected by changes in the absolute
pressure and resistance to applanation when atmospheric pressure
fluctuates (42). In contrast, Vercellin et al. (26) reported agreement
between rebound and applanation tonometry IOP measurements with
compression up to 4bar, suggesting that rebound tonometry may
be viable for assessing IOP within certain atmospheric pressure ranges.

Corneal thickness is another factor that has been studied in
(CCT)
measurements have been known to confound tonometry readings,
particularly when taken with the GAT (43, 44). Of the studies included
in this review, only Mazo et al. (24) corrected IOP for CCT. Some
studies (25, 28), demonstrated no significant changes in CCT during

hyperbaric environments. Central corneal thickness

or after hyperbaric exposure, as well as with increased atmospheric
pressure. Goenadi et al. (32) also did not find a correlation between
CCT and IOP changes upon wearing of a diving mask. However, other
studies have demonstrated CCT changes after exposure to hyperbaric
environments, including Peters et al. (29), who reported slight corneal
thinning following hyperbaric exposure, and Deleu et al. (23), who
reported a statistically significant increase in mean CCT 30-min post-
dive, which resolved 30-min later.

The use of diving masks may be expected to result in an increase
in IOP due to mechanical compression of the orbits and the
subsequent increase in episcleral venous pressure. However, Goenadi
etal. (32) reported a small but statistically significant decrease in IOP
when subjects donned a diving mask. While swimming goggles are
known to elevate IOP (45), authors suggested that the larger frame of
the diving mask likely allowed for a more extensive area of the mask
to sit on the bony orbit, hence mitigating the pressure exerted on the
periocular soft tissue and transmitted to the globe. Another study by
Islam et al. did not demonstrate any significant change in IOP when
subjects donned a diving dry suit (46).

This systematic review has revealed certain gaps in literature. First,
none of the studies included in this review examined subjects exposed
for more than 1h at increased atmospheric pressure, nor measured the
impact following repeated dives—which have been found to have
subclinical ophthalmological effects (47). Second, structural and
functional tests in the form of visual field testing or retinal nerve fiber
layer thickness examination were not explored in any of the studies.
These additional parameters may be useful in providing a better
understanding of the effects of these environments on IOP, retinal
nerve fiber layer health, and glaucoma. Third, likely due to feasibility
and logistical considerations, most studies utilized hyperbaric
chambers in their experiments. These conditions may not fully
replicate the actual underwater environments experienced by divers.
Fourth, the subjects included in all experiments in this review had
healthy eyes which limits its applicability to glaucomatous eyes, which
may exhibit a pathological response to environmental changes (48).

Limitations of this review include variations in atmospheric
pressures, time intervals for measurements, and tonometry methods
among the included studies. This high degree of heterogeneity among
the studies may limit generalizability of the conclusions from this
review. While studies have explored the relationship between
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TABLE 2 Characteristics of included studies.

Author
(year)

Number
of eyes
(n)

Number
of
patients
(n)

Age
(years)
mean
(range)

Type of
population

Methods IOP
measurement
technique

IOP change
(mmHg)
EEI VA
reduction)

Pachymetry
measured?

CCT at
baseline
(pm)
mean
(»)]

Final CCT
(pm)
mean (SD)

111

Deleu (2022) | Effect of SCUBA 15 15 Median age Healthy IOP measured Air tonometry (Nidek —2.1(—12.8%) at Yes 559.3 (27.8) 30min post-dive:
diving on was 48.93 before diving, 30 Tonoref IIT) 30 min post-dive 566.5 (33.5;
ophthalmic (28-72) and 60 min after a (p <0.0001). p=0.012)
parameters standard deep —1.4 (—8.7%) at 60 min post-dive:

dive of 25m 60 min post-dive 562.9 (28.6;
depth for 25 min (p <0.0001). nonsignificant)
in a dedicated

diving pool.

Mazo (2023) | Intraocular 48 24 30.6 (23-40) = Healthy IOP measured in Tonopen XL —1.2 (—8.4%) at Yes 543.7 (30.4) N/A
pressure changes hyperbaric 2.8 ATA (60 feet)
under an chamber at 0, 20, (p=0.012).
atmospheric 40, 60, 50, 30, and Then —2.4
pressure 0 feet, (—16.8%) after
spectrum in a respectively. rising to 1.91
multiplace 10 min spent ATA (30 feet)
hyperbaric between each (p <0.001).
chamber measurement. Then —1.2

(—8.4%) when
ending at 1 ATA
(0 feet)
(p=0.012).

Van de Veire | Influences of 54 27 23.8(18-44) | Healthy IOP measured in | Perkins applanation Right eye: —1.1 Yes Not N/A

(2008) atmospheric hyperbaric tonometry (=9.3%) at 2bar mentioned
pressure and chamber at 1 and (p =0.024).
temperature on 2bar at 24 and 28 Lefteye: —1.4
intraocular degrees celsius. (—=12.0%) at 2bar
pressure It took 10 min to (0.0006).

switch bar, 10—
20 min for
temperature
change, and 5min
were given after
each change for
acclimatization.
(Continued)
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Author Title Number Number Age Type of Methods IOP IOP change @ Pachymetry CCT at Final CCT
(year) of eyes of (years) @ population measurement (mmHg) measured? baseline (pm)
(n) patients mean technique mean (% (pm) mean (SD)
()] (range) reduction) mean
(SD)
Vercellin Agreement of 12 12 43.6 Healthy IOP measured in | Icare rebound Applanation: Yes 587.4 (12.5) N/A
(2021) rebound and hyperbaric tonometer —3.6 (—26.1%) at
applanation chamber with Perkins applanation 4bar (p<0.0001).
tonometry rebound and tonometer Rebound: -3
intraocular applanation (—19.6%) at 4bar
pressure tonometry at 1, 2, (p <0.0001).
measurements 3, and 4bar
during during
atmospheric compression and
pressure change 3 and 2bar during
decompression.
5min rest period
at each pressure.
Albis- Effects of acute 44 22 33.4(25-62) | Healthy IOP measured Goldmann applanation | GAT: +0.16 No Not N/A
Donado atmospheric with GAT and tonometry (+1.3%) at 1.25 mentioned
(2020) pressure changes DCT in Dynamic contour QATM.
on dynamic hyperbaric tonometry DCT: -1.5
contour chamber at 1, 1.1, (—8.9%) at 1.25
tonometry and 1.2,and 1.25 QATM.
Goldmann QATM.
applanation Measurements
tonometry in taken after 5min
normal at each pressure.
individuals: a
pilot study
Huang Refractive 20 10 52 (46-57) 6 eyes with IOP measured Tonopen XL No significant Yes RK group: 564 | RK group: 566
(2002) change in in RK group, | previous RK. before, during, change in IOP for (43) (44)
response to acute 47 (45-48) 5 eyes with and after any group. LASIK group: | LASIK group: 503
hyperbaric stress in LASIK previous LASIK. spending 15 min 501 (38) (39)
in refractive group, and | 9 healthy control at4 ATMina Control group: = Control group:
surgery patients 38 (21-48) eyes. hyperbaric 528 (17) 527 (16)
in the chamber. (nonsignificant)
control
group.
(Continued)
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TABLE 2 (Continued)

Author
(year)

Title

Number
of
patients
(g)]

Age
(years)
mean
(range)

Type of
population

Methods

IOP
measurement
technique

IOP change
(mmHg)
mean (%
reduction)

Pachymetry
measured?

CCT at
baseline
(pm)
mean
(SD)

Final CCT
(pm)
mean (SD)

with incidence of
acute closed angle

glaucoma attacks.

Peters (1999) | Effect of 8 4 42.5in 4 eyes with IOP measured at | Unspecified No change in Yes Not N/A
increased control previous RK. baseline and in a mean IOP for mentioned
atmospheric groupand | 4 healthy control hyperbaric either group.
pressure on 51.5inRK | eyes. chamber after 1h
radial group at 3 ATM.
keratotomy

Goenadi The effect of a 40 20 29.7 Healthy IOP measured at AVIA Tonopen —0.4 (—2.5%) Yes 544.4 (43.5) N/A

(2016) diving mask on baseline and with with mask on
intraocular a diving mask (p <0.05).
pressure in a (lens removed).
healthy
population

Boji¢ (2001) Acute angle- 73 73 57 women Eyes with acute Atmospheric N/A N/A N/A N/A N/A
closed glaucoma with mean | closed angle pressure,
and age of 67.8 glaucoma. sunshine hours,
meteorological and 16 men and air
factors in split, with mean temperature data
croatia age 64.9. were correlated

IOP, intraocular pressure; CCT, central corneal thickness; SD, standard deviation; ATA, atmosphere absolute; QATM, Queretaro atmospheric pressure; ATM, atmospheric pressure.
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hyperbaric environments and IOP, the precise mechanisms underlying
these observations and findings remain poorly understood. More
longitudinal studies performed under actual diving environmental
conditions may be considered to more accurately assess the effect of
diving on IOP and glaucoma.

Nonetheless, to the best knowledge of the authors, this systematic
review is the first of its kind to consolidate current literature on the
relationship between diving, hyperbaric environments and IOP. As
diving becomes increasingly popular and the prevalence of glaucoma
continues to rise, information in this niche area of ophthalmology and
underwater medicine will become more valuable in the clinical care
of divers with, or at risk of glaucoma.
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Complications of XEN gel stent
implantation for the treatment of
glaucoma: a systematic review

Lu Gan'?, Lixiang Wang', Jun Chen' and Li Tang*

!Department of Ophthalmology, West China Hospital, Sichuan University, Chengdu, China,
2Department of Ophthalmology, West China School of Public Health and West China Fourth Hospital,
Sichuan University, Chengdu, China

Aim: This study was aimed to summarize the complications and their
management associated with XEN gel stent implantation.

Methods: A systematic review of literature was conducted using Medline
(via PubMed), EMBASE, the Cochrane Library databases, and China National
Knowledge Infrastructure, from their inception to February 1, 2024.

Results: A total of 48 studies published between 2017 and 2024 were identified
and included in the systematic review, including 16 original studies (retrospective
or prospective clinical studies), 28 case reports, and 4 case series, which followed
patients for up to Syears. Early postoperative complications of XEN gel stent
implantation include hypotony maculopathy (1.9-4.6%), occlusion (3.9-8.8%),
suprachoroidal hemorrhage (SCH), choroidal detachment (0-15%), conjunctival
erosion, and exposure of the XEN gel stent (1.1-2.3%), wound and bleb leaks
(2.1%) and malignant glaucoma (MG) (2.2%). Mid-postoperative complications
of XEN gel stent implantation included migration of XEN (1.5%), ptosis (1.2%),
endophthalmitis (04-3%), macular edema (1.5-4.3%), hypertrophic bleb
(8.8%) and subconjunctival XEN gel stent fragmentation (reported in 2 cases).
Late postoperative complications reported in cases included spontaneous
dislocation and intraocular degradation.

Conclusion: XEN gel stent implantation is a minimally invasive glaucoma
surgery (MIGS) procedure for glaucoma, known for its potential to minimize
tissue damage and reduce surgical duration. However, it is crucial to note that
despite these advantages, there remains a risk of severe complications, including
endophthalmitis, SCH, and MG. Therefore, postoperative follow-up and early
recognition of severe complications are essential for surgical management.

KEYWORDS

XEN gel stent, glaucoma, complications, surgery, XEN 45 gel stent, review

Introduction

Glaucoma is the leading cause of irreversible blindness, and an estimated 111.8 million
people aged 40-80years old will be affected by glaucoma globally in 2040 (1, 2). The only
confirmed modifiable glaucoma risk factor is elevated intraocular pressure (IOP). Multiple
methods to reduce IOP have been explored and verified, including medications, laser, and
surgery, with new therapies continuously revolutionizing glaucoma treatment (3).
Trabeculectomy is a classical surgical method for glaucoma and has been the standard
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procedure in many medical centers for decades, with sound evidence
supporting its long-term efficacy and safety (4, 5). However, severe
complications, including malignant glaucoma (MG), bleb-related
infection, and expulsive choroidal hemorrhage (6), can occur.

The recent development of new devices that are significantly less
invasive, collectively termed minimally invasive glaucoma surgery
(MIGS), offers a new perspective on reducing IOP with lower risk,
shorter operating times, and faster recovery (7). It is performed using
a less invasive “ab interno” approach, which reduces damage to
surrounding tissues and preserves the conjunctiva (8, 9). Currently,
the XEN gel stent (Allergan PLC, Irvine, CA, United States) has been
the only MIGS device that allows subconjunctival filtration and has
been used to treat open-angle glaucoma (10). However, it has also
been reported in some case series to be effective in treating angle
closure glaucoma (11), uveitic glaucoma (12),neovascular glaucoma
(13), iridocorneal endothelial (ICE) syndrome (14), and steroid-
induced glaucoma (15). The XEN gel stent comes in three different
diameters (45, 63, and 140pm) to provide varying levels of
IOP control.

The XEN45 is a tubular implant with a total length of 6mm and
an inner diameter of 45 pm, made of cross-linked porcine gelatin, a
type of hydrophilic collagen. The implant is rigid when dry and
becomes soft within 1-2 min when hydrated, adapting to the tissue
shape, thus preventing migration and potential erosion. Studies have
shown that the gel stent is approximately 100 times more flexible than
the silicone tubing used in traditional tube-shunt surgery (16). The
implant is housed in a disposable preloaded handheld inserter
designed specifically for ab interno surgical implantation (7)
(Figure 1A). It was designed based on principles of laminar fluid
dynamics (Hagen-Poiseuille equation) to prevent early postoperative
hypotony, as demonstrated by recent experimental studies (19). The
rate of aqueous humor turnover is estimated to be 1.0-1.5% of the
anterior chamber (AC) volume per minute, which is 2.4+ 0.6 pL/min
(mean +standard deviation [SD], daytime measurements in adults
aged 20-83 years), and the XEN45 provides a flow of 1.2 uL/min (at a
5mmHg pressure gradient), offering approximately 6-8 mmHg flow
resistance, which reduces the risk of hypotony (16).

The ab interno procedure involves inserting the Xen Gel Stent
through a clear corneal incision, positioning it within the trabecular
meshwork and extending it into the subconjunctival space. By
creating a new drainage pathway that bypasses the trabecular
meshwork, the Xen implant facilitates aqueous humor outflow from
the anterior chamber to the subconjunctival space, where it is
absorbed by the surrounding tissue (20). XEN gel stent implantation
directly drains aqueous humor from the AC to the subconjunctival
space, bypassing the resistance of the dysfunctional trabecular
meshwork (16). XEN gel stent implantation has been reported to
provide up to 56% reduction in IOP and a decrease in the average
number of medications used by 2.7 at 12 months (21). Furthermore,
it has a lower complication rate compared to conventional
trabeculectomy (22). The advantages of XEN gel stent implantation

Abbreviations: Nd:YAG, neodymium-doped yttrium aluminum garnet; MIGS,
minimal invasive glaucoma surgery; ICE, iridocorneal endothelial syndrome; IOP,
intraocular pressure; HM, hypotony maculopathy; SCH, suprachoroidal
hemorrhage; CD, choroidal detachment; MG, malignant glaucoma; ME, macular

edema; AC, anterior chamber; SD, standard deviation.
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include minimally invasive access through ab interno/ab externo
approaches, preservation of the sclera and conjunctiva, better
preservation of corneal endothelium, elimination of the need for
iridectomy and sutures, and shorter surgery time (23). Additionally,
XEN gel stent implantation can be performed alone or concurrently
with cataract surgery (24). General recommendations for
preoperative assessment, surgical technique, and postoperative
follow-up of XEN gel stent implantation have been published (25).
However, despite numerous clinical studies and case reports
providing relevant information, a comprehensive summary of
complications associated with this surgical method, especially rare
ones, has not been compiled. In this systematic review, we aim to
comprehensively summarize all complications of XEN 45 gel stent
implantation, including their incidence, risk factors, available
treatments, and preventive measures.

Methods

Following the guidelines of the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) and the Meta-
analysis of Observational Studies in Epidemiology (MOOSE)
(26), a comprehensive search of Medline (via Pubmed), EMBASE,
the Cochrane Library databases, and China National Knowledge
Infrastructure were performed from their conception to February
Ist, 2024. The search was independently performed by two
investigators, Lu Gan and Lixiang Wang, using a combination of
keywords in English or their corresponding Chinese terms,
including “XEN,” “glaucoma,” “micro-stent,” “gel implant,” and
“MIGS” In addition to the computer-assisted search, the
references in the articles retrieved from this bibliographic search
were also manually searched and studied. The detailed steps and
results of the search strategy are presented in Figure 2.

Studies published in English or Chinese were included in the
review. The following criteria were used to select studies for the
systematic review: (1) The study should be a prospective or
retrospective cohort study, case report, case series, or letter to the
editor. Reviews, editorial materials, and meeting abstracts were not
included. (2) The surgery of interest should be XEN45 gel stent
implantation, regardless of whether it was performed in
combination with other surgeries (e.g., cataract surgery). (3) The
post-operational complications should be reported. Exclusion
criteria were as follows: (1) Animal studies. (2) Incomplete report
of surgical complications or lack of essential data for analysis. (3)
XENG63. (4) XEN140.

The data extracted from the included studies included author
names, publication year, publication types, number of patients, age,
sex, surgical method, surgical complications, and follow-up results.
The data extraction process was independently conducted by two
reviewers, Lu Gan and Lixiang Wang.

Systematic review

A total of 48 studies published between 2017 and 2024 were
identified and included in the systematic review, including 16 original
studies (retrospective or prospective clinical studies), 28 case reports,
and 4 case series. Patients were followed for up to 5years after XEN
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FIGURE 1

(A) Grover et al. (17). (B) Hypertrophic bleb. (C,D) Kosior-Jarecka et al. (18).

gel stent implantation. Below, we provided a summary of perioperative
complications, their mechanisms, and management. A brief summary
of surgical complications is listed in Table 1.

Early postoperative period (0—-30 days)

Occlusion of XEN

Occlusion of the XEN stent lumen is a relatively common
complication that can occur at various times after surgery, with a
reported incidence between 3.9 and 8.8% (27, 28). The occluding
objects can be blood clots, fibrous scar tissue, or the iris (29, 85) due
to the stent’s small internal lumen (29, 30, 86, 87). In Asian eyes with
a relatively shallow AC and crowded anterior segment, there is an
increased likelihood of anatomical obstruction of the XEN implant by
the iris. Specialists have proposed several potential causes for this
occlusion event, including the posterior positioning of the XEN gel
stent opening, which results in a higher risk of iris occlusion; the short
length of insertion into the AC; overactive filtration leading to local
turbulence in the early postoperative period; and the patient habit of
rubbing the surgical eye, resulting in shifting of the floppy iris. The
approach to relieving occlusion depends on the etiology and nature of
the occluding objects. For iris-related occlusion, argon laser peripheral
iridoplasty or low energy neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser lysis of the blocking iris is commonly used to
alleviate local occlusion (30). When the XEN gel stent implant is
blocked with fibrin or blood clots, the occluding objects can
be removed through intracameral injection of tissue plasminogen
activator, ablation with Nd:YAG laser, or surgical clamping using
internal limiting membrane forceps or vitreous scissors. Alternatively,
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surgery with a 10-0 nylon suture may be performed to recanalize the
XEN gel stent (29, 31-34).

Hypotony maculopathy

HM is a relatively rare complication associated with XEN gel stent
implantation that can occur within less than 1week or more than
Imonth, with a reported incidence of 1.9-4.6% (27, 62)
(Figures 1C,D). Macular hypotony is characterized by a decrease in
visual acuity caused by macular folds, retinal edema, papilledema, and
vascular tortuosity. It is believed that low IOP levels cause thickening
of the perifoveal choroid and sclera, resulting in their central
displacement, which is visible as macular folds. Over time, these
changes lead to photoreceptor damage and become irreversible, which
may limit the recovery of visual function even after restoring normal
IOP (35, 88). Several risk factors for hypotony after glaucoma surgery
have been identified, including myopia, young age, the use of
antimetabolites, pre-existing inflammation, aphakia, and old age
accompanied by a thin conjunctiva and thinner central corneal
thickness (36-38). Patients with high myopia are at a higher risk of
developing ocular hypotony due to their thin scleral wall, which may
result in potential leakage of aqueous humor from the scleral incision
adjacent to the site of XEN gel stent insertion (39). Treatment options
for hypotony after glaucoma surgery, mainly caused by over-filtrating
blebs, include conservative management with topical autologous
serum (40), transconjunctival compressive sutures (18), bleb injection
of autologous blood (41) or viscoelastic material (42), as well as AC
injection of viscoelastic material (43) or gas (44). Conservative
management usually has minor and short-lasting effects. Surgical
management involves transconjunctival flap suturing (45, 46), excision
of thin blebs and conjunctival advancement (35), patch grafting using
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donor sclera (47, 89), donor cornea (90), as well as autologous
conjunctiva (91, 92).

Suprachoroidal hemorrhage

SCH is characterized by the accumulation of blood in the potential
space between the choroid and the sclera, originating from the long/
short posterior ciliary artery. It is a potentially sight-threatening but
rare complication of XEN gel stent implantation, which can occur
both intraoperatively or postoperatively. A number of potential risk
factors have been linked to the development of intra-/post-operative
SCH, including high preoperative IOP, severe postoperative hypotony,
aphakia, pseudophakia, anticoagulation, white race, prior intraocular
surgery, low postoperative IOP, systemic hypertension, ischemic heart
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disease, as well as pulmonary disease (93, 94). The exact
pathophysiology of SCH is not fully understood, but the increased
preoperative IOP, sudden decreased IOP, and postoperative hypotony
are accepted risk factors associated with this complication in XEN
implantation (48). Several SCH patients have been reported to
be related with XEN gel stent implantation, and some cases were
complicated with retinal detachment requiring surgical interventions
(49-52). Wang et al. reported an 86-year-old patient on rivaroxaban
due to atrial fibrillation who developed “kissing” SCH 3 days after the
surgery resulting from ocular hypotony, which resolved with prompt
surgical drainage (49). A sudden decease in IOP within or post-
surgery is identified as the most significant risk factor. Once SCH
occurs, various methods should be used to control the bleeding and
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TABLE 1 Summary of surgical complications of XEN gel stent implantation.

10.3389/fmed.2024.1360051

Complications Incidence  Onset time Management References
Early postoperative period (0-30 days)
Occlusion 3.9-8.8% Different times after surgery Nd: YAG laser ablation, intracameral plasminogen (27-34)
activator, surgical removal
Hypotony maculopathy 1.9-4.6% <1week or >1month Conservative management (transconjunctival compressive (18, 35-47)
sutures, bleb injection of autologous blood or viscoelastic
material, and intracameral injection of viscoelastic
material or gas)
Surgical management (transconjunctival flap suturing,
excision of thin blebs and conjunctival advancement, patch
grafting)
Suprachoroidal hemorrhage N.A. Both intraoperatively and surgical intervention (either by choroidal tap or par plana (48-52)
postoperatively vitrectomy)
Choroidal detachment 0-15% 1 week Spontaneously resolve or use topical or oral steroids and (17,27, 53-56)
cycloplegics.
Conjunctival erosion and exposure 1.1-2.3% Early after the implantation Conservative methods (pressure patching, wearing contact (57-61)
of XEN gel stent surgery or months later lenses, crosslinking, and application of vitamin A
ointments)
Surgical management conjunctival grafting, ab interno
repositioning of XEN gel stent through the anterior
chamber, and direct suturing of the conjunctival defect
Wound and bleb leaks 2.1% 2 weeks or more than Conservative treatment (therapeutic contact lens, (61-65)
3 months autologous blood injection, injection of fibrin glue,
application of cryotherapy, and laser treatment)
Surgical procedures (amniotic membrane transplantation,
conjunctival autograft, and conjunctival sliding)
Malignant glaucoma 2.2% 4days Laser capsulotomy, hyaloidotomy, or iridotomy, or by (66-69)
surgical methods such as vitrectomy or posterior
capsulotomy
Ptosis 1.2% Early after surgery Spontaneously resolve, but surgical management is needed (62)
for persistent ptosis
Mid-postoperative period (1-6 months)
XEN gel stent migration 1.5% 4months Replace with a new XEN stent (17,70)
Endophthalmitis 0.4-3% More than 3 months Removal of exposed stent, topical, systemic, and bleb (12,27, 55,71~
revision 73)
Macular edema 1.5-4.3% >1month Spontaneously resolve (62, 74, 75)
Hypertrophic bleb 8.8% Months to years after surgery | Conservative therapies (injection of autologous platelet (76-80)
concentrates, blockage with viscoelastic of the ab-interno
stent, and sealing with a tissue adhesive)
Surgical management (scleral fixation sutures, bleb
revision surgery).
Subconjunctival XEN gel stent 2 cases 2-3months Observation or replace with a new XEN stent (81, 82)
fragmentation
Late postoperative period (from 6 months)
Late spontaneous dislocation One case 6 months Replace with a new XEN stent (83)
Intraocular degradation One case 3years Replace with a new XEN stent (84)

preserve eyesight alongside the eyeball. Greater emphasis should
be placed on preventive measures, and prompt action should be taken
to close the wound. If the bleeding cannot be controlled, the sclera can
be incised at a distance of 8-10 mm behind the limbus, which may
allow for salvage of the SCH (95, 96). However, whether visual
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outcomes of early surgical intervention (via choroidal tap/par plana
vitrectomy) turn out better in contrast to those of conservative
management is still under debate. Particularly for cases with limited
SCH, a wait-and-see strategy for the spontaneous absorption of
bleeding is a reasonable choice, but close follow-up is essential (51).
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For patients with known risk factors, including old age, anticoagulant
use, and high IOP before surgery, SCH should be anticipated and
promptly managed.

Choroidal detachment

CD is characterized by an abnormal accumulation of either blood
or serum in the suprachoroidal space, which is located between the
choroid and the sclera. Under physiological conditions, this space
represents a potential volume owing to the close adjacency of the
choroid and sclera. Under pathological conditions, fluid accumulation
in this space may occur based on the changes in ocular fluid dynamics,
specifically the equilibrium between hydrostatic and oncotic pressure.
The incidence of CD following XEN gel stent implantation surgery
varies from 0 to 15% in different studies and is considered a relatively
common complication in some medical centers (17, 27, 53-56). The
average time between XEN implantation and the onset of CD is
approximately 1week (56). Low post-operative IOP is a well-
established risk factor for CD after glaucoma filtering surgeries.
Patients who are taking multiple IOP-lowering medications before
surgery are at an increased risk of developing CD after XEN gel stent
implantation (97-99). The use of mitomycin C (MMC) may directly
harm the ciliary epithelium, leading to decreased secretion.
Additionally, the incidence of CD increases with age and is more
frequent in the elderly, since their thin scleral wall makes the vortex
veins susceptible to compression and leakage under increased venous
pressure (56, 97, 99). The prognosis for CD is generally favorable, with
most cases experiencing complete resolution within 5-30 days after
onset. Patients may experience spontaneous resolution or use topical
or oral steroids and cycloplegics as treatment options.

Conjunctival erosion and exposure of XEN gel
stent

The erosion of the conjunctiva and extrusion of the XEN gel stent
may occur shortly after the implantation surgery or months later. This
mechanical complication has been reported in several studies (57,
100-102). Potential mechanisms for the initial conjunctival erosions
include: (1) the administration of the anti-metabolite MMC; (2) the
ab interno approach; (3) the subconjunctival position; (4) prolonged
use of topical anti-glaucoma medications; as well as (5) mechanical
stress, for instance, from elderly patients rubbing their eyes with their
hands. The use of anti-metabolites can enhance the success rate of
filtering surgery by mitigating the wound-healing process, yet it may
increase the risk of bleb-related complications, like a thin-walled
cystic bleb or surgically induced necrotizing scleritis (57, 58, 103).
Since the XEN gel stent is implanted using the ab interno approach
without the need for conjunctival dissection or sutures, there is a risk
of malposition of the distal end of the implant. Continuous friction
may then lead to conjunctival erosion and exposure of the stent (59).
On the other hand, the application of topical anti-proliferative agents
like MMC, to prevent conjunctival scarring and improve the success
rate of glaucoma filtering surgery, is associated with the formation of
thin-walled, cystic filtration blebs and may increase the risk of XEN
gel exposure (104). Conservative methods, including pressure
patching, wearing contact lenses, crosslinking, and application of
vitamin A ointments remain the feasible way to manage bleb leakage
(60, 61). When conservative methods fail, surgical management
techniques such as the use of free conjunctival autograft, amniotic
membrane graft, ab interno repositioning of the XEN gel stent through
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the AC, along with the direct suturing of the conjunctival defect have
been shown to effectively repair the leaking conjunctiva and restore
functional bleb (57-59). However, recurrent bleb leakage and
exposure of the implant can still occur, making management
challenging. Olate-Pérez et al. reported a case of managing a patient
with conjunctival perforation that occurred 18 months after XEN gel
stent implantation. The stent broke as the surgeon attempted to track
the short distal end of the stent from the conjunctival side and was
unable to be removed (57, 105). Therefore, caution should be taken
during the implantation procedure, and the use of a fixation suture
may be helpful, although further study is needed.

Bleb leakage

Bleb leakage is an uncommon but potentially sight-threatening
complication of XEN gel stent implantation, with a reported
incidence of 2.1% (62). Persistent conjunctival bleb leakage may
cause over-infiltration and ocular hypotony, increasing the risk of
infection, stent displacement, and endophthalmitis. During the
surgery, the application of adjunctive antifibrotic agents such as
mitomycin-C is responsible for creating a thin-walled perilimbal
bleb that is prone to erosion and leakage. Additional risk factors
consist of bleb manipulation, laser suturolysis, needling, or injection
of autologous serum (63). In addition, some surgeons have found
that dislocation and inappropriate positioning of the external part
of the XEN gel stent, which directly rubs against the overlying
conjunctiva, causes conjunctival erosion and subsequent leakage
(106). The management of a leaking bleb includes conservative
measures such as therapeutic contact lens as well as non-surgical
treatments (autologous blood injection, fibrin glue injection,
cryotherapy application, or laser treatment of the leaking bleb).
Surgical procedures, including amniotic membrane transplantation,
conjunctival autograft, as well as conjunctival sliding, can also
be adopted (64). Conjunctival autograft can repair the leaking bleb,
but sometimes replacement of the dislocated stent is required. In a
case reported by Salinas et al., a 72-year-old female patient with
bilateral pseudoexfoliation glaucoma and cataract received XEN gel
stent implantation and phacoemulsification for both eyes at a
one-week interval. Bleb leakage and exposure of the XEN gel stent
occurred early after surgery at 2weeks, which was managed by
implantation of a new XEN gel stent and ab-externo bleb revision
with removal of the old XEN gel stent (107). Surgeons need to
carefully check the correct position of the stent during surgery to
reduce the risk of direct conjunctival erosion. Some research
suggests that a single session of crosslinking for a thin-filtered bleb
with leakage following an episode of blebitis has demonstrated
efficacy in resolving the bleb leakage (61, 63-65). The objective of
employing crosslinking in a thin-walled leaking bleb is to promote
the formation of covalent bonds in the collagen fibers of the
conjunctival wall of the bleb, thereby enhancing its rigidity and
resistance to rupture, reducing permeability, and thus preventing
leakage (64). However, in instances where large holes are unlikely
to seal, surgical management must be considered the preferred
treatment option.

MG

MG is an uncommon but severe complication associated with
all glaucoma surgeries. It presents with flattening of the central and
peripheral AC and increased IOP with secondary angle closure. MG
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can develop early after surgery or years later and can occur in
phakic, aphakic, or pseudophakic eyes (108). Schlenker et al.
reported the incidence of MG to be 2.2% in 187 patients undergoing
XEN gel stent implantation with the application of MMC, similar
to other types of glaucoma surgeries for angle closure glaucoma (66,
67). It can be difficult to identify MG early in its course before an
increase in IOP develops. Ultrasound biomicroscopy of the eyes
during a MG episode reveals anterior rotation of the ciliary
processes that press against the lens equator and limit the normal
flow through the AC (109). The mechanisms associated with MG
are not fully understood. The misdirection of the aqueous humor
backward into the vitreous cavity and the forward displacement of
the lens-iris diaphragm are recognized etiologies for the
development of MG (69). Managing MG is challenging. The goal of
medical treatment is to decrease aqueous humor production and
vitreous shrinkage while concurrently reducing resistance in the
channel of aqueous humor flow into the AC. The current acceptable
conservative treatment regimen includes applying atropine,
phenylephrine, blockers, and acetazolamide locally, as well as
administering a 50% glycerol solution orally and mannitol
intravenously. Local corticosteroids help reduce the associated
inflammatory process. If improvement is achieved, the dosage of
hyperosmotic agents can be decreased, followed by carbonic
anhydrase inhibitors. However, mydriatic cycloplegic medications
should be continued (109). Nevertheless, it has been reported that
symptoms of MG tend to reappear when drugs are discontinued or
modified. Therefore, medical treatment is considered temporary
and is used in conjunction with laser iridotomy, posterior
capsulotomy, and hyaloidotomy. However, currently, only one case
report has discussed the management of MG associated with XEN
gel stent implantation, which is similar to other surgeries (68). The
key aim is to disrupt the anterior displacement of the iris-lens
diaphragm, either by laser capsulotomy, hyaloidotomy, or iridotomy,
or by surgical methods such as vitrectomy or posterior capsulotomy
(69). However, the prognosis of MG and its risk factors associated
with XEN gel stent implantation are largely unknown.

Ptosis

Ptosis is a relatively rare complication associated with XEN gel
stent implantation, with a reported incidence of 1.2% (62). Some
proposed mechanisms for the cause of ptosis after surgery include lid
edema from locally administered anesthetic, initial myotoxic effects,
and compression of the upper eyelid against the orbital bones from
the eyelid speculum, which reduces blood flow to the levator muscle
and contributes to the edema (110, 111). Causes of temporary ptosis
are believed to include eyelid edema, indirect infiltration of the LPS
by retrobulbar or peribulbar anesthesia, and ocular surface disturbance
(112). Permanent postoperative ptosis is widely thought to be due to
dehiscence of the LPS aponeurosis. The majority of ptosis cases
develop early after surgery and may spontaneously resolve, but
surgical management is necessary for persistent ptosis. Possible
reasons for the higher incidence of ptosis associated with XEN gel
stent implantation include levator aponeurosis injury with speculum
use for wide opening of the palpebral fissure and the difficulty in
washing out the toxicity of MMC and xylocaine compared to
trabeculectomy. A “wait-and-see” strategy for transient ptosis
resolution is reasonable, but further research is needed to explore
possible ways to reduce the risk of ptosis.
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Mid-postoperative period (1-6 months)

Migration of XEN implant

The XEN gel stent implant is a highly flexible tube that easily
conforms to the tissue shape and adopts an “S shape” when inserted
into the AC through the scleral canal (16). However, if the XEN
implant is not placed correctly, it can be affected by external forces
such as blinking forces from the orbicularis muscle, friction, and
micro-trauma, which may cause migration. Grover et al. reported an
incidence of MG of 1.5% in 74 patients (17). As reported by Ali et al.,
when the XEN stent implant is placed deeper into the AC and the
remaining length of the tube implanted under the subconjunctival
space is less than 2 mm, the XEN implant becomes less flexible and its
distal tips are angled obliquely, making it prone to dislocation under
external forces (113). Therefore, it is recommended to carefully place
the XEN implant with approximately 1 mm of visible insertion into
the AC, approximately 3 mm of the exiting part out of the sclera, and
2mm of the tube situated within the subconjunctival space (25). Prior
to surgery, ensure appropriate treatment for patients with allergic eye
disease to minimize eye rubbing and prevent stent migration as well
as subsequent complications. While we cannot conclusively confirm
eye rubbing as the primary trigger of this complication, it is probable
that it played a role in the stent migration. Dervenis et al. presented a
comparable case and proposed a modification in XEN stent design to
prevent dislocation, for instance, a gradual increment in the lumen
width (70).

Endophthalmitis

Endophthalmitis is a rare but potentially sight-threatening
complication. Currently, only four studies have reported cases of
endophthalmitis associated with XEN gel stent implantation. These
cases occurred more than 3 months after surgery and were related to
bleb complications (103, 114-116). The incidence of this condition is
reported to be between 0.4 and 3% (27, 55, 71-73). Risk factors for
bleb-related endophthalmitis include the use of anti-metabolites, a
thin avascular bleb, bleb leakage, stent exposure, use of topical
steroids, as well as young patient age (114). The common causative
pathogens of bleb-related endophthalmitis are Streptococcus species,
Moraxella, coagulase-negative Staphylococcus, and Propionibacterium
acnes (117). Lim hypothesized that coinciding gastrointestinal
infection and poor handwashing with stent exposure may lead to the
transmission of intestinal pathogens to the conjunctiva and the onset
of bleb infection (115). Erosion of the conjunctiva and exposure to the
stent are the most common direct causes of endophthalmitis
associated with XEN gel stent implantation, and prompt surgical
management is essential (103, 115). The exposed stent is generally
removed, and intensive infection control measures such as vitrectomy;,
intravitreal injection of antibiotics, bleb revision, subconjunctival
antibiotics, and systemic antibiotics are applied (103). The IOP is
managed medically and through other filtering surgeries after
complete control of the infection. Simple bleb-related infections
without stent exposure can be successfully managed conservatively
with systemic and topical antibiotics and dexamethasone, without the
need to remove the XEN gel stent. A good prognosis is possible for
patients who receive prompt and intensive management, as evidenced
by two reported cases that recovered within two lines of vision loss
compared to their previous visual acuity (114). To reduce the risk of
stent exposure and bleb-related complications, it is advised to use an

frontiersin.org


https://doi.org/10.3389/fmed.2024.1360051
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Ganetal.

appropriate surgical technique including posterior application of anti-
metabolites, minimizing migration of anti-metabolites toward the
limbus, superior placement of the stent away from the lid margin and
interpalpebral aperture, and early management of bleb erosion (114).

Macular edema

ME is a transient and generally benign condition associated with
the combined therapy of XEN gel stent implantation and
phacoemulsification. It has been reported to have an incidence of
1.5-4.3% (62, 74, 75). In a study that followed 261 eyes receiving XEN
gel stent implantation with or without phacoemulsification for an
average of 8.5 months, four cases of ME occurred. All of these cases
occurred in eyes receiving the combination therapy and resolved
spontaneously without further treatment (75). Oddone et al. reported
seven cases of ME during a 12-month follow-up of 239 cases (62). The
cause is believed to be post-phacoemulsification Irvine-Gass
syndrome, but further studies are needed to confirm its cause and
prognosis. The cases were self-limiting and did not have an impact on
visual acuity or visual field.

Hypertrophic bleb

XEN gel stent implantation surgery creates an artificial drainage
pathway for the aqueous humor into the subconjunctival space,
where it is mainly absorbed by the conjunctival lymphatics. Similar
to other filtering surgeries, it results in a local diffuse bleb that covers
approximately one-fourth of the circumference. Hypertrophic bleb
is a rare and late complication of XEN gel stent implantation surgery,
which occurs months to years after the procedure (Figure 1B). It
presents as an extensively enlarged bleb that covers large areas and
may cause mechanical ectropion. Interestingly, most hypertrophic
blebs form and extend toward the nasal conjunctiva. Tracers injected
into the subconjunctival space have revealed that the nasal quadrant
of the conjunctiva has three times more outflow pathways than the
temporal quadrant, which corresponds to the dominant nasal
distribution of the conjunctival lymphatic system (118-120). A
retrospective cohort study followed 57 eyes with XEN gel stent
implantation for 24 months and reported the development of nasal
hypertrophic bleb in five eyes (8.8%). These blebs may recur after
needle tapping (76). Managing hypertrophic bleb after XEN gel stent
implantation is challenging, and the effects of different management
methods have only been reported in a few case studies. Conservative
therapies include injecting autologous platelet concentrates, blocking
the ab-interno stent with viscoelastic material, and sealing the bleb
with tissue adhesive. However, there is a potential risk of extensive
bleb adhesion and increased IOP (77, 78). Some surgeons use scleral
fixation sutures to restrict the infiltration of aqueous humor into the
subconjunctival space and guide its outflow toward the posterior
part of the eye (79, 80). A functional bled and drainage pathway is
preserved but its efficacy and safety still need further evaluation.
Yavuzer and Mesen employed the “drainage channel with sutures”
approach to address a hypertrophic bleb complication that arose
following the third month of XEN gel implantation (80). Pavi¢i¢-
Astalo$ et al. described a post-operative complication involving
dysaesthesia attributed to a large hypertrophic inferonasal bleb that
manifested 5 months following XEN implantation. The management
involved bleb revision surgery in conjunction with scleral fixation
sutures. No post-operative complications were reported, and
intraocular pressure (IOP) was effectively controlled during the
20-month follow-up assessment (79).
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Subconjunctival XEN gel stent fragmentation

The XEN gel stent is a hydrophilic implant made of gelatin,
which quickly swells and becomes soft after implantation through
hydration (17). Its gelatinous nature makes it highly compatible
with the surrounding microenvironment and flexible enough to
conform to the curvature within the subconjunctival space.
However, there have been reports of breakage and fragmentation of
the subconjunctival part when the surgeon attempted to relocate the
stent using forceps (105). Novak-Laus et al. also reported a case of
“spontaneous” fragmentation of the subconjunctival part of the
XEN gel stent discovered during a regular follow-up visit 3 months
after surgery in a patient who denied rubbing their eye or
experiencing any incidental trauma that could explain the breakage
(81). Despite the fragmentation of the stent, it was not replaced
because the distal end remained in the Schlemm’s canal and the
patient maintained normal IOP (81). Bustros et al. reported a case
where a fragment of the XEN gel implant was inadvertently
damaged during the needling procedure, 2 months postoperatively.
One month later, the patient’s IOP remained controlled, and the
bleb functioned well (82). It is pivotal for the surgeons to be cautious
during the needling procedure. Particularly in cases where SCH
impairs visibility, it is essential to postpone the procedure until
optimal visibility can be ensured.

Although breakage of the XEN gel stent is a rare complication,
with only two reported cases at present, further testing is required to
assess the mechanical strength of the stent. It is important to avoid any
forceful grasping of the stent during surgery.

Late postoperative period (from 6 months)

Late spontaneous dislocation of stent

As discussed above, most cases of XEN gel stent dislocation
occur relatively soon after surgery due to inappropriate
positioning of the stent and erosion of the conjunctiva covering.
Late spontaneous dislocation of the XEN gel stent is generally
rare and has only been reported in case studies, and its cause
remains largely unknown. Boese et al. described a case of a
73-year-old male patient with advanced primary open angle
glaucoma who wunderwent an wuncomplicated combined
phacoemulsification procedure with ab interno gelatin stent
implantation. The stent remained in place during the 6-month
follow-up period but spontaneously dislocated during a regular
follow-up visit without any triggering events or subjective
symptoms. The patient denied the history of any trauma or eye
rubbing at any point. The cause of spontaneous stent dislocation
remained poorly understood, and the authors suspected that
insufficient scleral support may lead to the dislocation of the
gelatin implant. Another possibility was that repeated deployment
during the surgery might have resulted in a looser fit (83). Since
further investigation and evidence are lacking, more research is
required to calculate the incidence of this rare complication and
explore ways to reduce the risk of spontaneous dislocation.
Surgeons should maintain close follow-up to promptly detect
stent dislocation.

Intraocular degradation
The XEN gel stent is made of porcine gelatin crosslinked with
glutaraldehyde, which is hydrophilic in nature and quite stable
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when implanted. The purpose of the crosslinking process is to
ensure that the XEN gel stent serves as a permanent device for
controlling IOP (16, 121). Preclinical studies have demonstrated
that the structure of the XEN gel stent remains intact after
12months of implantation in dog eyes and over 6 months in
nonhuman primate eyes (16). However, a case with the degradation
of the XEN gel stent was reported by Widder et al. in a 63-year-old
patient, 3 years after implantation. No unique characteristics were
identified in this patient, and the degradation primarily affected the
intracameral and intrascleral parts of the stent. The degradation
caused irregularities in the surface and lumen of the stent, resulting
in loss of function. Surgical intervention was required to remove
the degraded stent (84). Currently, there has been a lack of long-
term observation regarding the implantation of XEN gel stents, and
no other reports of intraocular degradation have been documented.
However, it is possible that the incidence of intraocular degradation
is underestimated, as non-functional stents are typically managed
conservatively through needling, and only a few removed stents are
carefully examined. Furthermore, it remains unclear whether the
degraded materials in the eye are toxic or contribute to further
blockage of the aqueous humor drainage system, necessitating
further investigation.

Summary and conclusion

Currently, the implantation of XEN gel stents has been
demonstrated as an effective method for controlling IOP in patients
with early, moderate, advanced, or refractory glaucoma. Long-term
observational studies with follow-up periods of up to 5years
support its safety and efficacy (122). Early postoperative
complications of XEN gel stent implantation include HM (1.9-
4.6%), occlusion (3.9-8.8%), SCH, CD (0-15%), conjunctival
erosion, and exposure of the XEN gel stent (1.1-2.3%). Additionally,
there may be incidents of wound and bleb leaks (2.1%) and MG
(2.2% incidence). Mid-postoperative complications of XEN gel
stent implantation include migration of the XEN stent (1.5%
incidence), ptosis (1.2% incidence), endophthalmitis (0.4-3%), ME
(1.5-4.3%), hypertrophic bleb (8.8% in 5 out of 57 eyes), and
subconjunctival fragmentation (as reported in 2 cases) of the XEN
gel stent. Late postoperative complications, which have only been
reported in isolated cases, include late spontaneous dislocation and
intraocular degradation. Our systematic review was the first
comprehensive summary of complications associated with XEN gel
stent implantation. It demonstrated rare complications, their
incidence, mechanisms, and management methods. Most of these
complications are mild and transient, and conservative therapy is
usually sufficient. However, when conservative methods fail,
surgical management has been shown to be effective. Among these
complications, SCH, endophthalmitis, and MG are potentially
sight-threatening but rare occurrences in XEN gel stent
implantation. Surgeons must pay special attention to these
complications. SCH, although rare, can be potentially sight-
threatening. Conservative management and early surgical
intervention, either through choroidal tap or pars plana vitrectomy,
have also been reported (62). Endophthalmitis is a rare but
potentially sight-threatening complication. In such cases, the
exposed stent is typically removed, and intensive infection control
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measures such as vitrectomy, intravitreal injection of antibiotics,
and systemic antibiotic use are applied (53). As for the management
of MG, only one case report discussed the approach. It involves
disrupting the anterior displacement of the iris-lens diaphragm,
either through laser capsulotomy, hyaloidotomy, iridotomy, or
surgical methods like vitrectomy or posterior capsulotomy (69).
The XEN 45 gel stent provides a surgical treatment option for
glaucoma that is minimally invasive, resulting in shorter surgical time
and less intraoperative discomfort for the patient compared to
trabeculectomy. It can be performed as a standalone procedure or
combined with phacoemulsification. Although it belongs to the
category of MIGS and offers advantages such as reduced tissue damage
and quicker surgical time, there is still a risk of severe complications,
including endophthalmitis, SCH, and MG. Therefore, close monitoring
and early identification of severe complications are crucial for surgeons.
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